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1ii

Abstract

In recent years, the industry has invested heavily in digital technologies to push man-
ufacturing systems’ productivity and automation. With the new technologies, different
approaches for optimization are being applied, specially aggregated under the name of In-
dustry 4.0. Within the scope of this new revolution, many research studies have focused
on the topic of Digital Twins (DT). A DT can be faced as a virtual representation of a
physical system capable of replicating its behavior to conduct a decision-making process.
This process takes advantage of advanced analysis, and the decision chosen is given back
to the physical system as a feedback loop. For this, the DT has to be fed in real-time with
data from the physical system and sent back the feedback information, optimizing the real
system without human interaction. To achieve a complete DT, several digital components
are needed to be orchestrated. To the best of the authors’ knowledge, several research
studies focused on the specific development of individual components or only on proposing
theoretical architectures, and the practical ones did not consider complex systems with
multiple path choices. Moreover, no significant contributions were made to applying a
complete Digital Twin architecture and developing all the necessary services to run the
DT. This work aims to present a DT fully operational manufacturing system based on
Discrete Event Simulation (DES). Besides all the minimum components to replicate the
physical system and keep it updated, this work also develops a DT service that manages
the production flow in an optimal approach through the prediction of Remaining Cycle
Time (RCT). To validate the proposed architecture, an experimental campaign is con-
ducted using a lab-scale model, allowing the testing of each system component. Finally,
to confirm the targeted optimization of the system using the proposed Digital Twin, a
complete case study is done using the same lab-scale model showing the benefits of the

DT application.

Keywords: Digital Twin, Discrete Event Simulation, Remaining Cycle Time, Production
Control
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Abstract in lingua italiana

Negli ultimi anni, I'industria ha investito molto nelle tecnologie digitali per spingere ul-
teriormente la produttivita e 'automazione dei sistemi di produzione. Date le nuove
tecnologie in fase di sviluppo, sono stati applicati diversi approcci per 1'ottimizzazione,
aggregati in modo speciale sotto il nome di Industria 4.0. Nell’ambito di questa nuova
rivoluzione, molte ricerche si sono concentrate sul tema dei Digital Twins (DT). Un DT
puo essere affrontato come una rappresentazione virtuale di un sistema fisico in grado di
replicare il suo comportamento per condurre un processo decisionale. Questo processo
sfrutta I'analisi avanzata e la decisione scelta viene restituita al sistema fisico come ciclo
di feedback. Per ottenere un DT completo, ¢ necessario orchestrare diversi componenti
digitali. Per quanto ne sanno gli autori, sono state condotte diverse ricerche incentrate
sullo sviluppo specifico di singoli componenti o solo sulla proposta di architetture teoriche,
e quelle pratiche non hanno preso in considerazione sistemi complessi con piu scelte di
percorsi, inoltre non é stato apportato alcun contributo significativo nell’applicazione di
un’architettura Digital Twin completa e nello sviluppo di tutti i servizi necessari per far
funzionare il DT. Questo lavoro mira a presentare un DT completamente operativo per
il sistema di produzione basato sulla simulazione di eventi discreti (SED). Oltre a tutti i
componenti minimi per replicare il sistema fisico e mantenerlo aggiornato, questo lavoro
progetta anche un servizio DT che gestisce il flusso di produzione in un approccio otti-
male attraverso la previsione del tempo di ciclo rimanente (RCT). Inoltre, per convalidare
I’architettura proposta, ¢ stata condotta una campagna sperimentale utilizzando un mod-
ello in scala di laboratorio, consentendo di testare ogni componente del sistema. Infine,
per confermare ’ottimizzazione mirata del sistema utilizzando il Digital Twin proposto,
viene eseguito uno studio di caso completo utilizzando lo stesso modello su scala di labo-
ratorio che mostra i vantaggi dell’utilizzo del DT in diversi scenari; in particolare, il caso

mostra un aumento del 34% della produttivita per il sistema che ha ricevuto il feedback
dal DT.

Parole chiave: Digital Twin, simulazione di eventi discreti, tempo di ciclo rimanente,

controllo della produzione
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1 ‘ Introduction

Recent shifts in the industrial landscape have led manufacturers to invest heavily in digiti-
zation, aiming for better equipment utilization and resource management. The technology
shift towards digital tools is related to the fourth industrial revolution that puts together
emerging technologies such as Internet of Things (IoT), Cyber Physical Systems (CPS)
and others. The aim of this revolution is the deployment of digital decision-support tools,
utilizing shop- oor data for more accurate decision-making based on real system con-
ditions. One way to achieve this goal and the integration of these new technologies is
through the application of Digital Twins (DT). In short, this technology allows the man-
ufacturer to collect 10T data in real-time, and use it to create a digital model of it. The
digital model coupled with several DT services enable the industry to make predictions
of the future system behaviors, and take the best decisions based on it.

Many researches were already done in this topic, however predominantly focuses on de-
veloping speci ¢ digital twin components and methods, often lacking integration within

a comprehensive digital twin framework. This thesis proposes a complete digital twin
framework to enhance production planning and control operations. Speci cally, it con-
centrates on designing a production control service to manage material ow within the
real system, utilizing simulation-based predictions of remaining cycle time. Preliminary
experiments applying the digital twin architecture on a lab-scale model demonstrate the
practicality of the proposed approach.

1.1. Context Problem

To introduce this topic in the context of a manufacturing system, let's consider the fol-
lowing example. Let us assume a manufacturing plant where some work-pieces are dis-
tributed along of parallel machine tools that executes the same type of operations and
that all work-pieces are identical. Moreover, let's consider that our goal is to select the
best machine in order to reduce the overall time in production. Even though the machines
runs the same operations, each of them could have di erent properties, such as di erent
processing times to nish a operation or di erent queue lengths given by real system
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constrains. For instance, machines have diverging amount of time to nish pieces given
by the di erence in machine age, and di erent lengths of queues given by physical space
restrictions. Many other example could be listed, however the important it is to consider
those aspects when trying to approach a real system. As it is possible to observe, several
features can be considered to optimize the choice of which machine the part should take.
Listing the features and understanding the impacts of those are important for making the
best choice and avoiding waiting a non-necessary time in queue.

One way to approach this problem is by creating a simpli ed context model by highlighting
the main features. In this example, we could list the average speed of processing a
part by each machine and the length of the queues in the di erent machines. With
these two parameters, we could apply queuing theory to identify which machine could
be the best choice. However, considering a bigger manufacturing plant with multiple
machines and paths, the problem becomes di cult to solve only by equations, especially
when introduced stochastic behaviors. In that case, we can use simulation models, such
as Discrete Event Simulations. With this perspective, we can approach more complex
problems with high precision.

However, even with a realistic model, we can also consider that some changes can occur
in the physical system that are not predicted in the initially created model. For example,
the plant can add a new machine, completely modify the layout structure and distribution

of parts, or even change the process time of the machines given by maintenance problems,
increasing the average speed for processing a work-piece. In other words, the previous
model of the system is no longer reliable. For this reason, it is important to somehow
keep it updated with the real conditions of the physical representation after creating the
rst model of the system. In order to do so, having only a digital model is not enough.
We need a digital tool capable of updating the model based on the physical events in
real-time.

Following this perspective, after having an updated model, it is important to let the
targeted work-piece be aware of the changes in the model and decide which path to
take based on the new model. This type of behavior is represented by a feedback to the
system. Running the prediction with the updated model allows the parts always to choose
the best options between machines in the plant and, with that, reduces the amount of
time left within the queues; in other words, it reduces the remaining cycle time (RCT) -
the amount of time left to nish the complete operation. All of this, could be achieved
by the implementation of a reliable Digital Twin, as this thesis will show.
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Figure 1.1: First DT model representation ([Dr. Michael Grieves, University of Michigan,
Luries Engineering Center, Dec 3, 2001])

1.2. Digital Twin: A First Look

To formally introduce the topic, aligning the technical de nitions used for Digital Twin is
interesting. Since this thesis is part of the same research group at Politecnico di Milano
that already conducted previous researches in the Digital Twin eld, such as in [24] and
[26], we can consider to use similar initial de nitions.

The inception of the Digital Twin concept, initially conceived as an ideal for Product
Lifecycle Management (PLM), was introduced to the industry in 2002 by Dr. Grieves
at the University of Michigan. During the presentation, Figure 1.1 already depicted the
fundamental structures of a modern DT: a virtual space interconnected with a real space,
a two-way ow of information, and connectivity extending to subsequent sub-spaces.

The physical system is regarded as a constant presence, while the virtual counterpart
remains continuously updated with information from its real-world counterpart. The
terminology originally associated with PLM aimed to emphasize the departure from a
static representation, instead advocating for a linkage throughout the system's entire
lifecycle. Dr. Grieves and Vickers [14] proposed a comprehensive de nition of the Digital
Twin: The Digital Twin is a set of virtual information constructs that fully describes

a potential or actual physical manufactured product from the micro-atomic level to the
macro-geometric level. Ideally, any data obtained from physical system inspections should
be equally accessible from its Digital Twin.

Existing solutions and applications lead to misconceptions. Kritzinger et al. [20] propose
a classi cation centered on the level of interconnectivity data. Figure 1.2 illustrates the
three categories of digital architectures:
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Figure 1.2: Classi cation of dierent digital representations from ref. [Kritzinger et
al.2018]

" A Digital Model represents an existing or planned physical object virtually. While
simulation models or any other types can be deployed, data exchange occurs man-
ually. Moreover, changes in the physical system are not directly re ected in the
digital and vice versa.

A

When there is an automated one-way data exchange between the state of the physical
object and its digital counterpart, it is referred to as aDigital Shadow . Hence,
changes in the physical state only a ect the digital counterpart.

A

Achieving aDigital Twin  involves bidirectional data ows between the two entities.
In addition to the capabilities mentioned above, the digital entity can now act as a
controller over the physical system.

As depicted in Figure 1.1, the dynamic model aims to track changes throughout the
system's lifecycle. During the design phase, the DT aids developers in testing and un-
derstanding how the real model will perform. Subsequently, in the development phase,
speci ¢ and potentially unique con gurations are implemented in the physical system, re-
ected as instances in the virtual space, facilitating analysis while still under development.
The operational phase emphasizes the importance of data interconnectivity to maintain
network integrity between the two entities. This capability enables continuous mirroring
of physical system conditions, performance prediction, and failure response. Furthermore,
leveraging multiple virtual spaces (refer to Figure 1.1, VS1, VS2 ... VSn) can enhance the
application of the Digital Twin framework, facilitating cost-e ective destructive testing
and other approaches, such as What-If Scenarios.
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1.3. Work Objectives

In order to create a complete Digital Twin (DT) several digital and physical components
are needed. As de ned before, the DT needs to be able to fully collect data from the
physical system in real time, store the data in a meaningfully way that will feed the
digital counterpart. Than, on the digital side, a model needs to be kept in a continuous
loop of update in order to the DT be able to provide back to the physical system insightful
feedback that optimize the production. Many researches were found all across this path
to create a Digital Twin, and some of them only focusing on the theoretical aspects
of frameworks. This Thesis, instead, aim to provide a complete framework for a fully
operational Digital Twin, considering all the steps necessary to replicate a physical system
and optimize it. Moreover, the thesis is committed in developing the proposed framework
within a lab-scale restriction - proving the e ciency of the methodology through the
analysis of a Use Case. All the development work done can be found in a public repository
[11].

More speci cally, this thesis will propose a complete Digital Twin framework and an
application for production control. The framework consists of mechanisms to Synchronize
the information between the digital and physical worlds, such as the positioning of parts
across the manufacturing plant and which stage in time of production those are located.
Moreover, a Validation methodology is also explored aiming to update the digital model

in case of some change in the physical system, such as changes in the stochastic behaviors
of the machines processes time. The application, on the other hand, leverages these
capabilities that an aligned digital representation of a physical system allows in order to
predict the Remaining Cycle Time (RCT) of each work-pieces running in the system. For
the same part, the RCT of di erent paths are calculated and the most e ciency path is
chosen, giving back to the system this choice as a feedback loop.

1.4. Thesis Outline

To achieve this goal, a long journey will take place in this thesis, from the physical
gathering of data to the digital processing, navigating across the di erent structures, and
understanding how everything is connected. A rst literature review is conducted in the
Chapter 2. Firstly, a research framework is proposed to approach this vast scope of the
Digital Twin topic. A review of di erent Digital Twin applications and Architectures
follows. A specic review is also conducted into the scope of the specic application
developed on this thesis: remaining cycle time (RCT) predictions. The RCT in this
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thesis is directly applied in a DT framework. However, the review of RCT is conducted
in a more broad approach.

On the Chapter 3, the complete proposed methodology is shown. The methodology shows
the framework overview but also gets into the details of each speci c component, counting
with the support from Annexes. The chapter dives deeply into all the main features
required for a DT, such as database management, digital model, synchronization, and
validation. The Chapter 4 also presents the methodology but speci cally related to the
prediction of the RCT. A mathematical approach is conducted in this chapter.

Finally, two other chapters are dedicated exclusively to dealing with real examples of ap-
plying the complete methodology on the lab-scale system available in the laboratory. The
Chapter 5 presents a series of experiments testing the di erent components of the Digital
Twin, validating the proposed methodology. With that done, it is possible to evaluate
the impact and value of the integrated framework. In this sense, the Chapter 6 analyzes
two cases: a manufacturing system with and without the complete framework applied.
Di erent KPIs are collected from the system to evaluate the di erence in performance in
both cases. In the end, a Chapter 7 explores the main results of this research and the
gaps that should be worked on in the next research.

Besides that, the authors highly recommend the readers to review some additional in-
formation present in the appendixes and complementary material. For additional under-
standing of the Digital Twin Laboratory used in this Thesis, Lego Factory from Politecnico

di Milano, it is recommended to look at the Appendixes 8.5, 8.24. Also, some Appendixes
conducts a deep understanding of the methodology, such as Appendixes 8.6, 8.7, 8.8, 8.10,
8.11, 8.12, 8.19, 8.20, 8.21. Besides that, the Appendixes also have several examples and
additional experiments that helps the readers to extract additional insights from visual-
ization, such as in the Appendixes: 8.9, 8.13, 8.14, 8.15, 8.16, 8.22, 8.25, 8.26. Finally, as
a support external material, the authors recommends the reading of the paper published
in the Winter Simulation Conference [13], the review of previous published works from
the lab, such as [23], [26], [27], [24], [25], and nally to check the codes used for the
development of this methodology available at the Github as a public repository [11], and
the public database of the experiments available [10].
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2 ‘ State of the Art

The present chapter reviews the current state of research on Digital Twins in the manufac-
turing industry. The literature widely approaches this topic, but with di erent perspec-
tives. Because of this, a good selection of papers with common interests should be made.
The Digital Twin theme is a topic that has had a high volume of research in recent years
and has di erent applications. This thesis will focus only on elds related to manufactur-
ing and driven by a system perspective, not an asset perspective. The di erence between
the two will be clari ed in the following comments. It is important always to be aware
that this thesis is focused on the implementation of a generic Digital Twin framework to
help industries to foster more dynamic decision-making, improving the overall e ciency
done by a scheduling policy based on remaining cycle time predictions.

The rst step in this analysis is to have a consistent selection process of articles. The
review process includes the selection of a suitable approach, utilizing a research framework,
and applying speci ¢ methods and criteria for the inclusion or exclusion of papers. After
that, the literature review examines available frameworks, methodologies, and case studies
related to Digital Twins in manufacturing. Additionally, the chapter includes a section
dedicated to reviewing technology used to predict remaining cycle time in manufacturing
systems. Finally, the chapter concludes by summarizing the main ndings of the state
of the art, identifying any gaps in current understanding, and o ering re ections on how
researchers are approaching the topic of Digital Twins and cycle time calculation.

2.1. Research Framework

2.1.1. Research Overview

To review the literature in a consistent approach, a modi ed Double diamonds framework
was applied. This framework sets the goals and how the research would be conducted
as explained in Appendix 8.1. The following changes were conducted in order to adapt
this methodology to the goal of this research. The rst diamond in the research had the
objective to explore the topic with a broader perspective, thus targeting Digital Twins
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frameworks, applications at di erent levels, and even not just papers but also startups and
big players dealing with the topic. On the other hand, the second diamond is more narrow
and straight to the point of the research. The second diamond focuses speci cally on the
topic of Digital Twins applied in manufacturing systems and using similar technologies
that the research laboratory was used to do, such as discrete event simulations, process
mining, automatic model generations, and others, as it is going to be shown in the next
section. Lastly, it is essential to highlight the structure of each diamond. Each diamond

is composed of two stages:

1. Exploration: In this stage, the research is done. The keywords are selected, and the
papers found are collected and stored in a database.

2. Clustering: Following a given set of criteria, some papers of the previous database
are selected to continue to a next phase, meanwhile other papers are rejected. Those
criteria and selection phases are going to be explained in the next section.

3. Deep Dive: In this stage, the selected papers are taken in consideration. Thus, those
papers are the ones to be read and analyzed.

2.1.2. Paper selection

Firstly, it is important to have an idea about the big picture of the achieved results and
steps to get there, as it is shown in the following image:

Figure 2.1: Big Picture of the Research Stages

According to Figure 2.1, the paper selection process for this research was divided into four
stages, Each of which was subject to speci c selection criteria. This subsection will provide
a detailed examination of each stage of the selection process, including an explanation of
the criteria applied and the resulting outcomes. In summary, the research began with a
pool of approximately 3.5 thousand papers, ultimately resulting in a nal selection of 20
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thoroughly analyzed papers.

The paper selection process can be structured as follows:

Initial Acquisition

Papers were sought speci cally on Digital Twins in manufacturing and production systems
to focus the research. This decision narrowed the scope, ensuring targeted exploration.
Various aspects were considered, including data-driven approaches like process mining
and discrete event simulations, as well as applications, frameworks, and architectures
of Digital Twins. This comprehensive approach kept the research focused and ensured
thorough coverage of the eld's current state.

The research query conducted to generate the 3,500 papers is as follows:

TITLE (“digital twin") | AND
ALL("manufacturing” OR "production”) | AND

ALL("applications OR "discrete event simulation” OR "process mining")| OR
ALL("model generation” OR sustainability OR types OR categories OR architectureOR
ALL(framework OR standards )‘

Keywords Matching:

After gathering papers, ltering them poses a challenge due to the specic keywords
used to build the collection. Determining relevance solely from abstracts or titles is
impractical. Hence, the initial selection relied on keyword frequency, ensuring alignment
with the project's scope. This yielded 223 papers for the next stage.

Manual Score Criteria

A more comprehensive examination of the papers is required after the initial assessment
procedure, which focuses on keywords, is completed. To do this, each abstract will be
carefully reviewed to conduct a complete study of the chosen papers. Each abstract will
receive a grade based on evaluating how well it performed in relation to several preset
standards. It is crucial to remember that the scoring procedure is subjective and takes
into consideration the judgments made after reading the paper's content. The table that
follows lists the criteria and their corresponding weights:
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Criteria Weighted Score range
Digital twin quality (DTQ) 20% 1 - Complete; 0.5 - incomplete; 0 - wrong
Application/Area (AA) 20% 1 - related to manufacturing; O - others
System or Asset Level (SM) 16% 1 - System; O - Asset level DT
Speci c DT or Generic DT (SG) 16% 1 - Generic; O - Specic
Year (Y) 14% 1 - year >= 2021; O - year <2021
New or existing Methods/Tools (NM) 14% 1 - New; O - Known
The abstracts of each paper were carefully examined as part of the selection process. Each

paper received a score based on a set of criteria to nally choose the paper with the highest
score. The criteria were developed to determine how well each paper corresponded to the
research's main objective. The following are the criteria and their explanation:

A

The

Digital Twin Quality (DTQ): This criterion assesses the correspondence be-
tween the de nition of a digital twin used in the project and the de nition provided
in the article.

Application / Area: This criterion evaluates whether the work is applicable to
manufacturing and production systems in contrast to other elds like healthcare or
construction.

System or Asset Level:  This criterion determines the stage at which the proposed
application of the Digital Twin is implemented, such as at the system level of the
manufacturing process or at the asset level, such as a Digital Twin of a single
machine, which is typical in tooling manufacturers.

Specic or Generic:  This criterion examines the degree of speci city of the use
case discussed in the paper and determines if it was designed in a generic or case-
speci ¢ manner.

Year: This criterion evaluates the paper's timeliness, determining whether it was
published prior to or following 2021.

New or existing methods:  This criterion assesses the originality of the method-
ology suggested in the study, whether it is a new strategy or an adaptation of an
existing method.

equation used to each paper abstract is shown in the following:

Score =0;2DQT +0;2AA +0;16SM +0;16SG+0;14Y +0;14NM (2.1)
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As the manual scoring of the papers was nished, a threshold of 0.75 was established.
Thus, from the previous selection of 223 papers, 26 were selected for the next phase.

Skimming Selection:

Skimming is vital in research, as well as quickly reviewing papers to identify relevant ones.
This phase aims to grasp key points, hypotheses, and conclusions for inclusion. It involves
scanning the introduction, use cases, and conclusion sections, sometimes delving into the
method section for rigor. This method was used in this research to gain a preliminary
understanding of each paper's structure and content. For the selected papers, a brief
overview was conducted, focusing on their writing, framework, use cases, etc., ensuring
alignment with the research's scope and clarity in topics and methodologies. Skimming
selection ensures the nal list represents the most relevant literature, supporting research
objectives e ciently.

The nal clustering was divided in the following groups:

" Approved: Indicates that a paper has been deemed suitable for inclusion in the
research based on its alignment with the scope of the research and the clarity and
detail of its use case demonstrations and explanations.

Not Available: Refers to papers that were not accessible to the researchers, due
to limitations in the availability of the paper or partnerships with universities.

Reject: Encompasses papers that do not meet the criteria for inclusion in the
research, due to misalignment with the scope of the research or insu cient detail

in the use case demonstrations and explanations. These papers are not deemed
suitable for inclusion in the nal research results.

After this nal round, 11 papers were selected as the most suitable for in depth exami-
nation in the research. These papers were considered to be most likely aligned with the
objectives of the research and that would bring more value with recent scienti ¢ devel-
opments. As the research developed, further research was carried speci c to the required
domain. The major understandings from these researches are explicated in the upcoming
sections.

After the process of paper selection, the studies were deeply considered. As the ex-
ploration of the research goes, the papers were then categorized in di erent clusters of
topics. The categories created are reviewed in di erent sections of this thesis as: Digital
Twin Application, analyzing the uses of di erent ways of applying the concept in real
applications, Digital Twin Architecture, deep diving into the di erent frameworks and
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components available in the literature, Remaining Cycle Time (RCT) Predictions, cover-
ing the di erent approaches used to calculate the RCT in manufacturing system and not
only related with DT frameworks. Finally, a Laboratory Review, given that in the labo-
ratory where this research was conducted already, other theses and papers were published
related to similar topics. This shows the importance of positioning this research as part
of the continuation of a big group of research.

2.2. Digital Twin Applications

Starting with the applications, a digital twin is a digital replica of a physical object or
system that can be used for various purposes, such as simulating the object's or system's
characteristics and behavior, predicting its performance and outcomes, and optimizing
its design and operation. Digital twins are often used in manufacturing, transportation,
construction, and other industries to improve e ciency, reduce costs, and increase safety
and sustainability. They can also be used in the development of new products and tech-
nologies, as well as in the management and maintenance of existing ones. Overall, digital
twins are considered a valuable tool for optimizing and improving complex systems and
processes.

Digital twins are being used in a wide variety of industrial and commercial applications,
including manufacturing, transportation, and construction. In manufacturing, for exam-
ple, digital twins can be used to simulate and optimize the production process, predict
and prevent equipment failures, and improve the performance and quality of products [7].
They can also be used to optimize logistics and supply chain management by simulating
the ow of materials and information through the system.

A research conducted online revealed that more than 30 industries and startups are de-
veloping products in the eld of digital twins on a global scale. Major industries in the
industrial space includes Altair, Siemens, General Electric, IBM, Microsoft.

A global survey conducted by Altair [1] says that out Of the 2,007 respondents surveyed,
69% said their organization currently employs digital twin technology. Within these users,
23% of respondents said their organization began to invest in digital twin technology in
the last six months or sooner; only 8% said their company began investing in digital
twins three or more years ago. The report also indicates that 43% of respondents think
the physical testing will become obsolete in next four years or sooner. One of the key
takeaways from Altair's survey is that respondents consider the main bene ts of digital
twin technology to include:
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" making products and processes less wasteful and more energy-e cient

" improving e ciency and safety

" reducing costs

~ giving teams the power to implement real-time monitoring and control systems

Altair has applied digital twins technology currently across multiple platforms like auto-
mobiles and platforms for optimized product performance.

Siemens has been working in the eld of Digital twin technology for over the last ve
years. Siemens has developed and implemented machine level digital twins at Siemens
Electronics Works, Amberg, Germany to optimize the production of PCB boards [32].
Siemens says that Digital twins of machine tools play a major part in optimizing the
machine manufacturer's engineering processes. This is because the digital twin in the
automation environment makes it possible to execute process steps in parallel, as opposed
to consecutively, as used to be the case. Siemens has also developed a real-time collision
protection for machine tools [6] based on digital twins for increasing the safety of CNC
machines by integrating SIMATIC S7-1500 PLC and SINUMERIK ONE to the machines.
Other platforms like Siemens PLM and MindSphere enhances the application of digital
twins over the cloud with a factory wide deployment scope.

Digital twins are also nding applications in the eld of sports such as vehicle monitoring
and safety. To ensure the full visibility of the entire race, Nippon TT had created a digital
twin of the Tour de France and Tour de France Femmes avec Zwift to enable them to
digitally transform race operations [5].

Azure digital twin by Microsoft provides a platform that enables you to create a digital
representation of real-world things, places, business processes and people. Gain insights
that help you drive better products, optimise operations and costs, and create break-
through customer experiences [2].

General Electric is a global industrial company that is using digital twins to optimize the
design and operation of its products, such as aircraft engines and power plants [4].

The Sight Machine platform is an innovative system designed speci cally for generating
Operational Digital Twins [9]. It utilizes arti cial intelligence to automate the digital
representation of various components within the manufacturing landscape, including ma-
chines, production lines, facilities, suppliers, parts, and batches. This is achieved through
our patented Al Data Pipeline, which integrates algorithms, expert-system learning, and
continuously evolving methods to process, modify, and amalgamate real-time data from
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a multitude of sources and assets. The result is a digital twin that provides valuable and
actionable insights into every aspect of the manufacturing ecosystem, from individual
sensors to complete supply chains.

Braincube, Eclipse ditto (By BOSCH), Foresight Sustainability Suite (By QiO), Infera,
Pratiti Technologies are some platform suite available for developing Digital twins. Solu-
tions like MetaTwin, and WareBee provide predictive maintenance services for machines
and warehouse management.

A report by Fortune Business Insights on Digital Twin Market Size evaluates the digital
twin market at USD 6.75 billion in 2021 [3]. According to a report by Grand View
Research on Digital Twin Market Size, Share and Trends Analysis Report, the digital
twin market is evaluated at USD 11.1 Billion industry The report forecasts the industry
to be a USD 16.75 billion industry by the end of the year 2023 and USD 155.83 billion
industry by 2030 [8]. Market distribution of Digital Twin applications for the year 2021
and 2023 is presented in Appendix 8.2

Given the reach of applicability of digital twins in various sectors, several architectures
have emerged. Further, digital twins applications in the academic literature and its frame-
works are discussed in the upcoming section.

2.3. Digital Twin Architecture

The application of digital twins in a wide range of elds has resulted in the development
of several architectures and frameworks. The architecture provides a framework to de-
velop a digital twin. A typical architecture includes major components of a digital twin,

its services, di erent external communications, and internal data transfer layers. These
architectures include both application oriented frameworks and generic frameworks. Ap-
plication oriented frameworks focus on the eld of application or the solution for which
the digital twin concept is applied. Whereas, generic architectures are developed by keep-
ing in mind the exibility to encapsulate several wide range of applications. However,
no common agreement has been achieved about a nalized version of a generic digital
twin architecture in the studied literature. In the following section, state of the art of
both generic and application oriented architectures at the time of literature study by the
authors are discussed.
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2.3.1. Generic Architecture Development

Academic literature has seen several types of generic digital twin architectures. Some
architectures concentrate on nding common points between di erent digital twin appli-
cation elds. Whereas some architectures concentrate on covering multiple applications in
a speci ¢ eld. The major reason for this kind of division could be the sheer size of elds
and applications in which the digital twins are involved. This increases the complexity
and dexterity involved in developing the architecture.

To handle the complexity involved in development of digital twin architectures, Hyre et al.

in [16] recommends an agnostic framework called 4R framework. It introduces a general
guideline for development and implementation of digital twin. The guideline consists of
four steps, each increasing the order of complexity to achieve the nal design. They are:

1. Representation
2. Replication
3. Reality

4. Relational

For instance, the approach could be leveraged for legacy systems where the existing phys-
ical system has to be replicated into a digital model before development of digital twins.

Hyre et al. in [16] says that in addition to the capacity for virtual modeling and simulation
of the physical system, digital twins also enable bilateral communication between the
physical system and its digital counterpart.

Traoré et al. in [34] introduces a three layered technology-agnostic unifying reference
framework. The proposed framework approaches from multiple viewpoints, such as roles,
characteristics, and synchronization methods. The three layered approach consists of the
following:

1. Data layer that deals with data acquisition, synchronization, management, and
interpretation.

2. Capability layer as data models, representations, and simulation models based on
the data obtained from the data layer.

3. Service layer carries out the services of the digital twin, such as control, forecasting,
and analysis.

Traoré et al. in [34] conveys two major types of synchronization of digital twins:
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1. time based synchronization  where synchronization is triggered based prede ned
time intervals. Higher frequency o ers near real-time synchronization.

2. event based synchronization  where synchronization is triggered by speci ¢ events
or prede ned conditions. On-demand synchronization based on predicted event con-
ditions also falls into this category.

Figure 2.2: Di erent synchronization characteristics explained in [34]

A cross-domain analysis for a uni ed approach in the construction of digital twins was
done by Heindl et al. in [15]. Their research was based mainly on the empirically valid
knowledge that existed for the digital twin development process and the generality depth

at which a model can be de ned. Even though a uni ed approach was made, Heindl et

al. say in [15] that for complete integration of digital twin to the physical system, domain
speci ¢ selection of procedure is required. The main reason behind this could be that the
researchers could customize the development procedure based on various domains such as
manufacturing, maintenance, and life cycle management. Even though there are domain
speci ¢ procedures, the overall development steps explained by the authors are domain
independent. The uni ed approach introduced consists of the following major steps:

" Prepare This stage encompasses describing the use case and gathering the necessary
inputs to construct the digital twin.

" Design Within this phase, virtual representations of the physical counterparts are
modeled.

" Verify/Validate = This stage focuses on assessing the Cyber-Physical System (CPS)
behavior for the entire system procedure, including subjecting its components to
testing through a virtual trial run.

A

Deploy Deploying the digital twin involves establishing run time environments for
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each component, integrating them seamlessly, and aligning the physical and digital
elements to facilitate the requisite work ow.

Use The digital twin utilizes the established run time con gurations for each com-
ponent and the synchronization achieved between the physical and digital elements,
e ectively overseeing the process.

Evaluate The evaluation process may encompass modifying components, adapting
to changes in physical handling, or adjusting the logic governing the business case.
Continuous upkeep of digital twin management is imperative to ensure its sustained
e cacy.

Tune The tuning process involves updating the parameters and con gurations of
components to optimize performance, guaranteeing the streamlined and e ective
operation of the digital twin. This could also involve altering algorithms, logic
controlling system components, or adjusting communication protocols among com-
ponents. The primary aim of tuning is to enhance the precision and performance of
the digital twin.

Rebuild Reconstructing the digital twin model entails substantially modifying the
existing structure and components to address new requirements or resolve issues
with the current model. This could lead to changes in transportation work ows,
the physical elements of the Cyber-Physical System (CPS), and the dissemination
of information and 10T devices. The ultimate goal of rebuilding is to ensure the

e cient and e ective functioning of the digital twin system.

A key factor to notice in the above steps is the importance emphasized on the continu-
ous synchronization, veri cation and validation of digital twins with its physical system.
Meeting such requirements for the e ective functioning of digital twins was standard-
ized by the International Organization for Standardization (ISO). ISO/DIS Digital Twin
Manufacturing Framework (ISO 23247) presents a standard for the development of digital
twin architecture for manufacturing. As explained by Shao et al. in [31], ISO 23247-2
gives a reference architecture for digital representation and information exchange. It
also provides procedures for applying the framework using the use case scenarios. Major
guidelines provided by the standardization are:

" de ning objectives and scope
" modeling requirements

" common terminology
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" information modeling and synchronization

ISO 23247-3 [18] and ISO 23247-4 [19] provides standard and guidelines for digital repre-
sentation and information exchange between entities within the framework. The procedure
includes selection of digital twin components and entities such as technologies for data
collection, data standards, sensors, interface developments and data communication.

Further deep dive into various architectures available in academic literature shows that
multiple open architectures with di erent approaches were proposed, each with its own
focus areas. Some architectures focus on exibility and recon gurability, while others
focus on achieving accuracy and e ciency in the services provided. For developing a digital
twin for exible manufacturing systems, Leng J., et al in [21] proposes an open architecture
that can be applied for dynamic scheduling. Leng J., et al claims that the most signi cant
contribution of the study is the digital twin system being able to accurately recon gure and
operate exibly in the complex interacting context of diverse individualized requirements
and random disturbances. According to the researcher, exibility in a manufacturing
system could be brought in by two criteria:

~

Recon gurability  Flexibility to recon gure production line and machine tools by
using generalized architectures that are compatible with each other.

" Dynamic scheduling Digital twin simulation and optimization of the production
as per the changes in the requirements and system behavior.

Creating a Digital Twin of a system involves the integration of numerous components.
These include establishing connections with the physical world, conducting quality as-
sessments, providing services like what-if analysis, optimizations, predictions, and more
depending on the speci ¢ use case, managing simulation controls, and incorporating var-
lous other functionalities. Within this framework, various approaches are suggested to
structure the knowledge and establish appropriate connections among the diverse entities
that play a role within the Digital Twin system. In [29] Papacharalampopoulos et al. pro-
poses a structure that encompasses every stage of the digital twin process, including sensor
integration, modeling, diagnostic and predictive capabilities. The framework brings these
elements together within an architecture that aims to ful Il fundamental criteria such as
adaptability, real-time optimization, and managing uncertainties. The proposed frame-
work as shown in Figure 8.5 adapted in [29] uses a digital layer that covering all the
digital components such as model, quality assessment, and control logics. The physical
layer covers the actuators, sensors and operation layers. It is important to notice that
this architecture also includes a quality assessment module for error estimation which is
similar to continuous veri cation and validation of the accuracy of the digital twin.
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Leng J., et al. in [21] proposes a "Learning-Optimization-Reacting” approach which
involves initially utilizing physical data for analysis and comprehending system behavior.
Subsequently, this data is employed for simulation and optimization using the digital
model. Finally, the parameters are updated to mirror these changes back to the physical
system. This approach makes sure that the optimization and reaction decisions are made
based on the most recent data or the system behavior making the approach near real-time.
There are multiple techniques used by several authors for the learning part. Learning and
optimization processes are mostly based on the historic data of the physical system. There
are multiple approaches for the same. One of the common approach is to use machine
learning models. Several machine learning methods such as recurrent neural network
(RNN) and other regression techniques can be used. For example, Papacharalampopoulos
et al. in [29] use a special form of RNNs, namely long short-term memory (LSTM),
bidirectional LSTM (BIiLSTM) and the gated recurrent units (GRUS). It's interesting to
notice that both a Forward and Inverse design are proposed. In the Forward design, the
KPIs are extracted from the Production Process (PP), while in the Inverse, the PP is
generated based on the requested KPIs. Especially in the learning process, data mining
process are used to mine the usefule data from the available system data. These data
could be log les containing historic data of processes in the physical system. In [36], Xu
et al. uses techniques such as Decision Tree, Random Forest and Radial basis function
neural network (RBFNN) as mining algorithms to develop a knowledge model based on
the historic scheduling data. The models developed using these techniques can be used
to predict the performance of the physical system. Even though predictions can be made
using these models, their accuracy is reduced as the behavior of the system changes. Also,
these models need not properly account for the possibility of unforeseen changes, such as
machine breakdown or the addition of a machine to the production layout.

An alternate to using the prediction models is the use of Discrete-Event Simulation (DES).
The DES approach is well known in the literature, but its implementation with all the DT
requirements can be di cult to handle. Sakr et al. in [30] proposes a methodology to use
DES in digital twin applications. Descrete event simulation could be used in both online
and o ine mode. Online mode refers to real-time decisions such as resource allocation.
However, this wouldn't be possible without suitable con guration as mentioned in [30].
On the other hand, o ine mode provides decisions such as maintenance scheduling.

Figure 8.7 shows a Framework with the application of DES in digital twins. The bottom
layer, has the basic part called Discrete Event Simulation (DES), which is used for the
Digital Shadow (DS). DES can be thought of as a toolbox that has the basic components
needed to do a manufacturing simulation. These include machines, queues (like waiting
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lines), how parts are processed, rules, work pieces, and more. On the other side, the DS
acts like a copy of the real-world system. It takes real-time info, like how things move
around and how long machines take to work, and turns it into the parts used in DES.
Therefore, DS appears to be a real-time digital model that can't make any changes to the
real-world system.

DT Manager introduced brings together the DS and di erent services for the Digital
Twin. Depending on what is needed, the Manager can not only get results but also send
those results back to the real-world system. Some important services are optimizations,
predictions, and sometimes doing the simulation itself for what if analysis. In this whole
setup, the real system keeps updating the DS with the current state of the real system.
This allows DES to begin with more real-world data, making the simulation more practical
and useful.

Even though several other architectures are proposed by researchers such as Zhang et al.
and Xu et al. in [38] and [36], respectively, there is no common architecture that has
been adopted widely. The amount of literature available for the application of discrete-
event simulation is comparatively lower than machine learning approaches. The literature
widely accepts that a digital model can be considered a digital twin only if it is capable of

re ecting the changes in system behavior in real time and can control the physical system
to provide services.

2.4. Remaining Cycle Time Prediction Review

When it comes to Digital Twin (DT) applications, one of the most common terms used is
"prediction”. Indeed, having a Digital Model that is aligned with its physical counterpart
makes it much more feasible to gain accurate and relevant predictions in real time for
the Physical Twin (PT). Most of these predictions can be used to change parameters and
status in the physical space to avoid worst-case scenarios or to take advantage to improve
the system. This type of prediction supports the decision-making of the factory. How-
ever, there are many predictions applications that could be implemented in the context of
Digital Twins. Because of that, speci c researches are necessary for each prediction appli-
cation in order to determined the best framework and approach to achieve the expected
results. One of the most common predictions explored by the literature are elected as
follow:

" Failure prediction : Predicting when a physical asset or system might fail based
on data and simulations generated by its Digital Twin.
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" Maintenance prediction : Predicting when maintenance will be required for a
physical asset or system based on data and simulations generated by its Digital
Twin.

Performance prediction : Predicting the performance of a physical asset or system
under di erent scenarios based on data and simulations generated by its Digital
Twin.

Risk prediction : Predicting potential risks and hazards to a physical asset or
system based on data and simulations generated by its Digital Twin.

Quality prediction : Predicting the quality of a physical product or process based
on data and simulations generated by its Digital Twin.

Energy prediction : Predicting the energy usage and e ciency of a building or
system based on data and simulations generated by its Digital Twin.

Supply chain prediction : Predicting the performance and e ciency of a supply
chain based on data and simulations generated by its Digital Twin.

In this context, one of the most non-explored predictions with Digital Twins is theRe-
maining Cycle Time Prediction . Remaining Cycle Time Prediction (RCT) is a man-
ufacturing analytic technique that involves predicting the amount of time remaining until

a speci ¢ manufacturing process or operation is completed. [12]. The Figure 2.3 shows
a schematic way to visualize the RCT as a portion of time from the complete amount of
time needed for the whole process. RCT prediction (RCTP) is typically used to optimize
production scheduling and to minimize downtime, allowing manufacturers to increase ef-
ciency, reduce costs, and improve overall productivity. RCTP is especially useful in
manufacturing environments where time is a critical factor, such as high-volume assembly
lines, where even small delays can result in signi cant production losses. By accurately
predicting the remaining cycle time for each operation, manufacturers can adjust their
schedules and allocate resources accordingly, ensuring that production stays on track and
minimizing downtime.



28 2| State of the Art

Figure 2.3: Concept of the remaining cycle time by [12]

The authors of [35] use an example to illustrate the concept of Remaining Cycle Time
(RCT), examining its application within insurance companies. Initially, when a customer
les a claim, they are typically informed of a processing time of 4 to 6 weeks. However,
as time progresses, factors such as fraud checks and case-speci ¢ details a ect the actual
processing time. Consequently, the accuracy of the initial average cycle time estimate
diminishes as more information is accumulated during the case's progression, highlighting
the limitations of using average cycle time as a reliable estimator, especially for cases in
mid-processing stages.

Even though the concept of RCT can be seen as simple and straight-forward, it can
take dierent de nitions and perspectives. According to the 1SO23247 [31], it de nes
the scheduling and routing as one of the most important application of the DT. This is
true when taking into consideration the positive aspects of a dynamic decision making
in real-time, such as the optimization of cycle time and asset utilization [33]. According
to [22], optimized scheduling also implies achieving better performance, throughput, and
correct movement of workpieces.

One way to accomplish the DT bene ts is to design an automated decision-making ow
based on predictions of the Remaining Cycle Time (RCT) of a part in production. Ac-
cording to [35], the RCT can be de ned as'the amount of time left to nish a cycle
operation for an entity from a given stage of the system"Estimating the RCT is not
trivial and depends on the changing dynamic of the system. For example, imagine a cus-
tomer waiting in queue at a counter. If a new counter is opened in parallel, the customer
will likely experience a lower waiting time (i.e., lower RCT). On the other hand, if the
server at the counter takes a break and stops serving customers momentarily, the waiting
time increases (i.e., higher RCT). This unpredictable and complex dynamics of a system
requires a dedicated system to continuously update the predictions [35]. In the available
literature, several methods were implemented to improve the RCT predictions.
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In this review the methods analyzed will be divided into 3 di erent categories: Mathe-
matical, Machine Learning, and Simulation. Which of each uses complete di erent logic
to approach the problem. Mathematical ones will count with mathematical models of
regressions trying to extract parameters of the context to t into a certain formula or
mathematical structure. Instead, Machine Learning, as the name implies, relies on arti-
cial intelligence algorithmic to predict the behavior of the system in the future based
on the existing scenario. Finally, the simulation methodologies uses virtual models of
the system that are feed with its current con guration to update the models and runs
event simulation to predict the RCT. In the end, all the methods uses the same principle
of collecting some feature of the current stage of the system and applying this into a
certain model, however the amount of features collected can change a lot and the com-
plexity of the model as well. For example, the mathematical approach collects few feature
and usually has a relatively simple model, which sometimes will noticed to not deliver
high precision on the results but with less e ort on collecting data from the system. On
the other hand, machine learning approaches collect enough features but use a complex
model, which usually makes it more precise but more di cult to build the model. Finally,
the simulation, collects few features and has quite simple model, but given good results
depending on the constrains of the system. All of this will be shown in the following
reviews.

2.4.1. Mathematical Models for RCT

To solve the problem the author of [35] uses di erent mathematical approaches using
regression algorithmic to predict the RCT. The regression is created based on the event
log with some speci c measurements that direct in uence the cycle time. About the
regression, the author make clear the type of regression used and test the methodology
for di erent types of non-parametric regressions.

Regression is a technique to t a function to a set of measurements, i.e. to abstract from
these measurements. Basically, there are two types of regression, namely parametric,
where the function is assumed to be of a certain form (e.g. linear, exponential, quadratic,
etc.) and non-parametric, where no assumptions are made about the function that should

t the measurements. In the paper, the author apply non-parametric regression because,
in order to predict cycle times in any unspeci ed business process, we cannot assume
the cycle time to have a specic form or distribution, which is needed for parametric
regression. The non-parametric approach only assumes there is some relationship between
the predictor variables and the target variable, the form of this relationship need not be
speci ed.
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In order to predict the cycle time, di erent regressions were used by the author. The
approaches are listed as follow without getting to much in details in the algorithmic:

" Average Cycle Time Estimator: The average cycle time is often used as an
estimator for the remaining cycle time. Using the start and completion of a sequence,
it is trivial to de ne the average cycle time of a log, which is just the sum of the
duration of all cases divided by the number of cases.

A

Activity Occurrence Estimator: The rst regression-based estimator present in
this paper considers only the frequencies of activities within each case.

Activity Duration Estimator: The second regression-based estimator present in
this paper considers the duration of each of the activities within cases.

Combining Regression Estimators: Mixing up the previous regressions. Thus
considering both: Occurrence and Duration estimators.

The next images shows the results for each regression achieved by the author of [35]
during the experimentation of all methodologies described before. The y-axis shows the
Remaining Cycle Time, and the x-axis shows the days since the order was submitted.
Thus, for example, every point in the graph corresponds to a specic time unit after
the product started to be produced with the estimated time remaining to nish the
production. For every graph is present a red line represents the real remaining time, a
blue line shows the predicted RCT, and a pink line represents the square error between
the estimation and actual RCT.

The rst graph shown in the Figure 2.4a illustrates theAverage Estimator . Therefore,

as expected, the real RCT follows a totally di erent curve than the average because
changes in the process that occurred, such as delays, can interfere with the nal RCT. On
the other hand, the Average estimator just follows a decreasing line because it just takes
out the time passed from the initial average RCT.

In contrast, the next graph represented on the Figure 2.4b, shows the results of the
prediction using a combination of the regression estimators. Therefore, as it is possible
to see in all the results, using the regression, it was possible to create a curve that follows
better the behavior of the real RCT, thus predicting in a more accurate way the RCT
and reducing the Square Error.
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(a) Average RCT Estimator (b) Combining Regression Estimators 2

Figure 2.4: Estimation of remaining cycle time.

2.4.2. Machine Learning Approaches for RCT

When it comes to Machine Learning, di erent models can be used, but more impor-
tant than that, it is related to the whole framework used to structure the model, from
data acquisition to selecting relevant features for the training of the model. The paper
[37] implements a RCT prediction within a Digital Twin framework using the so-called
"Transition Technology”. The transition technology named as Transition System Based
Embedding (TED) is used to create a model from the physical system through a machine
learning approach. The framework proposed is shown in the Figure 8.8. As it is visi-
ble, the framework is composed by di erent components that are related between Digital
Twin Cloud and Real World Smart Factory. In the Digital Twin Cloud all the steps
necessary to perform the methodology TED take a place, including Transition System
(Process Discovery), Embedding (Learning Model) and Prediction (RCTP). In the other
hand, the real world generates the Event Log and receives the output from the predictions
component.

The manufacturing event log of the smart factory is injected into the model, and the
output value is learned using a GRU neural network, an arti cial intelligence model.
Through the trained model, a digital twin that predicts the remaining cycle time in the
process is created. To tthe RCT of the event log to train a machine learning model it is
necessary to make some changes in the data and also to identify the RCT based only on
the event log. In order to do so, a normalization of the event log with the RCT is done.
An example from a real world application event log is shown in the following Figure 8.9.
The Figure 8.10 shows an example of normalized event log considering the data from the
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event log of the Figure 8.9.

The number at the top of the trace column represents the progress of the manufacturing
process time according to the state. By designating the start time of the rst machine
in the tracked state as 0 as in the following table, the start time of all machines is
normalized, and the remaining process time can be expressed.

For machine learning, the normalized data are tracked in the database according to the
machine operation process situation, and the newly tracked data are output in a vector
format. This vector is called Transformation of the Database, and it is shown in Figure

2.5.

Figure 2.5: Transformation of Database

The columns in the Transformation of Database represent the number of each machine for
production, and each machine number is assigned 0 or 1 based on whether the machine
is operated ( nished the production) or not. To calculate the remaining time for each
product to be produced, the progress time for each state calculated in the previous table
is subtracted from the end time and divided by the number of products.

Using the method explained through the following execution example, vectorization of
all states of the event log is carried out to make a data set that can train an arti cial
intelligence neural network, embedding and retaining time as a Y vector in deep learning.
Using the vectorized matrix according to tracking as an X vector, learning is carried out
with the GRU arti cial intelligence layer.

As a result, the author tested the proposed framework for Predicting the Remaining Cycle
Time with di erent machine learning models. The tested models are GRU, LSTM, and
MLP. For each test it was measured the error between the predicted RCT and actual
RCT, resulting in the measurement named as MAE. The nal result it is shown in the

gure 8.11 and it is clear that the model GRU was the one with less error, thus the best
method to use for predicting the RCT.
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2.4.3. Simulation-Based for RCT prediction

Predicting the Remaining Cycle Time can also be implemented by using simulation based
approaches. In the paper [33], a discrete event simulation based on-line near-real-time
dynamic scheduling and optimization system has been conceptualized, designed, and de-
veloped to optimize cycle time and asset utilization in the complex manufacturing envi-
ronment of semiconductor test manufacturing. The "on-line near-real-time" concept can
be accomplished by using an auto simulation model generation at a desired frequency.
Thus, in this approach, the cycle time is calculated and aligned with an updated model
that is generated automatically. With the cycle time in hands it can be used for di erent
application and in this case it is applied for scheduling.

Since the approach chosen is based on simulation-driven calculations, thus the rst step
Is the model creation. Simulation is initiated from the real time status of the facility and
environment. All random events, such as machine breakdowns and machine assists, are
not included in such a run since scheduling a failure is unlikely to serve a useful purpose.
Random variations in input data, such as yield, are also replaced by de ned values, in
most cases with mean values. The simulation run with de ned rules and policies then
gives a repeatable performance and desired schedule that should be followed in the test
operations in near term.

For running the simulation it is necessary to implement some sort of framework. In the
system level implementation, the framework implemented is shown in Figure 8.12. A
three-tier client server architecture is used. The system has a data tier, the client tier
and the system tier. The data tier provides almost the entire manufacturing environment
data to generate a fresh simulation model in every run. The system layer consists of the
model generator, report generator and the simulation engine integrated with speci ¢ and
customized schedule optimizer.

Within this setup, the authors are able to run optimization algorithms based on cycle time.
The core of the development is the customization of the simulation engine to implement
advanced scheduling logic and scheduling algorithms to optimize cycle time, delivery, and
utilization. Each time equipment becomes available in the simulated time (i.e. future
time) the programs perform the scheduling optimization by choosing the most suitable
lot to load onto the equipment at that speci ¢ time in the future.
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3 ‘ Deployment of Digital Twin
Architecture

As we can see from the review of state of the art in the chapter 2, there are several di erent
approaches and conceptions when it comes to the creation of a Digital Twin methodology.
Some of those approaches are di erent even in term of de nitions and in the perception
of which should be the basic requirements of a fully e cient Digital Twin. Part of this
divergence came from the problem of describing a complex and theoretical feature of the
industry 4.0 without a practical touch: a replication in real time of your system, capable
of making smart decisions towards an auto-sustainable factory. Given this complexity
and the amount of components involve in the Digital Twin technology, it become hard to
have a complete alignment in the literature about exactly which should be the specic
features and outcomes that the Digital Twin should provide.

Given that this research continues an existing eld of study within the context of a
digital twin laboratory, as shown in the section 8.5.1, some of the contents will be similar.
However, many progress and updates were made in order to make the existing framework
capable of running in a more complex system. Because of that, a complete review of the
components and architecture is done. More practical details are provided in the appendix.
Starting from the basic alignment of the major DT features within a generic framework.
Following this de nition, each of the components will be explained in detail, beginning
with a rst alignment of the requirements that are used in the features. Before starting
with the DT's de nitions, it is crucial to align some terminology and concepts that will

be the base for the rest. For that, it is recommended for the reader to look at Appendix
8.6 to inform about the basic requirements.

3.1. Proposed Digital Twin Framework

The big picture of the Digital Twin framework, taking into consideration each individual
components, can be represented as in the Figure 3.1. In the picture, the Data Layer relies
on the two Internal Services: Synchronization and validation, and the Service Layer is
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Figure 3.1: Digital Twin framework

ful lled by External Services.

In this detailed overview of the framework, we see how the major components of the Digital
Twin interact. it is important to grasp some key points here. Firstly, the connection
between the physical and digital systems occurs through the Database. This database
records every real-world event in real time. Each service then requests speci c range of
traces from the database for analysis, depending on its frequency of operation. These
traces enable internal services to align themselves e ectively, each providing di erent
perspectives.

The Synchronizer uses traces to track the movements of parts, while the Validator com-
pares real-world events with those predicted by the Digital Twin. If inconsistencies arise,
the Validator's sub-feature, the Updator, ags the need for model updates. Subsequently,
both features update the Model Store with corrected versions, potentially altering part
positions, machine process times, or system logic. With an updated model, more accurate
simulations closely to reality can be generated. This digital model is utilized by the RCT
Server to predict remaining cycle times for various parts and pathways, with results and
scheduling feedback provided to the physical system.

Despite the interconnections of the components, the framework remains highly modular.
For example, the RCT server only communicates output to the physical system, making it
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easy to replace with di erent external services. This exibility is advantageous, as it allows
for a wide range of applications depending on the implementation eld. Additionally,
the Validator acts as an intermediary between synchronization and external services,
requesting both real and digital sequences, enhancing its adaptability and functionality.
To explore more perspectives of this framework, it is recommended to have a look into the
Annexes 8.7 to understand the perspective of Layers in this framework. In the following
section, an overview of each component of the framework will be given.

3.2. Databases

The function of the database is to create a log of everything that is happening on both
systems: real (physical) and digital. As it will be shown in the next subsections, it is
actually not a database, but instead a set of databases, divided between 3 operational
("Real Database", "Digital Database" and "ID Database™) and 1 for analysis (Experimen-
tal Database). Speci cally, how the connection and queries are done to insert and extract
data from the databases will not be a concern of this chapter, but further explanation
could be found in the Annexes sections.

3.2.1. Database collecting real system information

The "Real Database" is the storage where it contains all the traces collected since the
start-up of the physical system. By start-up means the starting point of the running
physical manufacturing system, when the machines start producing the work-pieces and
the parts start moving around of the system. By looking at the Real Database you should
be able to reproduce the whole progress of the physical system.

The communication with the Database on this project is done by a Broker that intercepts

the messages sent only and exclusively by machines (servers). The message received by
the Broker corresponds to a speci ¢ machine trying to communicate a di erent event that

just happened within it. Since we are dealing with a simpli ed manufacturing system
there are only 2 types of events that really matter for the machines, which are:

1. Start: Machine just started the processing of a speci ¢ part take it from its Queue.

2. Finished: Machine just nished the manufacturing process of a workpiece, and it
IS now moving it toward the allocated Queue.

Knowing only these 2 types of events for all the machines present in the system, is enough
to represent the whole system's evolution. However, some couple of extra information
can assist on the management of systems with multiple paths possible. In this case, it
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is necessary to add to the trace: Part ID and Queue Allocation. Knowing the Part ID
helps the system to keep track precisely about the positioning of the parts, allowing it
to not take a pre-determined sequence since the beginning and being possible to change
along the way. This kind of resource is important for the goal of this Thesis, given that

a External Service will be responsible for allocating new sequences for the part as the
changes in the physical system are perceived and better trajectories are found. Besides
that, since di erent routes can be taken, including sending and receiving parts, it is also
convenient to specify the queue from where the part is being allocated.

With all of these features, it is feasible to construct a database structure that, with few
data information, can represent the physical system with a certain accuracy. A unique
event made by those features is called as trace, as explained on Annexes 8.6, and it is the
main information presented on the Real Database. However, since we are working with
events that evolve with time, it is also indispensable to have the timestamp representing
the time that the event occurred. An example of a portion of a database can be found on
the table 3.1.

Event ID Machine ID Activity Type PartID Queue Timestamp

51 Machine 2 Started Part 9 Queue 2 1689184253
52 Machine 5 Finished Part 2 Queue 1 1689184255
53 Machine 1 Finished Part 13 Queue 2 1689184259
54 Machine 1 Started Part 14 Queue 1 1689184263
55 Machine 2 Finished Part9 Queue 4 1689184272
56 Machine 2 Started Part 10 Queue 2 1689184273

Table 3.1: Real Database Example

For example, in this case, we could read the database as follows:

" Event 51: Machine 2 Started the processing ofPart 9 taking it from Queue 2
at the timestamp of 1689184253.

" Event 52: Machine 5 Finished the processing ofPart 2 allocating it to Queue
1 at the timestamp of 1689184255.

" Event 55: Machine 2 Finished the processing ofPart 9 allocating it to Queue
4 at the timestamp of 1689184272.

As it is possible to see, with just a few information, a lot of insights can be taken from
this database. For example, using the traces 51 and 55, it is possible to compute the
processing time necessary for Machine 2, given that we know the starting and nishing
time of operation for Part 9 within Machine 2, subtracting them we get 19 seconds. For
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sure, when working with a real system, a more complex operation needs to be made to
perform a stochastic distribution.

3.2.2. Digital Database & ID Database

The Digital Database is similar to the structure of traces presented on the Real Database,
even because the digital goal is to replicated the current physical behavior. On this way,
the Real Database (RD) stores traces from the physical world and the Digital store traces
of the simulations that was running on the Digital World.

The ID management can be addressed di erently depending on the use case. In the
case of this Thesis, we consider the scenario where the work-pieces are positioned over a
pallet that circulates in the system. Therefore, the Digital Twin needs to manage di erent
IDs: the IDs of the pallets itself and the ideal ID of the parts that are allocated within the
pallet. To manage all of this, a speci ¢ database is created with the following features:

" UID: (Unique ID) Represents the RFID unique ID for that speci c tag read and
added into the database

" PID: (Part ID) Represents the digital ID assigned for a specic Pallet for that
moment.

A

Pallet ID: Represent a simpli ed number of the UID that is created as the Pallets
enter the system for the rst time in an increasing way.

An example of this database can be found on the table 3.2.

Line ID uiD PID Time Pallet ID
1 236439249 Part 7 12 July 18:48:10 Pallet 1
2 2041719249 Part8 12 July 18:48:23 Pallet 2
3 2049810149 Part3 12 July 18:48:35 Pallet 3
4 236629349 Part4 12 July 18:48:51 Pallet 4
5 1721739249 Part5 12 July 18:49:06 Pallet5
6 28159349 Part6 12 July 18:49:20 Pallet 6

Table 3.2: Example of ID Database

As the example of the table 3.2 shows, we can have non-synchronized PID and Pallets
IDs, as for the Pallets 1 and 2. Which means that most probably for a system with just
6 pallets allocated in a linear way, the pallets 1 and 2 already completed one cycle on
the system, and its PID was re-assigned by the Digital Twin for the next PID, which it
is the last PID created plus one. Thus, on this example, Pallet 1 was the rst one to
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nish and got the next PID that was the successor of 6, and right after, the Pallet 2 also

got nished, and it received the next ID. Therefore, as it is clear on the example, the

DT needs to keep track of this counter of PIDs and keep re-assigning it on this physical
interaction with the system.

3.3. Digital Model

As seen in Section 3.1, the Digital Model (DM) is important within the Digital Twin
framework, serving as the core component that interacts with all services. The DM
provides a tangible digital representation of the system, contrasting with predictions,
calculations, and unstructured data. It is essential to di erentiate the DM from the
database or Models Store (MS).

It is crucial to distinguish between "digital model" and "model." Although they may
represent the same concept, the latter typically refers to a le storing speci c properties
of a system's state and layout. Converting such a le into usable digital components
for simulation de nes the digital model. The Model Store comprises multiple models
translated into digital models based on service requests, as shown in the subsequent
subsection.

3.3.1. Model Structure

The proposed system comprises several key components: machines, queues, conveyors,
and parts, each distinguished by unique attributes 8.12. While the model captures basic
attributes to represent these components, the Digital Model enhances them with addi-
tional features for complex operations.

The representation of a manufacturing system can be considered as an arrange of Nodes
and Arcs, as shown in the Figure 3.2. Nodes, the machines in the system, execute man-
ufacturing operations, while arcs, representing queues and conveyors, establish logical
connections between nodes. Each machine may have multiple arcs connecting di erent

machines. The Table 3.3 shows the main attributes of Nodes and Arcs.

The best way to understand this structure is through an example. Observe the Figure
3.2. In this Figure, we can identify a branching system with a closed-loop system. The
system has 4 machines represented by the nodes: nl, n2, n3, and n4. The system has a
branching point at nl that diverges to n2 and n3. At this point, we have 2 diverging arcs
(A2, A3) that connects, respectively, nodes N2 and N3. Moving forward, we have two
converging arcs, A4.1 and A4.2, that connect to n4. Taking in consideration the logical
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Components Attributes Descriptions
ID Indicates the machine unique ID
Predecessors Represents the ID of backward linked machines
Nodes Successors Represents the ID of forward linked machines
Process Time Stochastic distribution
Cluster Cluster ID of that machine
Worked Time Time already worked for the current part
Arc Machine IDs connected by the arc
Arcs Capacity Maximum gueue occupation

Transportation Time Conveyor transportation time

Table 3.3: Descriptions of Components and Attributes

connection between nodes and arcs, and also its attributes, it's possible to convert it into
a Digital Model. The conversion, also called as translation, is explored in the Appendixes
8.11. An example of this model in gson format can be found in the Appendixes 8.9.

Figure 3.2: Example of model with nodes and arcs

Several key considerations arise from the system's structure. Diverging arcs pose mini-
mal issues as each translates into a queue with speci ¢ properties, and each subsequent
machine connected to the arc has its own queue. Conversely, converging arcs present
complexities, with multiple arcs merging into one queue (e.g., A4.1 and A4.2). While
node 4 will have only one queue, the di erences between arcs, such as varying conveyor
transportation times, must be acknowledged. We assume equal capacities for converg-
ing arcs but recognize potential di erences in Transportation Time due to di erences in
lengths.
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The attribute "worked time" is important for synchronization (Section 3.4). It signi es
the time a speci ¢ part has spent in a machine, structured as "["Part ID", time_worked]".
For instance, if Part 1 has been in Machine 1 for 10 units of time, its worked time would
be represented as ["Part 1", 10], enabling precise tracking of parts within machines.

3.3.2. Model's Store

Understanding how models are stored is crucial for e ective management within the sys-
tem. Di erent services operate at varying frequencies, necessitating corresponding model
versions. For example, the Synchronization service requires the most recent model to
swiftly update part positioning, ensuring the Digital Twin accurately mirrors the physical
system. External Services also operate at a high frequency to implement system improve-
ments promptly. In contrast, Validation requires older model versions to compare system
behavior over longer periods.

The Model Store, typically a folder, houses all model les (Figure 3.1). While all services
access the Model Store, only Synchronization and Validation modify models, creating new
versions instead of overwriting existing ones. This approach enables tracking of model
changes. For instance, Synchronization creates new models with updated part positions,
while Validation updates stochastic behavior, focusing on process time distributions.

Naming conventions are critical for organization and tracking. Typically, models are
named with creation timestamps and sequential counters. Timestamps provide a reference
for model creation, while counters simplify identi cation. For instance, a Synchronization
service starting at timestamp 1689184350 would name its models lik&689181%0_1.json",
"1689181%B0_2.json", "1689181F0_3.json", and so on.

3.3.3. Digital Model Running (simulation)

Before initiating the simulation, let us assess the current system state. Firstly, a raw
model containing system attributes in a JSON le (Annexes 8.9) was translated into

di erent digital components using a model translator. An overview of the translator can

be found in the Annexes 8.11. These components, including machines, queues, conveyors,
and parts, were instantiated as objects for e cient manipulation (Annexes 8.12. Parts
were assigned to speci ¢ queues and machines (via Worked Time). Queues and conveyors
were linked to machines. Additionally, model constraints were de ned to ensure accurate
simulation execution. A more detailed explanation of model constraints can be found in
the Annexes 8.10.



3| Deployment of Digital Twin Architecture 43

With all components and constraints established, the simulation process can start. The
overall framework for running a simulation is depicted in Figure 3.3.

Figure 3.3: Digital Model Running Framework

In Figure 3.3, two types of blocks are shown: yellow and gray. Yellow blocks represent
components related to data storage and retrieval. These blocks are associated with the
"Digital Database." Conversely, gray blocks denote components related to initializing and
running the simulation within the simulation environment.

Once the database setup is complete (Database Cleaning and Database Initiate), compo-
nents are prepared for simulation execution. Simulations in the Digital Model are executed
within a Simpy Environment (a python library for running Discrete Events Simulations),
meaning all processes involving waiting times (yield) are treated as processes. Processes
related to the passage of time during the simulation, such as machine processing and
conveyor transportation, are listed in the sequence of processes under "Run Machines"
and "Run Conveyors." it is crucial that these components are associated with the same
environment, ensuring coherent execution.

To illustrate the simulation process, let us consider a simple example with three parts:
two machines, two queues, and one conveyor connecting both machines. Initially, all
parts are positioned in Queue 1 of the rst machine. Machine 1 has a stochastic process
time with an average of 10 seconds, Machine 2 with 20 seconds, and the conveyor has
an average transportation time of 5 seconds. The simulation runs for 20 seconds, during
which Machine 1 processes the rst part, which is then transported via the conveyor to
Queue 2 of Machine 2. Meanwhile, Machine 1 begins processing the second part. This
process continues until the simulation reaches the time constraint.
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Figure 3.4: Example of Simulation step by step

Moreover, the Simulation gives us this result in a written format that is easy to read. As
it shows in the Listing 3.1. Besides that, we can visualize the same information but in a
more compact way in the digital database, as shown in Table 3.4.

### ============ Simulation Started ============ ###

Time: 0 - [Machine 1] got Part 1 from Queue 1 (capacity= 2)

I Using 'alternated' policy to allocate Part 1 to Queue 2

Time: 8 - [Conveyor towards Queue 2] GOT Part 1

Time: 8 - [Machine 1] got Part 2 from Queue 1 (capacity= 1)

Time: 13 - [Conveyor towards Queue 2] PUT Part 1 in the Queue 2
Time: 14 - [Machine 2] got Part 1 from Queue 2 (capacity= 0)

I Using 'alternated’' policy to allocate Part 2 to Queue 2

Time: 16 - [Conveyor towards Queue 2] GOT Part 2

Time: 16 - [Machine 1] got Part 3 from Queue 1 (capacity= 0)

Listing 3.1: Simulation Written Output
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Event ID Machine ID Activity Part ID Queue Timestamp (Integer)

1 Machine 1 Started Part 1 Queuel 0
2 Machine 1 Finished Part1 Queue 2 8
3 Machine 1 Started Part 2 Queue 1 8
4 Machine 2 Started Part 1  Queue 2 14
5 Machine 1 Finished Part 2  Queue 2 16
6 Machine 1 Started Part 3 Queue 1 16

Table 3.4: Digital Database Example of a Simulation

3.4. Synchronization

The generic de nition of synchronization refers to the process of coordinating activities
or events to occur at the same time or in a desired sequence. It can involve the coordina-
tion of multiple systems, processes, or events to ensure that they occur in a coordinated
manner. In the case of a manufacturing system modeled by discrete event simulations,
synchronization is related to the correct alignment of parts positioned in a DES system
with those of other DES systems. When it comes to Digital Twins, the synchronization
has the goal to updated the digital DES with what already happened in the physical DES.
Essentially, the sync corresponds to looking into a sequence of events and understanding
what is the new positioning of parts after all the events.

3.4.1. Simple Synchronization Example

For simple matter, let us take an example of 2 systems, the rst one representing the
reference (physical system) and the second one trying to be as much as possible synchro-
nized with it (Digital Twin). let us analyze both systems in 3 di erent snapshots in time

(T1, T2, and T3). As it is possible to visualize in Figure 3.5, both systems are perfectly
synchronized in T1 but as the time pass, the system 2 lost reliability compared to the
system 1, given that some events happened in the system 1, but the second one didn't
have the chance to synchronize it yet. The next synchronization for system 2 happens
right after T2, and in that case, the system is again aligned with the rst one. After this,

in the next unit of time, the system lost sync again. This process repeats continuously.
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Figure 3.5 Sync Example in T1

Figure 3.6: Sync Example in T2

Figure 3.7: Sync Example in T3

As the pictures shows, it is really hard to have a system perfectly synchronized. The
limitation here is the frequency in which the synchronization is done.



3| Deployment of Digital Twin Architecture 47

3.4.2. Constrains & Assumptions of Synchronization

The interesting question here is how to synchronize both systems considering only the
traces from one of them. For that, the rst step is to assume that both systems need to
start from a point where both were synchronized and that the logic of the system does
not change during the synchronization, such as by adding a new machine or changing the
route. For instance, if in the traces it has been said that a 'Part x' was put in the "Queue
Y", it is correct to assume that the part actually took that path and went to "Queue Y"
and it was not taking a wrong path towards "Queue Z" or even that the part was removed
from the system.

Keeping all of those assumptions in mind, it is now possible to discuss how to answer the
previous question properly. Looking into the di erent picture between T1 (Figure 8.24)
and T2 (Figure 8.25) in the previous Figures of system 1, it is possible to try to guess
what are the events that had to happen for the system to achieve the current scenario of
the positioning of parts. For example, a good guess would be:

Event ID Machine ID Activity Part ID Queue Timestamp (Integer)

1 Machine 1 Started Part 1 Queue 1 Ti1
2 Machine 1 Finished Part1 Queue 2 Tio
3 Machine 1 Started Part 2 Queue 1 Ti3

Table 3.5: Possibly sequence of events to gét

Given this sequence of events from the real database, the synchronization service should
be able to reproduce the same behavior of the real system and achieve the nal targeted
stage. Even though it seems a simply tasks, some important steps need to be taken in
consideration in order to truly replicate what happened in the physical system into the
digital one. Given that, some important consideration can be dropped in the following
topics:

1. Zone Level: The rst mistake would be to try to solve the problem from the
perspective of a machine level. The system needs to be a threat at the Zone level
because the communication between one machine and the other is given by queue
allocations, and not directly between machines.

2. Management of Parts:  Within the same Zone, it is important to keep track of
allocation between two vectors: parts within zone's queue, part within zone's ma-
chine. Since we're dealing with parts IDs, it is not possible to ignore the positioning
of each part and treat only with amount allocated. Besides that, it is crucial to keep
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track of them even within the same zone. This is true because in the same zone
the part move from the queue to the machine and only after the machine, the part
moves to next zone.

3. Dealing with 'Started' traces: The 'Started' trace is the most simple one be-
cause it deals with the internal movement of parts within the same zone. In this
case, it is only necessary to move the part from the queue to the machine. However,
it is also important to take track of the time that this operation started. This is
extremely important if the Synchronization wants to be capable of keeping the sys-
tem aligned even for the time that a part has already been processed. For example,
if a synchronization occurred and in the end a part was identi ed within a machine,
knowing how much time the part has passed inside of that machine before nishing
the traces analyzed is important to keep the simulation more accurate, otherwise
the simulation would also have an initial error that corresponds with accumulation
of process time of all the machines, given that most of the time the machines are
busy. This is a huge problem for system that are more slow and the time for each
part is higher inside of the machines than outside. This question is related with the
so-called"Worked-Time"  that will be discussed later.

4. Dealing with 'Finished' traces: In this type of trace, the Sync should be able
to do two main steps. The rst obvious process is to remove a part from the vector
of parts within a machine. However, the positioning of these parts doesn't end with
this action. it is also necessary to understand where the part will be placed now.
This case needs to be taken into consideration now and not in the 'Started' trace.
For this task to be completed successfully, the current Zone needs to know where
the next Zone is to allocate the part to by only looking for the Queue chosen. With
that in hand, the vector of parts in the queue of the next zone should receive the
allocated part.

A more detailed example of Synchronization can be checked in the Annexes 8.13.

3.4.3. Synchronization Framework

The framework of Figure 3.8 summarizes all the steps pointed out before in the previous
section. The important message is to understand that synchronization will take the set
of traces extracted from real database and will analyze trace by trace. Reproducing the
behavior of the traces, the sync will be able to align both systems. For this reason, the
synchronization framework is a loop that repeats for every trace taken from the database.
The amount of traces taken is related to the synchronization frequency and with the Time
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Pointers, as explained in the Annexes 8.8.

Figure 3.8: Synchronization Framework

In this framework, the following actions can be described as:

A~

All Traces Selected: Represents all the traces presented in the portion of the
database selected to execute the Synchronization in that period.

Speci c Trace: Is the current trace being analysed

Decision D1: Decides if the Trace is 'Started' or 'Finished'

Decision D2: Decides if the machine is or not a nal machine.

Mstarted(): Add the selected part id from the zone queue to the zone machine

Tstarted(): Take note of the time that the machine started the process of that
part in the case that the part is not nished within that synchronization.

MFinished(): = Remove the selected part id from the vector of working pieces in
the zone machine.

NextAdd(): Add the selected part id to the next selected zone.
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" IncreaselD(): Increase the next part id to be created in case of the nal machine
in a cyclical process.

Worked Time

Usually when we do a synchronization, we look into which parts are present in which queue
and machine. But, synchronization of a digital twin with a physical system requires more
than the position of parts in the system. Given that we are building a digital twin that
can track the remaining cycle time of the parts in the system, we have to know the worked
time (duration of processing time already completed by the part in a machine) to calculate
the remaining time a part will spend in its current Machine for processing. This worked
time can be calculated from the traces we obtain from the real event log. There are two
di erent scenarios that appear in the real event log in terms of traces if there is a part in
the respective machine. Based on these two scenarios, two di erent strategies could be
used in calculating the worked time.

1. Scenario 1: The scenario where &tarted trace is available in the set trace for a
speci ¢ machine, but noFinished trace available.

In this scenario, the machine has started processing a part but hasn't nished pro-
cessing it. In this condition, we take the timestamp from that particularStarted
trace and compare it with the current time. This gives the worked time of that
particular part.

ConsideringTs; as the current time of synchronization and sieq @s the timestamp
on the Started trace, we can calculate the worked timé& orkeq aS:

Tworked = Ts2  Tstarted (3 1)
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Figure 3.9: worked time calculation for scenario 1

2. Scenario 2: The scenario where there is nBtarted trace and with or not aFinished
trace available for that a speci c machine

This scenario happens either when there is no part in the machine or the machine
is still processing the part. Since we are trying to calculate the worked time of the
part in a machine, let us look into the case where the part is still in the machine
as the machine hasn't nished processing it. Given that the part is already in the
machine, the Started trace of the part would have already appeared in the set of
traces used for previous synchronization and not available on the current set of traces
of this synchronization. This means that the last updated digital model already has
a worked time, as explained in scenario 1. In this condition, we can calculate the
duration between the last synchronization and the current synchronization. This
duration would be added to the existing worked time in the last updated digital
model, giving us the recently updated worked time.

Let us take the case where there is no "Finished" trace. Consideririg; as the
start of the current set of traces,Ts, as the current time of synchronization, and
To, orked @S the worked time already present in the last updated digital model, we
can calculate the worked time T_worked as:

T1 worked=T_S2 T_S1 (3.2)

T_worked= TO_worked+ T1 worked (3.3)
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Figure 3.10: worked time calculation for scenario 2

Similarly, in case of a "Finished" trace, the approach would be the same. However,
instead of using the last time available between the current set of trace$st), we
use the time of the event "Finished", which it is between the time of starting the
sync and nishing the sync - betweerTs; and Ts,. It is important to highlight that

the Worked Time feature is an attribute that needs to be updated on the model le
as well, as indicated in Section 3.3.1. As we can see, having it updated there also
helps sync to continue the calculation of the previous part that was already working
and continuously working.

To support the understanding of the Synchronization methodology, a complete example
is available in the appendix 8.14.

3.5. Validation

When it comes to digital twins, validation refers to the veri cation of whether the digital
twin is up to date and aligned with the physical system. One of the major characteristics
of a digital twin, the real-time re ection of the physical system in digital representation,
requires continuous checking and updating of the digital model. This is important because
almost all the services provided by a digital twin, such as monitoring, analysis, perfor-
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mance measurement, and feedback services would be reliable and accurate only when we
have a valid digital twin. For this reason, the digital twin is continuously validated with
a given validation frequency.

Usually, two types of validation are executed within the digital twin framework. The
validation of the logic veri es the accuracy of the system layout. In other words, the logic
checks if the ow of parts is correct, for example, if all the queues and machines are linked
accordingly and no new paths or model con gurations were created. On the other hand,
the validation of input veri es the behavior and the working parameters of the system.
Normally, the parameters checked by the input are all related to the stochastic behaviors
of the system. In this thesis, it was considered an input parameter only for the stochastic
process time of the machines. The transportation time was not handled by the validation,
and it opens space for future researchers. Besides that, since we can never have a perfect
system in practical applications, we will never have perfect validation. For this purpose,
a validation threshold needs to be set, below which the system is considered to be not
valid. When this system is not valid, it has to update itself to be valid again. Hence,
methodologies for the two types of validations discussed above have to be updated.

Validation Big Picture Framework

The overall approach to validate both systems is through the so-called "sequence compar-
ison". The following methodology is adapted from the previous work from the lab [27].
The idea is to take a certain set of traces from the physical system and compare it with
a new set of traces generated from the simulation using the last validated digital model.
The digital model simulation will generate a new set of traces of events that happened
using the currently available model con guration. Since the model was the last validated
and it runs for the same amount of time as the range available from the real data, both
results of traces should be quite similar. In case of a very di erent result, it could indicate
that the model used is not updated anymore and should be updated again.

In case of a not valid system, using the same traces that didn't match with the digital
traces generated, it is possible to identify which parameters should be changed. As we
see, we have two big challenges here: comparing two sets of traces and understanding
how di erent it is from each other, and if necessary, looking into the real traces and
seeing which parameters and con gurations the digital model should be updated. The
rst challenge will be solved by the di erent methods of comparison and trace driven
simulation, while the second one will be solved with a Updator feature.

In order to understand completely how the "sequence comparison" and sLCSS method-



54 3| Deployment of Digital Twin Architecture

Figure 3.11: Validation Framework

ology works, it is recommended to deep dive into the appendix 8.20

As discussed above, validation of digital twin is done in two di erent perspectives: a.
input validation b. logic validation. Both validation types require their own techniques
due to the di erence in the entities being validated. The validation procedure for both
validation types starts from the data available in the real log. Each validation is done
based on a prede ned frequency,4). The validator takes a set of traces from the real
log, ideally from the endpoint where a set of traces for previous validation was taken till
the most recent trace, see the appendix 8.8. This trace is used to run a trace driven
simulation or quasi trace driven simulation to verify the validity of the digital twin. Once
the validation procedure is done, a set of validation indicators is obtained, which are
compared with a set of threshold values. If the obtained validation indicators are above
the threshold value, that particular validation is considered to be correct. Then the digital
twin prepares for the next validation procedure based on the validation frequency.

More about the Trace or Quasi Trace Driven Simulation applied in this methodology is
detailed in appendix 8.16

If the validation indicator is below the threshold value, depending on the type of valida-
tion, an updating procedure is done by the updator. For the input validation, a statistical
method is followed to identify the latest behavior of the input parameters of the system,



3| Deployment of Digital Twin Architecture 55

as the system is usually stochastic in nature. For the logic validation, update is done by
a method called model generation. A brief understanding of the validation and updating
methods of input and logic is explained in the Annexes 8.17. Once the updating is done
for the respective validation types, the updated values are added to the digital model and
stored in the model store, making it available for other internal and external operations
of the digital twin.

More information about the di erences between the logic and input validation is available
in appendix 8.19. Also, an example of application of the methodology is given in the
appendix 8.15.

3.5.1. The Logic Validation Framework

The Logic Framework can be extrapolated by the previously mentioned concepts of the
generic validation framework of Figure 3.11 and by the di erence highlighted in the pre-
vious subsection. Initially, the rst step, as always, is to extract the real traces from the
real database, creating, in this way, the real sequence. Then, the rst di erence occurs
when generating the Trace Driven Simulation (TDS) traces. In this step, the validator
will analyze the real traces and understand which part IDs are presented in the physi-
cal scenarios, how much time each part spent in each machine, what were the machines
involved in that iteration, and so on. All of this information will be stored in several
vectors. The second stage, "Setting Digital Model", is the continuation of the previous
one. The main goal here is to take the previous insights from the created vector and
transmit it into the current digital model. As presented in the previous subsection, the
most important information for running the logic validation is to give the constraint to
the system to not generate any more random process times. For that, in the settings,
the validator will assign for each part in the model the respective process time that was
extracted from the real traces. In this way, when running a TDS the machines will know
what process time to use for each part.

For sure, since the system might have di erent amounts of traces, it might not be possible
to have a process time for all the parts or for a speci c part the process time for all the
visited machines, which mostly happens when a part initiates a process in the real system,
but was not able to nish. Because of that, in such cases with missing information from
the real system to assign it into the parts, standard process time from the previous digital
model is assumed. Other speci c considerations might be useful for the implementation,
being able to see all of that in the code documentation [11] or in the appendix.
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Figure 3.12: Logic Validation Framework

Besides these considerations, the framework continues as expected. With the updated
digital model with the requirements from the TDS, it is possible to run the simulation. The
digital traces are stored in the digital database, and a sequence of traces is extracted. Both
sequences, digital and real, are put it together for a sequence comparison methodology
using the sLCSS. From this comparison, it is possible to calculate the Logic Indicator
using the Equation 8.1. Depending on this indicator and the validation threshold, the
model updator will be called.

3.5.2. The Input Validation Framework

The most important validation procedure for this thesis is related to Input Validation.
Identifying if a system has the wrong input indicator could mean that some change on
the process time of some machine from the physical system has happened, this could be
because a machine is running slower given a failure, a di erent speed production due to
di erent operators performance, a machine running faster given an improvement done by
a maintenance, and much more examples could be listed here, in other words, everything
related to the behavior of the system. For this reason, identifying when a system lost
input validation is crucial to keep a system updated, and losing this kind of indicator
happens frequently. As shown in the previous section, the main di erence of the input
with the logic perspective is that now the input will not know precisely the process time

of the machines. It will let the distribution of each machine generate the process time and
compare the result sequence with the real sequence. However, a randomness adjustment
will need to be done for each machine distribution, as it is going to be explained later.
The Annex 8.21 explains how the randomness should be taking in consideration.

The Figure 3.13 shows the Input Framework. As it is possible to notice, the input frame-
work is similar to the logic, with some exceptions on the yellow part. The rst step is
di erent as well. Instead of extracting the real sequence with the goal of getting the



3| Deployment of Digital Twin Architecture 57

processing time of each part for each machine cluster, here the extracted real traces aim
to get the processing time used on each machi(r) - without carrying about what part
took that time. The following step is to look into this real sequence of process time from
each machine and extract the randomness out of it. The randomness u is then used
to create the digital vector (Xs) of process time for each machine using the distribution
present in the last updated digital model. Using this Xs vector is then used as input for
the simulation by doing the Setting of Digital Model. With the digital model ready, the
digital model runs the simulation in order to generate the Digital Sequence of Traces that
will be used for comparison with the sSLCSS methodology together with the Real Sequence
of Traces. In the end, the validation indicator is calculated and the Input Indicator is
used to understand if a model update is needed or not.

In order to comprehend better the extraction of randomness, it is possible to dive deeper
in the appendix 8.21, where a detailed explanation of the process will be given.

Figure 3.13: Input Validation Framework

In the case of the Digital Twin, we want to guarantee that if there is a di erence between
the real and digital sequence generated, it is because the whole distribution con guration

is wrong and not only because both systems had the chance to generate sequences with
di erent randomness. For this reason, theXr from the real system is collected and
extracted from it the randomness of each machine distribution. This vector of randomness
is then inserted to generate the digital sequence of process times for each machine on the
digital model, the Xs. Since both system now have the same randomness, we can run the
simulation to create the sequence of digital events. Comparing the sequence of digital and
real events with the class, it is possible to understand if, even with the same randomness,
both systems are or are not aligned.

The processing times used for the simulation come from the;)$equence. But, sometimes,
the trace-driven simulation requires more number of values than the values available in
the Xs for some machines. This happens if the digital model has processing times smaller
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than the real system, so more traces are generated. The extra traces are coming as
a consequence of the machines being processed due to the dynamics generated by the
machines in the trace. For additional traces that require a processing time, the simulator
generates a stochastic value using the parameters in the digital model.

In case of misalignment of the input validation, a speci ¢ Input Updator is called to change
the model with the accurate values of process time. Further information regarding this
input update is available in appendix 8.18
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4 ‘ Remaining Cycle Time
Prediction as an External
Service

The potential applications of Digital Twins are vast, ranging from production predictions

to scheduling and maintenance forecasts, among others. However, much of the existing
research in Digital Twin studies focuses solely on digital model generation or isolated
features, limiting their ability to assess the broader applicability of Digital Twins. This
thesis, by proposing a comprehensive framework, enables the development of external
services, representing a practical innovation within the current study. Regarding External
Services, the Digital Twin addresses a signi cant challenge: on a production system with
multiple routing possibility, nding the most optimized path for each work piece presents

a critical level of complexity. This is mainly because of the di erent characteristics of
individual machines in each route of the production line. The di erence in this context
could be in terms of di erent process times, depreciation rates, maintenance schedules
and other performance capabilities.

Given this variability in production and environmental parameters that change in real
time, one of the best strategy is to use the digital shadow to run prediction or forecast
services with discrete event simulations. These simulations could be used to analyze
multiple key production indices like production capacity and throughput.

One such parameter is the remaining time a part will spend in the production system
to nish its production cycle, also called as "Remaining Cycle Time" or "RCT" from
here on. RCT could be used as a key parameter in scheduling parts across the system.
A scheduling with least remaining time would lead to lower total cycle time and higher
throughput. The act of scheduling and routing of production system based on remaining
time of parts is called as "Remaining Cycle Time (RCT) Predictions services" in this
thesis. The RCT will not only provide the prediction of scheduling paths for each part,
but it will also implement this feedback in the dynamic physical system, converting the
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aforementioned digital shadow into a digital twin.

4.1. RCT De nition

Cycle time is considered the total time spent by an entity in the system concerned. As
the entity passes through the system, the time left for the entity to complete operations in
the system reduces or increases depending on the dynamics of the system. For example,
a person waiting in a queue at a counter will have his remaining time reduced if a new
counter is opened in parallel. On the other case, if the server at the counter decides to
take a break and stops his work, then the remaining time will increase. This unpredictable
and complex dynamics of a system requires a dedicated system to continuously monitor
and calculate the remaining time for the entity to know how much time the entity can
nish up all its work and exit the system. This remaining time to nish all the processing

and exit the system is called the remaining cycle time. The concept of remaining cycle
time is applicable in all the elds where an entity is going through a system that involves
some waiting or processing period. Some examples could be handling crowds in a govern-
ment o ce, tracking packages by delivery services, traveling times for tourists, document
processing in o ces, and global supply chain management.

In mathematical terms, the RCT can be easily calculated if the time of exit of the entity
Is known. For instance, let us assume that the time of entrance in the system is denoted
as Ty and the time of exit asT,. Initially, it is trivial to guess that the RCT is calculated

by simple subtraction between the start time and the end time, as shown in the equation
4.1

RCTo=Th To (4.1)

This initial RCT is the total Cycle Time, as it is the whole time that the part will spend
in the system. However, if the part moves forward in the system, thRCT will naturally
decrease. Thus, at any point further ofly, the RCT calculation becomes dynamic.

Let us consider now that the desired number of RCT calculations is equal to In other
words, let us create a discretization in time within the period oRCT,. In a certain way,
this amount of points will compose our mesh of RCT calculations. In this scenario, we
processn calculation for each discretized point in the mesh; the point being calculated
at the moment is calledTime of Interest ( Ty). Naturally, the last calculation will give
0 as remaining time because it is considering the di erence in time between the nished
time itself, RCT, = T, T,. To visualize this mesh and each RCT in an ideal case, it is



4| Remaining Cycle Time Prediction as an External Service 61

(a) RCT Linear representation (b) RCT Ideal evolution in time

Figure 4.1: Representation of remaining cycle time.

easy to use a linear graphical representation as shown in the gure 4.1a.

As it is possible to see, the RCT bar decreases as discretized points get closer to the end
time T,. In general terms, the formalization of the calculation of the RCT for the Time
of Interested Ty can be represented as in the Equation 4.2.

RCTk(Tk) = Tn Tk (42)

The equation 4.2 can be easily identi ed as an equation of the rst degree asfir{x) =

a x+ b. The measure oRCT, depends, in this case, only on the current interested time
Tx. Thus, that becomes our independent variable. The linear coe cienb de nes the
starting point of the line and here it takes the position ofT,. On the other hand, the
angular coe cient a de nes the inclination of the line. In the RCTy, this coe cient is
represented by 1, and because of that, we have decreasing line. The evolution in time
of the RCT can be seen in the Figure 4.1b.

4.2. Real World Impact on RCT

Even though this demonstration and conclusions are correct, knowing precisely the end
time is impossible, even with a simulation model. The end tim&, is not a constant that
is 100% predictable, but actually a very complex function that depends on several factors.
Encapsulating all of these real-world factors in one variable, it is possible to say that
the end time is a function ofu, thus T,(u). Given that, the RCTy functions can not be
seen as a rst-degree linear plot, but as a multiple-degree function, as the Equation 4.3
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illustrated. Because of that, the plot ofRCTy is mostly likely to be consideredandom
rather than linear, as Figure 4.2 shows.

RCT(Ti;u) = Ta(u) T (4.3)

Figure 4.2: RCT Real evolution in time

The random behavior happens mainly because of two factors:

1. Stochastic behavior of the system: The real-world system is not deterministic but
stochastic. Thus, the process time to execute the same task changes over time,
usually following a known distribution.

2. Unpredictable changes: The real world is exposed to changes that sometimes can't
be tracked, such as failures, maintenance, addition of new elements and so on.

Because of these factors, the RCT in a speci @ can decrease more than what was
expected or even increase rather than decrease. Everything depends on how the factors
impact the dynamics of the system and on the consequences of how it impacts e
Modeling a system that canpredict for a given Ty its related T, is a signi cant task.
However, more than that, continuously updating theu to attend to the new changes of
the real system in order to generate a more reliablg, is the true challenge. And for that,

the Digital Twin framework presented is capable of accomplishing this audacious goal.
An example of RCT is provided in Appendix 8.22.
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4.3. Practical Constrains for Predicting the RCT

The u variable is a gathering of all variables that impact the prediction ofT,. It can

be made of an large number of factors and really depends on the type of system being
modeled. More than the number of variables, the same variables can have di erent impacts
on the nal calculation; in other words, the weight of each variable iu changes depending
on the application. For instance, Creating a Digital Twin to predict the RCT for a banking
system for sure will have di erent key measures than a DT for the delivery of food, and
so on. That's why, before making any simpli cation, it is important to well de ne the
application eld. The Equation 4.4 exempli es how the abstract variableu could be seen.

ux;y;z;:ii)=pL X+p y+ps z+ (4.4)

As mentioned before, this research is focused on the manufacturing system-level applica-
tion of Digital Twins. Thus, the rst step in order to model better the u is to understand
what factors are more important and which of them can be ignored. The goal of this is to
nd an approximation of u that could be related to some information from the physical
world that is possible to measure, extract, and model in the digital world. For this project,

it was considered a simpli cation ofu in which it is represented by only 4 measurable
factors as in Equation 4.5:

u=% t; !arC;bcapl', pp) (4.5)

Where,
" wis the simplied u

A

t is the Process Time vector. Each element of this vector represents the stochastic
distributions of the machines (also called as nodes) present in the system.

Yot = [ma(t);mat); i m ()] (4.6)

~ . " . " . . .
arc: is the "arcs connections” matrix. Each row of this matrix represents one
connection between nodes.
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2
ml m2
I ml m3 47
arc = )
m2 m4 (4.7)

B 'qcap: is Queue Capacity vector. Each element of the vector represents the maximum
capacity of a Queue.

Ocap_ [Cy;Cyiii5C ] (4.8)

~! pp: Parts positioning vector. Each element of the vector represents the parts being
positioned in that speci ¢ Zone.

2
PLP2 P3
'pp= g % (4.9)

P5,P6

With these 4 factors, it is possible to create a reliable Digital Twin capable of predicting
the T, with more accuracy. All the factors are represented in the digital model of the DT,
and that model is used to simulate and predict the RCT. The Parts Positioning matrix
!pp Is updated for each newSynchronization . The Process Time vector is updated
for each newlnput model update . The "arcs connections" matrix ‘arc and Queue
Capacity vector hcap are updated for each newogic model update . In this way, using
the proposed Digital Twin framework is feasible to obtain a system that continuously
updates all the 4 most important factors of thet that impact the prediction of the T,,
and by consequence, the most precisaC Ty.

4.4. RCT Terminology

4.4.1. Branch Machine

The machine just before the cluster of parallel machines is called aBeanch Machine

as it precedes di erent parallel branches. This is the machine where the decision will be

made. Let us assume that each Branch Machine can be represented mathematically as
i, Wherei is a counter that goes fromL till the last existing branching machine.
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4.4.2. Part Making Decision:

When a part approaches the branch machine or the parallel machine, a decision-making
process for the routing policy is initiated. The part in the system is called aBart making
decision The position of part initiating the decision policy would be before the branching
point so that the DT has time for making predictions. In this thesis, the Part Making
Decisions is the one waiting in the rst position of the queue of the branch machine, in
other words, the next one to be processed in the machine. Consider that each part making
a decision can be represented &g , wherej is the Part ID of that part and k is the same
as used for theT,. The Figure 4.3 illustrates the complex case all the branching machines
available and the parts making decisions. Not always a branch machine will have a part
in making a decision.

Figure 4.3: ldenti cation of branching machines and parts making decisions in a complex
system

4.4.3. RCT-paths

The di erent routing possibilities are mentioned asRCT-paths. Since each path can have
di erent behaviors, each path also has dierent RCTs. Thus, each part of making a
decision will have di erent RCT paths for each possible decision. The Figure 4.4 shows
the di erent RCT-paths for one unique part making a decision in the rst branching
machine.
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Figure 4.4: RCT paths for a part making a decision

Since for eachPj, ther(? are many RCT paths possible, let us create a vector to store
those calculated RCTs RCTjx). Now let us consider also that each RCT path can be
denoted asRCT,, wherea is a counter that goes from 1 for the rst RCT-path to , the
last RCT-path. In this way, the vector with all the RCT-paths of Py, can be seen as in
the Equation 4.10:

I
‘RCTjkx =[RCT1;RCT,;:::;RCT,; i1 RCT 1;RCT ] (4.10)

Once you have the vecto!rRCT,-k, making the decision for the partP;, becomes more
easy. The decision could be made by only looking through the vector and choosing the
fastest path. With the decision made, the feedback can be implemented in the real
system, re-scheduling the allocation policy for that speci @, considering the chosen
path. However, the question may occur: consideringRy positioned in a ; machine, is

it trustworthy to choose now all the next decisions, even for the next branching machines

( i+1, i+2,andsoon)? For sure, no. Even though, in a stable system the decision remains
the same, stochastic changes or unpredictable changes can occur, and the system should
be able to still ke(?p choosing the best path. Because of that, eaefa can have multiple
(re)calculations of RCTjc every time that the parts reaches a new branch machine.

Another aspect to have in consideration is that in some points, it doesn't make sense to
implement feedback. Implementing feedback in a real system can sometimes be a task
with a lot of e ort or at least risky. Since we're dealing with changes in allocation policies,

it implies changing the physical con gurations of pusher decisions or other settings. As
more changes are requested, more consumption of physical resources are used, reducing
its life expectancy and increasing the probability of failure. That's why if the di erence
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between choosing thelefault path or any other path is not higher than a certain value,

it is better to not implement the feedback for that specic case. For instance, in a
system with parallel and mirrored machines with the same process time and in the same
conditions, indeed, the best policy is the Round Robin; there is no reason to implement
the RCT feedback. In this sense, a threshold value need to be stipulated and here is
denoted as . The RCT of the default policy can be represented bRCTy

The rst thing to understand if a path is good enough to pass the threshold is to calculate
the gain of that path, called asG,. Intuitively, if a RCT, is equal to the RCT of the
default policy, the gain should be zero. IRCT, is lower thanRCTy, than the gain should

be higher than 0. This occurs because having a lower RCT is a good thing in terms of
performance, and the goal is to choose the RCT path that has the lowest RCT. Finally,
if RCT, is higher than RCTy, then it is expected to have a negative gain. Using this
concept, the gain Equation is de ned in 4.11.

. RCT.
Ga=1 pet (4.11)

Therefore, if theRCT, path presents aG, higher than ,, it means that is reasonable to
implement the feedback and change the policies of the real system to obtain an optimized
operation. If not, it isn't worth making the e ort to change the system. This veri cation

to see if there are any paths better than the default path using the ¢ is named aRCT
Check, and the change in policy from Round Robin to the policy using the RCT-path
chosen is called aRCT Policy .

4.5. RCT Policy Framework

The following section details the framework of the RCT Policy. The steps can be described
as follow:

1. Path Scenario Generation:  From the available logic of the digital model, the
DT creates all possible paths to complete the process of the system.

2. Search for Parts Making a Decision: Searches through all the branch machine
queues for parts in the rst waiting position. If there is any Py available, the
procedure moves for the next step. Otherwise, it leaves this execution (D1 in Figure
4.5).

3. Path Simulation:  For each foundPj. , simulations are performed for each possible
path considering the paths generated in the step 3.
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4. RCT Check: As mentioned in the section before, a gain analysis is executed within
the rtlesults of the previous step to verify if it is worth implementing any of the RCT-
path RCTjx predicted by comparing with the default RCT (D2 in Figure 4.5).

5. Publishing: In case of a higher gain, the chosen RCT-path is implemented into
the system by publishing the result and instruction.

Figure 4.5 illustrates the big picture of the steps required for a complete decision-making
process.

Figure 4.5: RCT service big picture

45.1. Path Generation

In the example of Figure 4.4, the creation of a path seems easy; however, for a much
more complex system, formalization is required. The main reason is that multiple branch
machines in a production line enable multiple permutations in routing. Each branch
machine ; can have a certain number of possible choices for making a decision. This
maximum number of choices of; is denoted as ;. In this sense, we can de ne a choice
as C,j , where! is a counter that starts from 1 and goes till and i represents for
which branch machine that choice belongs to. Taking this into consideration, a rst
generalization of branching machines and their choices are drawn as shown in Figure 4.6.

It is important to highlight that each branch machine ; can have its own , that's why
it is elevated a factor that increases according to their respective. In this sense, each;
has its own vector of possibilities of choices, creating a set@f choices. The Equation
4.12 illustrated how this vector of branching choices can be represented.
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Ci=[euicaiiiinaiiinc]

!

Cit1 = Cui+1); Co(ivn) 55113 G(i+n) 31555 C oqivy) (4.12)
!

C =[cusc;iiiian ;e ]

Using the set of choices all possible paths are created based on a approach similar to
Depth First Search. A brief overview of the approach is provided in Appendix 8.23.

Figure 4.6: Branching System Generalization

Mathematically, this approach allows the creation of the matrix , shown in the Equation
4.13. The j is created for everyTy, but usually, if the logic of the system doesn't
change, the possible combination of paths remains the same. When generated, theis
also unique for every part since, depending on the position of the part in the system,
it can have di erent paths available. For instance, a part more advanced in the process
will have less paths to simulate rather than a part in the beginning. Each row of thej
represents a path. In terms of implementation, a path is a set of instructions that guides
the digital model to know where to allocate a speci @ when it arrives in a specic ;.

In this sense, each column of the ;. represents a branch machine, and the corresponding
element of that column in a speci c row represents the choice that the machine of that
column should take after nishing the processing of the parP.. Thus, indeed the i
represents a set of possible instructions for the Digital Model.
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2 3
Cai; Ci(i+1) N G
Cii; Ca(i+1) » N G
Cii; Co(i+1) 3 i C
K = - - ' (4.13)
Cil Cl(l+l)’ LR | Cll
C i, Co(i+1) s R C
Ci; C(i+1) s S Cuy

Given the possible set of instructions j for eachPj, it is feasible to calculate th!eRCT,-k .

In order to do so, the Digital Twin runs a digital simulation for every instruction, starting
every time with the samet con guration. Every simulation calculates with a certain level
of accuracy the respectivd, to nish up the Py using one of the rows of the ;. With
the calculateldTn and with the giveln Tk, the RCT is calculated for that path and stored
in the vector RCTj. If one of the RCTjx elements passes through the RCT check and
receives a good return, that set of instructions is implemented in the real system through
feedback publishing.

In the current work, the amount of paths created are based on a Depth First Search,
which is not recommended for system that has several possible path, since the number
of simulations increase drastically. The Annexes 8.23 explain how this methodology was
applied. Further studies are needed to understand what path generation approach would
be ideal for a Digital Twin application.

4.5.2. Digital Model Memory for the previous RCT

Another point crucial to having a complete functional RCT service is the capability of the
Digital Model to record the decisions that each part is making rather than sticking with
the default policy. Without this consideration, the preldictions would |be mostly wrong. To
solve this issue, a new vector needs to be created, thevector. The receives in each
row and rst column a specic Py and in the remaining columps the set of instructions
that were allocated to that Part. The Equation 4.14 shows how could be seen in an
example. In this way, every time the Digital Twin runs the Digital Model, the simulation
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will not just look throug'h the selected instructions from the j for every part Pj, but

it will also look into the®  to see what type of instructions the other parts took when
it was making decisions. In this context, this approach guarantees that the simulation is
consistent with the previous decision when making a new decision.

2
P | C11 Ci2 Cu
P C C C
e w10
Pk | Ci  Cp+nyivy C

4.5.3. Estimating number of simulations

Given this mathematical abstraction, it is interesting to predict the amount of simula-
tion that the Digital Twin will be requested to run in order to nd the optimized path.
Remembering that possibilities make each set of choices and that the amount of paths
is obtained through a simple combination without repetition, the total number of sim-
ulations for each partP is equal to the multiplication of from each set of choices.
The Equation 4.15 illustrates this concept. In that equation, it was also introduced the
function ( i) that is just a simpli ed way of representing the maximum number of choices
of a specic ;.
Numix = i Quy 1 :
N (4.15)
Num jx = (1)
i=1
On the other hand, to calculate the whole amount of simulations considering the case with
more than one part making a decision, it is necessary to sum up all the simulation that
each part request. Easily to express in the Equation 4.16, where J is the total number of
parts making decisions in the system for the given timk.

XJ
Num, = N umjy (4.16)
j
Finally, it is worth mentioning that trying to minimize the number of simulations is an
important task. The methodology presented here was not worried about running in the
most e cient way but about getting the best path possible. Because of that, future works
should add e orts to reduce computational consumption with the number of simulations
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by creating a more optimized path generation. However, the methodology presented
showed a good results for simply to medium complexity systems with multiple branching
machines, specially in mirrored systems, as it is going to be illustrated in the experimental
campaign.

4.6. An overview of the methodology used

RCT service, as explained in the previous subsection, calculates the remaining cycle time
for a part of all the possible paths that can be routed. For the calculation of the remaining
cycle time, the procedure starts with the digital model. As the synchronization procedure
updates the digital model frequently with the machine behaviors and part positions, the
data in the last updated digital model is considered as reliable. The remaining cycle time
can be calculated for any part available in the digital model. The calculated RCT can
be used to make decisions in the routing policy downstream of the branching machine
as a way for system performance optimization. Hence, the procedures followed in this
section will mainly target how to calculate the RCT for a part in the queue position 1 of

a branching machine with n number of branches downstream. The procedure can handle
multiple branching machines between the part's current position and the last machine.

Following are the major steps included in the calculation of RCT of a part:

1. After every time period, as decided by the RCT frequency, the digital twin initiates
the procedure for the RCT service.

2. The last updated digital model is obtained from the model store.

3. The layout of the system is extracted from the digital model. Since the stations
are mentioned as nodes and queues as arcs, we can extract the arcs with a common
starting machine and common ending machine as branching and converging queues,
giving an idea of where the paths branch and converge in the physical system. This
can also be done with the data from the nodes because a branching station will
have more than one successor, and a converging station will have more than one
predecessor.

4. Using the layout extracted from the digital model, all possible path scenarios are
generated. Path generation is done by a dedicated algorithm similar to Depth First
Search algorithm. The paths are generated by the choices available at the branching
machines and the combinations of the paths possible. Special care is taken to not
repeat the paths as it takes unnecessary computation time and e ort.
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5.

10.

11.

12.

13.

Once the branching machines and paths are identi ed, a check on the availability
of parts is done. The check is done by looking into the part positions in the digital
model.

If there is a part available in the expected position, the digital twin executes the
remaining procedure. Or else the RCT service waits again for a time period de ned
by the RCT frequency.

Once the part in the position is identi ed, simulations for all the paths available

are done. The di erence between this path simulation and the normal simulation is
that the part follows the path described by the RCT service instead of the default
path.

Based on the individual simulations, the remaining cycle time for the individual
paths is calculated for the part in each individual path simulation.

An added advantage of having RCT service within the digital twin framework is
that the decisions made by the previous parts against the default routing policy is
known. Hence, the path simulations consider this altered routing policy and the
resultant changes in the system dynamics. This provides a more accurate remaining
cycle time considering the real time changes to the routing policy of the system.

Once the RCT value for all the available paths is calculated, the digital twin calcu-
lates a gain value (RCT_Gain) by comparing each path with the As-Is path. The
as-Is path is the default path part that would have been taken if the RCT service is
not applied. The gain value is calculated by dividing the RCT value of the individual
path by the As-Is path.

RCT of Pathn
RCT of As Ispath

RCT_Gain =1 (4.17)

Based on the RCT_Gain for each path, the fastest path, i.e., the path with the
highest gain, is chosen.

Along with RCT_Gain, an RCT_Threshold is implemented, which allows the en-
forcement of RCT service based on a threshold value. This makes it possible to
apply the feedback of RCT service only when there is a gain above an expected
value. This RCT_Threshold can be calculated based on the service and application
cost of changing the default policy.

If the RCT_Gain satis es the RCT_Threshold condition, the decision of the op-
timized path is published to the physical system through the feedback loop for
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enforcing it in the real system.
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5 ‘ Experimental Campaign

The chapter of the experimental campaign contains individual experiments conducted to
verify and validate the behavior and functioning of individual components developed and
implemented as a part of the Digital Twin framework. The experiments contain testing
of individual methodologies developed, testing of individual thresholds and parameters
assumed, and the veri cation of the decision feedback services provided by the Digital
Twin to the physical system. All the experiments are conducted on the test bench available
in the Digital Twin Lab of Politecnico Di Milano. The test bench is a 5 machine closed
loop production system model with parallel machines. An overview of the test bench used
Is provided in the Appendix 8.24.

In the experiment campaign, critical components of the digital twin, such as input model

update, RCT predictions, feedback control, and its e ectiveness, are tested. Given the
stochastic nature of the physical system, these experiments provide the applicability of
the developed methodology. Additional experiments to verify the functionality and the

respective threshold values of synchronization and validation are provided in the Appendix
8.25. All the experiments listed have the following data:

" aim of the test

experimental setup

system initial conditions

important results and observations

supporting plots and related discussion.
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Variable Data Variable Data
Model used 5S Model Flag - Validation True
Processing type stochastic Validation Frequency 90s
Synchronization Frequency 2s Validation - LCSS delta threshold  20s
Flag - RCT calculation True Logic validation indicator 0.7
Flag - RCT Publish False Input validation indicator 0.7
RCT Queue position 1

Table 5.1: Digital twin con guration for testing digital twin

Zone Number Machine Processing time Queue capacity  Parts during Initialization

Part 1, Part 2, Part 3, Part 4,
1 normal(11,2) 12 Part 5, Part 6, Part 7, Part 8,
Part 9, Part 10, Part 11, Part 12

2 normal(17,2) 10 -
3 normal(60,2) 10 -
4 normal(38,2) 10 -
5 normal(10,2) 10 -

Table 5.2: Initial conditions for testing digital twin

5.1. Verication of Digital Model (compare digital
and real results of simulation)

Veri cation of the digital twin developed is necessary to understand whether the data
produced by it is reliable or not. For this, an experiment that can be tracked without any
physical errors is required. The practical way to do this would be to run the digital twin
parallel to the physical system, calculate physical parameters digitally, and compare it
with the real system. Since the digital twin is developed with the concern of the capability
to calculate the cycle time and remaining cycle time of parts in the system, it would be
appropriate to run an experiment where the digital twin can calculate the cycle time of
parts in the system. This is a feasible experiment because the predicted value can be
compared with the real-life data of what actually happened from the real log.

5.1.1. Experimental setup

The experiment is run with a stochastic physical system so that the physical system
represents a practical system behaviour. The RCT service is not published so that the
physical system is not changed externally. It is important to manually track if there is any
error in the physical and digital systems. The experimental setup and initial conditions
are given in Table 5.1 and Table 5.2



5| Experimental Campaign 77

Figure 5.1: Actual and calculated cycle time of each part that was processed

5.1.2. Results and Plots

The test was run for 942 seconds. A total of 47 parts entered the system, and 35 parts
exited the system. The actual cycle time of each part processed in the system and the
cycle time calculated by the digital twin are plotted in Figure 5.1.

Figure 5.2 depicts the di erence and the error percentage between the cycle time that
actually happened and the cycle time calculated by the digital twin.

5.1.3. Discussion and Conclusion

The gure 5.1 shows the cycle time of each part that was processed by the system during
the experiment. The initial trend of cycle time, which is a positive slope, is due to the
warm-up period of the system. As the initial parts start from queue 1, they face less cycle
time as the machines are mostly free. However, the cycle time for the parts increases
as the parts start to accumulate in the system. Also, as per the initial conditions, the
system starts with all the parts waiting in queue 1. Hence, the cycle time of parts towards
the end of Queue 1 in the starting spends additional time waiting in Queue 1 compared
to the parts at the beginning of queue 1. As per the default policy, the parts follow
an alternating policy at the branching machine. Since one of the parallel branches has
a higher processing time, the parts that took those machines have a higher cycle time.
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(a) Di erence between the actual and calculated cycléb) Error percentage between the actual and calcu-
time lated cycle time

Figure 5.2: Error between the physical and digital twin expressed in terms of the cycle
time of parts.

Due to the default alternating policy of path selection, alternating cycle time trends form
peaks and valleys in the plot. In the physical system, only the parts that nished the
processing and exited the system have complete data of the total cycle time. Hence, the
gure is plotted only for those parts. Due to this reason, we can see that towards the end,
only the Part IDs that took the faster route are plotted.

Comparing the digital and actual data, we can see that the digital twin is closely aligned
with the physical system. From the positions of the peaks and the valleys, it is clear
that the digital twin also followed the alternating policy of the physical system. Due to
the physical system's stochastic nature, the parts' actual cycle times are slightly di erent
from the predicted cycle time of the digital twin. This di erence, along with its error
percentage, is depicted in the gure 5.2. As expected from the stochastic nature of the
physical system, the error does not follow any specic trend. We can also see that the
maximum deviation or misalignment between the physical and the digital twin is ten
percent. This practically shows that the digital twin is capable of simulating the system
behavior with close accuracy. As the test was conducted without any failure conditions,
the digital twin was capable of providing near-accurate results from the beginning. For
scenarios with failure conditions and changes in system behavior, the digital twin will be
experimented with in further experiments.
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Variable Data Variable Data
Model used 5S Model Flag - Validation True
Processing type stochastic Validation Frequency 90s
Synchronization Frequency 2s Validation - LCSS delta threshold  25s
Flag - RCT calculation True Logic validation indicator 0.7
Flag - RCT Publish True Input validation indicator 0.7
RCT Queue position 1

Table 5.3: Digital twin con guration for testing validation in parallel zones

5.2. Testing validation & input model update

The following experiment is conducted to test the e ect of switching the system behavior
of machines in parallel routes. The following test, therefore, tests the presencefaite
positives where the digital model is considered to be valid, but it actually is not due to
changes and failures in the physical system. The changes in parallel routes a ect some
of the parts that were intended to take the changed path. The system e ciency and
throughput change depending on the path each part takes as the two parallel paths have
di erent behaviors and have di erent remaining cycle times. Hence, it is important for a
digital twin to capture the changes in these individual paths and update itself so that it
can predict the remaining cycle time accurately.

5.2.1. Experimental setup

The test is initiated by normal initial conditions. The processing times used are stochastic
to add variability to the system. The major change brought to the system while it is
running is that the processing time of machine 3, which is slower, is reduced, making it
the faster machine. This means that the path with machine 3, which is usually slower
than the path with machine 4, would become faster. As the parts prefer to take the
fastest route, we expect the digital twin to update this change and start suggesting the
new fast route based on the remaining cycle time calculated. After some time, the values
are changed again to verify that the digital twin is exible with changing physical system
behaviors. The Digital twin con guration used is provided in Table 5.3. The initial
conditions, the rst change to the system, and the change reverted to the system are
tabulated in Table 5.4 and Table 5.5.
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Zone Number Machine Processing time Queue capacity  Parts during Initialization
Part 1, Part 2, Part 3, Part 4,

1 normal(11,2) 12 Part 5, Part 6, Part 7, Part 8,
Part 9, Part 10, Part 11, Part 12

2 normal(17,2) 10 -

3 normal(60,2) 10 -

4 normal(38,2) 10 -

5 normal(10,2) 10 -

Table 5.4: Initial conditions for testing validation and input update in parallel systems

Initial Changed Reverted
Zone Number o . 2T N
processing times  processing times  processing times
1 normal(11,2) normal(11,2) normal(11,2)
2 normal(17,2) normal(17,2) normal(17,2)
3 normal(60,2) normal(13,2) normal(55,2)
4 normal(38,2) normal(45,2) normal(35,2)
5 normal(10,2) normal(10,2) normal(10,2)

Table 5.5: Changes made to the processing time for testing in parallel systems

5.2.2. Results and plots

The validation indication uctuation over the system change in 5.3a. The calculated RCT
value and its comparison with the actual value are plotted in Figure 5.3b and Figure 5.3b.

5.2.3. Discussion and conclusion

The validation indicators in gure 5.3a show the input validation indicators falling below
the threshold value. Once the validation indicator value falls below the threshold value,
the input model update is triggered, which updates the digital model in the digital twin.
The initial change to the system was made at timestamB@8063 We can see that the
validation indicator clearly falls in the validation done after that timestamp. After the
fall of the validation indicator, the input model update makes the necessary changes to the
digital model, and the system is valid again. The validation indicators remain above the
threshold value till the next change is made. The second change was made at timestamp
88819 We can see the validation indicators falling below the threshold value again. This
time, we can see it falling twice and then climbing back to the top. This is mainly because
the input update could update only one of the machine's behavior. It continued after this
update till the validation indicator fell again due to an accumulation of errors. This was
mainly because of the lack of trace between the validation time periods. This lack is a
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(a) Validation indicators while testing the validation (b) Comparison between real RCT and RCT calcu-
in parallel systems lated by digital twin while testing the validation in
parallel systems

Figure 5.3: Plot of validation indicators and remaining cycle times

direct contribution between the ratio of the processing frequency of that machine and the
validation frequency. If the processing frequency is lower or equivalent to the validation
frequency, then there are not enough traces in the real log to assess the validity of that
machine.

The e ect of the input model update is visible in the RCT values calculated by the
digital twin in gure 5.3b. As the machines become faster, the RCT value reduces.
Afterward, when the processing times become higher, the remaining cycle time calculated
also becomes higher.

An interesting value that we can compare here is, how close are these predicted values to
the actual remaining cycle time followed by the parts. This comparison can be visualized
in gure 5.3b. We can see that the initial parameters suggest path 2 to be the faster path.
However, after the change in processing time parameters, the digital twin calculated the
updated remaining cycle time and started suggesting path 1 to be the faster route. From
the gure 5.3b we can see that, after the reduction processing time, parts had a remaining
cycle time very close to the path 1 which had a lower RCT value compared to the path
2. Afterward, when the values change again, we can see that the remaining cycle time
increases again. But, as discussed earlier, only one of the machine behaviors was updated,
and the di erence in the RCT value of calculated and real is visible till the second input
model update is done.
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5.3. Tracking evolution of remaining cycle time of a
part in the system

The following test is done to track the dynamics of a single part in the physical system
in terms of the remaining cycle time. Unlike the normal procedure of predicting RCT for

all parts at a speci c position in the system, the remaining cycle time of a single part is

predicted across all the major points in the system. The predicted value will be compared
with the actual remaining cycle time trend available from the real event log at the end of

the test.

This experiment is divided into three tests. The initial test is conducted on a stochastic
physical system without any failures. This is to understand the natural trend of the
remaining cycle time of a part. The second test is done on a system where the digital
twin is not aligned initially. We expect the digital twin to validate and update itself and
then start predicting more accurate RCT values. The third test is concentrated on a
digital twin, which is misaligned with the physical system and does not have a validation
procedure. This test is done with the intention of observing what happens to the RCT
value predicted if a digital twin runs without any appropriate validation and updating
techniques.

5.3.1. Experimental setup

The digital twin is con gured to calculate the remaining cycle time of a targeted part

ID across all zones. The target part ID for all three tests i®art 12. The experiment is
stopped when the targeted part exits the system. The digital twin con guration for all
three tests is given in Table 5.6. The initial condition of the physical system for all three
tests is the same as tabulated in Table 5.7. Changes made to the processing times are
tabulated in Table 5.8.

5.3.2. Results and Plots

The comparison of the actual remaining cycle time and the predicted remaining cycle
time for the system for all three tests are plotted in Figure 5.4a, Figure 5.4b, and Figure
5.4c. The data in the plot starts from the start of the experiment and stops when the
part exits the system.
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Variable Test 1 Test 2 Test 3
Model used 5S Model 5S Model 5S Model
Processing type stochastic stochastic stochastic
Synchronization Frequency 2s 2s 2s
Flag - RCT calculation True True True
Flag - RCT Publish False False False
RCT Queue position 1 1 1
Flag - Validation True True False
Validation Frequency 30s 30s 30s
Validation - LCSS
delta threshold 20s 20s 20s
Logic validation indicator 0.7 0.7 0.7
Input validation indicator 0.7 0.7 0.7

Table 5.6: Digital twin con guration for testing evolution of RCT of a part

Zone Number

Machine Processing time Queue capacity

Parts during Initialization

=

ab~h wN

normal(11,2)

normal(17,2)
normal(60,2)
normal(38,2)
normal(10,2)

12
P
10
10
10
10

Part 1, Part 2, Part 3, Part 4,
Part 5, Part 6, Part 7, Part 8,
art 9, Part 10, Part 11, Part 12

Table 5.7: Initial conditions of physical twin for testing evolution of RCT of a part

Zone Number

Test 1

Test 2

Test 3

1

2
3
4
5

normal(11,2)
normal(17,2)
normal(60,2)
normal(38,2)
normal(10,2)

normal(30,2)
normal(17,2)
normal(60,2)
normal(38,2)
normal(10,2)

normal(30,2)
normal(17,2)
normal(60,2)
normal(38,2)
normal(10,2)

Table 5.8: Changes made to the processing time of digital model for testing evolution of

RCT of a part
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(a) Evolution of RCT in a system without failures

(b) Evolution of RCT in a system with failures, digital (c) Evolution of RCT in a system with failures and
twin validation & digital model update without digital twin validation & digital model up-
date

Figure 5.4: Evolution of Remaining Cycle Time of a part.
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5.3.3. Discussion and conclusion

From the gure 5.4a, it is noticeable that the curve of digital RCT values predicted by the
digital twin is very close to the real RCT values that happened. This shows the accuracy
of the RCT value predicted by the RCT service from the perspective of an individual part.
The plot of the real RCT is obtained from the real event log after the test. Hence, the
plot is linear and converges to zero as the part reaches towards the end of processing in
the system. The data points of the real RCT are obtained from the traces of the real log
following the Started and Finished traces of the individual machines. The data points of
the digital RCT are calculated based on the RCT frequency using the last synchronized
digital model.

Figure 5.4b shows the comparison between real RCT and Digital RCT calculated by a
digital twin, which is not valid during initiation. From the trend of the digital RCT,

we can observe that the values predicted by the digital twin initially were much higher

than the real values. As the system evolves, as per the validation frequency, the digital
model is validated and updated. Once the digital model is updated, the digital RCT value

disruptively drops closer to the real RCT value. The error between the real RCT and

digital RCT after the digital model update is mainly because of the stochastic nature of

the physical system.

Figure 5.4c shows the comparison between real RCT and Digital RCT calculated by a
digital twin without any validation procedure and starts with an invalid digital model. The
gure clearly shows the large di erence between the real RCT values and the predicted
digital RCT values. The lack of any disruptive changes in the trend of digital RCT shows
that the digital model was not updated while the test was running. This is in accordance
with the testing criteria for not having validation for the digital twin. The digital RCT
values clearly show that the remaining cycle time predicted can be highly in uenced by
the failure in one of the machines in the system. This shows the absolute requirement of
a digital twin for a system that is complex and prone to changes and failures.

An interesting thing to note in the gure 5.4c is how the digital RCT plot behaves around
the real RCT plot. Even though the digital model continued to have the same error,
we can observe that the digital RCT maintained the error rate from overshooting due to
system dynamics and tended to approach the real RCT value. This is mainly because,
even though the predictions by the digital twin are based on invalid processing parameters,
the misalignment due to the in uence of other parts on the dynamics of the system was
reduced by the frequent synchronization of the digital twin. The synchronization positions
the parts of the physical system in the digital model. This allowed the digital twin to
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Zone Number Machine Processing time Queue capacity  Parts during Initialization
Part 1, Part 2, Part 3, Part 4,

1 normal(11,2) 12 Part 5, Part 6, Part 7, Part 8,
Part 9, Part 10, Part 11, Part 12

2 normal(17,2) 10 -

3 normal(60,2) 10 -

4 normal(38,2) 10 -

5 normal(10,2) 10 -

Table 5.9: Initial conditions for comparing a physical system with and without RCT
service.

start the procedure for RCT prediction with correct part positioning, thereby controlling
the error rate of the predictions.

From the plots of this experiment, we can understand that the digital twin is capable of
closely observing a part and predicting the remaining cycle time, irrespective of the part's
position in the system. The predicted values of RCT have disruptive di erences when
the system is validated and updated. Without validation and updating, the digital twin
tends to have a continuous error that slowly tends to follow the real values with the aid
of synchronization.

5.4. Comparison of a system with and without RCT
service

The following experiment is done to compare the behaviour of a physical system with and
without the application of the RCT server of the digital twin services. The experiment
includes two tests with the same initial conditions. The tests are conducted without
the presence of any failures or changes. This is to make sure that any irregularities and
di erent behaviors are solely from the intended test objective. The only di erence between
the two test con gurations is that the RCT publish is turned o for one of the tests.

5.4.1. Experimental setup

The initial conditions of both tests are kept the same so that the comparison of the system
behavior is possible. The initial conditions are tabulated in Table 5.9. The digital twin
con guration for the two tests is given in Table 5.10.
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Variable Test Withqut Test With
RCT Publish RCT Publish
Model used 5S Model 5S Model
Processing type stochastic stochastic
Synchronization Frequency 2s 2s
Flag - RCT calculation True True
Flag - RCT Publish False True
RCT Queue position 1 1
Flag - Validation True True
Validation Frequency 90s 90s
Validation - LCSS
delta threshold 20s 20s
Logic validation indicator 0.7 0.7
Input validation indicator 0.7 0.7

Table 5.10: Digital twin con guration for comparing a physical system with and without
RCT service.

5.4.2. Results and Plots

Figure 5.5 and Figure 5.6 shows the remaining cycle time of parts at queue position 1 of
Queue 2. Plot a. of both gures show the RCT values as calculated by the digital twin
for all the paths. Plot b. of both gures shows the calculated value compared to the real
RCT value.

5.4.3. Discussion and conclusion

The sub gure 5.5a depicts the remaining cycle time of each part for the two paths.
Since one path is slower than the other, we can clearly see the di erence in the remaining
cycle time for the two paths. The blue path passes through zone 3, while the red path
passes through zone 4. Given that machine 3 has a higher processing time, the blue path
naturally has a higher remaining cycle time. However, the di erence in RCT values of the
two paths is not solely contributed by the di erence in the processing times of machine 3
and machine 4. The default dispatch policy of the physical system is an alternate routing
policy. Hence, the number of parts to be processed is evenly distributed between the two
paths. This induces an accumulation of parts in the queue of slower machines. This added
waiting time for the parts in the queue contributes to the increase in the remaining cycle
time. This additional variability, along with the stochastic nature of machines, contributes

to the irregularities in the trend of the remaining cycle time. The very fact that the part
accumulation and distribution across the physical system is a direct result of the system
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(a) Plot of RCT values of the two paths calculated by(b) Plot comparing the RCT values of the two paths

the digital twin (No RCT service) calculated by the digital twin with the Real RCT (No
RCT service)

Figure 5.5: Test 1: Plots of trend of RCT values of individual paths and the real RCT

for a system without the RCT service

(a) Plot of RCT values of the two paths calculated by(b) Plot comparing the RCT values of the two paths

the digital twin (with RCT service) calculated by the digital twin with the Real RCT
(with RCT service)

Figure 5.6: Test 1: Plots of trend of RCT values of individual paths and the real RCT

for a system with the RCT service
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dynamics shows the necessity of a digital twin to calculate the remaining cycle time.

The sub gure 5.5b shows the comparison between digital RCT calculated for both paths
and the actual RCT of parts in the physical system. Due to the alternating routing
dispatch policy of the branching machine, we can clearly see that alternating parts have
a higher remaining cycle time. The curve of the physical RCT is plotted according to the
order in which the parts exited the system. The negative inclination of the lines in this
curve shows that the parts that took a slower path were nished after the parts that took
a faster path. The physical RCT curve alternating between the two digitally predicted
RCT curves also shows the accuracy of the RCT values calculated by the digital twin,
considering the di erence in the processing times and other system dynamics.

Sub gure 5.6a, shows the remaining cycle time of parts in a system with RCT service.
The major observation between the plots of 5.5b and 5.6a is the di erence between the
RCT values of path 1 and path 2. In sub gure 5.6a, we can clearly see that the RCT
values of the parts following both paths have similar remaining cycle time. This is because
once the RCT service decides which path is fastest, it is conveyed back to the physical
system, and the physical system enforces it. While calculating the remaining cycle time
of the next part, digital twin considers this change in the routing policy. Therefore RCT
value calculated considers the change in the system dynamics due to the decision made
for the previous part. Since the parts are dispatched based on the RCT value for each
path and not based on the alternating policy, both paths are balanced in terms of time to
nish the processing in terms of the number of parts in the paths. This balancing is the
in uencing factor of bringing the RCT curves of the two paths closer in sub gure 5.6a.

Even though the digital system calculates the remaining cycle time of all available paths,
the parts are dispatched to the path with the lowest remaining cycle time. This can be
visualized in the plot of sub gure 5.6b. The parts in the physical system followed the
path with the lowest remaining cycle time, as the physical RCT curve is always close to
the data points of the path with the lowest RCT values. Comparing the RCT values of
sub gure 5.5b and 5.6b, the average remaining cycle time had dropped when the RCT
service supported the physical system. For this reason, a physical system with the RCT
service tends to have higher throughput and lower system time for parts.






91

6 ‘ Case Study

In this chapter, the proposed framework of the digital twin, along with the synchronization
& validation and the application of RCT service (Remaining Cycle Time Service) as an
external service of the Digital twin to the physical system, is implemented and veri ed.
The case study concentrates on the continuous working of the digital twin during a change
in system behavior, the capability to understand the change & update the digital model,
and applying the RCT service, e ectively increasing the performance of the real system.
The ve station model (5s Model) available at the Department of Mechanical Engineering
of the Politecnico di Milano is used to run the case study. The details of the 5s Model is
already explained in the section 8.24.

6.1. Manufacturing System Scenario

The scenario used for this case study involves the 5s Model running with parallel machines
as the physical system. The system is a closed loop system with the behavior of machines
in parallel paths mirrored to each other. This e ectively makes the cycle time for parts
following both paths similar in value. It is assumed that during the initiation of the
physical system, there are no errors, and the digital twin is aligned with the physical
system. The physical system is capable of running independently without the support
of the digital twins. After initiating the system and warm-up period, a change in the
system behavior is introduced manually. The change brought to the physical system is the
reduction of the processing time of one of the parallel machines. The behavioral change is
applied to machine 3 as it is one of the parallel machines. This change in behavior makes
the two parallel zones not mirrored anymore, rendering a change in the cycle time for
parts passing through zone 3. As the processing time of machine 3 is reduced, the parts
passing through zone 3 are expected to have a lower processing time than zone 4. Zone 2
have the branching machine. Therefore, the routing policy decision for each part is made
at the zone 2 (Machine 2). The default routing policy of the physical system for the parts
throughout the experiment is an alternating policy. This policy is very similar to a round
bobbin routing policy where the parts are distributed evenly across both paths one after
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another, irrespective of system behavior and dynamics.

The case used for the study is similar to a scenario where there is an industrial system with
two parallel paths. Each path has one machine, which is identical in its functionalities
and processing objectives. But they are old, and their processing times have increased
gradually. Now, the industry installs new machines or does maintenance for the existing
machines in one of the parallel paths. This ideally makes the renewed machine faster with
lower processing time. The e ect of this change could be seen in the system dynamics.
Especially because the parallel paths are not identical anymore (one path has a new or
maintained machine, and the other is continuing to have the same machine). Under this
scenario, the changes in e ect within the system are quite complex, and the changes
brought to the system behavior can cause changes in the key performance indices that are
quite hard to predict or calculate manually. An application of digital twins in the industry
could be advantageous in monitoring system behavior changes. Furthermore, the system
can have a di erent routing policy for parallel paths as they are no longer identical. The
external services of the digital twin, especially the RCT service, could be applied to aid
the routing policy, optimize the system, and increase performance & e ciency.

To study the Digital twin and the RCT service, the study is conducted in two cases. Case
one consists of a real system completely independent of the digital twin. The external
services (in this study, RCT service) of the digital twin are disabled, making it behave like
a digital shadow. Hence, the physical system has no in uence of digital twin. The digital
twin closely monitors and synchronizes with the real system like a digital shadow but
without the validation procedures. The digital twin keeps on monitoring the system and
calculating some performance indices. As part of calculating the system performances,
the remaining cycle time for each part arriving at the branching machine is calculated for
all available paths. But no feedback or control is given back to the real system.

The second case of the study is conducted with the complete involvement of the digital
twin and the RCT service. The digital twin calculates the RCT value for all the parts
arriving at position 1 of the queue in zone 2 (Queue 2). The calculation of RCT is done
for all the possible paths, and the best path is chosen based on the path with the lowest
remaining cycle time. This knowledge of the best path for the part is given as feedback
to the real system. The real system takes this feedback and applies it to routing the
part instead of the default routing policy. This case of the study will allow us to observe
the performance of the digital twin in aligning with the real system and providing RCT
service during changes in system behavior in the physical system.

The two cases of the case study enables the study of performance, in uence and advantages
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Zone Number Machine Processing time Queue capacity Parts during Initialization
1 normal(11,2) 12 Part 1, Part 2, Part 3,::: Part 11, Part 12
2 normal(17,2) 10 -
3 normal(80,2) 10
4 normal(80,2) 10
5 normal(10,2) 10

Table 6.1: Initial condition of the real system used for the case study.

of having RCT service within a digital twin framework. The two cases will allow the
comparison of the performances of the real system before and after the application of the
digital twin.

6.2. Study setup

As mentioned before, the case study is set on the 5s Model. Both cases of the study
scenario have same initial conditions for the real system. The digital twin is con gured
in di erent ways to re ect the requirements of the two cases of the case study. The initial
conditions and the changes made during the study is detailed below.

6.2.1. Initial condition of physical system

The initial condition of the real system is the same for the two cases in the case study. The
processing time used in the real system is stochastic. The system is started with all the
parts in the rst queue. The machines in the parallel paths have identical behavior. The
processing times of machines, queue capacity, and the part positions during initialization
is tabulated in Table 6.1.

6.2.2. Digital twin con guration for case 1 (without RCT) of
the case study

The digital twin operations are kept alive but without the services. For this, the RCT
calculation is enabled, but the RCT feedback service is disabled. Also, the validation of
the digital twin is disabled so that a comparison of RCT services with and without the
real-time update of the digital twin is possible. The synchronization frequency of the
digital twin is kept high (2 seconds) so that the positioning of parts in the system enables
the calculation of the remaining cycle time. The setup is tabulated in Table 6.2.
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P ARAMETER CASE1 CASE?2
Model used 5S Model 5S Model
Processing type stochastic stochastic
Synchronization Frequency 2s 2s
Flag - RCT calculation True True
Flag - RCT Publish False True
RCT Queue position 1 1
Flag - Validation False True
Validation Frequency 90s 90s
Validation - LCSS delta threshold 20s 20s
Logic validation indicator 0.7 0.7
Input validation indicator 0.7 0.7

Table 6.2: Digital twin con guration for each case of case study

6.2.3. Digital twin con guration for Case 2

The digital twin operations and services are enabled to have a full- edged digital twin.
The validation of the digital twin is enabled so that digital twin updates with the changes

in the physical system. This allows a more accurate calculation of the remaining cycle
time. The synchronization frequency is the same as the case 1. The setup is tabulated in
Table 6.2.

6.3. Results and Observation

The case study was conducted successfully without the presence of any unintended error.
Both cases were run, and the results were saved and plotted for further observation. The
following sections contain the important results, plots, and discussions.

6.3.1. Case 1. Behaviour of real system without RCT Service

The gure 6.1 shows the trend of remaining cycle time of parts at queue position 1 of

Queue 2 in the real system. The initial slope as shown in sub gure 6.1a is the warm

up period of the system. As more parts enter the system and populate the queues, the
remaining cycle time of the parts increases. After that, the system stabilizes as shown in
6.1b. Since the parallel paths are mirrored, the trend of the remaining cycle time values

of both paths is similar.
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(a) Case 1: Warm up period (b) Case 1: System stabilized after warm up

Figure 6.1: Case 1: Trend of remaining cycle time of parts for both paths

E ect of changing system behavior on predicted RCT values of
the two paths

Once the system was stabilized after the initial warm-up period, the behavior of the
Machine 3 was changed. The change, as planned earlier, was to reduce the processing
time of machine 3. This enabled Zone 3 to quickly nish up parts faster than zone 4.
Hence, the number of parts exiting the system increased, which increased the rate of parts
entering the system (since the system is a closed-loop system). This increase in the parts
meant that more parts were approaching the parallel stations in zone 3 & 5. Since the real
system is followingalternating policy as the routing policy for the parallel paths, the parts
arriving were equally distributed between the two parallel paths. This means that more
parts were arriving at the Queue 3 & Queue 4. Since the processing time of Queue 3 was
reduced, the new processing rate was higher than the inter-arrival rate of parts in Queue
3. Hence, during the warm up period after the change, the number of parts in the Queue
3 started reducing gradually as shown in the gure 6.7a. Due to the reduction in the
gueue occupation in Queue 3, the parts arriving at the zone 3 spend less time waiting in
the queue. As time passed, the parts accumulated in Queue 3 before the change in system
behavior was processed, and the queue occupation went below. Hence, the reduction in
the processing time of Machine 3 and the reduction of waiting time in the queue jointly
contributed to the reduction of the remaining cycle time of parts. The decrease of the
remaining cycle time of parts and then the stabilizing of the reduced remaining cycle time

is plotted in the sub gures 6.1a and 6.1b.

The zone 4 on the other hand had the same processing time. So, the increased number
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(a) Case 1: Relative di erence (b) Case 1: Error percentage

Figure 6.2: Case 1: Error between the Physical RCT value and the Predicted RCT value

of parts meant the processing rate of the machine was lower than the inter-arrival rate of
parts in the zone. This accumulated parts in the Queue 4 as seen in gure 6.7a further
increasing the waiting time of parts in that queue. This led to increase in the remaining
cycle time of parts taking that path. This is clearly visible in the second warm-up and
stabilization period in the gure 6.1.

Error in the predicted RCT values after the behaviour change

An interesting point of comparison between the physical RCT and the predicted RCT
values would be the delay in the response of RCT service after the manual change of
system behaviour was made. Also, an increased rate of error can be seen between the
predicted values and the Physical RCT as seen in the gure 6.2.

This delay in response and the increased error in the predicted values are a direct result of
a misaligned digital twin. As per the case scenario, the validation of the digital model was
disabled. Therefore, the change in the machine 3 behaviour is not re ected in the digital
twin. This means that, after the change in system behavior, the digital twin was using an
out-of-date digital model to make predictions. The presence of this delay and error shows
the importance of the validation and updating procedures with in the digital framework.
However, even without the validation and updating procedure, digital twins could re ect
some changes in the predicted remaining cycle time values for both paths. This di erence
in the predicted RCT values are contributed mainly by the part distribution in the system.
Since the digital twin was synchronized continuously, the RCT service was aware of the
positions of the parts in the system. Hence, the RCT service started considering the
phenomenon of parts being unevenly distributed between the queue of zone 3 an zone 4.
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(a) Case 1: Cycle time predicted (b) Case 1: Error in cycle time predicted

Figure 6.3: Case 1. Cycle time calculated for all the parts using the digital model without
any real time synchronization and validation

This helped in controlling the error between the physical and the predicted RCT values.

On a di erent note, if the calculation of the total cycle time of all parts is done without
the synchronization of digital twin (opposed to what is did in this case study), the values
would have been identical to the cycle time plotted in the gure 6.3. From the sub gure
6.3a, it is visible that the predictions were aligned till the real system had a change in
the behaviour. As machine 3 behavior changed, the parallel paths were not identical
anymore, and the total cycle time of the parts started oscillating based on which path
the part took. The error bar of predicted cycle time with respect to the actual value is
shown in the sub gure 6.3b. As explained in the previous section, the immediate e ect
of the cycle time for the parts going through zone 3 and the delayed e ect of cycle time
for the parts accumulating in zone 4 is visible in the gure.

6.3.2. Case 2. Behaviour of real system with RCT Service

Figure 6.4 shows the trend of remaining cycle time of parts at queue position 1 of Queue
2 in the real system. The initial warm up period and the stabilization period as shown
in the sub gures 6.4a and 6.4b are very similar to the Case 1. This is mainly because
both cases have the same initial conditions. But this changes once the system behavior
is changed manually. Since case 2 has an active digital twin with validation and RCT
service feedback control enabled, the real system starts responding to the control of the
RCT service and starts optimizing the system.
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(a) Case 2: Warm up period (b) Case 2: System stabilized after warm up

Figure 6.4: Case 2: Trend of remaining cycle time of parts for both paths

Figure 6.5: Case 2: validation indicators of Digital twin

Validity of digital twin in the case of change in system behaviour

The change in system behavior is done manually after the system stabilizes. Once the
change is made, the processing time of the parts in machine 3 drops quickly to the new
value. As the traces of the system is stored in the real event log, the digital twin uses

it frequently to validate itself as per the validation frequency. The validation indicators

of the digital twin across case 2 are shown in gure 6.5. It can be observed that the

validation.

It can be observed that the input validation indicator remains above the validation thresh-
old during normal run. Once the change in the processing behaviour of the machine 3
was made, the input validation indicator dropped below the validation threshold. This
drop below the threshold value shows that the digital twin is not valid. This triggered an
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update procedure which updated the digital model of the twin. Once the digital model is
updated, the validation indicators rise above the validation threshold.

E ect of changing system behaviour on predicted RCT values of
the two paths

After the validation and updating procedure, the remaining cycle time for the parts starts
dropping, especially for the parts passing through zone 3 due to reduction in the processing
time. This sudden drop can be seen in the gure 6.4. Unlike zone 3, zone 4 does not
undergo any rapid change. Since there was no change in the processing times of machine
4, the reduction in a remaining cycle time of the parts passing through zone 4 was not
expected to change to this extent. The reduction of the RCT value for the path with
zone 4 is mainly because of the RCT service. As the parallel paths were not identical
after the change in system behavior, the digital twin started favoring the path with zone

3 more than zone 4. The RCT service changed the default routing policy, which was
the alternating policy, to a policy based onminimum remaining cycle time This policy
chooses the path based on the path with the lowest RCT value as calculated by the digital
twin. Since zone 3 was faster, it has lower RCT value compared to zone 4. Hence, higher
number of the parts were redirected to zone 3. Zone 4 had fewer parts in the queue,
reducing the waiting time for parts in zone 4. The gradual reduction of remaining cycle
time due to this reduction in waiting time can be seen in the sub gure 6.4a. Once the
system stabilizes after the change, the RCT values of the two paths came closer to each
other. This is again the e ect of a waiting period for the part in the queues. The queue
occupation was redistributed in such a way that the faster zone had a higher number of
parts than the slower zone. This dynamics can be seen in the plot of queue occupation of
zone 3 and zone 4 in the gure 6.9a. Till the behavior change of the system was made, the
digital twin preferred the alternating policy as the RCT value of both the parallel paths
was closer. However, once the parallel paths started having di erent RCT values, the
digital twin started redistributing the parts by changing the routing policy. This can be
seen in the plot of queue occupation given below, where initially, both zones had identical
gueue occupations. However, after the behavior change, the faster zone has more parts
in the queue than the slower zone.

6.3.3. Comparison between the two cases of case study

Following global key performance indices shown in table 6.3 can be used to compare the
two cases studied in the case study. The global KPI's tabulated are calculated with the
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Performance index Case 1 Case 2
Total run time 2098 s 2075s
Number of parts processed 58 77
Throughput of system per hour 99.52  133.59

Average inter departure time of parts from the system 36.17s 26.94 s

Table 6.3: Global KPI's of the case study

data from the real event log.

From the table 6.3, it is clear that the system in case 2 performed better than the system
in case 1. There is a signi cant increase in the throughput of the system for the case
with valid digital twin and RCT service. This di erence in throughput is re ected in the
number of parts processed and the inter departure time of parts from the system. Along
with these global KPIs, the trend of zone-level KPIs supports this di erence in perfor-
mance. Two major zone level KPIs that can be discussed are the machine utilization and
the Queue occupation level of all machines and queues. The application of RCT service
has made a signi cant increase in the machine utilization levels in case 2 in comparison
to case 1. The dierence is clearly visible in the utilization of machine 3 and machine 4.
Figure 6.6 and 6.8 shows the plot of the machine utilization trend.

In both cases, the machines 3 and machine 4 have very similar utilization as they were
identical. After the manual change of the system behavior, the utilization plot starts to
dier. In case 1, machine 3 undergoes starvation as the parts accumulated in queue 4 as
shown in gure 6.7. The starvation causes the utilization rate of machine 3 to go down,
as shown in the sub gure 6.6a. Since the system is a closed loop system, the starvation
phenomenon propagates throughout the system showing a considerable decrease in the
utilization rate of other machines as seen in the sub gure 6.6b.

In case 2, after the change in the system behavior, Queue 3 starts to have a reduction in
the queue occupation as seen in the gure 6.9. However, once the digital twin is updated,
RCT service repHowever, once the digital twin is updated, the RCT service repopulates
Queue 3.e to the change in the dispatch policy of parts at the branching machine by the
RCT service. The e ect of this can be seen in the utilization rates of Machine 3 and
Machine 4 as seen in sub gure 6.8a. Machines 3 and 4 have higher utilization rates than
case 1. This increase in the utilization also propagates to the other machines as seen in
the sub gure 6.8b. The improved utilization rates and better queue occupation across
the system in case 2 enabled the physical system of case 2 to perform better than case 1.

The part depicted in Figure 6.10 is chosen appropriately from both cases to illustrate the
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(a) Machine 3 and Machine 4 (b) All Machines

Figure 6.6: Case 1: Trend of Machine utilization

(a) Queue 3 and Queue 4 (b) All Queues

Figure 6.7: Case 1: Queue occupation trend
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(a) Machine 3 and Machine 4 (b) All Machines

Figure 6.8: Case 2: Trend of Machine utilization

(a) Queue 3 and Queue 4 (b) All Queues

Figure 6.9: Case 2: Queue occupation trend
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(a) Part j =57 in Case 1 (b) Part j =36 in Case 2

Figure 6.10: Comparison between actual and predicted RCT of a part.

consequences of misalignment between the Digital Twin (DT) and the physical system,
resulting in errors in Remaining Cycle Time (RCT) prediction. The solid line in Figure
6.10 represents post-experiment data, where the exit time is known, while the dashed line
re ects real-time data, where the exit time is unknown. In Figure 6.10a, it is evident that
initial RCT predictions are considerably higher than actual values due to misalignment,
with accuracy improving towards the end of production. Conversely, in Figure 6.10b,
RCT predictions initially exhibit errors but tend to converge to accurate values as the
DT aligns with the physical system. Additionally, Figure 6.11 compares the order of
part entrance and exit, highlighting di erences between ideal and observed behaviors in
both Case 1 and Case 2 experiments. In Case 1, once the system becomes unbalanced,
it fails to return to a stable state, whereas in Case 2, a similar comparison demonstrates
more stable behavior. Further observation and comparison of the predicted RCT values
and the reality is briefed in Appendix 8.26 for both cases. It is important to state that
the behavior of Figure 6.11 is only an observation of this case study, given that di erent
system can present diverging behaviors.

6.4. Conclusion on the case study

The case study conducted is a direct reference on the implementation of the developed
generic digital twin framework and the RCT service in a lab scale version of an industrial
production plant. The case study considered the ambiguity and the stochastic nature of a
real production system by simulating them in the physical system - 5s Model. The study
compares the performances of the physical system with and without an active digital twin
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(a) Case 1: nished order do not follow the ideal betb) Case 2: nished order tends to follow the ideal
havior behavior

Figure 6.11: Comparison of order of nished parts between Case 1 and Case 2 (ldeal
behavior: fully balanced system).

service. The case with an active RCT service exhibited 34% higher throughput with better
machine utilization rates. The case without the RCT service showed poor performance
when the change of system behavior was made. The physical system started accumulating
parts in one parallel path. The faster parallel path had issues with starvation, which
brought down the overall performance of the system. This also meant that the rest of the
machines were poorly utilized. The case with RCT service was capable of balancing the
workload of the zones by actively changing the default routing policy of the branching
machine. This increases the machine utilization and throughput of the system.

The results of the case study show that the application of the digital twin and its feedback
service (RCT service) is capable of closely monitoring and optimizing the physical system
to increase e ciency and productivity. For this, a digital twin with frequent synchroniza-
tion is required. The frequent synchronization helps in positioning the parts in the digital
twin as per the physical system enabling more accurate predictions of the remaining cycle
time. Another important internal operation of the digital twin is the validation & updat-

ing procedure. The validation procedure makes sure that the digital twin is valid. If the
digital twin is not valid, then the validation triggers an updating procedure to update the
digital twin. These internal operations made sure that the digital twin aligned with the
real system when the change in system behavior was made. The frequency of validation is
the major contributing factor in terms of how fast the digital twin can re ect the physical
system change. Once the digital twin is valid, the RCT predictions have better accuracy
and can be used in further applications of the digital twin's external services.
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The case study shows that the RCT service is e ective and can be used as a default
decision-making agent in routing dispatch policies for branching machines and scheduling
the machines in the physical system. The routing policy decisions made by RCT service
are directly taken into consideration, as well as the time required for a part to nish
production as soon as possible. Since the RCT service is implemented inside a digital twin
framework, the RCT service also considers the conditions of the machines and queues,
such as failure rates, depreciation rates, and the inherent stochastic nature of the system.
This makes the predictions of RCT service more reliable and up to date with the behaviour
of the physical system. The case study also shows that the routing policy of branching
machines made with RCT service has shown increased utilization of machines for higher
productivity. It also shows the best bu er size required in each queue of the system,
allowing further optimization of the physical system.
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7 ‘ Conclusion & Further
Developments

This thesis focuses on developing a generic architecture of a digital twin for production
systems. The thesis concentrates on a closed loop production system with multiple routing
possibilities. It also focuses on the development of a viable external service integrated
within a digital twin for making routing policy decisions. From the implementation and
testing of the developed architecture, it is evident that a digital twin that is exible enough

to accommodate the possible variations in system logic and the stochastic behavior of the
resources involved is required. This allows calculations and decision-making in dynamic
systems to be accurate and e cient. The case study shows the dynamic nature of the
system and how a digital twin can make decisions with the most updated data, which
otherwise would be di cult and less obvious with manual computations. The architecture

is developed in a modular fashion, allowing each functionality for further development.

7.1. Main achievements

The complete integration of functional features of a digital twin into a generic system ar-
chitecture is done along with an experimental campaign and case study [10]. An external
service for the digital twin architecture called the remaining cycle time service was devel-
oped using discrete event simulation and tested to provide a dynamic routing policy. The
experimental campaign shows the requirement of implementing the remaining cycle time
policy within a digital twin architecture. The case study shows the applicability of the
remaining cycle time as a considerable performance index for the routing and scheduling
policy, which enhances the system throughput and machine utilization. A custom-made
discrete event simulation python library named DtwinPy [11] was developed on Python
and integrated with the architecture for simulation of production lines. A hybrid time-
event based synchronization methodology was implemented to obtain high synchroniza-
tion frequency. An RFID-based part recognition system, along with the capability to
track the processed time of a part in a machine, was added to the state-of-the-art labo-
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ratory. The relevant modules were also developed for the digital counterpart to enhance
the granularity and functioning of the system, which includes stochastic transportation
time and resilience against the incorrect routing of parts.

7.2. Limitations

During the thesis development, signi cant limitations emerged during testing and ex-
periments, notably in computer processing power. For instance, instead of concurrent
simulations during part processing, the Digital Twin had to queue parts due to machin-
ery outpacing simulation completion. In other words, the fast process time of machines
in the physical system, the Digital Twin was taking more time than the real world to
execute all the required simulations. Additionally, various physical and implementation
constraints were identi ed. For instance, challenges surfaced with the electronic-physical
setup, including the necessity of utilizing multiple devices to emulate a machine-station
instead of a single integrated device, complicating digital integration. Furthermore, issues
with sensors and motors compromised data reliability, leading to unpredicted stops and
missing parts during system operation.

Despite the proposed architecture's versatility for application in any system, simpli -
cations were necessary to manage boundary conditions' complexity. For instance, syn-
chronization overlooks extreme failure scenarios such as missing or adding parts to the
production system or realigning it when parts overtake. Similarly, validation relies on a
simplistic methodology demanding substantial data for precision, causing delays in rec-
ognizing changes. Additionally, more complex systems resembling real industry layouts
warrant consideration. Moreover, enhancing the RCT methodology involves improving
path creation e ciency instead of simulating all possible paths, thereby streamlining the
process.

7.3. Further developments

Looking at all these limitations, further researchers have the possibility to explore di erent
ways to improve the current Digital Twin architecture and implementation. Starting by
improving some aspects related to the execution of the Digital Twin, a multi-processing
approach could be taken in order to optimize the simulations that run for multiple paths.
Still related to the execution, we encourage the next experiments to be done in more
realistic scenarios close to real factories. This could be done by leveraging lab-system
with industry equipment or even considering a study in partnership with companies.



7| Conclusion & Further Developments 109

Moreover, the next research could also consider pushing further the boundaries of the
current methodology to decrease the number of static assumptions. For example, con-
sidering a system running with di erent types of products at the same time, even more
complex branching paths, or di erent scheduling policies, synchronization is capable of
synchronizing even for extreme cases not considered in this study. Besides that, most of
the triggers of the system were based on a static threshold. Those could be changed to a
more dynamic threshold that changes depending on the behavior of the system by using
a machine learning algorithm.

Finally, this Thesis achieved great advance in the eld of Digital Twin mostly by being
capable of creating a full and operational Digital Twin framework that actually can run
together with a physical system. By applying di erent methodologies to synchronize and
validate, it was possible to have a digital model fully aligned with the physical system.
Further, by running simulations with the available data of the model, it was possible to
predict which path could be the best for all the parts being executed in the system -
optimizing the nal outcome of the system. All the proposed components were tested
individually and integrated, bringing the expected results of increasing performance for
the system that was running with the proposed Digital Twin.
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8 ‘ Appendix

8.1. Double diamonds methodology

It's important to know exactly what you're looking for to be precise and to achieve the
maximum possibilities within your research scope. A complete framework, splitting the
literature review into phases, was developed, and it will be shown in the next paragraphs.
However, besides knowing precisely what to look for, it is also equally important to
stipulate the rules to accept or not a speci c paper. Those rules need to be clear and
fair enough; otherwise, the research will lack trust, and it will be biased in some personal
and instant decisions. To solve that problem, several criteria were created to guide the
decision-making when it comes to selecting or neglecting papers. After the description of
the Framework, all the criteria will be clari ed.

The big picture of the framework utilized is shown in the Figure 8.1.

Figure 8.1: Overview of the Research Framework

The focus of this literature review was to try to visit the main research in the scope of
Digital Twin for systems. Thus, a methodology was necessary that is not too specic
not to restrict the work, but also that is not too open to not diverge the conclusions.

Because of that, the methodology adopted for the research framework is similar to the
Double Diamonds, with some improvements speci c to the research review. The Double
Diamond model is named for the two diamond-shaped loops that represent the back-



112 8| Appendix

and-forth movement between divergent and convergent thinking. Usually, the Double
Diamond model can be applied to the process of conducting a research review in the
following way:

1. Discover (Exploration I): In this stage, the researcher gathers and explores a wide
range of sources and information related to the research topic. This may involve con-
ducting a literature search, identifying relevant studies and articles, and reviewing
the research questions, methods, and ndings of these sources.

2. De ne (Clustering I): In this stage, the researcher uses convergent thinking to narrow
down and clarify the focus of the review. This may involve de ning the research
guestion, selecting inclusion and exclusion criteria, and identifying the key themes
and areas of interest to be explored in the review.

3. Develop (Exploration I1): In this stage, the researcher uses divergent thinking to
generate and explore a range of ideas and perspectives on the research topic. This
may involve organizing and synthesizing the information gathered in the Discover
stage, and examining the strengths and limitations of the existing research.

4. Deliver (Clustering I1): In the nal stage, the researcher uses convergent thinking
to develop and present the ndings of the review. This may involve writing a
summary of the review, drawing conclusions based on the evidence, and making
recommendations for future research.

By following the Double Diamond model, researchers can structure their review process
in a way that promotes both breadth and depth of exploration, and helps to ensure that
the review is thorough, well-organized, and appropriately focused.
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8.2. Digital Twin market share

Figure 8.2: Digital twin market share by end user, 2021

Figure 8.3: Digital twin market share by end user, 2022
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8.3. Current Digital Twin architectures

Figure 8.4: Digital twin reference model in [17] for manufacturing cited by Shao in [31]

Figure 8.5: Proposed Framework for integrating main components adapted in [29]
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