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Abstract. It is inevitable that technological improvements have affected human’s 
life in any aspect to a large extent. Automation, artificial intelligence, robotics, 
etc., are some advances contributed to the fourth industrial revolution: Industry 
4.0. Despite there are still many arguments, Internet of Things (IoT) and Cyber 
Physical Systems (CPS) have been widely acknowledged as the main fundaments 
of Industry 4.0. This paper introduces the concept of CPS by providing an explicit 
framework that unifies the existing theories in this regard. Nine exquisite tech-
nologies attributed to Industry 4.0 are investigated, among which virtual technol-
ogy (VT) and digital twin (DT) are considered as two of the core criteria and are 
thus focused on in this paper. However, for providing an acceptable level of in-
tegration and intelligence, noticeable gap between the virtual world and the real 
factory is still a significant challenge. Holistic approaches addressing this issue 
suggest VTs and DT have the potential to form the fundaments for more improve-
ments in terms of both interoperability and consciousness. Furthermore, they may 
pave the way for achieving the highest level of CPS and Industry 4.0.  

Keywords: Industry 4.0, Cyber Physical System, Virtual Technology, Digital 
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1 Introduction 

The history of manufacturing industry has shown that the emergence and application 
of new technologies is the most important driving force in determining the turning point 
and structural alterations. The first industrial revolution occurred thanks to the inven-
tion of steam engine; the use of electricity drove the second industrial revolution by 
enabling mass and standardized production. The combination of IT technologies and 
electronic devices contributed to the automation in the third industrial revolution [1] 
[2]. The increasing rate of customization and demand diversity has led factories and 
manufacturing companies to become more specialized and smaller in many regions [3] 
[4]. In order to survive in today’s competitive global market, manufacturers have to 
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focus on the advances of both technologies and manufacturing theories, which further 
leads to the shift to a novel manufacturing paradigm: Industry 4.0. 

Since the introduction of Industry 4.0 (I4.0 in this paper) at Hannover fair in 2013, 
different manufacturing ideas and technologies have been developed, among which In-
telligent Analytics and Cyber Physical Systems (CPS) are unified as two major tech-
nical drivers of I4.0 [5]. An evaluation on CPS dimensions indicates that it internally 
encompasses most of the existing technologies, which are believed as the nine funda-
mental elements of I4.0 [6]. Furthermore, research works related to those nine elements 
suggest that Internet of Things (IoT) not only is committed to provide a widespread 
connectivity but also forms the basis for boosting the overall intelligence and integra-
tion level [7] [8] [9]. As a result, CPS and IoT can be considered as two major funda-
ments to form the technological structure of I4.0. 

The elements of the CPS mainly contribute to increase the interoperability and con-
sciousness of a manufacturing system. More precisely, they focus on incorporating all 
machines and components in a cyber environment and then add consciousness to the 
system in order to increase the intelligence level within the unified factory [10]. In this 
regards, this paper investigates the interoperability aspect and evaluates the confronting 
challenges. Section 2 presents a structural framework for clearly demonstrating the 
steps to be taken in order to achieve I4.0. Through providing a case study, section 3 
discusses the role of virtual technologies and simulation. In order to tackle the most 
significant challenge, section 4 puts forward the concept of digital twin so that a bi-
directional connection between the virtual world and the physical factory can be estab-
lished. Section 5 concludes the paper.  

2 Cyber Physical System 

CPS consists of physical components and machines, which are interconnected. The 
associated data is collected in an integrated cyber environment, which brings the op-
portunity for remote control and data processing [11] [12]. Many believes that the im-
plementation of CPS is the key element to achieve I4.0. In a comparison between the 
current status of manufacturing and the future production system in I4.0, component, 
machine and production systems are the three key factors at the factory level. The ad-
vancement of their attributes and technologies provides opportunities of the realization 
of I4.0 [5]. Based on this comparison, which focuses mainly on the intelligence and 
consciousness aspects, a structural mode is given in Fig.1. It considers five levels of the 
implementation of CPS: connection, conversion, cyber, cognition and configuration 
[13]. 

 



 
Fig. 1. 5C architecture of CPS implementation [13]. 

According to the 5C model, a comparison between I4.0 and current manufacturing 
systems where reconfigurable manufacturing is regarded as the most advanced method 
reveals that not only the maturity level of interoperability needs to be improved, but 
also the intelligence aspect is still a missing element. With the aim of addressing this 
shortage, a categorical framework in a matrix form consisting nine generic steps is pro-
vided, which considers three levels of intelligence (control, integration and intelligence) 
as well as three dimensions of automation (machine, process and factory) in order to 
achieve I4.0. This idea suggests that, within each dimension of automation, the im-
provement of intelligence level should be done in a systematic way following their se-
quence [10]. 

 
Fig. 2. A new approach of the categorical framework for CPS. 

Intelligence is the common intellectual factor considered by both aforementioned 
ideas. In this paper, another approach has been derived, which categorizes the five lev-
els of CPS within the three stages of intelligence and provides more elaboration of this 
aspect. This idea converts the categorical framework of CPS into a 15-step matrix with 
almost the same principles, as shown in Fig. 2. The main purpose of this model is to 
make a more perceptual roadmap of CPS and to provide a convergent framework for 
the realization of I4.0. 
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3 The Role of Virtual Technology 

The study of the nine technological components of I4.0 highlights simulation and 
Augmented Reality (AR) are two of the most important elements. Simulation provides 
a virtual, and mostly 3D, environment to establish more opportunities for comparing 
different setups and optimizing the overall process. The general purpose of AR is to 
create an interface between factory and human or software [6]. A combination of both 
technologies leads to a more generic category: Virtual Technology (VT), which may 
potentially contribute to both aspects of CPS. With this perspective, VT provides a 
functional production system in a virtual environment where all the machines and com-
ponents work together in an integrated and intelligent manner. Moreover, VT focuses 
on the interoperability aspect and opens up the possibility to test and implement new 
ideas, designs and algorithms. 

The general attitude towards VT has been argued in many research works and been 
emerged in a variety of forms and terms within the scope of I4.0. One study regarding 
the intelligence aspect in the manufacturing sectors, mainly SMEs [9], demonstrates 
the significance of artificial intelligence for meeting the main features of an intelligent 
manufacturing system, i.e., flexibility and reconfigurability. This idea emphasizes the 
role of VTs, i.e., Virtual Reality (VR) and Virtual Manufacturing (VM), as the tools to 
improve the intelligence level and to achieve I4.0 [9]. Another novel paradigm is Vir-
tual Factory (VF), which suggests to situate not only a part but also the entire factory 
in a software equipped with simulation module in order to incorporate all active ele-
ments in a factory. This idea emphasizes some features such as agility, scalability, and 
so forth. It considers four main elements for the implementation: reference model, vir-
tual factory manager, functional modules and integration of knowledge [14]. Thanks to 
the possibility of providing a tangible virtual 3D environment, the widespread domain 
of VTs, i.e., VR, not only supports the simulation attribute but also discovers some 
critical issues of the new ideas before the implementation phase. In this regards, a re-
search divides the dimensions of VR into three functional categories or phases: design, 
operation management and manufacturing processes [15]. This idea is one of the most 
important driving forces for manufacturers to give suggestions to software developers 
so that the focus of each simulation software can be specified. 

Given the essence of VT in the field of I4.0, a simulation project is done in order to 
demonstrate a unified factory in a virtual environment by using Visual Components 4.1 
simulation software (link: https://youtu.be/11Ax0OZUrEU). According to the afore-
mentioned classification, this example focuses on the manufacturing process where all 
the equipment including machines, sensors, robots and other technical and generic fa-
cilities are integrated in a 3D graphical environment in order to form a fully automated 
factory. The main task of this factory is to produce four cylindrical parts considering 
quality control and reprocessing unit. After the packaging process, the products will be 
delivered to the customers at the intended batch size. Fig. 3 represents the sequential 
flowchart of the factory’s logic. 

The very first matter to be considered in a manufacturing process is the plant layout, 
which strikingly affects the internal logistics, i.e., flow of material. In this example, the 
layout is opted for U-Shape, as shown in Fig. 4(A). The integration and corporation 



among modules and equipment is accomplished by python programming, which is not 
only used to control and unify facilities but also to provide the fundaments of increasing 
flexibility and agility. From a logistic point of view, this example provides some aston-
ishing approaches. One example is the transportation of reprocessed parts, which is 
performed by using an AGV equipped with a universal robot, as shown in Fig. 4(B). 
This idea assists a company in decreasing some of the cost drivers, i.e., purchasing cost 
of the conveyors, maintenance expenses, etc. Moreover, this idea provides companies 
with opportunities to test different layout configurations. 

 

 
(A) Factory layout and flow of material 

 
(B) AGV with a universal robot 

Fig. 4. Simulation Environment. 

Among many advantages of using a simulation software, this example contributes 
to outline the following ones: 

• Modifying the plant layout and testing different designs in a quick and flex-
ible manner. 

• Altering the batch size and benchmarking different manufacturing strate-
gies. 

Fig. 3. The logical flowchart of the devised factory. 



• Making decision on whether to produce a specific product and evaluating 
the corresponding consequence. 

4 The Role of Digital Twin 

An ideal CPS connects all components and machines in order to provide a unified 
system in a cyber environment. This condition integrates the real factory with its virtual 
model in a simulation environment and provides a bi-directional connection and data 
flow between them in order to control the physical system while, at the same time, 
reflect the real change in the virtual environment [16]. The improvements on VTs are 
capable to provide such a unified system and enable the engineers to test and implement 
new ideas and intelligent algorithms. However, these advances are provided in a virtual 
environment, and the connection between the real world and the virtual environment is 
the most significant challenge. A new concept: Digital Twin (DT) aims to address this 
issue. It provides a digital representation of the physical components/machines of a real 
factory in a virtual environment where a real time and instant synchronization is estab-
lished between them [17]. 

Inspired from the concept of DT, one research suggests improving the simulation 
softwares is an essential step in this regard [18]. It proposes a five-tier logic to establish 
a multi-layer simulation software based on the Model-View-View-Model (MVVM) 
paradigm and follows a sequence to simulate the DT of a simple process. Although it 
is only adaptable to a limited number of processes, the optimization feature can be con-
sidered as a noticeable achievement of this research [18]. Another approach proposes a 
concept: Versatile Simulation Database (VSD), which incorporates DT and Virtual 
Testbed in order to provide the possibility to achieve improved flexibility and function-
ality through integrating different types of simulation. Driving assistance systems, i.e., 
automatic parking system, can be referred to as a close instance in this regard [19]. 
Another industrial research presents a DT of a robotized press-brake processing line of 
a factory in South Korea with the use ROS Gazebo simulation, as shown in Fig. 5. In 
this process, the information related to the conveyors, parts, machines and robots is 
received by the sensors and robot controller, which is then reflected in the simulation 
environment. In order to establish the connection to control the physical elements, 
FlexGui 4.0 offers an online page to control the robots, machines and conveyors [20]. 

 

 
(A) Real Factory 

 
(B) Virtual environment 

Fig. 5. DT of a robotized press-brake processing line. 



Based on the discussions above, DT is a promising technology in the realization of 
the concept of I4.0. Some advantages of DT are given as follows.  

• Realizing a real-time synchronization between the physical elements and 
the corresponding virtual model. 

• Bringing the possibility of controlling the physical factory through the sim-
ulation environment and monitoring the alterations of the physical system 
in the virtual model. 

• Tracing the modifications of the product throughout the process by estab-
lishing the DT of the product as well as all equipment. 

Despite all achievements of the concept of VTs, I4.0 is still in its infancy and much 
more development should be accomplished in order to realize this concept. In this re-
gards, DT is essential to pave the way for this ambition and provides the possibility of 
bringing all novel ideas into the real world by satisfying the interoperability phase of 
CPS. 

5 Conclusion 

In this research, the role of VTs and DT in realizing the concept of I4.0 is thoroughly 
discussed. First, the concept of I4.0 is studied, where CPS and IoT are considered as 
the fundamental bases of it. Inspired from the recent development on the architecture 
of CPS, a categorical approach is proposed and elaborated to a higher degree in order 
to incorporate existing ideas and provide a unified and convergent framework for the 
realization of I4.0.  

The study of the fundamental elements of I4.0 has revealed that VTs, i.e., Simulation 
and AR, etc., are among the most crucial technologies to realize the I4.0 concept, which 
provide an easy, flexible, visualized and cost effective way to evaluate and optimize 
different manufacturing scenarios, decisions, and process integration. However, estab-
lishing a bi-directional connection between the virtual environment and physical sys-
tems is still a significant challenge, which is currently under the focus of both acade-
micians and practitioners.  

This issue represents a huge gap between the current status of manufacturing system 
and the ideal condition in I4.0. In this regards, the concept of DT is introduced as the 
core module to address this challenge. DT provides a real-time and bi-directional con-
nection, visualizes the product and equipment, and offers an integrated interface to con-
trol the physical system through the virtual environment. Consequently, DT not only 
enables the interoperability phase but also provides opportunities for improving the 
consciousness and intelligence.  
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