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Abstract
Rapid advances in technology have spurred tremendous progress in developing the next generation of Industry 4.0 that was 
initially introduced in 2011 as a German strategic initiative for revolutionizing the manufacturing sector. Ten years have 
passed since 2011. In these ten years, numerous new and promising technologies and applications have been developed. The 
original concept of Industry 4.0, including the conceptual framework, technology framework, and enabling technologies, has 
experienced tremendous changes. As such, the new generation of Industry 4.0 emerges, which is also called Industry 5.0. 
Today, we are on the cusp of the Industry 4.0 evolution supported by a new set of enabling technologies. In such evolution 
of Industry 4.0, future Industry 4.0 requires a combination of recently emerging new technologies, which is giving rise to 
the emergence of the next generation of Industry 4.0 or Industry 5.0. Such technologies originate from different disciplines, 
including Artificial Intelligence (AI), 5G/6G, Quantum Computing, and others. The technologies in the original Industry 4.0 
framework, such as Cyber-Physical Systems, IoT, etc., will be affected by Artificial Intelligence (AI), 5G/6G, and Quantum 
Computing. At this present moment, the emergence of a new era of Industry 4.0 can be seen. In this paper, we briefly survey 
the main emerging enabling technologies in Industry 4.0 as it relates to industries.
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1 Introduction

The concept of Industrie 4.0 was initially introduced in 2011 
and officially announced in 2013 as a strategic initiative to 
revolutionize the manufacturing sector. Industry 4.0 mainly 
includes enabling technologies such as cyber-physical sys-
tems (CPS), Internet of Things (IoT), cloud computing, and 

others that represent the trend of industrial automation tech-
nologies in the manufacturing industry.

In the past ten years, Industry 4.0 are becoming increas-
ingly advanced. Meanwhile, over the past ten years since 
2011, new and promising technologies and applications have 
been developed. Industries have experienced many changes 
over the past ten years; in particular, the key change is that 
Artificial Intelligence (AI), 5G/6G, Quantum Computing are 
emerging in these ten years. Such new technologies provide 
a promising technology framework for the new generation of 
Industry 4.0. The original concept of Industry 4.0, including 
the conceptual framework, technology framework, and ena-
bling technologies, has experienced tremendous changes. As 
such, the new generation of Industry 4.0 that is also called 
Industry 5.0, emerges. According to Breque (2021), Indus-
try 4.0 has been around for some time; as an extension of 
Industry 4.0, Industry 5.0 is on its way.

Industries are under constant pressure to integrate emerg-
ing new technology to stay competitive. The transition to 
the new generation of Industry 4.0 will depend on the suc-
cessful adoption of new technologies. Today, we are on the 
cusp of the Industry 4.0 evolution supported by a new set 
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of enabling technologies. In such evolution of Industry 4.0, 
future Industry 4.0 applications require a combination of 
recently emerging new technologies, which is giving rise 
to the emergence of the future generation of Industry 4.0 
or Industry 5.0. Such technologies originate from different 
disciplines, including Artificial Intelligence (AI), 5G/6G, 
Quantum Computing, and others. The technologies in the 
original Industry 4.0 framework, such as CPS, IoT, etc., will 
be affected by Artificial Intelligence (AI), 5G/6G, Quantum 
Computing, and others.

In the recent technological development, the new genera-
tion of Industry 4.0 can be foreseen that will dramatically 
increase the overall level of industrialization, informatiza-
tion, and manufacturing digitization to achieve greater effi-
ciency, competency, and competitiveness. At this present 
moment, the emergence of a new era of Industry 4.0 can 
be seen. In this paper, we briefly survey the main emerging 
new technologies in Industry 4.0 as it relates to industries.

This paper is intended to provide readers with a new 
perspective on Industry 4.0. This paper aims to introduce 
the future developments that exist in the exciting field of 
Industry 4.0; however, this survey is by no means meant to 
be exhaustive. In Section 2, we briefly discuss the evolution 
from Industry 4.0. Section 3 describes major new enabling 
technologies in Industry 4.0, and Section 4 concludes this 
paper.

2  The Evolution from Industry 4.0

According to Ilchenko et al. (2019), currently, we are in 
an era belonging to the end of the Third Industrial Revolu-
tion that began in the second half of the last century. Its 
characteristics include the development of information and 
communication technology (ICT), automation, robotics, etc. 
Industry 4.0 represents a fully automated production. CPS 
creates virtual copies of physical objects, controls the physi-
cal processes, and makes decentralized decisions. They can 
be integrated into a single network, as industrial Integration 
(Xu, 2016; Xu et al., 2016), interact in real-time, and learn 
for self-tuning.

Industry 4.0 is represented by CPS, IoT, cloud computing, 
and other technologies through integrating technologies and 
seeking completely integrated solutions (Xu et al., 2018).

CPS is one of the core foundations of Industry 4.0 (Xu, 
2020). CPS presents a higher level of integration and coor-
dination between physical and computational elements. In 
CPS, physical and software components are deeply inter-
twined, each operating on different spatial and temporal 
scales and interacting with each other. With the introduc-
tion of CPS, machines can communicate with each other, 
and decentralized control systems will be able to optimize 
production.

IoT has been revolutionizing the existing manufacturing 
systems; thus, it is a key enabling technology in Industry 4.0. 
IoT can enable the creation of virtual networks to support the 
smart factory in Industry 4.0 (Xu et al., 2018).

Cloud manufacturing is a technology that can contrib-
ute significantly to the realization of Industry 4.0. In cloud 
manufacturing, the concept of a network of resources in a 
highly distributed way is considered.

The new generation of Industry 4.0 will comprise emerg-
ing technologies including AI, 5G/6G, Quantum Computing, 
and others. Industry 4.0 enabled by such emerging technolo-
gies can be expected to have broad applications in the near 
future. At present, one of the challenges we face is to pay 
attention to such emerging technologies as well as include 
them in the technology framework of Industry 4.0 to make 
Industry 4.0 successful.

3  Emerging Enabling Technologies

Various technologies have been used for implementing 
Industry 4.0. These technologies include CPS, IoT, cloud 
computing, industrial information integration, and other 
related technologies (Xu et al., 2018). This section intro-
duces the selected emerging technologies that are particu-
larly significant for Industry 4.0 in the next decade. How-
ever, the coverage of emerging enabling technologies in this 
section is by no means meant to be exhaustive.

3.1  Artificial Intelligence

Industry 4.0 incorporates the digital revolution into the 
physical world, providing an encouraging new direction for 
artificial intelligence (Spiller, 2003; Kim et al., 2018). The 
artificial intelligence field has encountered a turning point 
mainly due to the recent advancements in industrialization 
and informatization. Artificial intelligence is much more 
than a research field: it is a future technology with the poten-
tial to redefine many tasks in Industry 4.0. According to the 
AI Index Report 2019, since 2011, global investments in AI 
startups have increased at an approximate annual growth 
rate of over 48%, reached $40.4 billion in 2018 (Stanford 
Institute for Human-Centered Artificial Intelligence, 2020).

Artificial intelligence was founded as an academic dis-
cipline in the 1950s. The field was founded on the assump-
tion that human intelligence can be precisely described and 
human-like intelligence through artificial approaches is 
possible. Turing’s paper “Computing Machinery and Intel-
ligence” (Turing, 1950), and its subsequent Turing Test, 
established the fundamental goal and vision of artificial 
intelligence. AI is the endeavor to replicate human intel-
ligence through machines. AI is concerned with building 
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smart machines capable of performing tasks that typically 
require human intelligence. In recent years, AI technolo-
gies have experienced a resurgence in industrialization and 
informatization (Chen et al., 2021; Haenlein et al., 2019; 
Lu, 2019; Mazurek & Małagocka, 2019; Tung, 2019; Xu, 
2021; Zhang & Lu, 2021); the advancements in machine 
learning and deep learning are generating significant impacts 
in many sectors of industries. AI technologies are becoming 
an important technical component of Industry 4.0, helping 
to perform many challenging tasks in industrial operations.

The problem domain of AI research include reasoning, 
knowledge representation (Qiu et al., 2003; Sun et al., 2003), 
planning, learning, natural language processing (Kang et al., 
2020), etc. Approaches include machine learning (Chi-Hsien 
& Nagasawa, 2019; Huang et al., 2019a; Kullaya Swamy & 
Sarojamma, 2020; Lu et al., 2018; Pradhan & Chawla, 2020; 
Wanigasekara et al., 2021; Yuan et al., 2010), computational 
intelligence, and others. Many techniques are used in AI, 
including artificial neural networks (Duan et al., 2019; Li & 
Li, 1999; Li & Xu, 2000; Panigrahi et al., 2019; Shi et al., 
1996, 1999; Wang et al., 2010; Zhou & Xu, 1999, 2001; 
Zhou et al., 2003), deep learning (part of a broader family 
of machine learning, based on artificial neural networks with 
representation learning, Zhang et al., 2019a), genetic algo-
rithm (Chaudhry et al., 2000; Jiang et al., 2009; Jin et al., 
2014; Kurade & Latpate, 2020; Li et al., 2011a, b, 2012; 
Wang et al., 2011), case-based reasoning (Xu, 1995, 1996), 
knowledge management (Law & Chung, 2020; Wang et al., 
2006, 2009; Xu et al., 2006; Zhang et al., 2019c), intelli-
gent information processing (Duan & Xu, 2012; Feng et al., 
2001; Finogeev et al., 2019), intelligent systems (Chen & 
Xu, 2001; Feng et al., 2001; Huang et al., 2019b; Li et al., 
2001; Malhotra & Rishi, 2019; Tan et al., 2008), knowledge-
based system (Feng & Xu, 1996a, b, 1997, 1999a, b; Feng 
et al., 2003; Gao et al., 2001; Li et al., 2006; Li, 1999a, b; 
Xu et al., 2001, 2008; Yang et al., 2001), and others. AI has 
become more sophisticated in recent years. AI is an interdis-
ciplinary field, mainly a wide-ranging branch of computer 
science, and related fields include mathematics, philosophy, 
linguistics, and many other fields.

3.1.1  AI and Industry 4.0

Lee et al. (2018) indicate that as AI emerges to become the 
frontier of world-changing technologies, there is an urgent 
need to study its impact on Industry 4.0. Chun et al. (2018) 
predicted that AI is one of the most important technolo-
gies for industry 4.0. Peres et al. (2020) provide a review 
on AI in Industry 4.0 and detail the steps for a successful 
transition into Industry 4.0 supported by AI. Amaba et al. 
(2020) indicate the importance of digital transformation in 
Industry 4.0 and AI, which has grown exponentially with 
significant impacts. Kumar et al. (2021) study applications 

of AI under the industry 4.0 concept. In this study, AI adop-
tion in the manufacturing sector is discussed, the digital 
twin concept for enabling better reasoning of the various 
interfaces is introduced, and the relevant AI algorithms are 
described. Bécue et al. (2021) present the AI technologies 
in manufacturing systems related to Industry 4.0, including 
AI-based techniques for production monitoring, optimiza-
tion, and control. In the study by Dudukalov et al. (2021), 
the importance of AI methods in the control and operation 
monitoring of dynamic measurements in automation sys-
tems in Industry 4.0 is discussed. Merayo et al. (2019) study 
how AI techniques can assist the manufacturing process in 
Industry 4.0 environment by choosing the material for the 
envisaged applications.

According to Ilchenko et al. (2019), AI and machine 
learning will put Industry 4.0 forward, with the prediction 
that much more fundamental changes in business processes 
and business models caused by the integration of AI and 
other new technology, eventually will lead to the fact that 
business and industry are changing the way of operation.

3.1.2  AI and Industry 4.0: Industrial Applications

In industrial sectors, AI techniques have been explored for 
the advanced manufacturing process in Industry 4.0. Air-
bus focuses on six technical areas which adopt AI technolo-
gies (Airbus, 2021a), including (1) Knowledge extraction: 
Extracting knowledge from unstructured documents; (2) 
Computer vision: Transforming images into objects and 
activities based on deep-learning; (3) Anomaly detection: 
Finding hidden patterns in data; (4) Conversational assis-
tance: Designing natural language based interaction systems; 
(5) Decision-making: Optimizing solutions for complex 
problems; and (6) Autonomous flight: Enabling the next 
generation of aerial vehicles with new capabilities.

3.2  5G/6G

3.2.1  5G

5G is the Fifth‑Generation Mobile Network It is a genera-
tion of cellular networks designed to enhance the efficiency 
of data transmission. 5G networks have begun to spread 
worldwide and are on their way to being deployed across the 
world. The 5G networks are becoming more readily avail-
able. The first 5G networks are introduced in 2019 (Ilchenko 
et al., 2019). In Japan, a full launch is planned for 2020. 
Switzerland was the first country in Europe to launch 5G 
mobile communications (Ilchenko et al., 2019). Italy became 
the third country in Europe where fifth-generation mobile 
communications were established (Ilchenko et al., 2019). 
In Italy, it is expected that 5G will be deployed in 100 Ital-
ian cities by 2021. In Germany, it is likely that 90% of the 
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country’s population will be covered by 5G by 2025. Facing 
challenges left by 4G, 5G networks and standards are in the 
developing process. China provided the largest 5G-cover-
ing in the world (Ilchenko et al., 2019). Its breakthrough 
technology will allow 50 times less latency and transmis-
sion speed up to 20 times faster than the 4G technology. 5G 
networks provide higher capacities, higher data rates, lower 
latency, massive device connectivity, lower cost, and better 
consistent service quality than 4G networks. Research efforts 
have been made on both 5G and 6G. 6G as the next genera-
tion of 5G is at the corner. The key enabling technologies 
in 5G have been developed to offer its unique design and 
infrastructure considering the predicted capabilities of 6G.

In the heterogeneous IoT, wireless technologies such as 
2G/3G/4G/5G, Wi-Fi, and Bluetooth have been used to con-
nect billions of devices connected by wireless communica-
tion technologies. The 2G networks are designed for voice, 
3G for voice and data, and the 4G for broadband Internet ser-
vices. 4G significantly enhanced the capabilities of cellular 
networks that can provide IoT devices usable Internet access. 
5G enables IoT devices to interact with a smart environ-
ment through intelligent sensors, can significantly enlarge 
the scope and scale of IoT coverage by providing faster com-
munication and capacity, and can connect billions of smart 
devices to create massive IoT in which smart devices are 
interacting with each other. The spread of 5G contributes to 
increased usage of various IoT applications, which require 
massive connectivity, ultra-low latency, and security.

5G IoT integrates many technologies and is creating a 
significant impact on applications of IoT. 5G enabled IoT 
includes several key enabling technologies from physical 
communication to IoT applications, including 5G-IoT archi-
tecture, 5G enabled wireless connectivity, 5G cloud com-
puting, 5G devices-to-device communication, 5G-IoT appli-
cations, etc. IoT applications need to use a hybrid model 
to realize real-time communications. The power of the 5G 
network will be essential for connecting IoT devices of all 
kinds.

Current research efforts have been made on 5G include 
(Zhang et al., 2019d):

5G Network Architecture In 5G IoT applications, more and 
more devices are being connected. A network architecture 
Named Data Networking (NDN) has been developed to sup-
port high-density IoT applications, and has been proposed 
for future Internet architecture. Network Functions Virtu-
alization (NFV) is in the development process. NFV is a 
network architecture concept that uses ICT virtualization 
technologies to virtualize entire classes of network node 
functions into building blocks that may connect or chain 
together to create communication services.

5G, IoT, Artificial Intelligence, Data Analytics Integration The 
integration of IoT and Artificial Intelligence (AI) can dra-
matically accelerate the process of digitalization. IoT inte-
grating AI can substantially help to realize smart cities. 
Artificial Intelligence of Things (AIoT) has been proposed 
as AI adds value to IoT through machine learning, and IoT 
adds value to AI through connectivity and data exchange. 
The term Analytics of Things (AoT) has been proposed to 
refer to the analysis of the data from IoT. AI, AIoT, AoT can 
be integrated with IoT networks. The integration of these 
technologies will offer technological innovation opportuni-
ties that create further advancements in IoT as well as many 
industrial sectors.

IoT Context‑Aware Adaptation As many as billions of 
devices are connected, it brings the unprecedented scale and 
heterogeneity of IoT. IoT is expected to be autonomous and 
automatically adapt to dynamic changes in context.

Edge Computing Although 5G and edge computing are two 
technologies that are essentially independent of each other, 
both will open the door to many technological possibili-
ties when integrated. The definition of edge computing is 
a distributed computing paradigm that brings computation 
and data storage closer to the location where it is needed to 
improve response times and save bandwidth. The 5G net-
work and edge computing share the same goal: minimiz-
ing latency. Edge computing does this by processing and 
storing data outside the core network. By processing the 
information closest to 5G antennas, the time and distance 
for data transmission are reduced, and the connection speed 
dramatically increases. After integrating with 5G, the power 
of edge computing can increase dramatically. For IoT, edge 
computing helps to process much more information and the 
processing speed can be much faster. With edge computing 
and 5G, wireless infrastructure will be able to support more 
devices. Research indicates that the successful deployment 
of the 5G network will not be possible without a global edge 
computing infrastructure.

Energy Harvesting 5G energy harvesting technology is an 
appealing solution for ultimately prolonging devices and 
networks’ lifetimes. Considerable research efforts have 
been conducted using energy harvesting technology in 5G 
wireless networks (Mehrabi et al., 2019). The beneficial role 
of energy harvesting technology in 5G networks has been 
emphasized.

Security and Privacy Research Current research efforts on 
security solutions for 5G cellular networks include the for-
mal analysis of standards, application and device security 
radio protocol stack, inter-networking protocols, network 
slicing, and other aspects. The 5G is complex. 5G security 
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and privacy research require the collaboration of industries, 
regulatory bodies, and standardization organizations.

Private Cellular Networks 5G private cellular networks are 
considered in smart manufacturing (Ericsson, 2021). In 
digitalizing manufacturing operations, typical applications 
include autonomous mobile robots (AMR), augmented real-
ity (AR), collaborative robots (Cobots), digital twins, and 
asset condition monitoring.

3.2.2  6G

Although it is believed that the 5G is the means to connect 
everything together, especially for IoT, 5G is not sufficient 
for IoT devices to exchange various types of data in real-
time. Some fundamental issues that need to be addressed 
are higher system capacity, higher data rate, lower latency, 
higher security, and improved quality of service (QoS). 6G 
technologies are emerging, which are expected to support 
higher network capacity, lower latency, and faster transmis-
sion of data than 5G networks. 6G is currently under devel-
opment for wireless communications technologies support-
ing cellular data networks (Kim, 2021; Lu & Ning, 2020). 
Following the five generations of mobile communication 
systems from 1G to 5G, 6G represents the newest mobile 
communication networks. In theory, 6G networks data rate 
transmission can be ten times.

higher than 5G has (Ilchenko et al., 2019). 6G is expected 
to “connect everything, provide full dimensional wireless 
coverage, and integrate all functions, including sensing, 
communication, computing, caching, control, positioning, 
radar, navigation, and imaging, to support full-vertical appli-
cations” (Zhang et al., 2019a). According to Ilchenko et al. 
(2019), if the task of 5G is to provide high-speed through-
put and minimum delay, 6G’s goal is to connect the whole 
world. 6G will exhibit more heterogeneity than 5G and sup-
port more applications far beyond 5G. It is envisioned that 
6G will take unprecedented transformations that will make 
it dramatically distinguishing from 5G.

Wireless connection technology generations have 
been spaced about ten years apart. 3G appeared in the 
early 2000s, 4G in 2010, and 5G in 2020. 6G is expected 
to launch commercially by 2030. 6G standardization is 
expected around 2028 (Ilchenko et al., 2019). 6G can be 
characterized by seamless connection, ubiquitous wireless 
intelligence, context-aware smart services, and many other 
characteristics. In 6G, new technologies will be deployed, 
such as terahertz communications, very large-scale anten-
nas, and light communications. 6G will be a complicated 
system that consists of the key enabling technologies 
such as terahertz communication technology, visible light 

communication technology, polar coded transmission 
technology, multidimensional resource-allocation technol-
ogy, orbital angular momentum technology, full-duplex 
technology, AI signal processing technology, recognition-
driven network technology, and many others. On Novem-
ber 6, 2020, China successfully launched an experimental 
test satellite with candidates for 6G technology into orbit. 
The satellite is intended to verify the terahertz (THz) com-
munication technology in space. In 6G, unmanned aerial 
stations and high-throughput satellites will be explored as 
new communication nodes that do not require cell-based 
mobile networks. The integration of terrestrial, airborne, 
and satellite networks into wireless networks is proposed 
for 6G systems (Saad et al., 2020). In terms of IoT con-
nectivity, 6G will help realize the IoT of Everything.

3.2.3  Applications of 6G

The feature of 6G includes intelligent connection, deep 
connection, holographic connection, and ubiquitous con-
nection. These technologies will provide complete cover-
age of the entire globe. 6G’s unique dense device access, 
higher security level, low latency, and seamless global 
coverage will help its operations in an area much more 
exhaustive than 5G.
Ubiquitous Computing 6G ubiquitous computing capacity 
will help to realize the IoT of Everything.

Applications of AI Machine Learning in 6G IoT AI will help 
the 6G complex ecosystem, encompassing identification, 
authentication, sensing, communication, caching, compu-
tation, and localization services.

Integrating AI and Blockchain It is envisioned that to fully 
realize the potential of AI, blockchain, and 6G meeting the 
future intelligent, distributed, and security requirements in 
6G, integrating these three technologies are expected (Jiang 
et al., 2021).

Integrating Blockchain and IoT The combination of block-
chain and IoT can bring the following merits: decentralized 
network management, interoperability across IoT devices, 
IoT systems, industrial sectors; and traceability and reli-
ability of IoT data. In 6G, a trend from centralization to 
distribution is arising. Blockchain is considered a promising 
technology for 6G to provide a distributed network manage-
ment platform for resource and data sharing. Blockchain is 
deemed to be necessary to IoT in 6G (Guo et al., 2021; Jiang 
et al., 2021).
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Network‑in‑a‑Box (NIB) Industry 4.0 would require NIB 
to get positioned anywhere and provision seamless Inter-
net connectivity. Ray et al. (2021) discuss 6G-NIB on top 
of vital aspects, such as key requirements, technologi-
cal aspects, use cases, deployment schemes, variants, and 
open research issues and future directions. The applications 
related to industry 4.0 might benefit from 6G-NIB when 
proper connectivity features are sought.

3.2.4  6G Research Agenda

6G is an Active Research Area Current 6G research is focus-
ing on cellular networks providing a good capability of 
heterogeneous radio access technology (RAT), terahertz 
(THz) communications, Visible Light Communications 
(VLC), Optical Wireless Communications (OWC), Dynamic 
Spectrum Management (DSM). The related research topics 
include artificial intelligence, digital twin, blockchain, intel-
ligent edge computing, communications-computing-con-
trol convergence (Jiang et al., 2021). Other popular topics 
include wireless optical technology, free-space optical net-
work, three-dimensional networking, quantum communica-
tions, unmanned aerial vehicles, cell-free communications, 
integration of wireless information and energy transfer, 
integrated sensing and communication, integrated access-
backhaul networks, dynamic network slicing, backscatter 
communication, intelligent reflecting surface, big data ana-
lytics, holographic-type communications, pervasive intel-
ligence, and ubiquitous global connectivity that can assist 
the 6G development (Chowdhury et al., 2020).

3.2.5  Implication to Industry 4.0 Future Development
Currently, We Are in the First Ten Years of Industry 4.0 As 
new technologies gain traction, networks become increas-
ingly complex (Slalmi et al., 2021). In 2019, Ilchenko 
et al. predicted 5G and 6G’s penetration into Industry 4.0. 
The era of Industry 4.0 and 6G will be here soon. With it 
will come a new range of possibilities for manufacturing 
and other industries as 6G enables better connectivity 
for digitalization, industrialization, and informatization.

Industry 4.0 Uses Industrial IoT (IIoT) Applications Vari-
ous manufacturing industries have applied IoT and IIoT to 
advance production, distribution, transportation, service, and 
maintenance in the manufacturing process. IoT is becoming 
one of the cornerstones of Industry 4.0. In Industry 4.0, a 
strong interest is showing in deploying more IoT devices to 
develop Industry 4.0. Due to the rapid advances in technol-
ogy and the emergence of 5G and 6G, IoT is expected to 
have significant technological innovation. In other words, the 
future trends of industrial IoT are impacted by 5G and 6G 
and their potential application. Along with the widespread 
adoption of 5G and the emergence of 6G, the conceptual 

framework, technology framework, and enabling technolo-
gies of future Industry 4.0 will face significant challenges, 
and Industry 4.0 is expected to evolve.

3.3  Quantum Computing

There is a growing trend towards applying quantum 
mechanics, a science describing the behavior of micro-
scopic particles such as photons and electrons in comput-
ing, communication, and sensing. Quantum computing is 
an interdisciplinary field that seeks to understand the pro-
cessing and transmission of information using quantum 
mechanics principles. Quantum computing is the exploita-
tion of properties of quantum states such as superposition 
and entanglement to perform computation. The devices that 
perform quantum computations are called quantum comput-
ers. Quantum technologies are expected to create a massive 
paradigm shift in the way Industry 4.0 operates. Industry 
4.0 has incorporated the digital revolution into the physi-
cal world; meanwhile, providing new directions for fields 
such as artificial intelligence, quantum computing, and 
nanotechnology (Kim et al., 2018). One of the drivers of 
the Industry 4.0 could be quantum computing, which har-
nesses quantum mechanical concepts such as superposition 
and entanglement to perform computation (Senekane et al., 
2020), although a full-scale quantum computer has not yet 
been developed.

The bit is the basic unit of information in computing and 
digital communications. The bit represents a logical state 
with one of two possible values. These values are repre-
sented as either “1” or “0”. Conventional computing tech-
nologies adopt bits of 0 and 1, and the computation is done 
with bits. Quantum computing is a new paradigm that uses 
quantum theory to replace current computing, the exploita-
tion of collective properties of quantum states to perform 
computation. Quantum computing can process more data 
than digital data consisting of 0 and 1.

In quantum computing, a qubit or quantum bit is the basic 
unit of quantum information, the quantum version of the 
classic binary bit physically realized with a two-state device. 
Quantum mechanics allows the qubit to be in a coherent 
superposition of both states simultaneously, a property that 
is fundamental to quantum mechanics and quantum comput-
ing. Quantum computers use quantum superposition to pro-
cess information in parallel, which provides a fundamental 
computing advantage over conventional computers.

As described above, the power of quantum computing is 
based on the quantum mechanics such as quantum super-
position and entanglement (Gyongyosi & Imre, 2019). In 
terms of computing performance, these characteristics make 
it impossible to compare quantum computing with conven-
tional computing. If quantum technology is applied to com-
puting, it will enable rapid computational processing; as a 
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result, it can overcome the limitations of existing digital 
computers, including supercomputing.

Currently, quantum computing is an important area of 
research, as evidenced by the market’s rapid growth. The 
global quantum technology market is expected to reach 
approximately $65 billion by 2030 from $570 million in 
2019, with an annual growth rate of 50.6%. The quantum 
information market will likely grow further as it can replace 
the traditional computing market (Kim et al., 2021).

3.3.1  Quantum Computation Technology

Here we review the most recent research on quantum com-
putation technology in three main aspects: quantum com-
munication, quantum sensing, quantum computing.

Quantum communication: Quantum communication is 
a field of applied quantum physics closely related to 
quantum information processing. It supports commu-
nication by constructing more secure networks than the 
existing networks by utilizing quantum states. Unlike 
conventional encryption, quantum communication is 
considered unhackable. The current aim is to build a 
quantum communication network infrastructure. The 
core of quantum communication is Quantum Key Dis-
tribution (QKD). “Today’s cryptographic algorithms 
such as the widely used encryption via asymmetric 
keys will not be able to sustain attacks by the quan-
tum computers of tomorrow” (Airbus, 2021b). Airbus 
aims to develop a future secure communications infra-
structure for its aerospace platforms based on security-
enhancing quantum information technologies, including 
algorithms, authentications, and keys.
Quantum sensing: Quantum sensing utilizes properties 
of quantum mechanics, such as quantum entanglement, 
quantum interference, and quantum state squeezing. 
Technology for new ultra-precision quantum sensors 
improves the precision of existing sensors/imaging. 
“Quantum sensors are effective at measuring physi-
cal quantities such as frequency, acceleration, rotation 
rates, electric and magnetic fields, and temperature with 
the highest relative and absolute accuracy” (Airbus, 
2021b). It is believed that this could have direct appli-
cations in improving the navigation systems in which 
precise acceleration measurement is used to achieve 
position data. In addition, quantum sensors could act 
as payloads for a range of different applications, such 
as climate dynamics from satellites or underground 
resources surveying from an aircraft (Airbus, 2021b).
Quantum computing: It aims at overcoming the infor-
mation processing limitations of conventional digital 
computers to improve computing performance. Quan-
tum computing can dramatically reduce the time spent 

in computation time, even today’s supercomputers. 
“The aerospace industry has complex computational 
needs in the areas of fluid dynamics, finite-element 
simulations, aerodynamics, flight mechanics, and more. 
Airbus actively uses advanced computing solutions in 
these areas” (Airbus, 2021b). It is believed that quan-
tum computing, in tandem with more traditional high-
performance computing (HPC) solutions, can help to 
solve key computationally intensive tasks.

3.3.2  State‑Led Effort on Quantum Research

US: The National Quantum Initiative Act is an Act of 
Congress passed on December 13, 2018, and signed into 
law on December 21, 2018. The law gives the United 
States a plan for advancing quantum technology, particu-
larly quantum computing (US Congress, 2018).

China: China is believed to be one of the leading nations 
in quantum information technology. Quantum information 
research in China dated back to 1998 when the National 
Natural Science Foundation of China (NSFC) convened 
the Xiangshan Science Forum for quantum information 
in Beijing. Soon after, several universities and research 
institutes, including the University of Science and Tech-
nology of China (USTC), the Institute of Physics of the 
Chinese Academy of Science (CAS), initiated experimen-
tal research in the field of quantum research. Currently, 
China has the world’s largest quantum research facility-
the National Laboratory for Quantum Information Sci-
ences to help scientists build better quantum machines 
(Zhang et al., 2019b).
Russia: The establishment of a new national project 
called the National Quantum Laboratory (NQL) has been 
announced. Russia’s state nuclear corporation Rosatom 
launched the National Quantum Laboratory to develop a 
quantum computer by the end of 2024. The lab aims to 
develop a 30–100 qubit quantum computer by the end of 
2024 and potentially a universal computing machine with 
several hundred qubits. Rosatom is No. 1 in the world 
in terms of the number of simultaneously implemented 
nuclear reactor construction projects, three units in Rus-
sia, and 35 units at various implementation stages abroad 
(Rosatom, 2021).
EU: Europe published the Quantum European Project in 
2006 and issued a quantum information communication 
statement, setting mid-to-long-term R&D targets for vari-
ous quantum technologies. This document summarizes 
current issues in creating industrial quantum technologies 
and discusses concerns to be addressed by a roadmap 
for turning Europe’s global leadership in research into 
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a future world-class European Quantum Industry (EU, 
2006).
UK: The UK National Quantum Technology Programme 
has induced a step-change in the nation’s capabilities for 
establishing a new sector in future quantum information 
technologies (Knight & Walmsley, 2019).
Japan: Japan started developing quantum technology at 
the National Institute of Information and Communica-
tions Technology (NICT). The NICT has a long research 
and development history in quantum communication 
technologies and has made significant contributions to 
quantum technology in Japan, including quantum cryp-
tography. Japan has established a roadmap for developing 
technology by 2040 (Masahiro, 2021).
Canada: Canada announced a significant investment to 
launch a National Quantum Strategy, committing $360 
million over seven years. Reported on April 19 as part 
of the 2021 federal budget, this commitment will sup-
port research into quantum science and technologies and 
bolster an emerging quantum industry (Quantum Matter 
Institute, 2021).

3.3.3  Industrial R&D

Major IT companies are developing quantum information 
technology through their own R&D. Airbus aims to become 
an early adopter of quantum technologies to enhance aircraft 
performance and solve the most complex aerospace chal-
lenges (Airbus, 2021b). Building upon the first-generation 
Horse Ridge controller introduced in 2019, Horse Ridge II, 
a highly integrated system-on-chip (SoC) for quantum com-
puters, was developed by Intel, offering enhanced capabili-
ties and higher levels of integration for elegant control of the 
quantum system (Intel, 2021).

3.3.4  Research Focus

Quantum communication: The field of quantum com-
munication is focused on the cryptographic base. The 
quantum communication industry will become a new 
infrastructure replacing traditional networks. Research 
on network equipment supporting quantum communica-
tion is on the agenda (Kim et al., 2021).
Quantum sensing: Quantum sensing is expected to have 
an overall impact on the industry as an initiative to meas-
ure objects that have not been measured in the past (Kim 
et al., 2021).
Quantum computing: Efforts have been made on 
researching and developing quantum computing as it can 
overcome the computational processing speed limit of 
the existing computing. It is expected to replace digital 
computers in the future. The challenge in quantum com-
puting includes research on quantum algorithms that will 

replace the existing algorithms. Existing algorithms are 
configured based on bits, making them difficult to use in 
quantum computing, which is processed by qubit (Kim 
et al., 2021).

3.3.5  Implication to Industry 4.0 Future Development

Quantum information technology is a revolution that will 
bring about a new paradigm in ICT. In 2020, Senekane et al. 
predicted that one of the drivers of Industry 4.0 is quan-
tum computing which harnesses quantum concepts such 
as entanglement, superposition, and tunneling to perform 
computation. Although a full-scale quantum computer has 
not yet been realized yet, however, Noisy Intermediate-Scale 
Quantum (NISQ) computers are already in use. Senekane 
et al. (2020) explore NISQ as a disruptive technology of 
Industry 4.0. Quantum computing is one of the most influ-
ential technologies in the near future. Currently, quantum 
information technology is state-led research and emerging 
industry, and it has great potentials for growth. Villalba-Diez 
and Zheng (2020) used quantum computing principles to 
present the strategic design of organizations from a novel 
point of view: Quantum Strategic Organizational Design 
(QSOD).

4  Summary

Despite advancements in Industry 4.0 in the past ten years 
since 2011 (Li, 2018, 2020), significant new challenges 
remain. Research has predicted that Industry 4.0 will con-
tinue to embrace cutting-edge technology. Presently, it is 
clear that the new evolution has been emerging from the 
currently ongoing process of Industry 4.0 proposed ten years 
ago. AI, 6G, and Quantum Computing represent a paradigm 
shift from existing technologies, as revolutionary new appli-
cations become available. AI, 5G/6G, Quantum Computing 
are rising technology that will drive innovations and con-
tribute significantly to the future development of Industry 
4.0 that enables moving industries to a higher level. The 
new technology is capable of integrating both new and clas-
sical Industrial 4.0. AI, 6G, and Quantum Computing will 
have a transformative impact on future industries and tech-
nologies. Organizations will face the complex realities of 
implementation ranging from introducing new AI, 6G, and 
Quantum Computing technologies and applications to adapt-
ing or replacing core technologies developed in the earlier 
generation of Industry 4.0. Because of the emerging new 
technology, we can foresee a new convergence or integration 
of technologies. New and exciting challenges can be fore-
seen for both foundational and industrial research, and new 
opportunities for industrialization and informatization can 



Information Systems Frontiers 

1 3

also be foreseen. Due to the arrival of AI, 6G, and Quantum 
Computing technologies, there is the need to embrace new 
technologies that will help industrial organizations with the 
adaptation of existing enterprise architecture, ICT infrastruc-
tures, processes, and others to support the transformation. 
AI, 6G, and Quantum Computing are expected to introduce 
promising technologies for developing a new generation of 
Industry 4.0. We can predict that the integration and co-
evolution of AI, 6G, Quantum Computing, and Industry 4.0 
are on the horizon. By delivering informatization through 
AI, 6G, Quantum Computing technology, we are laying a 
foundation that can help to drive innovation in industries 
and boost the economy.

This paper reviews the recent research on Industry 4.0 
from the perspective of emerging new technologies. We first 
introduce the challenges Industry 4.0 faces and then discuss 
the emerging technologies that might be used in Industry 
4.0. Next, we present some emerging technologies, including 
AI, 6G, Quantum Computing. Afterward, we analyzed the 
research challenges and future trends associated with Indus-
try 4.0. Unlike other Industry 4.0 papers, the main contribu-
tion of this paper is that it reviews emerging technologies for 
Industry 4.0 and beyond.

References

Airbus (2021a). https:// www. airbus. com/ innov ation/ indus try-4- 0/ artif 
icial- intel ligen ce. html. Accessed 7 Dec 2021

Airbus (2021b). https:// www. airbus. com/ innov ation/ indus try-4- 0/ quant 
um- techn ologi es. html. Accessed 7 Dec 2021

Amaba, B., Cohen, P., Kessentini, M., Testani, M., & Yilmaz, E. 
(2020). Industry 4.0. and Artificial Intelligence as Industrial 
Engineering Professionals. In IIE Annual Conference. Proceed-
ings (pp. 943–948). Institute of Industrial and Systems Engineers 
(IISE).

Bécue, A., Praça, I., & Gama, J. (2021). Artificial intelligence, cyber-
threats and Industry 4.0: Challenges and opportunities. Artificial 
Intelligence Review, 1–38.

Breque, M. (2021). From Industry 4.0 to 5.0 (online only) - Benelux 
Section Chapter, TEM14 on 06-April-2021. https:// www. ieee. 
be/?q= node/ 211

Chaudhry, S. S., Varano, M. W., & Xu, L. (2000). Systems research, 
genetic algorithms and information systems. Systems Research 
and Behavioral Science, 17(2), 149–162.

Chen, Z. B., & Xu, L. D. (2001). An object-oriented intelligent CAD 
system for ceramic kiln. Knowledge-Based Systems, 14(5–6), 
263–270.

Chen, H., Li, L., & Chen, Y. (2021). Explore success factors that 
impact artificial intelligence adoption on telecom industry in 
China. Journal of Management Analytics, 8(1), 36–68

Chi-Hsien, K., & Nagasawa, S. (2019). Applying machine learning 
to market analysis: Knowing your luxury consumer. Journal of 
Management Analytics, 6(4), 404–419.

Chowdhury, M. Z., Shahjalal, M., Ahmed, S., & Jang, Y. M. (2020). 6G 
wireless communication systems: Applications, requirements, 
technologies, challenges, and research directions. IEEE Open 
Journal of the Communications Society, 1, 957–975.

Chun, K. W., Kim, H., & Lee, K. (2018). A study on research trends 
of technologies for industry 4.0; 3D printing, artificial intel-
ligence, big data, cloud computing, and internet of things. In 
Advanced Multimedia and Ubiquitous Engineering (pp. 397–
403). Springer.

Duan, L., & Xu, L. (2012). Business intelligence for enterprise sys-
tems: A survey. IEEE Transactions on Industrial Informatics, 
8(3), 679–687.

Duan, N., Liu, L. Z., Yu, X. J., Li, Q., & Yeh, S. C. (2019). Classifica-
tion of multichannel surface-electromyography signals based on 
convolutional neural networks. Journal of Industrial Information 
Integration, 15, 201–206.

Dudukalov, E. V., Munister, V. D., Zolkin, A. L., Losev, A. N., & 
Knishov, A. V. (2021). The use of artificial intelligence and 
information technology for measurements in mechanical engi-
neering and in process automation systems in Industry 4.0. In 
Journal of Physics: Conference Series (Vol. 1889, No. 5, p. 
052011). IOP Publishing.

Ericsson (2021). https:// www. erics son. com/ en/ indus tries/ manuf actur 
ing/ five- use- cases. Accessed 7 Dec 2021

EU (2006). Commission staff working document on Quantum Tech-
nologies. https:// eur- lex. europa. eu/ legal- conte nt/ EN/ TXT/? 
qid= 14976 17477 882& uri= CELEX: 52016 SC0107. Accessed 
7 Dec 2021

Feng, S., & Xu, L. D. (1996a). A hybrid knowledge-based system for 
urban development. Expert Systems with Applications, 10(1), 
157–163.

Feng, S., & Xu, L. D. (1996b). Integrating knowledge-based simu-
lation with aspiration-directed model-based decision support 
system. Journal of Systems Engineering and Electronics, 7(2), 
25–33.

Feng, S., & Xu, L. D. (1997). An integrated knowledge-based system 
for urban planning decision support. Knowledge-Based Systems, 
10(2), 103–109.

Feng, S., & Xu, L. (1999a). An intelligent decision support system for 
fuzzy comprehensive evaluation of urban development. Expert 
Systems with Applications, 16(1), 21–32.

Feng, S., & Xu, L. (1999b). Hybrid artificial intelligence approach to 
urban planning. Expert Systems, 16(4), 248–261.

Feng, S., Li, L. X., & Cen, L. (2001). An object-oriented intelligent 
design tool to aid the design of manufacturing systems. Knowl-
edge-Based Systems, 14(5–6), 225–232.

Feng, S., Xu, L., Tang, C., & Yang, S. (2003). An intelligent agent with 
layered architecture for operating systems resource management. 
Expert Systems, 20(4), 171–178.

Finogeev, A., Finogeev, А., Fionova, L., Lyapin, A., & Lychagin, K. 
A. (2019). Intelligent monitoring system for smart road environ-
ment. Journal of Industrial Information Integration, 15, 15–20.

Gao, Q., Da Xu, L., & Liang, N. (2001). Dynamic modelling with 
an integrated ecological knowledge-based system. Knowledge-
Based Systems, 14(5–6), 281–287.

Guo, F., Yu, F., Zhang, H., Li, X., Ji, H., & Leung, C. (2021). Enabling 
massive IoT toward 6G: A comprehensive survey. IEEE Internet 
of Things Journal. https:// doi. org/ 10. 1109/ JIOT. 2021. 30636 86

Gyongyosi, L., & Imre, S. (2019). A survey on quantum computing 
technology. Computer Science Review, 31, 51–71.

Haenlein, M., Kaplan, A., Tan, C. W., & Zhang, P. (2019). Artificial 
intelligence (AI) and management analytics. Journal of Manage-
ment Analytics, 6(4), 341–343.

Huang, B., Huan, Y., Xu, L. D., Zheng, L., & Zou, Z. (2019a). Auto-
mated trading systems statistical and machine learning methods 
and hardware implementation: A survey. Enterprise Information 
Systems, 13(1), 132–144.

Huang, C., Cai, H., Xu, L., Xu, B., Gu, Y., & Jiang, L. (2019b). Data-
driven ontology generation and evolution towards intelligent 

https://www.airbus.com/innovation/industry-4-0/artificial-intelligence.html
https://www.airbus.com/innovation/industry-4-0/artificial-intelligence.html
https://www.airbus.com/innovation/industry-4-0/quantum-technologies.html
https://www.airbus.com/innovation/industry-4-0/quantum-technologies.html
https://www.ieee.be/?q=node/211
https://www.ieee.be/?q=node/211
https://www.ericsson.com/en/industries/manufacturing/five-use-cases
https://www.ericsson.com/en/industries/manufacturing/five-use-cases
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1497617477882&uri=CELEX:52016SC0107
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1497617477882&uri=CELEX:52016SC0107
https://doi.org/10.1109/JIOT.2021.3063686


 Information Systems Frontiers

1 3

service in manufacturing systems. Future Generation Computer 
Systems, 101, 197–207.

Ilchenko, M., Uryvsky, L., & Osypchuk, S. (2019). World trends of 
modern information and telecommunication technologies devel-
opment. In 2019 International Conference on Information and 
Telecommunication Technologies and Radio Electronics (Ukr-
MiCo) (pp. 1–7). IEEE.

Intel. (2021). Intel debuts 2nd-Gen Horse Ridge cryogenic quantum 
control chip. https:// www. intc. com/ news- events/ press- relea ses/ 
detail/ 1429/ intel- debuts- 2nd- gen- horse- ridge- cryog enic- quant 
um- contr ol. Accessed 7 Dec 2021

Jiang, Y., Xu, L., Wang, H., & Wang, H. (2009). Influencing factors 
for predicting financial performance based on genetic algorithms. 
Systems Research and Behavioral Science, 26(6), 661–673.

Jiang, W., Han, B., Habibi, M. A., & Schotten, H. D. (2021). The road 
towards 6G: A comprehensive survey. IEEE Open Journal of the 
Communications Society, 2, 334–366.

Jin, C., Li, F., Wilamowska-Korsak, M., Li, L., & Fu, L. (2014). 
BSP-GA: A new genetic algorithm for system optimization and 
excellent Schema selection. Systems Research and Behavioral 
Science, 31(3), 337–352.

Kang, Y., Cai, Z., Tan, C. W., Huang, Q., & Liu, H. (2020). Natural 
language processing (NLP) in management research: A litera-
ture review. Journal of Management Analytics, 7(2), 139–172.

Kim, J. H. (2021). 6G and internet of things: A survey. Journal of 
Management Analytics, 1–17.

Kim, D. H., Kim, T. J., Wang, X., Kim, M., Quan, Y. J., Oh, J. 
W., ... & Ahn, S. H. (2018). Smart machining process using 
machine learning: A review and perspective on machining 
industry. International Journal of Precision Engineering and 
Manufacturing-Green Technology, 5(4), 555–568.

Kim, D., Kang, J., Kim, T. W., Pan, Y., & Park, J. H. (2021). The 
future of quantum information: Challenges and vision. Journal 
of Information Processing Systems, 17(1), 151–162.

Knight, P., & Walmsley, I. (2019). UK National Quantum technology 
programme. Quantum Science and Technology, 4(4), 040502.

Kullaya Swamy, A., & Sarojamma, B. (2020). Bank transaction data 
modeling by optimized hybrid machine learning merged with 
ARIMA. Journal of Management Analytics, 7(4), 624–648

Kumar, S. S., Bale, A. S., Matapati, P. M., & Vinay, N. (2021). Con-
ceptual Study of Artificial Intelligence in Smart Cities with 
Industry 4.0. In 2021 International Conference on Advance 
Computing and Innovative Technologies in Engineering 
(ICACITE) (pp. 575–577). IEEE.

Kurade, S. S., & Latpate, R. (2020). Demand and deterioration of 
items per unit time inventory models with shortages using 
genetic algorithm. Journal of Management Analytics, 8(3), 
502–529

Law, K. S., & Chung, F. L. (2020). Knowledge-driven decision ana-
lytics for commercial banking. Journal of Management Analyt-
ics, 7(2), 209–230.

Lee, J., Davari, H., Singh, J., & Pandhare, V. (2018). Industrial artifi-
cial intelligence for industry 4.0-based manufacturing systems. 
Manufacturing letters, 18, 20–23.

Li, L. (1999a). Proposing an architectural framework of a hybrid 
knowledge-based system for production rescheduling. Expert 
Systems, 16(4), 273–279.

Li, L. (1999b). Knowledge-based problem solving: An approach to 
health assessment. Expert Systems with Applications, 16(1), 
33–42.

Li, L. (2018). China's manufacturing locus in 2025: With a compari-
son of “made-in-China 2025” and “industry 4.0”. Technologi-
cal Forecasting and Social Change, 135, 66–74.

Li, L. (2020). Education supply chain in the era of industry 4.0. 
Systems Research and Behavioral Science, 37(4), 579–592.

Li, H., & Li, L. (1999). Representing diverse mathematical problems 
using neural networks in hybrid intelligent systems. Expert 
Systems, 16(4), 262–272.

Li, H., & Xu, L. (2000). A neural network representation of linear 
programming. European Journal of Operational Research, 
124(2), 224–234.

Li, T., Feng, S., & Li, L. X. (2001). Information visualization for 
intelligent decision support systems. Knowledge-Based Sys-
tems, 14(5–6), 259–262.

Li, J., Li, L., Tang, L., & Wu, H. (2006). A case of rule-based heuris-
tics for scheduling hot rolling seamless steel tube production. 
Expert Systems, 23(3), 145–158.

Li, F., Xu, L., Jin, C., & Wang, H. (2011a). Intelligent bionic genetic 
algorithm (IB-GA) and its convergence. Expert Systems with 
Applications, 38(7), 8804–8811.

Li, F., Xu, L., Jin, C., & Wang, H. (2011b). Structure of multi-stage 
composite genetic algorithm (MSC-GA) and its performance. 
Expert Systems with Applications, 38(7), 8929–8937.

Li, F., Xu, L., Jin, C., & Wang, H. (2012). Random assignment method 
based on genetic algorithms and its application in resource allo-
cation. Expert Systems with Applications, 39(15), 12213–12219.

Lu, Y. (2019). Artificial intelligence: A survey on evolution, models, 
applications and future trends. Journal of Management Analyt-
ics, 6(1), 1–29.

Lu, Y., & Ning, X. (2020). A vision of 6G–5G's successor. Journal of 
Management Analytics, 7(3), 301–320.

Lu, L., Xu, L., Xu, B., Li, G., & Cai, H. (2018). Fog computing 
approach for music cognition system based on machine learning 
algorithm. IEEE Transactions on Computational Social Systems, 
5(4), 1142–1151.

Malhotra, D., & Rishi, O. P. (2019). A comprehensive review from 
hyperlink to intelligent technologies based personalized search 
systems. Journal of Management Analytics, 6(4), 365–389.

Masahiro, T. (2021). Future of quantum ICT and its impact on our 
social life. NICT News, 486(2), 1–3.

Mazurek, G., & Małagocka, K. (2019). Perception of privacy and data 
protection in the context of the development of artificial intel-
ligence. Journal of Management Analytics, 6(4), 344–364.

Mehrabi, A., Siekkinen, M., & Ylä-Jääski, A. (2019). Energy-aware 
QoE and backhaul traffic optimization in green edge adaptive 
mobile video streaming. IEEE Transactions on Green Commu-
nications and Networking, 3(3), 828–839.

Merayo, D., Rodriguez-Prieto, A., & Camacho, A. M. (2019). Com-
parative analysis of artificial intelligence techniques for mate-
rial selection applied to manufacturing in industry 4.0. Procedia 
Manufacturing, 41, 42–49.

Panigrahi, B. K., Nath, T. K., & Senapati, M. R. (2019). An applica-
tion of local linear radial basis function neural network for flood 
prediction. Journal of Management Analytics, 6(1), 67–87.

Peres, R. S., Jia, X., Lee, J., Sun, K., Colombo, A. W., & Barata, J. 
(2020). Industrial artificial intelligence in industry 4.0-systematic 
review, challenges and outlook. IEEE Access, 8, 220121–220139.

Pradhan, K., & Chawla, P. (2020). Medical internet of things using 
machine learning algorithms for lung cancer detection. Journal 
of Management Analytics, 7(4), 591–623.

Qiu, G. F., Li, H. Z., Xu, L. D., & Zhang, W. X. (2003). A knowledge 
processing method for intelligent systems based on inclusion 
degree. Expert Systems, 20(4), 187–195.

Quantum Matter Institute (2021). National Quantum strategy funded 
in Government of Canada Budget. https:// qmi. ubc. ca/ news/ apr- 
21- 2021/ natio nal- quant um- strat egy- funded- gover nment- canada- 
budget. Accessed 7 Dec 2021

Ray, P. P., Kumar, N., & Guizani, M. (2021). A vision on 6G-enabled 
NIB: Requirements, technologies, deployments and prospects. 
IEEE Wireless Communications. https:// doi. org/ 10. 1109/ MWC. 
001. 20003 84

https://www.intc.com/news-events/press-releases/detail/1429/intel-debuts-2nd-gen-horse-ridge-cryogenic-quantum-control
https://www.intc.com/news-events/press-releases/detail/1429/intel-debuts-2nd-gen-horse-ridge-cryogenic-quantum-control
https://www.intc.com/news-events/press-releases/detail/1429/intel-debuts-2nd-gen-horse-ridge-cryogenic-quantum-control
https://qmi.ubc.ca/news/apr-21-2021/national-quantum-strategy-funded-government-canada-budget
https://qmi.ubc.ca/news/apr-21-2021/national-quantum-strategy-funded-government-canada-budget
https://qmi.ubc.ca/news/apr-21-2021/national-quantum-strategy-funded-government-canada-budget
https://doi.org/10.1109/MWC.001.2000384
https://doi.org/10.1109/MWC.001.2000384


Information Systems Frontiers 

1 3

Rosatom. (2021). Russia sets up National Quantum Lab. https:// rosat 
om. ru/ en/ press- centre/ news/ russia- sets- up- natio nal- quant um- 
lab/. Accessed 7 Dec 2021

Saad, W., Bennis, M., & Chen, M. (2020). A vision of 6G wireless 
systems: Applications, trends, technologies, and open research 
problems. IEEE Network, 34(3), 134–142.

Senekane, M., Maseli, M., & Taele, M. B. (2020). Noisy, intermediate-
scale quantum computing and industrial revolution 4.0. Lecture 
Notes in Electrical Engineering, 674, 205–225.

Shi, S., Xu, L. D., & Liu, B. (1996). Applications of artificial neural 
networks to the nonlinear combination of forecasts. Expert Sys-
tems, 13(3), 195–201.

Shi, S. M., Xu, L., & Liu, B. (1999). Improving the accuracy of nonlin-
ear combined forecasting using neural networks. Expert Systems 
with Applications, 16(1), 49–54.

Slalmi, A., Chaibi, H., Chehri, A., Saadane, R., & Jeon, G. (2021). 
Toward 6G: Understanding network requirements and key per-
formance indicators. Transactions on Emerging Telecommunica-
tions Technologies, 32(3), e4201.

Spiller, T. P. (2003). Quantum information technology. Materials 
Today, 6(1), 30–36.

Stanford Institute for Human-Centered Artificial Intelligence (2020). 
The AI Index Report. Available: https:// hai. stanf ord. edu/ sites/ 
defau lt/ files/ ai_ index_ 2019_ report. pdf Accessed 7 April 2020.

Sun, B., Da Xu, L., Pei, X., & Li, H. (2003). Scenario-based knowledge 
representation in case-based reasoning systems. Expert Systems, 
20(2), 92–99.

Tan, W., Shen, W., Xu, L., Zhou, B., & Li, L. (2008). A business pro-
cess intelligence system for enterprise process performance man-
agement. IEEE Transactions on Systems, Man, and Cybernetics, 
Part C (Applications and Reviews), 38(6), 745–756.

Tung, K. (2019). AI, the internet of legal things, and lawyers. Journal 
of Management Analytics, 6(4), 390–403.

Turing, A. M. (1950). I.—Computing machinery and intelligence. 
Mind, LIX(236), 433–460. https:// doi. org/ 10. 1093/ mind/ LIX. 
236. 433

US Congress (2018) H.R.6227 - National Quantum Initiative 
Act. https:// www. congr ess. gov/ bill/ 115th- congr ess/ house- bill/ 
6227. Accessed 7 Dec 2021

Villalba-Diez, J., & Zheng, X. (2020). Quantum strategic organiza-
tional design: Alignment in industry 4.0 complex-networked 
cyber-physical lean management systems. Sensors, 20(20), 5856.

Wang, Y., Li, H., Warfield, J., & Xu, L. (2006). Knowledge manage-
ment in the ERP era. Systems Research and Behavioral Science, 
23(2), 125–129.

Wang, L., Xu, L., Wang, X., You, W. J., & Tan, W. (2009). Knowledge 
portal construction and resources integration for a large scale 
hydropower dam. Systems Research and Behavioral Science, 
26(3), 357–366.

Wang, P., Xu, L., Zhou, S. M., Fan, Z., Li, Y., & Feng, S. (2010). 
A novel Bayesian learning method for information aggregation 
in modular neural networks. Expert Systems with Applications, 
37(2), 1071–1074.

Wang, P., Zhang, J., Xu, L., Wang, H., Feng, S., & Zhu, H. (2011). 
How to measure adaptation complexity in evolvable systems–a 
new synthetic approach of constructing fitness functions. Expert 
Systems with Applications, 38(8), 10414–10419.

Wanigasekara, C., Oromiehie, E., Swain, A., Prusty, B. G., & Nguang, 
S. K. (2021). Machine learning-based inverse predictive model 
for AFP based thermoplastic composites. Journal of Industrial 
Information Integration, 22, 100197100197.

Xu, L. (1995). Case-based reasoning. IEEE Potentials, 13(5), 10–13.
Xu, L. (1996). An integrated rule-and case-based approach to AIDS 

initial assessment. International Journal of Bio-Medical Com-
puting, 40(3), 197–207.

Xu, L. (2016). Inaugural Issue Editorial. Journal of Industrial Informa-
tion Integration, 1, 1–2. https:// doi. org/ 10. 1016/j. jii. 2016. 04. 001

Xu, L. (2020). Industry 4.0-Frontiers of the fourth industrial revolu-
tion. Systems Research and Behavioral Science, 37(4), 531–534.

Xu, L. (2021). Special issue on system research on artificial intelli-
gence. Systems Research and Behavioral Science, 2021. https:// 
doi- org. proxy. lib. odu. edu/ 10. 1002/ sres. 2776. Accessed 7 Dec 
2021

Xu, L., Liang, N., & Gao, Q. (2001). An integrated knowledge-based 
system for grasslands ecosystems. Knowledge-Based Systems, 
14(5–6), 271–280.

Xu, L., Wang, C., Luo, X., & Shi, Z. (2006). Integrating knowledge 
management and ERP in enterprise information systems. Systems 
Research and Behavioral Science, 23(2), 147–156.

Xu, L., Liang, N., & Gao, Q. (2008). An integrated approach for agri-
cultural ecosystem management. IEEE Transactions on Systems, 
Man, and Cybernetics, Part C (Applications and Reviews), 38(4), 
590–599.

Xu, L., Cai, L., Zhao, S., & Ge, B. (2016). Editorial: Inaugural Issue. 
Journal of Industrial Integration and Management, 1(1).

Xu, L., Xu, E., & Li, L. (2018). Industry 4.0: State of the art and 
future trends. International Journal of Production Research, 
56(8), 2941–2962.

Yang, B., Li, L. X., Xie, Q., & Xu, J. (2001). Development of a KBS for 
managing bank loan risk. Knowledge-Based Systems, 14(5–6), 
299–302.

Yuan, R., Li, Z., Guan, X., & Xu, L. (2010). An SVM-based machine 
learning method for accurate internet traffic classification. Infor-
mation Systems Frontiers, 12(2), 149–156.

Zhang, C., & Lu, Y. (2021). Study on Artificial Intelligence: The State 
of the Art and Future Prospects. Journal of Industrial Informa-
tion Integration, 100224

Zhang, L., Liang, Y. C., & Niyato, D. (2019a). 6G visions: Mobile 
ultra-broadband, super internet-of-things, and artificial intelli-
gence. China Communications, 16(8), 1–14.

Zhang, Q., Xu, F., Li, L., Liu, N. L., & Pan, J. W. (2019b). Quantum 
information research in China. Quantum Science and Technol-
ogy, 4(4), 040503.

Zhang, W., Xiang, Y., Liu, X., & Zhang, P. (2019c). Domain ontology 
development of knowledge base in cardiovascular personalized 
health management. Journal of Management Analytics, 6(4), 
420–455.

Zhang, Z., Xiao, Y., Ma, Z., Xiao, M., Ding, Z., Lei, X., Karagian-
nidis, G. K., & Fan, P. (2019d). 6G wireless networks: Vision, 
requirements, architecture, and key technologies. IEEE Vehicular 
Technology Magazine, 14(3), 28–41.

Zhou, S., & Xu, L. D. (1999). Dynamic recurrent neural networks for 
a hybrid intelligent decision support system for the metallurgical 
industry. Expert Systems, 16(4), 240–247.

Zhou, S. M., & Xu, L. (2001). A new type of recurrent fuzzy neural 
network for modeling dynamic systems. Knowledge-Based Sys-
tems, 14(5–6), 243–251.

Zhou, S. M., Li, H. X., & Xu, L. D. (2003). A variational approach 
to intensity approximation for remote sensing images using 
dynamic neural networks. Expert Systems, 20(4), 163–170.

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://rosatom.ru/en/press-centre/news/russia-sets-up-national-quantum-lab/
https://rosatom.ru/en/press-centre/news/russia-sets-up-national-quantum-lab/
https://rosatom.ru/en/press-centre/news/russia-sets-up-national-quantum-lab/
https://hai.stanford.edu/sites/default/files/ai_index_2019_report.pdf
https://hai.stanford.edu/sites/default/files/ai_index_2019_report.pdf
https://doi.org/10.1093/mind/LIX.236.433
https://doi.org/10.1093/mind/LIX.236.433
https://www.congress.gov/bill/115th-congress/house-bill/6227
https://www.congress.gov/bill/115th-congress/house-bill/6227
https://doi.org/10.1016/j.jii.2016.04.001
https://doi-org.proxy.lib.odu.edu/10.1002/sres.2776
https://doi-org.proxy.lib.odu.edu/10.1002/sres.2776

	Emerging Enabling Technologies for Industry 4.0 and Beyond
	Abstract
	1 Introduction
	2 The Evolution from Industry 4.0
	3 Emerging Enabling Technologies
	3.1 Artificial Intelligence
	3.1.1 AI and Industry 4.0
	3.1.2 AI and Industry 4.0: Industrial Applications

	3.2 5G6G
	3.2.1 5G
	3.2.2 6G
	3.2.3 Applications of 6G
	3.2.4 6G Research Agenda
	3.2.5 Implication to Industry 4.0 Future Development

	3.3 Quantum Computing
	3.3.1 Quantum Computation Technology
	3.3.2 State-Led Effort on Quantum Research
	3.3.3 Industrial R&D
	3.3.4 Research Focus
	3.3.5 Implication to Industry 4.0 Future Development


	4 Summary
	References


