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ABSTRACT

Classic cars hold substantial value in the automotive industry, and the restoration process
plays a pivotal role in increasing their worth. Ensuring the certification of these restoration
processes is crucial, as is keeping owners well-informed about the ongoing procedures
involving their cherished vehicles. By monitoring and controlling these restoration activi-
ties, and take into account the physical setting of the shop floor, classic car workshops can
optimize operations, provide owners with relevant information, and preserve the authen-
ticity of these vintage automobiles. To achieve this, we under-carried a digital transition
process in a classic car restoration workshop, incorporating Industry 4.0 principles and
Cyber-physical systems.

This research focuses on developing an advanced Digital Twin system for a classic
car restoration workshop. The Digital Twin application enhances the management and
monitoring of restoration and preservation processes, integrating with previously devel-
oped systems. The system enables workshop employees to manage car slot areas, track
vehicle tasks, and assign these tasks to specific physical locations. It includes a 3D model
of the workshop, allowing users to navigate, view vehicle locations, and interact with
them. Classic car owners can monitor their vehicle’s restoration progress and history.
Additionally, the system supports process flow visualization and simulations.

In conclusion, the Digital Twin application streamlines workshop operations, enhances
transparency between staff and owners, and preserves the authenticity of restoration
processes. This research advances digital twin technology in classic car restoration,
fostering improved management practices and enriching the overall experience for classic

car owners.

Keywords: Digital Twin, Industry 4.0, IoT, Classic Cars, Smart restoration, Digital transi-
tion, Sensors, Cyber-physical system
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REsumMo

Os carros cldssicos possuem um valor substancial na industria automével, e o processo
de restauro desempenha um papel fundamental no aumento do seu valor. Garantir a
certificagdo desses processos de restauro é vital, assim como manter os proprietdrios bem
informados sobre os procedimentos em curso nos veiculos. Ao monitorizar e controlar
as atividades de restauro, as oficinas de carros cldssicos podem otimizar efetivamente
as operacdes, fornecer aos proprietarios informacgoes pertinentes e preservar a natureza
auténtica desses automoveis vintage. Por isso, ocorreu uma transformacao digital numa
oficina de restauro de carros cléssicos, incorporando conceitos como a industria 4.0 e
sistemas ciber-fisicos.

Este trabalho centra-se no desenvolvimento de um sistema de gémeo digital para uma
oficina de restauro de automéveis cldssicos. Este sistema faz a gestdo e monitorizagdo
dos processos de restauro e preservagdo, integrando-se com sistemas previamente desen-
volvidos. O sistema permite aos funciondrios da oficina gerir as areas de trabalho dos
automoveis, acompanhar as tarefas dos veiculos e atribuir essas tarefas a locais especifi-
cos. Inclui um modelo 3D realista da oficina, permitindo aos utilizadores navegar, ver a
localizagdo dos veiculos e interagir com eles. Os proprietarios de automoveis classicos
podem monitorizar o progresso e o historial do restauro do seu veiculo. Além disso, o
sistema suporta a visualizagdo e simulacdo de fluxos de processos e atividades.

Em conclusdo, o gémeo digital simplifica as operagdes da oficina, aumenta a transparén-
cia entre os trabalhadores e os proprietarios, preservando a autenticidade dos processos
de restauro. Esta investigagdo faz avancar a tecnologia de gémeo digital no restauro de au-
tomoveis classicos, promovendo melhores préaticas de gestdo e enriquecendo a experiéncia
geral dos proprietdrios de automdveis classicos.

Palavras-chave: Gémeo Digital, Indtstria 4.0, Internet das coisas, Carros classicos, Res-

tauro inteligente, Transformacgdo inteligente, Sensores, Sistemas ciber-fisicos
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1

INTRODUCTION

This chapter will introduce the context and description of this dissertation, institutional
context, expected challenges, problem description and final goals to achieve. It is presented
the Scientific methodology used in this work, expected key contributions and the structure
of this work.

1.1 Context and Description

Classic cars hold immense historical and cultural significance and are regarded as works
of art by collectors and enthusiasts. Consequently, the classic car market experiences high
demand, rendering these vehicles highly valuable. Restoring classic cars is essential to
preserving their authenticity and ensuring continued value.

The Charter of Turin [10], established by the Fédération Internationale des Véhicules
Anciens (FIVA) ! sets forth the principles and guidelines for the preservation, use, and
promotion of historic vehicles worldwide. It outlines FIVA’s commitment to safeguarding
the cultural heritage represented by historic vehicles. It emphasizes the importance
of maintaining originality, historical accuracy, and technical authenticity by avoiding
inappropriate modifications, destruction, and misuse.

Classic car restoration processes are typically intricate, time-consuming, and involve
multiple stakeholders, making it challenging for workshop floors to manage, control, and
monitor them effectively. It is expected that the benefits of the Industry 4.0 revolution to
create more efficient, flexible, and intelligent restoration shops.

This project builds upon a system developed in previous works [22, 11, 6] within the
digital transition of a classic car restoration shop and aims to contribute to facilitating
optimization, decision-making, simulation, testing, monitoring, and control, improving
efficiency, reducing costs, and enhancing quality within the workshop environment. This
will be achieved by creating a Digital twin (DT) for this system, which is novel in this
domain.

LFIVA, https://fiva.org/en/fiva-home/, Last accessed in 30/09/2024
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CHAPTER 1. INTRODUCTION

The work described in this paper originates from a collaboration between the Auto-
mated Software Engineering (ASE) group of NOVA-LINCS 2, ISTAR's Software Systems
Engineering group 2, and Raimundo Branco *. The latter is a classic car restoration shop
that aims to benefit from the fourth industrial revolution described before. Additionally,
Automével Club de Portugal (ACP) °, the largest automobile association in Portugal, and
BASF ©, a German multinational company specializing in chemical production, including
Glasurit’s” productline used for painting classic cars, are participating in this collaborative
effort.

1.2 Problem Statement and Final Goals

As mentioned, this work is part of an ongoing project to digitally transform a classic car
restoration shop. As we will see later on, there is no Digital Twin technology applied in
this domain that allows for monitoring and control of the restoration processes inside the
shop floor. Therefore, in this work, we aim to answer the following question:

How can we design and implement a Digital Twin that combines existing business
processes with the physical processes of a classic car restoration shop to be able to
monitor and control them, as well as support simulations and what-if scenarios?

To get there, we must follow the following steps:

* Determine the current best practices, methodologies, architectures and technologies
in DT for similar cases to ours by carrying on a Rapid Systematic Literature review;

* Choose the relevant properties of the domain to be represented in the digital twin,
devise the relevant Use Case scenarios (to monitor, control and make simulations),
and design the architecture of the digital twin solution;

* Implementation of the digital twin using the identified tools;

¢ Validation of the proposed solution.

In the end, a functional DT solution of the classic car restoration shop will be available.
Making available information such as classic car locations and identification of ongoing
processes through the database management system, and, lastly, a connection with a
Charter of Turin monitor application, systems already developed. The DT will be the
center of the system, able to monitor, control, simulate, test and improve efficiency in the

classic cars workshop.

2Nova-LINCS, https://nova-lincs.di. fct.unl.pt/, Last accessed on 30/09/2024

3ISTAR—SSE, https://ciencia.iscte-iul.pt/centres/istar-iul/groups/sse, Last accessed on
30/09/2024

4Raimundo Branco, https://www.facebook.com/raimundo. joaquim.branco, Last accessed on
30/09/2024

SACP, https://www.acp.pt/inicio, Last accessed on 30/09/2024

6BASF, https://www.basf.com/pt/pt.html, Last accessed on 30/09/2024

7Glasurit, https://www.glasurit.com/en-int, Last accessed on 30/09/2024
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1.3. CHALLENGES

1.3 Challenges

Firstly, there is a wide plethora of tools to create a DT, so it will be necessary to study
and assess the different options available to this case study. Another challenge is the
architecture of our solution. It will be necessary to research and analyze to build a reliable
solution that is scalable, secure, extensive and efficient. As mentioned before, several
systems have already been built in the workshop for the purpose of digital transition in
this domain. Therefore, combining all the systems and keeping the data consistent will
be a complex task.

The successful implementation of a DT requires the overall usability of the application,
a realistic physical model of the workshop, and useful features that cater to the needs of

the workshop employees and follow the processes that happen inside the shop floor.

1.4 Scientific Methodology

The research method used in this work is action research. In this methodology, the
research is actively and systematically engaged in the problem.

According to the literature “An Overview of the Methodological Approach of Action
Research” [17], the definition of action research is the following: “aims to contribute both
to the practical concerns of people in an immediate problematic situation and to further
the goals of social science simultaneously. Thus, there is a dual commitment in action
research to study a system and concurrently to collaborate with members of the system
in changing it in what is together regarded as a desirable direction.”.

DIAGNOSING
Identifying or
defining a problem

SPECIFYING ACTION PLANNING

LEARNING Considering alternative
Identifying general course of action for
findings solving a problem

Development of
a client-system
infrastructure

EVALUATING

Studying the | g

consequences of
an acton

ACTION TAKING
Selecting a
course of action

Figure 1.1: Action research cyclical process by "An Assessment of the Scientific Merits of
Action Research" [26]



CHAPTER 1. INTRODUCTION

This methodology has a cycle with five different phases according to “An Assessment
of the Scientific Merits of Action Research” [26], as it is possible to observe in figure 1.1.

¢ Diagnosis - In this phase, the problem to be solved is defined. In this case, our initial

problems are mentioned in section 1.2.

¢ Action planning - This phase is the search for all the possible solutions to solve our
problem. All these solutions will be studied and compared, and the best fit will be
chosen.

¢ Action taking - The solution chosen in the previous phase will be implemented in
this phase.

¢ Evaluating - In this phase, the outcome of the solution implemented will be analyzed
and, consequently, evaluated if the solution solves the problem.

¢ Specifying learning - In the last phase, with the evaluation already made, the
researcher concludes the results of the solution implemented and what was learned
in the process.

1.5 Expected Key Contributions
With this work, several key contributions were made:

¢ Create and implement a digital twin of the classic car restoration shop;

¢ Being possible to monitor, control, simulate, decision-making, and testing in the

shop floor with the DT, as well as space organization and layout optimization;

* Classic car owners can track the processes and tasks performed in their vehicles
within the workshop.

1.6 Document Structure

This document is structured as follows:

¢ Chapter 1 - Introduction: In this chapter, we present the context and description
of our work, expected challenges, problem statement and goals to achieve with the
proposed solution.

¢ Chapter 2 - Background: In this chapter, there is crucial concepts for a better under-
standing of this work, such as the definition, features and key enabling technologies
of a Digital twin.

¢ Chapter 3 - State of the art : This chapter contains previous works related to this
dissertation’s theme and concepts.



1.6. DOCUMENT STRUCTURE

¢ Chapter4 - Conceptualization and Implementation: This chapter outlines the devel-
opment process of this work. It begins by detailing the software requirements of our
DT application, including the identification of stakeholders and functional require-
ments. Next, we present the system architecture, highlighting the key components

and technologies used. Lastly, the chapter covers the implementation process.

¢ Chapter 5 - Validation: This chapter focuses on validating our system by presenting

the methodologies used for validation and discussing the results obtained.

¢ Chapter 6 - Conclusions: The final chapter summarises the entire work and outlines

potential future developments for this project.



2

BACKGROUND

This chapter gives insight into crucial concepts in this document. Industry 4.0 concept
and enabling technologies, such as definition and features of a Digital Twin, key enabling
technologies used, Internet of Things, cloud computing and machine learning.

2.1 Industry 4.0

The industry 4.0 concept is an “end-to-end digitisation and the integration of digital
industrial ecosystems by seeking completely integrated solutions” [29]. The main focus
of Industry 4.0 is the digital transformation and automation of industries, allowing them
to improve efficiency and productivity.

There are several key technologies to make industry 4.0 possible, like Cyber-Physical
System (CPS), Internet of Things (Iol) and cloud computing according to [29]. All these
technologies combined have the potential to create an industry 4.0 system.

2.1.1 Cyber Physical System

CPS is a main element in Industry 4.0. CPS refers to the integration of physical systems
and virtual systems. It uses sensors and machines to gather real-time information from the
physical world, relying on communication networks. CPS has functionalities of controlling,

monitoring and coordinating processes and operations in a system [21].

2.2 Digital Twin

The basic concept of a DT means a virtual representation of a physical real object.

A DT is often confused with the digital model and digital shadow concept. These three
concepts differ in how data flow interacts between physical and virtual objects. In a digital
model, the data flow is manual. Changes in the physical object are manually made to the
virtual object, and vice-versa. In a digital shadow, the data flow is automated between
physical objects and virtual objects, but manually vice-versa. Lastly, in a DT exists an

6



2.2. DIGITAL TWIN

automatic bi-directional data flow between the two objects [19] as it is possible to observe
in the figure 2.1.

Digital Model Digital Shadow Digital Twin

v

Realized / Physical | Realized / Physical P Realized / Physical ‘e

Object ; Object Object —>»  Automatic Data Flow
L ') R 4 Manual Data Flow

Digital €« Digital Digital
Object Object Object

¥

Figure 2.1: Differences between digital model, shadow and twin by "Towards a Family of
Digital Model/Shadow / Twin Workflows and Architectures" [19]

A more detailed definition of a DT is a “virtual construct that represents a physical
counterpart, integrates several data inputs with the aim of data handling and processing,
and provides a bi-directional data linkage between the virtual world and the physical one”
[27]. This data is usually collected through sensors, and synchronization is important.

A DT have a lot of important features and purposes, according to the literature [7]:

e Data visualization - visual interfaces to visualize virtual models in 2D or 3D, as
plots of different data in the DT through the sensors.

* Modelling and Calibration - In a DT, it is possible to create models and representa-
tions of the behaviour of something, and it is important for a model to be faithful
to his physical system. Calibration is an important process in the modelling and

configuration of the parameters of a model.

* State estimation - With a DT can estimate the system’s state. These states change
through various parameters.

* Monitoring - Monitoring and controlling the physical object or processes through
the DT is possible.

* What if simulation - enables experimentation and testing with conditions and
scenarios, what is the consequence of doing something, a virtual replica of the
physical system. All this using the data captured by the DT.

¢ Predictive maintenance - predict when maintenance may be necessary for the

physical object, identification of potential failures.

¢ Self adaption - Ability to adapt and optimize the DT usually through Machine
Learning (ML) and Artificial Intelligence (AI).

These features combined bring improved performance, cost savings, sustainability,
increased safety, collaboration, and quality control to a physical system like a shop floor
or a factory.



CHAPTER 2. BACKGROUND

2.21 Key Enabling Technologies

In this section, it will explain various key enabling technologies to achieve the full definition
of a DT, like IoT, cloud computing and ML. And how they are important in a DT.

2.21.1 Internet of Things

Here, the definition IoT and its importance in DT will be discussed. The definition of IoT
“is the network of things, with device identification, embedded intelligence, and sensing
and acting capabilities, connecting people and things over the Internet” [23], with multiple
devices connected creating a network to exchange information. These devices can collect
and control information from a physical object.

IoT is a crucial technology to a DT because it provides data to the system in real-time,
which is used for the simulations. Iol also brings together the power of monitor and
control devices and processes to a DT. The connection between physical objects and the
digital system is a vital role for a DT.

Therefore, IoT is an enabler of many of the DT features identified in section 2.2.

2.2.1.2 Machine Learning

ML is also an important aspect of improving efficiency and enabling some features of a
DT. ML algorithms allow advanced analysis, interpretation, and prediction capabilities
upon the data coming from IoT.

ML algorithms may be used in the context of a DT for anomaly detection (i.e. finding
deviations from expected behaviour), predictive analytics (i.e. making predictions about
future behaviour), optimization and control (i.e. finding the best settings or control
parameters to achieve desired outcomes), data imputation and reconstruction (when data
is missing or incomplete), and what-if analysis through simulation (to analyze the impact
of different scenarios and provide insights into the system’s behaviour under various

conditions) [5].

2.21.3 Cloud Computing

Cloud computing delivers computing resources, including servers, data storage, databases,
processing power, networking, and software, over the Internet.

Cloud computing is crucial in implementing and utilising DTs to grant scalability
and resource management [3]. Since DTs usually require optimal performance to allow
real-time response, cloud platforms can offer a scalable infrastructure to handle varying
processing workloads efficiently. DTs often generate large amounts of data, calling for
efficient data ingestion, organization, and retrieval to ensure that historical and real-time
data is readily available for modelling and analysis. Cloud computing platforms offer
those capabilities. The same can be said for facilitating collaboration among stakeholders
involved in the DT ecosystem while enabling seamless data sharing and integration

8
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between different systems. Cloud computing also provides powerful computational
resources and pre-built tools for the ML features described in section 2.2.1.2.

Ultimately, it brings together an important environment for developing an efficient
DT.



3

STATE OF ART

This chapter presents the state of the art of the topics in question in this work. The search
methodology description, research questions, and the search string used. The analysis and
study of the accepted papers. A section about the previous theses. Lastly, a comparison of
DT tools found and a summary of the research.

3.1 Rapid Systematic Review

The search methodology for this work’s state of the art was the Rapid Review (RR) [2].
This method delivers the results in a faster review, with simple processes, compared to
the Systematic literature review (SLR), but maintains the rigour and quality of the search
for scientific evidence. So the RR was the best choice due to the limited available time.

The search engine to find quality scientific papers was the Scopus!'. And with the
complement of Parsifal?, a tool to perform SLR, to document the whole process. The RR
method will be divided into three stages during the research:

¢ Planning the research - It is defined the PICOC 3 research questions, search string,

sources and selection criteria;
¢ Conducting the research - Evaluation of the quality of the selected papers;

* Discussion and analysis of the results - Synthesis and analysis of the information
collected in the selected articles.

1Scopus, https://www.scopus.com/, Last accessed on 19/05/2023

2Parsifal, https://parsif.al/, Last accessed on 22/05/23

3Population, Intervention, Comparison, Outcome, and Context, a framework to describe the research
scope

10
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3.1. RAPID SYSTEMATIC REVIEW

3.1.1 Planning the Research
3.1.1.1 Research Questions

The PICOC method was used, as seen in table 3.1, before formulating the research

questions and defining the search string.

Table 3.1: PICOC table
PICOC

Population Scientific papers

Intervention | Digital Twins in the Context of Digital Transition

Comparison | Digital Twins vs other systems

Outcomes A systematic study of methodologies, practices, techniques, and tools
that characterise the current state of the art in the identified context

Context Industry 4.0 in the automotive industry

Our research questions are the following:

* How are digital twins integrated into the automotive industry?
¢ What architectures are being used?

¢ What technologies are being used?

3.1.1.2 Search String

To achieve our goals, the search string in Scopus was the following:

e TITLE-ABS-KEY ( "digital twin" AND "industry 4.0" AND "cyber physical system"
AND ( "automotive industry" OR "smart factory " OR "car industry" OR "shop floor"

OR "smart manufacturing” ) )

With this search string, it is possible to find articles that the main focus is DT. One
of the strings must be Industry 4.0 systems because the DT concept is entirely connected
with the fourth industrial revolution. Another string is the CPS, a key component for
the Industry 4.0, as mentioned before in section 2.1. As explained in section 1.1, the case
study of this project is a classic car restoration shop, so the papers must be in the context
of the automotive and car industry. Unfortunately, there are no sufficient papers only
with these strings, therefore these strings were added: smart factory, shop floor and smart
manufacturing.

Lastly, all these articles are in English, and their publication year is no earlier than
2015, as all the concepts in this research are relatively new.

The search engine returned 108 results.
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3.1.2 Conducting the Research
3.1.2.1 Study Selection

After getting the potential articles, we read the abstract of all of them, and it was determined
which ones were relevant. This process was also made with the help of Elicit*, an Al tool
to search for articles, with the capacity to summarize information about the paper.

In this process, 30 articles were accepted.

3.1.2.2 Quality Assessment

The accepted articles were entirely read for quality assessment in the next phase.

These were the questions used to evaluate each article:

¢ Were the goals and research questions clearly stated?

* Were threats to validity exposed?

* Were negative findings presented?

* Was related work exposed and compared with claimed research results?

* Was the research design specified?

* Were the data used for validation adequately described and available?

¢ Were the research questions answered?

¢ Were the architecture and implementation of the proposed technology described?
¢ Isitapplied in a case study?

¢ Isitapplied in the automotive industry?

Each question is answered with one of the following Strongly agree, Agree, Neither
agree or disagree, Disagree or Strongly disagree. With the values 4.0, 3.0, 2.0, 1.0 and 0.0,
respectively.

In this phase, eight articles were accepted.

3.2 Snowballing

The snowballing approach was also used to find more relevant articles from the articles
accepted in section 3.1.2.2. The reference list is reviewed in backward snowballing to find
new relevant papers. In forward snowballing, the papers that cited the initial papers are

reviewed [28]. Both these techniques were applied in the research of this work.

4Elicit, https://elicit.org/, Last accessed in 23/05/2023
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3.3. DISCUSSION AND ANALYSIS OF THE RESULTS

3.3 Discussion and analysis of the results

In [9], the case study is the Volkswagen AutoEuropa, in Palmela, Portugal, and the main
goal was to produce a big data platform for data analytics, visualization and control of
a logistics-based digital twin. The designed architecture for this case has three entities,
the physical factory, the big data infrastructure and the DT. The physical factory sends
data to the other entities. The big data infrastructure has five layers: Data collection and
ingestion layer, Data storage layer, Data processing layer, Data analytics layer and Data
visualization layer. Lastly, this entity has bidirectional communication with the DT tool
chosen, the Visual Components simulation environment. For the validation of this work,
the DT simulation quality was tested and compared with the logistics processes in real
life. The second validation was a “What if scenario” to solve an optimization problem. Both
these tests required a comparison with Key Performance Indicator (KPI).

In [12], a DT and manufacturing simulation integrated platform with the main purpose
of monitoring and simulation is proposed. The architecture comprises a CPS Bus, transmits
data, a Physical shop-floor, the machines, a Shop-floor Service System, controls and
monitors the shop-floor, and the DT. The construction of the digital twin used Unreal
Engine, a game engine. It used a five-dimensional (Geometry, Physics, Capabilities,
Behaviour and Rules) architecture to build the DT by [1]. A simulation of two production
line configurations was conducted for validation to determine which configuration is the
most efficient.

The paper [4], studies a framework for a Digital Twin based Cyber Physical Production
System (DT-CPPS), which is composed of two parts, physical and cyber shop floor. The
physical shop floor is the sensors and the network connectivity needed to collect the data.
And the cyber shop floor is the DT of the physical shop floor, as tools, it is recommended to
use Plant Simulation by Siemens or Demo 3D. It presents this DT operating flow with the
information interaction between the two parts. The data processing of the DT-CPPS is also
explained in two phases, local and global data processing. Finally, the predictive machine
sequencing model is shown to find the best sequence for a certain process learned from
historical data and responsive production scheduling strategies. It is possible to create a
production plan Gantt Chart through the real-time data, and then a scheduling strategy
is made. This architecture is applied on a shop floor with several machines and industrial
robots, with the purpose of monitoring, simulation, prediction and feedback control of
operations.

In [18], a DT based on both product and process twins. For this is proposed a six-layer

framework:

¢ Integrated physical assets - All the entities like sensors and Radio Frequency Iden-
tification (RFID) that collects data;

¢ Integrated faithful product/process virtual models - A virtual model must be
faithful to its physical object. The more similar, the more accurate and precise the
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digital twin becomes;

¢ Intelligent layer - This layer has artificial intelligence and ML algorithms to make
decisions in the DT;

¢ Data layer - In this layer, all the data generated from the physical assets are stored
and processed;

* Enterprise layer - This is responsible for services, business models, decision making,

event and rule handling.

This framework was studied at the Festo cyber-physical smart factory, with the main
goal of prognostic and diagnostic analyses, simulation, control, monitoring and optimiza-
tion. The Siemens NX tool created the 3D CAD model of the factory, and the DT tool was
the Plant simulation by Siemens.

This study [20], it was presented a DT-CPPS framework to overcome the performance
and efficiency of personalized production. The system has five services: production
planning, automated execution, real-time monitoring, abnormal situation and dynamic
response services. The DT-CPPS is a four-layered architecture, device, network, service
and application. The service layer contains a product, process, plan, plant, and resource
(P4R) information database. There are five applications in the DT-CPPS: the DT, context-
aware, advanced planning, advanced scheduling and device control. The case study of
this work was a micro smart factory, and as a simulation engine tool, DMWorks was
used by ezRobotics. With the results presented, we can assume that this solution has fast
execution and responses compared to normal production.

In the article [15], it was proposed a DT based on configuration, motion, control and

optimization (CMCO) for flow-type smart manufacturing systems.

¢ Configuration design - refers to physical static design;
* Motion planning - refers to motion path of actuator;
¢ Control development - refers to CPS;

¢ Optimization - refers to manufacturing execution engine;

The encapsulation of quad-play and the DT are the enablers of the CMCO model.
As the case study, this architecture is tested in a hollow glass processing enterprise in
China. The prototype was developed based on Unity 3D, a simulation engine. All four
modules were implemented in the engine. Finally, the DT was tested with a study of the
tempering furnaces’ utilization rate, showing that the factory can save costs by managing
the furnaces better. The final test was an optimization problem of the number of trays
compared to two other algorithms, with the DT having better results.

The paper [30] presents a four-component DT architecture for production management
and control, in shop floor. The layers are the physical shop floor, digital model of the shop
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floor, big data storage and management platform, application platform services and lastly
the DT. For this architecture to be possible, it is necessary four key technologies:

1. Real-time acquisition, organization, and management of the data - through con-
structing an IoT network in the shop floor.

2. Construction of the DT was built following three levels, element, construction of 3D
geometric models of the machines in the shop floor. Behaviour, connections between
elements, and tools recommended are FlexSim, Unity3D, and 3DVIA Composer.
The rule consists of ensuring the operations of the DT match the physical shop floor
mechanism.

3. DT and big data-driven prediction

4. DT based production management and control service

In the study [25], it was proposed a DT-based CPS applied in a production line
of an automotive factory in the Republic of Korea. This work aims to have a system
capable of predicting the operation and production, considering abnormal situations, and
consequently, increasing system efficiency. This DT-based CPS is the connection between
a DT and a web-based integrated platform. This framework has five components, the
physical world, a legacy system, a web-based platform, the P4R 5 information model and
the DT. The data comes from the physical world through sensors, and it is transmitted
to the web-based platform, where it is transformed into P4R model and transmitted to
the DT. Lastly, the new data and predictions in the DT return to the web-based platform.
This framework comprises a three-layered architecture, communication, information and
application layer. As a simulation engine for the DT was used the Plant simulation by
Siemens. For the validation of the DT-based CPS, an experiment was carried out to calculate
the prediction accuracy ratio between the predicted production volume (calculated by the
DT) and actual production volume (produced on the production line). All the different

processes on the production line had over 95% average prediction accuracy ratio.

3.4 Synthesis of the results

With our RR, it was possible to gather all the necessary information that we purpose to
collect in the section 3.1.1.1, our research questions. Therefore, information was gathered
in the selected papers about the main goals of the proposed DTs, architectures and
technologies used in different contexts.

In the table 3.4, there is a summary of the eight selected papers that were analysed
and studied, with the software to build the DT used, main goals, architecture type and
context.

5Product, Process, Plan, Plant and Resource
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Paper | Software Main goal Architecture | Context
Type
[9] Visual compo- | Data analytics, visualization | 5 Layers Automotive
nents and control of a logistics- industry
based
[12] Unreal engine | Monitoring and simulation | 5 Dimensions | Smart factory
[4] Plant  simula- | Monitoring, simulation, pre- | 2 Layers Industrial
tion, Demo 3D | diction and feedback con- robots
trol of manufacturing oper-
ations
[18] | Plant simula- | Prognostic and diagnostic | 6 layers Smart factory
tion analyses, simulation, con-
trol, monitoring and optimi-
sation
[20] | DMWorks Performance and efficiency | 4 Layers | Smart factory
based on
services
[15] Unity 3D Cost saving and optimisa- | Based on | Smart factory
tion CMCO
[30] | FlexSim, Production management | 4 Layers Shop floor
Unity3D, and control
3DVIA Com-
poser
[25] | Plant simula- | Predicting the operationand | 3 Layers | Automotive
tion production, abnormal situa- | based on P4R | industry
tions, and increase system ef-
ficiency

Table 3.2: Results summary table

Itis possible to observe that there are several options in terms of software tools to build

the DT, and a comparison of the different features between all the tools is necessary to

find the option for our case study in the section 3.5. There are also several ways to design

the architecture of a DT, different numbers of layers based on services, P4AR and CMCO.

Our system will not be built from the beginning. Therefore, the way the other systems

were built will significantly impact our work, considering the information obtained.

3.5 Available Digital Twin Tools

In the section above, several software tools were used to create DT. Each software has

its characteristics, other application areas, functionalities, scripting language, popularity

in the community, may or may not have integrated Application Programming Interface

(API) as documentation, and if it is the necessary commercial license or open access.
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3.5. AVAILABLE DIGITAL TWIN TOOLS

The summary of digital twin software:

1. Visual Components Simulation Environment ® - A software platform for simulation
and emulation, the main application area is the manufacturing and can design

production systems.

2. Unreal Engine” - It is an open access 3D computer graphics game developed by Epic
Games, with the capacity to create powerful DT, used mainly for architecture, real

estate and build environment.

3. Tecnomatix Plant Simulation 8 - Software application developed by Siemens, the main
area is industrial engineering, manufacturing and logistics. This application has the

power to create models and simulate, helping to control DT.

4. Demo 3D ? - 1t is a simulation software for manufacturing, with the power to create

models, material handling systems and optimization.

5. DMWorks 10 - Simulation solution developed by EzRobotics used mainly in manu-
facturing, can model, simulate and process validation. This solution also has several

features dedicated to managing and controlling robots in a production line.

6. Unity 3D ' - Open access game engine platform, the primary purpose is not digital
twins but has several features that are compatible, like 3D modelling and simulation

powers.

7. FlexSim 2 - A software platform for Manufacturing, Material Handling, Healthcare,
Warehousing and Supply chain. This solution has features like simulation modelling

and analysis.

8. 3Dvia Composer 13 _ Tt is a software for 3D visualization and simulation, the main

purpose of this application is 3D home design.

The table 3.3 is a summary with more information about these DT software, comparing
main context, functionalities, scripting language, popularity, if it has an integrated API

and documentation, and lastly if it is open access or if it requires a commercial license.

%Visual Components, https://www.visualcomponents.com/, Last accessed on 12/06/2023

7Unreal Engine, https://www.unrealengine.com/en-US/digital-twins, Last accessed on 12/06/2023
8Plant Simulation, https://plm.sw.siemens.com/en-US/tecnomatix/, Last accessed in 12/06/2023
9Demo 3D, https://www.demo3d. com/, Last accessed on 12/06/2023

10DMWorks, https://www.ezrobotics.com/solution/dmwork.php, Last accessed in 12/06/2023
11Unity 3D, https://unity.com/solutions/digital-twins, Last accessed in 12/06/2023

12F]exSim, https://www.flexsim.com/, Last accessed on 12/06/2023

133DVIA Composer, https://www.3ds.com/products/3dvia, Last accessed on 12/06/2023
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