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1.Glossary

Acronym Concept

Al Artificial Intelligence

AR Augmented Reality

CMS Content Management System

CPS Cyber Physical System

CRM Customer Relationship Management
DES Discrete Event Simulation

DT Digital Twin

EPHM Equipment Prognostics and Health Management
ERP Enterprise Resource Planning

GDPR General Data Protection Regulation
lloT Industrial Internet of Things

loT Internet of Things

MES Manufacturing Enterprise System
ML Machine Learning

MTTR Mean Time To Repair

OPC-UA Open Platform Communication - Unified Architecture
PDM Product Data Management

PLM Product Lifecycle Management

RUL Remaining Useful Life

VR Virtual reality

VSM Viable System Model




2.Introduction

The utilization of technology that promotes connectivity across
organizational systems, processes, and products is critical in the current
framework of Industry 4.0 and in the future adoption of Industry 5.0. Another
factor to consider in this period is the ever-increasing amount of data

accessible that gives full descriptions of the underlying industrial processes.

This thesis introduces the concept of the Digital Twin (DT), one of the
technologies that will be at the forefront of Industry 4.0 and 5.0 since they
promote the use of loT-enabled systems, massive utilization of big data and

collaboration between humans and robots:

“A digital twin can be defined, fundamentally, as an evolving digital
profile of the historical and current behaviour of a physical object or
process that helps optimize business performance. The digital twin is
based on massive, cumulative, real-time, real-world data
measurements across an array of dimensions. These measurements
can create an evolving profile of the object or process in the digital

world that may provide important insights on system performance”

[5].

It’s a technology that is transforming the manufacturing context and, in
general, the way complex systems are designed and managed. The key
innovation is that process management via the DT enables the conception,
development, and testing of processes, including performance evaluation,
using a virtual representation first and subsequently implementing them in

the real world.



According to a 2022 study [28], the number of papers related to the topic has
grown exponentially in recent years; specifically, a search on one of the major
database for scientific articles (Scopus) revealed that it went from about 30
articles published in 2016, the highest historical figure up to that time, to an
average of 3000 articles in 2021 and statistically much more at the end of
2022. This research undoubtedly reveals how the DTs tool, along with all of
the technologies and methodologies on which it is built, is constantly
increasing and finding more and more space in the scientific literature in

many fields.
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Figure 1 - The number of publications on digital twins (data taken from Scopus, records from January 2016 to
March 2022) [28]

The purpose of this thesis is to highlight synergies and differences of the main

DT frameworks regarding mainly scheduling activities described in the



technical literature and link some of the main connected aspects by giving an
in-depth study of existing research as well as review of the potentiality and

problems that Digital Twins provide to the manufacturing industry.

Through literature research, this thesis investigates the world of DT-enabled
systems. The study will concentrate on numerous key areas, such as the
drivers that drive businesses to adopt this technology, the enablers that enable
its effective implementation, and barriers that might obstacle its complete
acceptance and integration. The methodologies and technologies utilized to
successfully incorporate DTs into industrial systems will also be investigated.
The review focuses on the application of DTs in several sectors and activities
necessary in the manufacturing world, such as resource planning, material
procurement, machinery maintenance, and real-time processing scheduling
(key aspects for activities in the world of industry 4.0); in particular, the work
will aim to revise the main logic architectures related to the last mentioned
aspect (real-time processing scheduling) in order to identify a common logic

infrastructure applicable to a variety of manufacturing contexts.



2.1 Approach, Methodology and Material

Categorization

The approach used to explore the technical literature and prepare the thesis

follows a well-defined logic described in the following steps:

l.

An 1nitial overview was conducted, through the main search engines
for scientific papers (such as Google Scholar, IEEExplore, Clarivate
Analytics’ Web of Science, Archive Ovuerte HAL, Science Direct,
Elsevier’s Scopus, etc.) that allowed to map the main strands on
which the scientific literature in the field of manufacturing and
Industry 4.0 is developed and investigate regarding the application
of DTs.

The second phase involves a review of the most cited articles
(selected with the help of Connected Papers software, etc.) in order
to identify the most credited papers in individual research chapters
(the various levels on which DTs can enhance and make a positive
contribution to manufacturing).

Then they were analysed by pre-dividing the articles into papers
describing Industry 4.0 and future technologies, general reviews
around DTs, specific reviews describing the possible adoption of DTs
in the various levels of manufacturing, technical analyses of specific
frameworks in the various levels of manufacturing. The purpose is to
identify and subdivide the main branches of research.

Finally, they were categorized, on appropriate Excel file table, using
the procedure outlined in the article [7] (enter in an Excel file
bibliographic references to articles in which enablers, drivers, and
barriers are described and identified references to papers that provide

frameworks for the deployment of DT), according to the topics



covered in the thesis chapters, which are described in the dedicated
section (number 2.2):
general Information
b. drivers, enablers, barriers, challenges and benefits linked to DT
adoption.
c. supply chain planning and demand forecasting information
d. scheduling frameworks

e. predictive Maintenance information
The questions this research paper seeks to answer follow:

e What are the key features of DTs in manufacturing systems?

e What are the primary drivers, enablers, and barriers to DT adoption in
manufacturing systems?

e What features should a DT's logical architecture have for scheduling

operations within a production system?

According to the procedures outlined above, research was conducted using
these questions in order to maintain the emphasis on the primary subjects

addressed by the thesis.



2.2 Sections Description

The following thesis is structured into three main chapters:

The introduction (Chapter 2) provides an initial concept of DT and its
subsequent evolution over time and summarily describes the main
areas and topics of analysis on which the thesis focuses; it also
provides the approach that was followed to analyse all the scientific
articles on which the analysis performed is based.

Chapter 3 provides a classification and commentary of the main
drivers, enablers and barriers to the implementation of DTs in
manufacturing, particularly distinguishing between technological and
"social" factors as well as attempting to make a connection between
the main enablers and barriers to determine which aspects an
organization should invest in to overcome such barriers.

Chapter 4 focuses on a review of the main frameworks, mainly related
to scheduling activities, looking for differences, evolutions and main
common features, in order to define a pattern that can be followed to
be able to implement a DT based on a reliable framework, for

scheduling purpose, adaptable to various contexts.
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2.3 Evolution of the Digital Twin concept through

Industrial eras

Michael Grieves introduced, for the first time, the notion of Dt at the
University of Michigan in 2003, in the context of Product Lifecycle
Management Systems. [3].

He originally proposed the idea of producing a digital duplicate of assets and
physical systems to protect them from harm or difficulties during analysis
and diagnostic activities [1]. First reference to DT was as Mirrored Spaces
Models. Grieves decided to change the definition of DT, during 2006, into

Information Mirroring Model [3].

This definition was than evolved by the National Aeronautics and Space
Administration (NASA) in 2010. They defined the DT as an ultra-realistic,
high scaling simulation, which uses the best available physical models,
sensor data and historical data for mirroring one or more real systems [2].
This new definition of DT concept coincided with the first practical
implementation (due to technological restrictions, such as not developed
system hardware power, lack of efficient and reliable connection mechanisms
and protocols, data management, etc., DTs had no real-world application in

a manufacturing system. [3]).
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Figure 2 - DT concept evolution through time

the concept has continued to evolve simultaneously with the increase in the
number of papers published on the subject. For example, John Vickers in

[52], as reported by [28], redefined his conception of DT as:

"4 set of virtual information constructs that fully describes a potential
or actual physical manufactured product from the micro atomic level

to the macro geometrical level.”

Up to one of the most recent definitions offered by [39] and taken up by other
experts in the field: DT viewed as a software representation of a physical
object including its conditions and behaviour via models and data collected

in the real world.
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3.Drivers, Enablers and Barriers to DT

implementation

3.1 Drivers

Commonly, a “driver" is a crucial factor or influential factor that hat convince
someone to do something or causes something to happen [36, 37]. These
considerations are typically reasons for businesses or individuals to invest

time, and effort in developing and deploying innovative technologies.
As stated in [4] about the drivers in manufacturing DT world:

“In this case, Drivers can be understood as factors and forces that
induce companies to initiate and fully-implement digital twin-related

projects.”

Below follows a list of the main drivers, described by various papers, that
direct organizations to adopt Digital Twins for production, planning,

maintenance, scheduling, etc.:

e the rising need to provide manufacturing flexibility: the word
"flexibility" has been used to refer to the ability to develop a greater
range of product variants as well as the ability to flexibly rearrange
the manufacturing process in response to required modifications [4].
This point is the main focus of the DT for scheduling frameworks
investigated in chapter 4.

e Competitiveness: as an exogenous variable, experts highlighted rising
corporate competitiveness, which sets pressure on enterprises to find
ways to cut costs while maintaining quality and efficiency. As digital

twin drivers, experts cited benefits such as quality defect recognition,

13



failures forecasting, cost savings [4] (including the high costs
associated with disruptive testing and cost linked with prototypes [3]).
In research [52], the aspect relative to cost reduction becomes clearer
due to the use of digital models rather than physical prototypes (figure
2). In particular, the physical cost rises linearly whereas the virtual

cost decreases exponentially:
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Figure 3 - Physical Costs vs Virtual Costs [52]

Employee safety was noted in the literature as a driving force of digital
twins. Workforce safety comes through an effective training and
education phase that could be safer through the use of DTs and related
tools such as AR and VR, especially in the case of risky environment,
harmful equipment [3], so it is critical knowing how to deal with

emergency mistakes from the moment the staff begins working [49].
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Figure 4 - DT Implementation Main Drivers

Accessibility was also stated as a crucial drive for DT adoption.
Indeed, without being bound to a specific geographic area allows the
user to check the progress of production or communicate with the DT-
enabled system remotely [52], which might be a significant benefit in
scenarios such as the COVID-19 pandemic, as described by [3].

The necessity of switching from traditional production systems in
which activities like design, demand forecasting, scheduling, etc. of

the production process take place concurrently with the evolution of

15



the system itself and thus takes into account all of the information of
the environment of which it is a part. This requirement is identified by
[3], which reports the dynamism feature, implying a constant flow of
data between the virtual and physical portions of the system.

Within the scope (analysed in the previous point) of modernizing and
projecting manufacturing systems into the future, there is the need, at
least for large global companies, to make Human-Robot collaboration
(the main point of future Industry 5.0) concrete and increasingly
constant [15].

For example, [41] emphasizes this approach, reporting that the
Human-robot job allocation, workstation layout optimization, human
ergonomic analysis, and robot program testing are all possible with a
digital twin of a human-robot collaborative work environment.

The straightforward requirement for real-time monitoring of the
physical system was also mentioned as a motivator for the installation
of industrial digital twins [5]. In fact, it enables the producer to predict
problems faster [50], to save expenses, eliminate resource waste [51],
as well as improve other essential deliverables [50]. The high-quality
digital twin model with real-time data also aids in understanding the
situation and making better and more accurate optimization decisions
[41], other than be more responsive to exogenous changes.

Analysts claimed that internal process enhancement activities might
result in digital twin projects as one of the most important drivers [4].
A further internal motivator cited by experts is an effort to increase
stakeholder transparency in the whole manufacturing process [4]. As
reported in [27], transparency in manufacturing context means ‘‘full
availability and access to information required for collaboration and

collective management decision making. It means full disclosure of

16



detailed historical records for root-cause investigation purposes to
uncover areas for continuous improvement. DTs aim to collect
information at every level of the production system, enabling for more
accurate solutions and bringing a business-level perspective closer to
operational-level choices.

The ability to obtain a full digital footprint of the production system
has made it possible to gain exhaustive information about the entire
process and product lifecycle, and that is an important driver identified
by [5].

Boosters that enhance company value: companies should assess the
business benefit that the digital twin provides by taking into account
factors that involve tactical effectiveness and marketplace. Among
other things, these difficulties in strategy can be translated into
particular solutions that could offer the wide commercial value that a
digital twin could provide. Figure 4 lists a summary of such values by

category [5].
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Category of business value Potential specific business values

Improve overall quality

Quality Predict and detect quality trend defects sooner

Control quality escapes and be able to determine when quality issue
started

Understand current configuration of equipment in the field to be able to
service more efficiently

Proactively and more accurately determine warranty and claims issues to
reduce overall warranty cost and improve customer experiences

Warranty cost and services

Improve product design and engineering change execution
Improve performance of manufacturing equipment
Reduce operations and process variability

Operations cost

Create a digital record of serialized parts and raw materials to better
manage recalls and warranty claims and meet mandated tracking
requirements

Record retention
and serialization

Reduce the time to market for a new product
Reduce overall cost to produce new product
Better recognize long-lead-time components and impact to supply chain

New product introduction
cost and lead time

+ Identify products in the field that are ready for upgrade

Revenue growth rtuniti
- WPROTRUNERE Improve efficiency and cost to service product

Source: Deloitte analysis.

Figure 5 - DT Business Drivers reported in [5]
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3.2 Enablers

3.2.1 Systems and Technologies enablers

The expression "Enabler" refers to the enabling aspects (organization, skills,

network development, etc.) required to establish an atmosphere favourable

to innovation in the business environment [6]. In the context of this thesis,

the enablers comprehend the variables which make digital twins feasible.

Among the various enablers listed by the technical literature, they stand out

as technological enablers the following ones:

Artificial Intelligence (AI) and Machine Learning (ML): one of the
primary innovations that enable for DTs at the moment is Al. As stated
by [10], Al and ML are two of the main technical forces propelling
DTs toward their truly potential.

Al enables robots to acquire information from experience, adapt to
new inputs, and carry out activities usually made by humans. It can
observe the environment, evaluate the scenario, and choose the best
course of action to achieve the set objective [8], even in uncertain
circumstances and volatile environment.

Hardware concerns and Data Storage: As DTs will produce significant
amounts of data in real time to provide problem detection and more
effective maintenance scheduling, the capacity to store this data
efficiently is a key enabler for the effective adoption of DTs [7].
Regarding hardware, as mentioned in research [9], reducing prices
have made it substantially simpler for organizations acquire access to
more powerful processing resources, enabling improved accuracy,

depth, and resiliency in the DTs [9].
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As a result, it is critical to create a data flow and a data platform
capable of collecting an ever-increasing amount of data to support
real-time analytics [33].
Virtual reality (VR) and augmented reality (AR): can be considered
among the key technologies that promise to add new perspectives in
many sectors [10; 31], they enable a wide range of use cases for
operators in a manufacturing plant, including virtual commissioning,
remote assistance, and operator training systems, as well as
simulations in a simulated setting [7], and provide to workforce
improved and safer interaction frameworks and interface upgrades
[21].
“This enabler of Industry 4.0 ensures higher levels of
awareness on the shop-floor and speedy information
distribution due to enhanced technologies for communication
[...] “[38].
[22] reports the use of virtual reality alongside with a variety of
wearable devices (e.g., tactical gloves, head-mounted accessories,
etc.) for viewing a product's or environment's virtual model.
The Industrial Internet of Things (I1oT) infrastructure is critical since
it deals with the installation of certain industrial applications. [38].
IoT facilitates interactions among devices across the same systems as
well as the gathering of massive amounts of data from the
manufacturing process. This allows a range of use cases, such as
predictive maintenance and defect detection, to undertake
maintenance operations just when needed, preventing unexpected
shutdowns and breakdowns of the production infrastructure [7]. The
Thus, data gathered by sensors within a production facility may be

evaluated to yield useful insights. These insights can then be sent to

20



actuators to automate routine tasks along the production process, as
previously outlined [7].

The reality of IoT devices and sensors is a very fast-growing market,
as identified by [23], in which an annual growth of 24.70% (Figure
XXX) between 2023 and 2032 is predicted; it sees growth in the world
of manufacturing especially for activities concerning real-time

analytics, security and data management solutions.

10T IN MANUFAGTURING MARKET SIZE 2023 T0 2032 (USD BILLION)
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Figure 6 - loT Market Growth projection (2022-2032) [23]

Simulation models are seen as a necessary technology for the adoption
of DT, since they enable the creation of a behavioural model that
determines how the physical asset (like machinery, equipment, etc.)
should react to external factors determined by the environment,
contact with other objects [22], and simulate the working and
dynamics of the production system and the methods it employs.

They can also help in assessing risks and inventory analysis, so they

can have a direct impact on the performance of many processes in an
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organization [38], to the point of virtually mapping an entire factory

design, as reported by [25].

Artificial
Intelligence Hardware

Machine Issues
Learning

Data Quality

Virtual
Reality Internet Of Skills &

Data Storage Augmented Things Competencies

Reality

Communication Simulation

Protocols Models Management

Figure 7 - DT Main Technological Enablers

Various research has been done or are underway in order to understand how

to expand the use of these technologies in different fields of work.

e Communication protocols are a critical enabler for DTs in the
industrial environment. They enable systems within the same IoT to
communicate data and input signals in order to conduct particular
actions based on DT input [7]. The goal of standardizing
communication protocols inside an organization is to promote

information exchange and synchronization. [25].
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The networking domain has been identified as a key enabler since it
is required for the collection, processing, and storage of raw data, as
well as accurate visualization [50].

The reliable and efficient exchange of data is a crucial aspect of
Digital Twin-based system as it’s highlighted in the frameworks for
dynamic scheduling analysed in this thesis (chapter 4).
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3.2.2 People-related and culture enablers

This brief section is dedicated to the enablers that concern the people who

lead all the production activities, the skills and competences required in the

field.

Skills and Competencies: The exploration of force-labour training
models and identification of key competencies that future workers
must have in the field remains a keystone and a facilitator in the
adoption of DTs [21], in order to guide workers toward the type of
technology and business culture that provide DTs.

Data Quality: as facilitators of the digital twin's use in manufacturing,
experts emphasized process uniformity, a well-defined deployment
plan, and correct data fills on enterprise management software [7]
(e.g., ERP, CRM, CMS, etc.). DTs, in fact, need high-quality data
characterised by a constant data stream [50] to be efficient and
reliable.

When an organization learns how to measure the quality of the data
that collects and processes within its system, then such measures can
be useful at the strategic level to analyse the state of the system and
evaluate its performance in terms of improvement or adherence to
established standards [26].

Organization culture & Management: experts identified aspects that
describe the crucial function of leadership within an organization
when dealing with a digital twin project, in terms of organizational
culture and strategy enablers [4]. In order to accelerate the DT
introduction into the organization many employees-related features
were identified, such as the importance of cultivating leadership

qualities in employees and promoting collaboration among employees

24



coming from different department [54]. Experts also identified
management willingness to support long-term initiatives, senior
management backing, and the ability to make financial investments as

enabling factors [4].
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3.3 Barriers

Adoption and deployment of digital twin technology has the potential to

transform companies by connecting the physical and digital areas improving

operational efficiency and promoting informed decision-making. However,

like with any profound innovation, integrating digital twins into established

corporate structures comes with difficulties. This section dives into some of

the key problems and obstacles identified by experts as possibly impeding

the smooth integration and full success of potential digital twin adoption in

the manufacturing contexts.

Process and System Integration: experts identified challenges
concerning process integration as a barrier to adoption. [4]. System
integration involves the transfer from old and obsolete legacy systems
and equipment to the most recent cutting-edge technology. This
barrier category encompasses both the challenge of combining new
systems into existing ones and the issue of integrating various
elements of existing systems collectively [7].

System integration issues include the need to create a new User
Interface (UI) following the integration of more DTs and the difficulty
of combining the technology with which they were realized, if
different, and the distribution pattern [19].

As an outcome, it appears that integration across different portions of
the business is critical to the success of digital twin projects. This
conclusion is not improbable given the significance of organizational
integration in analogous digital transformation programs, such as
Industry 4.0's integrations [4]. The high cost of new IT-environment

1s a point emphasized in the study [43].
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Scalability issues: making DTs scalable to millions of devices, as
theorized, turns out to be a difficult problem to manage [18]. points
out that, from a purely technical rather than organizational point of
view as in the previous point, it could be complicated to integrate the
numerous techniques used by equipment and sensors to gather,
process, and format data.

Assets and operational evolution: one of the primary obstacles, is the
necessity to incorporate any new asset or operational changes into the
present framework, which is often the product of a considerable
investment and hence impossible to replace owing to the
unsustainable costs involved. Because such systems have a lengthy
lifespan, the issue of integration becomes more and more obvious with
time [7]. Part of the challenge is the high cost of resources and
equipment required to implement a system based on DTs (e.g., due to
the large number of sensors and IoT systems), and part of the problem

is the scarcity of these resources in some regions of the world [5].
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Figure 8 - Main Barriers for DT Implementation

e Data Security: All hazards related with data capture, exchange,
archiving, and processing, along with the protection of intellectual
property are covered by security concerns. The problem of data
protection and the possible loss or leakage of data is described by [19],
in which is highlighted how it should be the foreground especially in
cases of integrating DTs within a pre-existing system and in the case
of delivering a systems DT combined with the structure itself.

DTs amass data and intellectual assets which grow in value over time
[8].

As pointed out in [8,] there is a need for data transparency and the use
of methods to ensure data security, opening and preventing data loss

or other potential harm.
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When DT connect at different levels (as in [31]), it is necessary to
consider data segregation and segmentation in accordance with the
General Data Protection Regulation (GDPR), as illustrated in [19].
Technological advancement: although this point may be seen as an
advantage in the adoption and implementation of DTs in an
increasingly easy way, it could lead to a mismatch between the
different components that are supposed to form these systems. A
number of articles including [50] highlight the possible technological
advancement at different steps; particular is the example described in
the cited article: the supporting systems or loT devices may not be
compatible with the DT.

The same could be true for other technologies such as ML, Al, real-
time technologies, etc. [3].

One point related to technological advancement concerns the
communications network, through which DTs can implement the
exchange of data necessary for their operation; [50] and [7] reports
how the lack of an efficient 5G network can be an impediment to being
able to connect sensors and devices. As stated by [20], 5G has a much
better latency and it allows 100 times more devices to be connected
than 4G. So, the development of such a network is not an optional
extra but something essential.

Performance constraints: they are closely tied to hardware and
software resource limits that provide an effective flow of data between
physical and digital systems, allowing DTs to reach their full
efficiency in industrial purposes.

One of the most distinguishing features of DTs is their capacity to
represent and track the status of their physical twins in real time [7],

while they likewise are capable of delivering a variety of services,
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ranging from status monitoring to properly providing solutions, and
even controlling the physical system autonomously [4].
Experts have attributed performance concerns to the lack of maturity
of certain widely used technologies (particularly those used to enable
decision assistance and driverless action) as potential impediments to
deployment. As a result, the lack of maturity in predictive data
analysis approaches could end up being a barrier to applications when
unpredictability of such technologies is a danger [4].
Also, part of the problem is the difficulty of achieving a high level of
modelling, a possible barrier identified by many articles dealing with
the subject ([22; 26; 34; 25]).
Lack of Standardization: the article [50] notes, as a barrier, the lack of
standardization due to both the differences between the various
definitions of DT provided in the scientific literature and the
differences between DTs designs and frameworks.
[43], on the other hand, identifies a certain lack of standardization in
the data acquisition process that directly impacts the implementation
of DTs, and [3] point out other roots for absence of uniformity like
models, interfaces, protocols. Instead, in [21] is reported that there
may be discrepancy between exchange data sources among various
suppliers, producers and consumers that could lead to an
interoperability problem.
Organizational issues: the theme of the internal division of the
organization in departments was first described by [52] and then
reported by [13]. The first one states:

“There is a natural siloing of information within [...]

functional areas. Each of these informational silos has

30



information about the systems. However, there may be very
little sharing across functions”.
Instead, in order to be implemented, the DT idea need a unified view
of this information across all departments and functional boundaries
[52].
Lack of Knowledge and trained workers: an additional aspect,
advocated by [21], that could affect the proper and effective use of
DTs, is the lack of knowledge suitable for the use of DTs by the
organization that decides to adopt them and of workers properly

trained in managing such systems.
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3.4 Mapping connections among enablers and

barriers

Taking a cue from the exercise of mapping and create logical link between
barriers and enablers that permit them to be overcome, propose in [7], the
same notion is suggested again in this part, but this time based on the
evaluation of barriers and enablers reviewed in the preceding sections. The
arrows begin with an enabling element and terminate with a barrier,
demonstrating which enabler categories have a favourable influence on

which barrier categories (figure 9).

As discussed in the preceding paragraph, the technological barrier is possible
to overcome through the advancement of the primary technologies on which
DT-enabled systems are built: the development of AI, ML, and VR/AR
representation technologies, simulation and modelling techniques that allow
the system's physical and behavioural equipment to be represented, and the

general development of hardware components.

In the past few years, VR and AR have been seen as technological catalysts
for the development of DTs. The aforementioned technologies enable the
construction of training tools for new operators and give users a more

participatory method to utilize DTs [7].

Communication technologies and new improvements in IoT/IloT have
decreased system integration difficulties. A growing number of
manufacturers are creating and delivering unified [oT/IloT platforms and
solutions that are backwards compatible with current systems ([10]; [12]).
[oT systems would also make DT use scalable; in fact, an organization's

ability to expand the number of devices and sensors tasked with tracking
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system status and collecting data allows it to use DT-enabled systems on a

large scale.

Vendor-neutral communication methods like as OPC-UA are being utilized
to overcome the issue of integrating previous systems and new [oT/IloT

systems for the implementation of DTs in industrial applications [7].

It is essential for a business to have an effective communication protocol in
order to overcome problems at several levels: improving the whole network
of business communication and thereby ensuring a certain standard.
Although significant effort is necessary to guarantee that sensitive data may
be communicated safely between physical assets and associated DTs, such
procedures are acceptable for the creation of DTs in industrial contexts, as

evidenced by the work of numerous researchers in the field.

Organizational issues are mitigated through increasing knowledge. The
application of Industry 4.0 standards, in particular, helps businesses to build
the groundwork for the successful growth of DTs through the creation of a
comprehensive and integrated data infrastructure for exchanging data

between a physical asset and its DT [12].

Personnel training, upgrading and reskilling will benefit the environment by
contributing to the establishment of new processes, tools, and standards for

the construction of DTs [13].

The organizational issues are primarily determined by high-level decisions
and, as a result, by management: managers' ability to develop an
organizational culture oriented toward the DT and, as a result, an appropriate
vision from which they can formulate feasible financial decisions for system

development and implementation.
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Knowledge-building technologies and design methods help to alleviate
organizational difficulties. Workforce upgrading and reskilling [14] and the
application of Industry 4.0 standards [12] allow businesses to keep their
workforces up to speed on the newest technology developments, overcome a
shortage of DT specialists and experience, and eventually make educated

judgments on the matter.
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4.Digital Twin Frameworks in Flow-Shop

Systems for Scheduling Purpose

Regardless of the adoption of dispatching rules, kanban cards, and other
distributed production management systems (Panwalkar and Iskander, 1977;
Green and Appel, 1981; Hopp and Spearman, 1996), many manufacturing
facilities still develop and amend production schedules. Because of a lack of
comprehensive global information [29], these strategies usually promote
speed but lack long-term vision, leading in insufficient responsiveness to

disruptive events.

Today's industries need to be more adaptable in order to respond to

unexpected real-time occurrences and rapidly evolving market change [40].

The consequently, production plans must be adaptable for events such as
increasing demand, varying delivery duration, supplier delays, machine
faults, and external effects such as weather or accidents. In practice, delays
and unexpected events result in pre-scheduling failures, forcing the business
to rely on make-to-order manufacturing operations in the flow shop

environment [30].

Real-time scheduling has been extensively studied and proven to
considerably enhance scheduling decisions in an ever-changing context. Is
also important to evolve production schedules using automated decision-

making carried out while production is in progress [31].

Several studies indicate that using DTs on these systems provides significant
benefits, like minimizing the medium makespan [e.g., 1; 31] in order to
identify a solution to this challenge in the scheduling of flow shop systems,

carrying out the advantages of real-time scheduling strategies.
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4.1 Frameworks Review

The technical literature in the field of scheduling activities includes
numerous approaches that integrate DTs in order to create a Cyber Physical
System (CPS) able to make the scheduling activity increasingly effective and
efficient. Many studies are concentrated in providing frameworks suitable for
scope, which have common characteristics, therefore considered the basis for
the realization of a highly compatible and flexible system in relation to each
application case, but also the differences on which it is necessary to
investigate thoroughly. This chapter aims to verify some examples of
infrastructures that integra