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Abstract: The rapid emerging technologies in various fields permitted the creation of simulation
tools. These tools are designed to replicate physical systems in order to provide faster, cheaper and
more detailed illustrative analysis of the physical system. In this regard, the concept of digital twins
has been introduced to generally define these simulation tools. In fact, and according to the creator of
the digital twin term Micheal Grieves, a digital twin is defined as a physical system, a digital replica
of the physical system and information flow between the former parts. This definition is simple
and generic for describing digital twins and yet, holistic. This broad definition creates a challenge
for developers who target the development of such applications. Therefore, this paper presents a
paradigm for architecting digital twins for manufacturing processes. The approach is inspired by the
definitions of the ISA95 standard and the onion concept of computer applications to create multi-layer
and multi-level concepts. Furthermore, and to satisfy the different required features by industries, the
approach considers a multi-perspective concept that allows the separation of the digital twin views
based on functionality. This paradigm aims at providing a modular, scalable, reusable, interoperable
and composable approach for developing digital twins. Then, an implementation of the approach has
been introduced using an ontology-based system and the IEC61499 standard. This implementation
has been demonstrated on a discrete manufacturing assembly line.

Keywords: digital twins; Industry 4.0; systematic method; simulation; generic approach; industrial
application

1. Introduction

Simulation applications have become necessary tools for engineers and systems’ de-
velopers to maximize the performance of these systems in recent years. These tools provide
low-cost, safe and effective approaches for testing, validating and monitoring various
systems [1]. In addition, simulation tools or simulators are intensively employed in training
operators and human workers on expensive machines and equipment and critically sen-
sitive processes and operations. Examples of simulators include airplanes, Rubber-tiered
Gantries (RTG)s, construction cranes, manufacturing and production systems, robotics, and
many others. Historically, the creation of the concept of simulation is unknown. Nonethe-
less, the concept of simulation has been reported in the 18th century when the midwife
Angélique du Coudray created a full-scale replica of an obstetrical mannequin for practicing
the parturition process [2]. At that time, the simulation was only performed in the physical
world. In recent decades, simulation tools have become more effective as computer and
visual technologies continue prospering. For instance, newly developed immersive tech-
nologies such as Virtual Reality (VR) and Augmented Reality (AR) have been introduced
in many fields to provide a better experience for the user during the training on working
closely with robots [3]. This evolution is surely driven by the advancement in the computer
science and communication domains.
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In the manufacturing and industrial domain, the concept of simulation has been re-
cently introduced in the term Digital Twins (DT) for products and processes. The term Digi-
tal Twins was firstly used by Michael Grieves in 2002 [4]. According to J. David et al. in [4],
the initial definition of DTs by Michael Grieves in his white paper [5] considers the DT
as a virtual representation of a product from a Product Lifecycle Management (PLM) per-
spective. Furthermore, the authors in [4] indicated that Mr. Grieves illustrated the DT as a
three-component system: the product, the virtual representation of the product, and the
virtual-physical connection between the product and the virtual replica. This definition has
been debated and modified by several scholars according to the publications in [6–9]. For
processes, the concept of DT is similar to the product DT but the focus is on the execution
and the processes rather than the lifecycle.

The mainchallenge that faces developers and researchers when studying the concept
of DTs is the definition of a digital twin itself. For instance, are DTs considered to be
simulation units or monitoring systems? Do DTs require 3D visualization interfaces? Do
DTs require human-friendly interactions? These questions and many others formulate
the purpose of DTs. In this regard, this paper presents a paradigm for architecting Digital
Twins for manufacturing processes. The main focus in this paper is ignoring the precise
definition of the DT and considering it as a data consumer and information generator as
highlighted in [5,10–12]. After accepting that, this generic definition can be tailored to suit
the application. In more detail, the main contributions of this paper include:

• Conducting research for analyzing the techniques and the technologies that are
adapted for developing and building digital twins using academic and commercial
solutions as information sources.

• Reusing the available standards and techniques in manufacturing, computer science
and industrial management domains for reshaping a generic paradigm for DTs.

• Presenting a guideline or paradigm for architecting a digital twin.
• Presenting an implementation example for architecture.

The rest of the article is structured as follows: Section 2 presents a literature review
on related topics. More precisely, it is divided into a review of academic results and
commercial solutions. In addition, a brief review is focused on DTs in the context of modern
aspects such as Industry 4.0. Section 3 presents the generic paradigm and illustrates the
facts behind the selected approach. The fourth section introduces the systematic methods
of building a DT. Then, Section 5 depicts a use case using an educational and research
assembly line. The Section 6 provides a discussion and the authors’ view on the concept.
Finally, Section 7 concludes the paper and provides the possible future work.

2. Digital Twins: Literature and Commercial Solutions Review

In order to understand the techniques and methods of developing and building
digital twins, a review must be conducted. Thankfully, several surveys and systematic
reviews have been provided by the scientific community. In addition to scientific outcomes,
the commercially available digital twins represent invaluable references for this research.
Moreover, the available standards, such as the ISO-23347, include knowledge regarding the
development of such systems. Therefore, this section aims at highlighting the methods and
techniques that are reported in the literature regarding the creation of digital twins.

2.1. Literature Review on Designing and Developing Digital Twins

The usage of the term “Digital Twin” has been increasing rapidly in the academic
community with the manufacturing domain as the major contributor [4,7,13,14]. This leap
in the research of DTs is mainly related to the demand by the industrial sector and due to
the advances in the Internet and Communication Technologies (ICT) domain [15,16]. In
other words, the high computational capabilities, the highly interconnected devices, and
the efficient data analysis techniques permit the development and deployment of such
intelligent applications.
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Therefore, several approaches have been introduced for building DTs. This is clear in
the well-presented article by Chiara et al. [17]. As the paper discusses the application of DT
in manufacturing, the authors conducted an adequate analysis on the DT for determining
the direction of the current research for developing DTs. Among several aspects, the paper
focuses on the used software, the nature of the user interface, the communication protocols
and the provided services. The majority of the compared DTs share similar features which
include data acquisition, 3D modeling, real-time monitoring, and analysis for optimization.
This means the development of a DT must commonly satisfy these features which are
aligned with the generic definition of DTs. Some examples on that, Zhang et al. [18]
present a dynamic scheduling application based on digital twin agents for scheduling and
optimizing workshop tasks. Fang et al. in [19] present research on scheduling job shop
tasks using digital twins.

Resman et al. in [20] present an approach for developing an architecture model for
planning manufacturing processes. In fact, the aforementioned examples employ AI-
based techniques for building digital twin tools that allow optimization and scheduling of
processes and tasks. This is considered to be one of the most important utilizations of a
digital twin.

Looking further for more academic research on building DTs, different methods,
techniques, and strategies have been utilized for developing and deploying activities.
As an example, Klemenetina et al. in [21] identify four major building blocks for a DT.
These blocks include the Physical Entity platform, Data Management platform, Service
Platform and Virtual Entity platform. Further, Tekinerdogan and Verdouw in [22] propose
a pattern-based digital twin architecture, where each pattern consists of structure to define
the components, and the dynamic to define the interactions. Using semantics technology,
Li et al. presented an approach for monitoring robot interactions using a semantic-based
digital twin [23]. Mattila et al. in [24] presented an approach for building a digital twin
using the ROS, Gazebo and Twinbase frameworks. Moreover, as the digital twin topic
has attracted many researchers in recent years, several attempts were seen to organize the
development of DTs. As an example, Hendrik et al. proposed a taxonomy for building
digital twins in [25]. This taxonomy helps the developers to pinpoint their efforts based on
the requirements of the digital twin. Another published research suggests a six-layered
architecture for developing digital twins [26]. Additionally, Resman et al. presented a
five-step approach for developing a data-driven digital twin [27].

These different approaches and techniques are driven by the usage of the digital
twin itself. As an example, the term Cognitive Digital Twins (CDT) involves the digital
twins with human-like capabilities such as perception and reasoning. In fact, the term
“cognitive twin” is relatively new with simultaneous works reported in [28,29]. Abburu et
al. [30] presents a conceptual definition and initial implementation in the COGNITWIN
software toolbox aiming at cognitive capabilities for optimal operations and maintenance of
process equipment and assets. Likewise, Lu et al. [31] presented an approach enriched with
augmented semantic capabilities for identifying the dynamics of virtual model evolution,
promoting the understanding of interrelationships between virtual models and enhancing
the decision-making based on DT in the frame of H2020 project FACTLOG. Recently,
Rozanec et al. [32,33] drew attention to the strategy for knowledge graph modeling to
construct actionable cognitive twins focused on capturing specific knowledge related to
production planning and demand forecasting in a manufacturing plant, whereas Li et
al. [34] put the attention on a unified ontology modeling approach based on GOPPRR
(graph, object, point, property, role, relationship) for co-simulation.

Looking at the number of published papers regarding digital twins, it is evident that
DTs are an important technology for both research and commercial use. With the majority
of the presented research work tending to address different industries and systems, they
still agree on the basics of a digital twin. Mainly, a digital twin is a computer application
where it will require data management and proper interfaces. The main difference appears
in the usage and employment of the digital twin. As an example, if a digital twin is used
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to optimize operations, then it will require an optimization solver, and if a digital twin is
designed to simulate the behavior of the physical system, then it will require a modeling
feature. However, the majority of the reviewed articles present an ad hoc solution for
a specific problem which provides important insights into the specific application. This
limitation is key for the objectives of this research.

2.2. Commercial Solutions for Building Digital Twins

The commercial solutions are critically important in such a study as these solutions are
featured as realistic, build-to-fit the customer needs, easy to use, and reliable products [6].
In addition, the commercial solutions hint the researchers towards the direction and the
trends of the future in terms of research and innovation activities. Therefore, this section
highlights some features of commercially available products. Some of these products
are marketed as digital twins. While some are marketed as IoT platforms, simulators,
suits, studios or even programming languages [35]. Regardless of the naming, all the
studied tools can be listed under the generic definition of a digital twin as long as the main
concept of having a representation of a physical system that consumes data and generates
information stands. In this matter, Table 1 presents some well-known use cases of using the
Digital Twin concept in a commercial manner.

Table 1. Commercially available solutions for building DTs.

Vendor Brief Description

General Electric [36]

General Electric (GE) targets the concept of DT based on the application area. According to [37], Dr. Colin Parris
presents the interest of GE in three main areas: assets, network and process. For each area, GE provides a set of
applications in order to form and build the digital twin. As an example, for the Assets Digital Twin, GE employs the
Assets Performance Management and for the Network digital twin, the applications named ADMS and GIS
are employed.

IBM Digital Twin
Exchange [38]

IBM provides an open marketplace for asset owners and end users to exchange assets and build digital twins based on
shared data. In this regard, the platform is open for anyone to introduce models and data to purchase or use.

PTC Digital Twin [39]

Like IBM, PTC provides the customer with a marketplace that contains more than 130 tools. These tools can be utilized
for building DTs. In addition, PTC provides guidance and development kits for building new tools that specifically suit
their customers. Regarding the application domain, PTC considers DT to be beneficial in five key sectors. These sectors
include: Corporate/CXO, Product Engineering, Sales and Marketing, Manufacturing Operations, and Customer and
Technician Services [40].

Microsoft Azure
Digital Twin [41]

Azure is a cloud-based platform from Microsoft. It is marketed as an IoT cloud platform for data acquisitions,
modeling and estimation. According to the [42,43], the Azure DT allows the customer to build a virtual model based
on the IoT data. Afterwards, these models are connected with each other to form the DT.

Ansys Twin
Builder [44]

Ansys is a corporation specializing in developing simulation tools for various industries and business sectors.
According to [45,46], Ansys Twin Builder exploits predefined modules for building DTs. In addition, it allows
integration with third-party applications such as Azure for data collection and modeling purposes.

SAP SE [47]
The solution provided by SAP mainly addresses the resources, products and assets. This solution is marketed as a
network of digital twins as described in the white paper [48]. It can provide simulation and real-time estimation of
products during the lifecycle. In addition, it provides a modifiable interface for flexible interaction with the end user.

Oracle [49]

Oracle’s DT is based on an IoT platform that permits data and information interconnectivity. According to Oracle, the
implementation of a DT includes three main pillars. These pillars include Virtual Twins where devices are emulated,
Predictive Twins where the data is analyzed, and Twin Projections where whole systems are simulated based on the
analysis that is created by the Predictive Twins.

Bosch GMBH [50]
Bosch is specialized in developing a building Digital Twin that consumes IoT data from sensors that are scattered in
buildings using Bosch devices. According to Bosch, the Digital Twin is built using the Microsoft Azure IoT platform,
and it employs the semantic technology for knowledge reasoning.

Emerson [51]
The Digital Twin provided by Emerson holds features such as an automation system, vendor independence, selective
fidelity, open architecture, and cloud ready [52]. In fact, the DT is utilized in safety, training, Knowledge transfer,
environmental, regularity, and optimization applications.

ABB [53]

ABB provides several solutions that form digital twins based on the end user needs. In this regard, ABB supports the
customers with DTs for the design, system integration, diagnosis, and prediction activities and applications. For
example, the virtual commissioning DT for discrete manufacturing, virtual drive tuning DT, and the predictive
maintenance DT for vessels.
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Table 1. Cont.

Vendor Brief Description

MATLAB/
Simulink [54]

Even though they are known to be a programming language and/or a tool for mathematicians and engineering,
MATLAB and Simulink are capable of providing virtual representation on a physical system for the purpose of testing.
This is evident in [55] as there are two main methods reported for building a digital twin. The first method employs a
data-driven approach exploiting the deep learning tools in MATLAB. The second method involves a Simulink block
network. The latter is known as a physics-based approach.

COMSOL
Multiphysics ® [56]

Like MATLAB, COMSOL Multiphysics is a multi-disciplinary simulation platform. This platform utilizes
mathematical models of the physical systems for the simulation process. The models are flexibly added as an add-on
where the user decides what is needed for the application and domain. In addition, the platform provides a very useful
interface including visualization of the components based on the simulation parameters.

NVIDIA Omniverse™
Enterprise [57]

Omniverse is a state-of-the-art platform that allows developers and designers to build and simulate systems with a
high level of realism [58]. The platform is based on Pixar’s Universal Scene Description and it uses the NVIDIA RTX™
technology. The Omniverse platform includes five key elements: Nucleus is the database and collaboration engine,
Connect is the data connections plugins engine, Kit is the Software Development Kit (SDK), Simulation is a set of
realistic models that allows the user to select or create, and finally, RTX Renderer creates the high realistic simulations
for users and developers.

Visual
Components [59]

Visual Components offers 3D manufacturing simulation tools for the manufacturing domain. These tools offer several
functionalities such as factory layout configuration, process modeling, statistical analysis, shopfloor connectivity, and
robotics simulation among other features. In fact, Visual Component also provides compatible adapters that can work
with the omniverse of NVIDIA.

Tecnomatix® by
Siemens [60]

Tecnomatix is an industry-driven digital twin for manufacturing applications by Siemens. The solution provides
features such as virtual commissioning, human-centered design and planning, plant simulation, robotics programming,
statistical analysis, planning and processes optimization, assembly simulation, and shopfloor and layout configuration.
This digital twin can be customized and scaled thanks to its development environment.

The search for commercial DTs can be considered a challenging task as information is
kept from the public. In addition, several vendors and companies market their existing
solutions as digital twins which requires extra investigation. However, there are four main
groups or categories that appeared to form in terms of commercially available solutions
regarding the methods for building and using a digital twin. The first group is the cloud-
based platforms, which are also titled IoT platforms. For instance, this group includes
Amazon, Google, Microsoft and Oracle cloud systems. This category is based mostly on
the data-driven approach where the user uploads data or connects IoT devices that publish
the data to the platform. Then, a set of predefined or accustomed functions and operations
are introduced in order to model, analyze, and process the data. In addition, this category
provides easy-to-use AI solutions for customers. Finally, the end user maps the results with
web services for utilization purposes. Overall, this category is highly flexible and generic
for end users to utilize in several domains. Hence, several solutions are built using these
categories such as ICONICS’s building digital twin [61] and DOOSAN’s sustainable energy
production digital twin [62].

The second group includes vendor-specific digital twins. This category consists of the
companies that provide industrial systems, devices, controllers, and hardware that requires
tools to simulate the operations. As an example, ABB’s RobotStudio, Siemens’s TIA Portal,
Omron’s ACE Software, and the majority of robotics and PLCs vendors. This category is
very accurate and detailed in terms of simulating the systems. In addition, it provides the
needed visualization for the end user to allow the best interaction. Nonetheless, the DTs
in this group may suffer from being very limited only to the vendor’s own equipment. In
other words, a digital twin in this group will hardly include a model of equipment from
another vendor. As an example, the libraries of the TIA portal by Siemens only include
Siemens PLC devices or the libraries of RobotStudio by ABB include only ABB robots
and controllers. To overcome this limitation, the users may use standards and protocols
for communicating between digital twins from different vendors. This practice might
be complicated and will increase the time for preparing a functional digital twin of the
production system. Thus, it is advisable to reduce multi-vendor setup in the factories.

The third category is the application-specific Digital Twins. This category is focused
on a certain application or domain. For instance, SolidWorks, SAP, ICONICS, Visual
Components and Tecnomatix by Siemens. The DTs in this category are dedicated to
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solving definite problems in a specific domain. As an example, the Visual Components
Digital Twin concept includes several simulation applications that can solve different
problems in manufacturing such as layout configuration, process modeling and virtual
commissioning [63]. Looking at Siemens’s Tecnomatix, the digital twin includes very
sophisticated models that allows statistical analysis, optimization of processes and virtual
commissioning. Adding to that, this digital twin includes a development environment for
end users which increases the flexibility and interoperability. In fact, and as this category
of digital twins is built to fit specific applications, industrial digital twins can be found
mostly in this category. Finally, the fourth group is the generic graphics and simulation
group. This group includes solutions such as Blender [64] and Autodesk’s Maya [65]. These
solutions are mainly used in film making and game making to develop highly realistic
scenes and visual effects using its built-in physics engines and modeling tools. This group
is not usually exploited in industrial applications as it lacks connectivity to the real world.
Nonetheless, it can create a decent simulation of systems, especially in mechanical and civil
engineering. Furthermore, and as an advancement, NVIDIA took these concepts to the
industrial sector with its digital twin platform Omniverse. As reported in [66], BMW and
NVIDIA collaborated to build a highly realistic and accurate digital twin of an automotive
factory with the inclusion of human workers. This puts NVIDIA’s Omniverse platform as
one of the most sophisticated solutions that can be used to develop digital twins.

Overall, there are several business models that are implemented in marketing and
operating these digital twins. Most importantly, and it was very noticeable in the com-
mercially available solution, these digital twins use and follow industry standards which
allows interoperability and exchangeability of tools and applications. This feature gives
the developers room to develop their own applications and thus, exploit these solutions to
its maximum.

2.3. Review on Digital Twins Standards

There is no doubt that the concept of digital twins is highly linked with various
technologies and standards as illustrated in [67]. According to the authors, the digital twin
combines standards from topics such as Physics Entities, Virtual Entities, Data, Connection
and Services. Each topic contributes to the concept of digital twins as the use case needs.
For instance, if the digital twin connects to real-time data, then it will require following data
collection standards that allow such a service. Furthermore, the industry domain may also
contribute to or influence the digital twin solution. As an example, developing a digital
twin for the marine industry will require the solution to adhere to some standards and
concepts of marine life in general. Similarly, the case of manufacturing, mining, military, etc.

This interrelation with other technologies and domains triggered the issue of ISO
23247 Automation systems and integration—Digital twin framework for manufacturing
standard [68]. This standard consist of four parts. The first part presents an overview and
terminology related to digital twins. The second part describes the reference architecture.
The third part presents the relation with the manufacturing elements. The fourth part
presents the information exchange concepts and methodologies. Figure 1 depicts the
reference model of the digital twin in the ISO 23247. As presented in the figure, the
reference model consists of four main entities. The first entity is the user entity which
includes all the needed components for interfacing with the digital twin and manufacturing
systems. The second entity is the digital twin entity which includes all applications, services,
operations, and management components. This is the core entity that builds the models
and the simulation acts.
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Figure 1. Digital twin framework based on the description in the ISO 23247 standard. [Source: Own
figure based on the International Organization for Standardization (ISO) illustration in [68]].

Then, the third entity is the data collection and control entity. This entity is the
module where manufacturing elements are connected to collect data from shopfloor devices.
Finally, the fourth entity is the observable manufacturing elements entity which includes
the physical components. For better understanding, the National Institute of Standards
and Technology published use case scenarios of implementing digital twins based on
the ISO 23247 [69]. In addition to that, the ISO published a dedicated standard for the
visualization elements in automation system under industrial data topic is titled as ISO/TR
24464:2000 Automation systems and integration—Industrial data—Visualization elements
of digital twins [70]. This standard focuses only on the visualization elements to be shared
between the physical and virtual replicas. ISO is also developing two standards related to
digital twin topics. The first one, the ISO/IEC AWI 30172 Digital Twin-Use cases, includes
description based on the use case [71] and the second one, the ISO/IEC AWI 30173 Digital
twin—Concepts and terminology, on generic concepts and terminology [72].

3. Generic Paradigm for Architecting Digital Twins

Following the review in the previous section, the development of a digital twin
depends on several factors including the domain where the DT will be utilized, the under-
standing of the physical system behavior, the availability of the data, the required level of
details in simulation, and the required human interfaces and manner of interactions. Thus,
this section presents a generic paradigm of architecting digital twins for manufacturing
processes. The main objective of this generic paradigm is to support developers and engi-
neers with adequate guidance for architecting the digital twin regardless of the application
or the technologies. In addition, this generic paradigm must be applicable and compatible
with different platforms, programming methods and techniques, operating systems, and
hardware devices. Consequently, developers will be able to reuse some concepts of the
generic paradigm fully or partially based on the application’s need.

Generally, the paradigm realizes the digital twin from three points of view. Firstly, the
digital twin is a computer application that is deployable on a centralized, decentralized or
distributed computing system that is able to interact with other entities and applications
using services and proper human interfaces. Secondly, the digital twin is a replica of the
physical part of a Cyber-physical System (CPS). Thirdly, the digital twin is a system with
one or more perspectives that allow simulating a physical system using virtual replicas.
Following these three points of view, the generic paradigm for developing digital twins is a
combination of three concepts: multi-layer , multi-level, and multi-perspective.

3.1. Multi-Layer Concept

Developing computer applications may implement well-defined approaches such as
Model-View-Control (MVN), Object-Oriented Architecture (OOA), or Multi-Agent System
(MAS) among others. These approaches help the developers in architecting the applications
based on the problem needs. As an example, the MVC approach helps the developers to
separate the application blocks or modules based on the functionality. Meanwhile, OOA is
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mainly used in hierarchical architecture where instances are dynamically created and linked
with a parent instance. The MAS approach is mainly used in distributed system architecture
where agents are permitted to communicate with each other as needed. Another approach
for building applications is the onion architecture [73,74]. The onion architecture was
developed by Jeffery Palermo [75] which is an implementation of the concept of the clean
architecture by Robert C. Martin [76,77]. The onion architecture is a systematic clean
method for architecting computer applications by using onion-like layers where the core
or the model of the application is in the center and the application interfaces, such as
Graphical User Interfaces (GUIs) and Application Programming Interfaces (APIs), at the
outside layer of the onion. Some layers can be planned in between the inner and the outer
layers if needed. Inspired by the onion architecture, the multi-layer concept envisions the
digital twin as a computer application with three major layers: model, signals, and interfaces.
Figure 2 depicts the multi-layer concept. The Model layer represents the core part of the
application which includes the logic and behavior of the application. The Signals layer
includes the data and information management and transformation. Finally, the Interfaces
layer includes the HMIs and APIs. These interfaces include the human–machine interface
and the machine–machine interface. The signals layer acts as a linking layer between the
interfaces and the core of the digital twin.

Figure 2. Multi-layer concept following the onion architecture. [Source: Own figure].

3.2. Multi-Level Concept

Following the second consideration of the generic paradigm, a DT must mimic the
physical part of a CPS. In industrial applications, Industrial Cyber-physical Systems (ICPS)
can be projected on the ISA95 standard (ANSI/ISA–95.00.01–2000) [78] as depicted in
Figure 3. As highlighted in the figure, the cyber part is colored in blue and includes the
Enterprise Resource Planning (ERP) and Manufacturing Execution Systems (MES) levels.
Meanwhile, the physical part is presented in red and includes the production process at
level 0 and manipulation and sensing at level 1 of the factory shopfloor. The transition
between the cyber and physical parts or worlds occurs at the control and supervisory level
(Level 2) of the factory shopfloor. As shown in the figure, the data and information flow is
defined following the purpose and features of each level. In this regard, the ERP provides
the schedules to the MES level based on the incoming orders and the available resources.
At this level, the planning, scheduling and optimization of the production processes are
conducted. Then, the MES transfers these schedules into optimized plans and then issues
commands to the control and supervisory level to accomplish these plans. The control
and supervisory level makes actions accordingly at the manipulation level. These actions
affect the production process. As a consequence of that, the sensors in Level 1 detect the
changes and send the reactions to the control and supervisory level. The control level
provides these reactions as feedback to the MES level. Finally, the MES reports to the ERP
the production status.
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Figure 3. Projection of the CPS concept on the ISA95 levels. [Source: Own figure].

In the context of digital twins for industrial applications, the factory shopfloor levels
(Level 0–Level 2 ) represents the physical part that can be twined. As depicted in Figure 4,
and being inspired by the ISA95 standard, the Multi-level concept of this generic paradigm
includes three levels. Level 2 is the logic level where all the logic of the production system
is included. This level imitates the ISA95-Level 2 where the control and the supervisory
happens. Level 0 is the level where all the physics of the production system is included.
Similar to the ISA95-Level 0, this level aims at modeling the production process. Moreover,
in addressing multi digital twin situation, Level 0 is the location where the digital twins
can be linked in the physical space. Finally, Level 1 is the level where the transformation
between the logic and the physics occurs. This level represents the manipulation and
sensing technologies. Moreover, and as presented in the figure, during production, the
MES and the ERP are normally connected to the shopfloor resources. For the digital twin,
two main operational modes are presented. These operational modes are activated once
the digital twin is developed and deployed. The On-line mode when the DT is connected
in real-time to the shopfloor resources. In this mode, the digital twin acts as a monitoring
system for the physical twin where live streams of data (shown in gray arrows) feed the DT.
Meanwhile, the Off-line mode is used in simulating the shopfloor resources. In this mode,
the DT will be connected to the existing ERP and MES systemsfor testing and validation of
plans and operations.

Figure 4. Multi-level concept and the DT operational modes. [Source: Own figure].

By combining the concept of multi-layer and the multi-level, a digital twin will contain 9
blocks as depicted in Figure 5. For a generic design of a digital twin, the 9-block architecture
allows modeling and simulating any production system. As depicted in the figure, the Model
layer includes all the modeling, logic, behavior and physics simulation components. At
level 2, M2 includes the logic of the control and supervisory. The M1 block will contain the
models of the sensors and the actuator systems. The M0 will include the models and physics
of the process. Then, the Signals layer includes all the operations and transformations on
the data that will be shared between the Model and the Interfaces layers. This layer allows
the developers of the digital twin to include any needed operations of the data and the
information. In this regard, the data and the information can be either generated by
the Model layer and need to be prepared for the Interfaces, or visa-versa, received by the
interfaces and need to be delivered to the model layer.
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Figure 5. The 9-block concept. [Source: Own figure].

Following that, the S2 block will contain the transformation components of the control
and supervisory. Meanwhile, the S1 will contain the information transformation compo-
nents for the actuation and sensing level, and S0 will include the information transformation
components for the process level. Finally, the Interfaces layer is where the communication
occurs with human using HMIs and with machines using APIs. The I2 is dedicated to
the interfaces regarding the control level. Similarly, the I1 is designed for interfaces of the
actuation and sensing level, and I0 for the interfaces of the process level. It is important to
mention that the interfaces allow access to inner data and information that is not possible to
access in the real system. As an example, in a production system, a motor can be controlled
by a drive. This drive includes power electronics that create the sinusoidal signals for the
motors. These signals often include the undesired harmonics. Thus, the drives use filters
to clean the signals from the unwanted harmonics. In real systems, it is very difficult to
study the effect of these harmonics on the other systems in the production systems due to a
lack of access. However, in digital twins, this can be replicated and the interfaces layer can
allow access to any inner values that the user of the digital twin is interested in.

3.3. Multi-Perspective Concept

Returning to the third point of view for a generic paradigm, a digital twin must
provide multiple perspectives to fulfill the different possible applications. In this regard,
the Multi-perspective concept considers a complete digital twin as concentric cylinders
as depicted in Figure 6a. As described before, the levels (in orange) are represented by
vertically stacked cylinders and the layers (in blue) are concentric cylinders. To understand
the multi-perspective concept, a look from the top of the digital twin paradigm shows
different sectors as presented in Figure 6b. Each sector (in green) focuses on a different
perspective of the digital twin. As an example, a digital twin can be used for cost estimation
and simulation. At the same time, it can be also used for simulating energy consumption or
resource utilization. Following the multi-perspective concept, as shown in Figure 6, three
perspectives will be needed to address the cost, energy consumption and the resources’
utilization use cases. In addition, such a concept allows scaling or extending digital twin
usage to address modern or newly developed technologies. As an example, the above-
described digital twin can have a new perspective regarding the cognition aspect. This
addition will allow the digital twin to be a cognitive digital twin.
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(a) (b)

Figure 6. Multi-perspective concept. [Source: Own figure]. (a) Side view ; (b) Top view.

In summary, a generic digital twin will include several perspectives depending on
the application and the purpose of the digital twin. Mainly, each perspective includes
the 9-block architecture. Figure 7 depicts 3D visualization of the paradigm with different
color for each perspective. The main objective of such a paradigm is guaranteeing modular,
scalable, reusable, interoperable and composable digital twin architecture. These qualitative
attributes can be mapped to the architecture as follows:

• Modularity: is the ability to build the DT using defined and interchangeable modules.
These modules contribute to the flexibility of the overall system. In the context of
the generic paradigm, the 9-block approach allows the developer to interchange the
blocks based on the need of the application.

• Scalability: is the ability to grow the system in terms of resources and features. This
quality is presented in the possibility of adding several perspectives to the digital twin
in order to increase its capabilities.

• Reusability: is the ability to reuse legacy or existing assets in building newer versions.
In this regard, the 9-block approach allows the user to reuse previously-developed
blocks in newer versions of the DT.

• Interoperability: is the ability to work and to be compatible with other components
or systems regardless of the vendor or the developer. For the 9-block approach, the
use of standards and protocols permits such quality where different systems and
applications can communicate easily.

• Composability: it is the ability to reassemble and reconstruct a system from other
systems and components. In the context of this research, the 9-block architecture
allows the development of a system of digital twins where the DT Level 0 includes the
physics that each DT uses. Then, by connecting each Level 0 using spatial computing
concepts, these DTs can form a system of digital twins.

Figure 7. 3D visualization of the generic paradigm for architecting digital twins. [Source: Own figure].
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4. The Approach of Architecting the Digital Twin

After establishing the skeleton of the DT using the 9-block concept, developers can start
the process of architecting the DT. This process may include the selection of some aspects
such as the communication protocol, the shared data, the components and applications,
and the development techniques. In the domain of this research, and after defining the
9-block paradigm, architecture mainly refers to two parts. Firstly, the components that
construct the digital twin modules, and secondly, the data types and protocols on how
these components communicate with each other and with the external applications and
services via defined APIs. In this regard, a knowledge-based system can be used to reason
the architecture of the DT. As depicted in Figure 8, the reasoning process may require
three knowledge bases. Firstly, the Process description (green) supports the reasoner with the
production resources knowledge. As an example, this ontology may contain descriptions of
the production resources such as robots and machinery, product, data and possible events.
Secondly, the Twinning specifications (red) which include the rules for the reasoning engine,
the needed perspectives for the digital twin, and the possible interfaces.

Figure 8. The knowledge-base system for reasoning the digital twin architecture. [Source: Own figure].

Thirdly, the Legacy knowledge (yellow) which includes manufacturing vocabulary and
descriptions that are required to identify production resources such as robots or conveyor
descriptions. In fact, many ontology models are developed and populated for this purpose
such as the IOF-BFO developed by the Industrial Ontology Foundry [79–81], the Politecnico
di Milano-Production Systems Ontology (P-PSO) and the Manufacturing Systems Ontology
(MSO) [82], EU Vocabulary Ontology [83], and the Semantic Computing Research Group
(SeCo) ontology [84]. Once these ontology models are utilized, the reasoning engine or as
labeled in the figure Twinning reasoner will infer the architecture description as an ontology
(blue). Figure 9 presets a graph that describes the ontology model of such a knowledge-
based approach. This figure shows the relations between the factory and its production
resources in the physical world and the digital twins and their components in the digital
world. This graph follows the same colors scheme in Figure 8.

More precisely, and starting from the top, the Production_Control class represents the
MES and the ERP systems that control the production process. As an example, this class can
also include the concept of AI-based Digital Agents. This Production_Control class is linked to
the Production_Process class via manages object property, and to the Product class via monitors
object property. As the figure shows, a Digital_Twin simulates the production process or the
product. In addition, the Digital_Twin virtually replicates the Factory and it can have multi-
ple Perspective instances linked to it based on the DT specifications. The Factory is linked to
the Production_Process via the property conducts. Further, the Factory class is linked to the
Product via the property produces. As seen in the figure, the Product class and the related
object properties are highlighted as this research focuses on the production processes of
digital twins. The approach also considers that a factory comprises multiple instances of the
Production_Resource as shown in Figure 9. The Production_Resource can be a robot, machinery
or human worker that provides service or conducts an act in the production process. Addi-
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tionally, the Production_Resource is linked to the Level class where the resource is located in
terms of manufacturing hierarchy which is needed for the 9-block paradigm. Likewise, a
digital twin comprises multiple Digital_Twin_Resources. This Digital_Twin_Resource class
is linked to the Production_Resource via virtually_replicates object property. In addition, the
Digital_Twin_Resource may contain several Digital_Twin_Component. Each instance of the
class Digital_Twin_Component is linked to the Model, Signal and Interface classes via located_at
object property. On the other side, a Production_Resource may consume or generates Data.
Additionally, it can trigger or expect an Event. Finally, this approach uses the IEC61499
standard for building digital twin components. In this regard, the Function_Block class
is linked with Data and Event via is_input_to and is_output_of objects properties and is
represented as function blocks. As mentioned before, the Legacy knowledge (colored in
yellow) defines manufacturing vocabulary. This ontology is added to the graph partially
for illustration purposes.

Figure 9. Digital Twin Architecture Ontology Model (DTAOM). [Source: Own figure].

5. Use Case Example
5.1. FASTory Use Case

To demonstrate the proposed approach, a production line with a discrete manufactur-
ing use case is used. The production line is known as the FASTory assembly line where
modular and sequential loop-like workstation configuration is used to mimic the pro-
duction of electronic devices as depicted in Figure 10. The production system includes
10 identical workstations (labeled as WS2–WS6 and WS8–WS12) that are equipped with
conveyors and different robots to perform the assembly processes. The assembly process
mimics assembling mobile phones where robots draw different parts of the phone with
different colors and different models to emulate the variation of the product. Workstation 1
and workstation 7 are used for pallets and material handling.

The research in [1] illustrates the physical system and the development of a simulator
to help in developing applications for the production system. Furthermore, this use case
was exploited in several research activities such as developing a generic MES system in [85],
proposing a knowledge-based manufacturing system in [86], studying the industrial data
lifecycle management in [87], and implementing the ISO-22400 KPIs in a virtual production
systems in [88] among others. To reduce the complexity of demonstrating the approach
in this paper, a single workstation will be used where the assembly process happens. As
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shown in the Figure 10, any drawing workstation, i.e., WS2, consists of two conveyors.
The main conveyor is for passing the pallet to the work cell in order to draw the phone
parts. Meanwhile, the by-pass conveyor allows the pallets to move past the workstation in
case the robot is in a busy state. This configuration guarantees zero blockages due to pallet
congestion. Five proximity sensors are attached to the conveyors to measure the presents
of the pallet in the workstation. In addition, an RFID reader is located at the beginning of
each workstation to identify each arriving pallet.

Figure 10. FASTory assembly line layout. [Source: Snapshot from the FASTory Simulator [1]].

Figure 11 depicts a graph description of the workstation process and resources. Each
workstation is controlled by two Remote Terminal Units (RTUs) [89]. These RTUs provide
connectivity to the MES and ERP systems using web services. Then, the Robot RTU controls
the robot controller, which manipulates the robotic arm. The gripper is attached to the
robotic arm, and it grasps the pen that has certain color to draw on the paper. This paper
represents the product and is attached to a pallet. The pallet is transferred by the main
conveyor if the robot is in an idle, stop or down state, and by the by-pass conveyor if the
robot is in the busy state. These conveyors are moved by separate motors that are driven by
separate drives. In addition, proximity sensors and an RFID are located at certain locations
along the conveyor belts. Finally, these drives, sensors and the RFID are controlled and
read by the Conveyor RTU.

Figure 11. FASTory production resources description. [Source: Own figure].

5.2. Function Block-Based Digital Twin Architecture

For the FASTory use case, and following the graph in Figure 11, three main production
resources can be listed including the robot, the main conveyor and the by-pass conveyor.
Additionally, the proximity sensors, the RFID reader and the gripper can be added as
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production elements. Figure 12 depicts the populated model of the process description
for the FASTory use case. The figure shows that the model includes four processes where
three processes are performed by the robot and one process is performed by the transporta-
tion system.

Figure 12. FASTory production description for drawing process. [Source: Own figure which is a
snapshot from Protege Ontology Editor].

For the Data, six instances have been included in the use case as each zone includes the
status of the proximity sensor that is related to. The pallet_id data instance is related to the
RFID reader and it holds the pallet identifier code. For the events, four events have been
added. These events include draw_ended, draw_started, pen_changed, which are triggered by
the robot and pallet_transferred which is triggered by the conveyors.

Afterwards, the digital twin specifications can be introduced. For this use case, two per-
spectives can be created. The first one is the power consumption perspective. The second
perspective can be resource utilization. Figure 13 depicts an example of a populated ontol-
ogy for the digital twin specifications. As seen in the figure, each instance of the perspective
class owns three instances of the model, three instances of the signals and three instances
of the interface. These instances will be linked later with the digital twin components after
the twinning operation. The third knowledge source is legacy knowledge. This knowledge
includes all descriptions and definitions of the production resources. As an example for this
use case, Figure 14 depicts a snippet of the ontology that describes the legacy knowledge of
FASTory workstations as presented in Figure 11.
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Figure 13. Twinning specifications for FASTory use case. [Source: Own figure which is a snapshot
from Protege Ontology Editor].

Figure 14. Snippet of the legacy ontology for the FASTory use case. [Source: Own figure which is a
snapshot from Protege Ontology Editor].

Once these ontology models (seen in Figures 12–14) are populated, a set of rules are
needed for the reasoning. These SWRL (Semantic Web Rule Language) rules are part of the
Digital Twin Architecture ontology model (in blue in Figure 8). In this regard, Equation (1) is
a rule that creates a Digital_Twin_Resource instance for each Production_Resource. Then, a
datatype type is added to the Digital_Twin_Resource instances which highlight the virtual
feature using the rule in Equation (2). Equation (3) can be used for linking the virtual and
physical resources.

Production_Resource(?x) =⇒ Digital_Twin_Resource(?x) (1)

Digital_Twin_Resource(?x) =⇒ type(?x, ”virtual − resource”) (2)
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Production_Resource(?x)∧
Digital_Twin_Resource(?x) =⇒ virtually_replicated(?x, ?x)

(3)

Afterwards, an instance of Function_Block can be created for each instance of the
Digital_Twin_Resource using the rule in Equation (4). Additionally, the same rule links the
function block instance with the digital twin resource instance using is object property.
Equation (5) depicts the rule for adding an alias to the function block as a data property.
Then rules in Equations (6) and (7) add the events to the function blocks.

Digital_Twin_Resource(?x)∧
swrl : makeOWLThing(?y, ?x) =⇒ Function_Block(?y) ∧ is(?x, ?y)

(4)

Function_Block(?x)∧
Production_Resource(?y)∧

name(?y, ?z) =⇒ alias(?x, ?z)

(5)

Function_Block(?x)∧
Production_Resource(?y)∧

expects(?y, ?z) =⇒ has(?x, ?z)

(6)

Function_Block(?x)∧
Production_Resource(?y)∧

triggers(?y, ?z) =⇒ has(?x, ?z)

(7)

Once the digital twin resources are created, the digital twin components can be created
and linked. This can be seen in the rules in Equations (8)–(10).

Production_Element(?x) =⇒ Digital_Twin_Component(?x) (8)

Digital_Twin_Component(?x) =⇒ type(?x, ”virtual − element”) (9)

Production_Element(?x)∧
Digital_Twin_Component(?x) =⇒ is_twinned_as(?x, ?x)

(10)

Afterwards, the digital twin components are represented as function blocks. Equation (11)
creates the function block, while Equation (12) adds the alias to the created instance of
the function blocks. Then, Equations (13) and (14) link the data input and outputs of the
function block

Digital_Twin_Component(?x)∧
swrl : makeOWLThing(?y, ?x) =⇒ Function_Block(?y) ∧ is(?x, ?y)

(11)

Function_Block(?x)∧
Production_Element(?y)∧

name(?y, ?z) =⇒ alias(?x, ?z)

(12)

Function_Block(?x)∧
Production_Element(?y)∧

generates(?y, ?z) =⇒ has(?x, ?z)

(13)

Function_Block(?x)∧
Production_Element(?y)∧

consumes(?y, ?z) =⇒ has(?x, ?z)

(14)
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The created instances of the function block represent the digital twin components and
the digital twin resources. To compose the function blocks, the rule in Equation (15) is used
to combine the digital twin components and resources using the function blocks.

Digital_Twin_Resource(?x1)∧
Digital_Twin_component(?x2)∧

contains(?x1, ?x2)∧
is_a(?x1, ?x3)∧

is_a(?x2, ?x4) =⇒ composes(?x4, ?x3)

(15)

Lastly, the function components will be sorted to classify them using the 9-block
concept. Initially, as presented in Figure 13, two perspectives are created for this digital
twin. Each perspective has three layers and three levels. For the levels, the function
blocks that belong to each level follow the associations of the production resources and
production elements. This knowledge comes from the description of these instances which
are represented in the legacy knowledge. Equation (16) depicts the rule for making this
linkage.

Digital_Twin_Resource(?x1)∧
Production_Resource(?x1)∧

Digital_Twin_component(?x2)∧
Production_Element(?x2)∧

Function_Block(?x3)∧
Function_Block(?x4)∧

is_a(?x1, ?x3)∧
is_a(?x2, ?x4)∧

belongs_to(?x1, ?x5)∧
belongs_to(?x2, ?x6) =⇒ part_o f (?x1, ?x5) ∧ part_o f (?x2, ?x6)

(16)

In regards to the layers, each instance included in the perspective will be linked to the
three layers. This is achieved via the data property needs. The rules in Equations (17) and (18)
present the reasoning of this connection.

Digital_Twin_Resource(?x1)∧
Function_Block(?x2)∧

is_a(?x1, ?x2)∧
Prespective(?x3)∧

needs(?x3, ?x1)∧
Model(?x4)∧
Signal(?x5)∧

Inter f ace(?x6)∧
has(?x3, ?x4)∧
has(?x3, ?x5)∧

has(?x3, ?x6) =⇒ part_o f (?x2, ?x4) ∧ part_o f (?x2, ?x5) ∧ part_o f (?x2, ?x6)

(17)
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Digital_Twin_Component(?x1)∧
Function_Block(?x2)∧

is_a(?x1, ?x2)∧
Prespective(?x3)∧

needs(?x3, ?x1)∧
Model(?x4)∧
Signal(?x5)∧

Inter f ace(?x6)∧
has(?x3, ?x4)∧
has(?x3, ?x5)∧

has(?x3, ?x6) =⇒ part_o f (?x2, ?x4) ∧ part_o f (?x2, ?x5) ∧ part_o f (?x2, ?x6)

(18)

After the reasoning step, the architecture of the digital twin is persisted in Digital
Twin Architecture ontology. This architecture includes the digital twin resources and the
digital twin components as function blocks. Thus, the developer then needs to create the
inferences function blocks in an FB editor. In this implementation, the development of the
ontology and the reasoning has been performed using the Protege ontology editor [90]
and Olingvo ontology editor [91]. As Figure 15 depicts, two main production resources
have been identified, the robot, and transportation system which consists of the main
conveyor and the by-pass conveyor. Following the reasoning flow, each one of these
production resources will be represented in the digital twin world using a digital twin
resource. These two resources combine several digital twin components which are reasoned
via the aforementioned rules.

Figure 15. Two main production resources of the FASTory use case as digital twin resources. [Source:
Own figure which is a snapshot from locally developed FB editor].

To simplify the presentation and satisfy the article’s length, only the transportation
system is selected. Looking in more detail at the transportation resource, a total of 16 digital
twin components form the transportation digital twin resource as shown in Figure 16.

The M2 block contains the RTU which controls the conveyor’s tasks.Then, block M1
contains the drives, motors and sensors that are related to the conveyor system. Finally,
block M0 contains the pulleys, the belts and the pallet.

At this point, the model layer has been populated, and the next stage is to look at the
interface layer. As described in Section 3, the interface layer will depend on the digital twin
perspectives. In this example, the digital twin has two perspectives, power consumption
and resources utilization. As an example, from the power consumption perspective, the
interface can include an HMI as a graph that shows the power in Watt units and APIs that
use HTTP REST for publishing the consumption value. Figure 17 depicts the example for
the needed function blocks for the interface and the signals.
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Figure 16. The composition of the transportation digital twin resource in the model layer. [Source:
Own figure which is a snapshot from locally developed FB editor].

Figure 17. The signal and interface layers for the transportation digital resource in the FASTory use
case. [Source: Own figure].
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6. Discussion

The demonstrated approach in the previous section permits high flexibility for the
developers to choose the desired components (i.e., function blocks) for the digital twin. The
use case showed that the model layer is the core for building the digital twin. This layer
depends mostly on the physical system descriptions including processes and equipment.
Once the model layer is drafted, the interface layer can be developed to satisfy the objectives
of the digital twin. This layer depends entirely on the perspectives of the digital twin and
the features of the digital twin. Then, the crucially needed signal layer can be developed
to connect the model layer with the interface layer. The three model levels were needed
in building the digital twin for the transportation resource. However, only level 1 was
needed in the signals and interfaces layers due to the fact that the shared information is at
level 1. In this regard, the paradigm, which was presented in Section 3, can be implemented
differently to satisfy the developers’ needs. As an example, rather than having three levels
for the interface, two levels can be introduced where one can be for the HMI and the other
for the Machine–Machine Interface (i.e., APIs). Furthermore, the signals layer can be only
one level where all conversions and calculations can be introduced. These variations are
open to the developers to decide what is best for their use case.

For the qualitative attributes that are listed in Section 3, the FASTory implementation
proved the expected outcomes. As an example, the Modularity attribute can be demon-
strated by interchanging one of the function blocks, such as the controller or the drive, to
a new different one. For the Scalability, the demonstrated use case showed the possibility
of having two conveyors by replicating the associated components. The Reusability was
evident in the use of the drive and the motor function blocks, where these two function
blocks are from legacy implementation and are still possible to be reused. The Interoper-
ability can be also guaranteed as the approach allows the user to use self-made function
blocks or commercially available ones. In the demonstrated example, the system will work
fine if the RTU is changed with a PLC or other type of controller from a different vendor.
Lastly, the Composability is a feature of the IEC61499 standard which is included in this
implementation. As an example, the transportation function block is composed of several
function blocks.

The presented approach is still in its first versions and very well open for modifications
and improvements. Thus, looking at the standard ISO 23247 and trying to find synergies
with the presented approach is very well accepted. In this regard, both solutions dedicated
separate modules for interfaces (user entity) and models (digital twin entity) which is
important to guide the user in architecting such a complicated system. Both approaches
addressed the information exchange as well. However, ISO 23247 did not dedicate a module
for such an operation and left it open to the developers. While the presented approach
considered these operations in the signal layer. The standard split the interfacing with the
outside world into two entities (user and data) which might be necessary for more generic
targeted domains. Overall, the presented approach appeared to be more specific for the
manufacturing domain while the ISO 23247 standard targets a wider range of applications.

7. Conclusions and Future Work

Due to the versatility in exploiting them, digital twins b.ecame more essential in
industrial applications. Adding to that, the benefits of saving energy, cost and time, and
providing detailed insights about the behavior of systems prove to be very valuable. Thus,
having a framework or paradigm will help the developers in creating such completed
systems. In this regard, the conducted research provided guidelines or a paradigm for
the developers to architect digital twins. The presented approach included multi-layer,
multi-level and multi-perspective concepts for building a digital twin for manufacturing
processes. Inspired by the ISA95 standard, the multi-level concept allows the user to
allocate each component based on the level in the manufacturing pyramid. While the
multi-layer concept is inspired by the onion architecture and helps the programmers and
developers to draft the needed components based on the functionality. Finally, the multi-
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perspective concept allows the user to distinctly build the digital twin views or use cases.
This combination of the concepts permits the creation of a modular, scalable, reusable,
interoperable and composable digital twin as demonstrated in the paper. Then, to help
illustrate the approach, an ontology-based implementation was presented. It was clearly
seen that developing a digital twin requires substantial knowledge of the physical system
that needs to be twined, the technical aspects and features of the development environment
and the domain where the digital twin will be exploited. After the demonstration, a
comparison with the ISO 23247 standard was drafted to find synergies between the two
approaches. Hence, it was observed clearly that digital twins require three main aspects;
modeling, interfacing and information exchange. These three main aspects were found in
both approaches but with different implementations and conceptualizations. Overall, the
differences between the approach can be seen in the targeted outcomes as the standard
focuses on a wider range of applications while the presented approach in this paper targets
manufacturing processes specifically. In fact, this comparison opens the doors for future
work which may include addressing digital twinning for products and spatial computing.
Moreover, future research may include extending the ontology concepts in this research to
be compatible with the IOF vocabulary.
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