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Abstract

A Digital Twin (DT) is a virtual representation of an object or system. It is
updated with real-time data, and uses simulation and artificial intelligence to
help on the decision-making process. It is a growing topic on the manufacturing
industry, being associated with continuous improvement.

Using this technology, Sonae Arauco aims to centralise in a unique location
the description of all their factories. They have a cloud-based architecture so,
with this centralisation, they intend to take advantage of all the synergies the
Azure Digital Twins (ADT) and the Microsoft cloud services offer. Ultimately,
this solution will help to significantly increase production efficiency, and reduce
costs.

However, the DT is not a generally accepted topic and its concept does
not have sufficient proofs on the production industry to be accepted without a
thorough investigation. This dissertation follows that objective: to give a proof
of concept of this innovative technology in the company’s sector of activity.
For that, a DT solution was implemented and its benefits tested in the context
of a practical use case.

In order to accomplish this objective, a study of the state-of-the-art of DT
and familiarity with the Azure products was required. Following that, and
after the use case selection, the conditions to develop the project were met.
Using ADT and Azure services like Azure Functions, Event Hubs, Time Series
Insights, and others, an application was developed to simulate the duration
of a production order. This development has the objective of testing the DT
range of capabilities and evaluate its performance.

Finally, the results obtained are shown and discussed and the conclusions
taken from them are described in detail. The future work that can be per-
formed to improve the implemented solution is also presented.






Resumo

Um Gémeo Digital (DT) é uma representagao virtual de um objecto ou
sistema. Este é atualizado com dados em tempo real, e utiliza o poder de
simulagoes e inteligéncia artificial para ajudar no processo de tomada de de-
cisio. E um tema associado a melhoria continua em crescimento na industria
de manufatura.

Utilizando esta tecnologia, a Sonae Arauco pretende centralizar num tnico
local a descri¢ao de todas as suas fabricas. A empresa possui uma arquitectura
baseada na nuvem, pelo que, com esta centralizacao, pretendem tirar partido
de todas as sinergias que os Gémeos Digital do Azure (ADT) e os servigos
da nuvem da Microsoft oferecem. Em tultima andlise, esta solucao ajudara a
aumentar significativamente a eficiéncia da producao, e a reduzir os custos.

No entanto, o DT nao é um toépico geralmente aceite e o seu conceito nao
tem provas suficientes sobre a industria de manufatura para ser aceite sem uma
investigacao exaustiva. Esta dissertagao tem esse objectivo: dar uma prova de
conceito desta tecnologia inovadora no sector de actividade da empresa. Para
tal, foi implementada uma solucao de DT e os seus beneficios testados em
funcado de um caso de uso pratico.

Para alcancar este objectivo, foi necessario um estudo do estado da arte do
DT e familiaridade com os produtos Azure. Em seguida, e apds a seleccao
do caso de uso, foram cumpridas as condigoes para desenvolver o projecto.
Utilizando servigos do Azure como Azure Functions, Event Hubs, Time Series
Insights, entre outros, foi desenvolvida uma aplicagdo para simular a duragao
de uma ordem de producgao. Este desenvolvimento tem o objectivo de testar
as funcionalidades do DT e avaliar o seu desempenho.

Finalmente, os resultados obtidos sdo mostrados e discutidos e as conclusoes
tiradas sdo descritas em pormenor. E também apresentado o trabalho futuro
que pode ser realizado para melhorar a solucao implementada.
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Chapter 1

Introduction

The constant development of new technologies is crucial to any business’s
success. It is the key to being competitive and profitable throughout the years,
and Sonae Arauco is no exception. The company seeks to stay up-to-date,
being the I'T department where the most significant efforts and resources are
applied. This investment is easily understood because digital applications are
advancing and upgrading faster. Moreover, they can potentially improve all
the other processes, namely in the manufacturing industry, by reducing the
production times, avoiding unnecessary breaks and enhancing the quality of
the final products. All of this positively impacts production, so although the
investment in such applications may be considerable, the return can be far
greater.

Manufacturing companies face everyday challenges related to mainte-
nance, line automation, quality assurance, and many other aspects that make
this industry so complex. Technology plays a vital role in dealing with such
problems. However, the more a business grows, the more problems begin to
occur, making technology advances increasingly important to deal with them
more efficiently. A company must study the new market trends to stay up-to-
date and seek the best possible outcomes.

Therefore, investing in a "Digital Twin" of their plant is a logical step on
the company’s route of continuous improvement. More than being the digital
representation of the physical entities in their factories, which is advantageous
from a visualisation point of view, it offers the possibility of simultaneously
simulating operations with historical and real-time data. Thus, allowing for
preventing problems before their occurrence or improving a production plan,
for example, without wasting vital resources, such as time and money, with
the outdated but typical trial and error method.

Nevertheless, Digital Twins (DTs) are a topic in rapid expansion, ap-
pealing for what they offer yet, more complex than they appear to be, at first
sight, making it challenging to use their full potential and obtain good enough
results to justify the required investment.
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1.1 The host company: Sonae Arauco

Sonae Arauco is one of the world’s largest manufacturers of wood-based
panels. The company constantly aims to improve its methods and encour-
ages innovation in the furniture, interior design and construction industries by
enhancing the design and quality of its products.

The company’s core started way back in 1959 with a single location
in Maia, where it has its current head office and where the development of
this project took place. Throughout the years, the shareholders focused on
expansion and internationalisation by acquiring several companies in Portugal
and spreading around the globe.

The industrial sector where the company locates itself is sensible from
an environmental point of view since the raw material to produce its products
is wood. However, from the very start, efforts were made to use the natural
resources available sustainably, maintaining their ecological footprint the less
significant possible.

The partnership with Arauco, a global manufacturer of forest products,
started only six years ago. However, Sonae has produced the same products for
decades, having to go through multiple evolutions to follow the market trends,
product and technological wise, while increasing efficiency, profitability and
keeping competitive prices to be a market leader.

The need for digital advancements comes from the company’s continuous
improvement mentality. Currently, they have deployed SCADA and visualisa-
tion interfaces in the factories to help in the monitorisation of the production
processes in real-time. Such applications do not solve the full extent of existing
problems, even though they provide key performance indicators (KPI) to the
operators and allow the visualisation of all the processes in the same place.
The company has a growing need to know why problems occur, not only their
existence. Evaluating the possible benefits of DTs is therefore included in the
company’s strategies.

Yet, DTs are seen as very innovative in manufacturing because there
are not many industry-related proofs of concept. Therefore, this dissertation
emerges to assess the implementation of a DT instance. For this occasion, this
development needs to be associated with a real industry use case that reflects
the company’s needs. Initially, the proposed project is focused on a production
line where the availability is considerably lower than in the remaining, imply-
ing a higher accumulation of downtimes. However, further on, the company
intends to give it continuity, increasing its importance, as the work done will
be used as a model for future developments.

This project’s success is not assured since DTs are an open topic in the
technology world, and their interest is too recent to have been extensively
investigated and evaluated. Some leading companies in the manufacturing
industry take this concept seriously and believe it will be one of the most
critical developments in recent years. Nonetheless, there are still doubts about
the viability and profitability of DTs since the potential lies not just in the
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visualisation possibilities it provides but also in the synergy with data ingestion
and services such as Al and predictive models.

1.2 Starting point and objectives

The main objective of the project developed in this dissertation is to
implement a DT and test its benefits in the context of a practical use case.
More specifically, it involves the implementation of the DT of a melamine
production line in Sonae Arauco’s plant in the city of "Oliveira do Hospital"
to simulate the duration of production orders.

The company is focused on continuous improvement and has already
developed a software application named Connected Factory or Digital Plant,
which is the live digital representation of what happens in their physical plants
in different countries and continents, allowing for long-distance supervision
anywhere and at any time. Equally to the supplied DT application, this soft-
ware is cloud-based and both ingest many signals and metadata in the same
way, which serves as a helpful starting point. Even though the data and at-
tributes to define a DT instance unavoidably coincide with the Connected
Factory, its development, visualisation, and purpose are significantly different.
In addition, its implementation is innovative within the company.

The first step involves extensive research on the topic of DTs. More
specifically, it is needed to know how to implement a DT, integrate with cloud
functionalities and services, which software can be used in parallel and how
other companies are using the same technology. In other words, reviewing
the state-of-the-art is crucial to begin the project in the most efficient way
possible. The connectivity with the cloud is essential since Sonae Arauco has
a well-defined IT strategy based on cloud computing technologies. Needless
to say, the DT or any emerging solution has to be aligned with the business
model.

During the development and before the creation of twins, models must
be appropriately deployed to fit the manufacturing industry and the existing
physical assets. DTs are brought to life from these physical models and are
prepared to receive real-time telemetry data from the factory through the
cloud. This implementation is heavily connected to the cloud. In the case of
this project supported by Microsoft Azure, so one of its main goals is to study
how the different instances are related and which are the best Azure services
to use to obtain the best results while requiring less computational power.

The codding of Azure custom functions in C# is mandatory to integrate
different Azure services and simulate production orders. More specifically,
there is the need to ingest data from Azure IoT Hub to the Digital Twin
Explorer, process this data into simulated outputs and, lastly, supply the out-
puts into Time Series Insights (an Azure service used to collect, process, store,
query and visualise data). Once the simulated results are obtained, they will
be compared with the predicted and real-time results. Their differences must
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be discussed, and consequently, the success of DTs for the selected use case.

This use case must be previously defined and important to the company’s
needs. Its implementation aims to improve the production process efficiency
regarding the melamine line by running simulations of the production plan in
the digital twin environment to measure its feasibility and identify potential
bottlenecks to be posteriorly solved. The use case definition is the starting
point of the entire project, so it is undoubtfully vital to be well thought out
considering the company’s needs. At the same time, an adequate balance
between complexity and feasibility within the project’s expected duration must
be achieved.

At the end of the project, the expected results are not meant to im-
mediately improve the company’s processes but to validate the DT concept
and technology, taking into consideration not only its advantages and what it
brought new but also the costs associated, which include the hours spent on
its implementation and computational costs.

1.3 Dissertation outline

The dissertation unfolds in this way:

The second chapter briefly mentions the final board produced in the line
this project is built on and describes the melamine production process in the
BP9 line, which is necessary for understanding the work to be developed. It
is also where the company’s problems and implemented use cases are defined.
The selected use case is highlighted.

The third chapter explores the digital twin topic, starting with a brief
history and concept definition. After, its types and industrial applications are
investigated. After this theoretical review, the software and support services
are presented, raising the question: Are the sufficient conditions reunited for
the project’s development? The question is answered throughout chapter four
and discussed in chapter five.

The fourth chapter explains the implementation and productive deploy-
ment processes with the help of fundamental images and graphics. It includes
the system architecture, extended models, DT creation, functions developed,
and the final simulation results and output.

The fifth chapter contains the result analysis and discussion, comparing
the expected with the values obtained. This discussion is accompanied by
graphics that assist in visualising and comparing such values.

The sixth and final chapter contains the most relevant conclusions of the
dissertation. It suggests further development and optimisation of the DT solu-
tion created while giving a detailed assessment of the value of the technology.



Chapter 2

Problem statement and fundamental
concepts

Before presenting the problem on which this dissertation lays, some es-
sential notions and knowledge must be obtained to understand it better. The
project is focused on a melamine production line. There are different raw
products being processed on this line, yet their characteristics do not influence
its behaviour, so they are not presented in detail.

The problem has to be previously defined and an appropriate use case
selected for the solution to be implemented. This use case is not the main
focus of this dissertation. It serves as a proof of concept for the DT. Bearing
this in mind, a specific production line had to be carefully chosen. Its compo-
sition, operations and issues are described to demonstrate where the DT will
be experimented with.

Thus, this chapter provides detailed but concise information about the
BP9 line, justifying its choice, and deepening into the problem discussed
throughout this dissertation. The company’s needs are reviewed, and the use
case is presented in detail.

2.1 Production process of melamine surfaced
boards

A brief description of the final product is necessary to provide context;
however, the functioning of its production line is the real focus. In this section,
the most important information to retain is the procedures and operations of
a specific melamine production line so that the problems and project develop-
ment can be understood.

2.1.1 Melamine surfaced boards

Melamine surfaced boards are composed of a raw board, Particleboard
(PB) or Medium Density Fiberboard (MDF), and 1 or 2 sheets of impregnated
decorative paper, as illustrated in Figure 2.1 The melamine resin works as
the connector to the board, activated by a heated pressing process.
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Figure 2.1: Melamine surfaced board layer composition. 1 & 3 - Decorative paper; 2 — Raw
board.

The properties of the raw boards are then combined with a specific aspect
and texture appropriate to each application or client preference. It is also
important to highlight that the paper with which the boards are surfaced,
more than a decorative function, also provides optimal scratch, abrasion and
stain resistance and allows for easy cleaning.

Thus, impregnated decorative paper is the most particular and defining
element of melamine surfaced boards, and its impregnation process is complex
and vital for the surface properties of the board. However, this production line
does not affect the melamine line directly, so it was not investigated.

2.1.2 BP9 line operations

Sonae Arauco’s melamine surfaced boards manufacturing process is di-
vided into multiple stages, schematised in Figure and explained in detail
later in this subsection.

Yet, from a broad point of view, a melamine production line is composed
of key zones. The formation zone, represented in blue, where the raw boards
enter the line and the final product is assembled. The press, represented in
green, is the most important element of the line as it is the asset where the
board’s surface finish is provided and, more importantly, where the boards
take the longest time, forming the line’s unavoidable bottleneck. After the
press there are stations that remove the excess paper, cool the boards and cut
them. Among these, there is the control station where an operator classifies
the quality of the boards. It is the only manually operated zone of the line.
At the end, there are five packing tables where the final product is pilled and
transported to a warehouse.

This project’s development is based on one of the four melamine lines
in the "Oliveira do Hospital" plant. The BP9 line is the most modern of the
four, and despite being large and complex, it was the line chosen because the
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processes are more updated and have more IoT devices than on the remaining
lines.

The factory runs continuously, so when a production order is complete,
the necessary batches for the next order are placed in the feeding buffers. There
are two buffers for the boards and two for the sheets of impregnated paper.
After each station detects the presence of a batch, the operator can manually
start the process by inserting the order code.

Then, boards are picked up by a robotic arm with suction cups and
placed on the input table. It can pick up one or two boards simultaneously,
depending on their size, determined by the order specification. The press has
5.7 m of length, so the big boards have approximately the same size, and the
smalls have half. When there are two small boards in the line simultaneously,
they are treated as if they are one, with slight changes throughout the line.

The paper is placed on the boards in the next stage, the formation zone,
represented in blue in Figure [2.3] There is the possibility of placing paper
on both sides of the boards or only on one. According to this, the line has
different behaviours.

Figure 2.3: BP9 line: Input tables and formation zone.

Paper on both faces: The boards are moved into table 13 and transported
by a car into station 1, where paper is placed on the lower face. The board is
then transported into station 2, where paper is placed on the upper face.

Paper on one face: After table 13, the boards are moved into table 14
and transported by a car into station 2, where paper is placed on the upper
face.

There are other sequencing possibilities related to the existence of paper
on the feeders. This prevents the stop times due to lack of feeding material
but increases this zone’s complexity.

A transportation car then moves the boards into the press, where they
will go through two critical cycles. The mechanical cycle corresponds to the
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closing and opening of the press, and the thermal cycle is the time the press
stays closed, during which the press plates heat the board at a predetermined
temperature and pressure, making the resins in the paper stick to the board.
At the same time, it provides a texture to the surface.

Between two production orders, the press temperature can change and if
less than 10 °C, for each degree Celsius increase, the thermal cycle reduces 1
second of its time. This method prevents the line from stopping.

The press is the central element of the line since the sum of these cycles
determines the speed of the entire line if there are no unexpected issues in
other stations, making it the main but unavoidable bottleneck of the process.

~-

Control

A

Operator

Transport Car Scraper | Scraper

Figure 2.4: BP9 line: Press, scraper and control stations.

While transported to the next station, the boards go through a scrap
zone. In the scraper, the excess paper is removed, and, on the occasion of
having two small boards, the sheet of paper is cut in half, separating them.
However, they still move as one.

Afterwards, they reach the only manually controlled line station, the
control zone, where an operator analyses the presence of defects and classifies
the boards into three groups: first quality, second quality and third quality.
The first and the second are allowed to pass the control zone but are stored
in different batches. The third degree fails the control and is removed from
the line. The operator has a control panel where he/she inserts the quality
degree of the boards after seeing both sides with the help of a lift and sends
the boards into the next station.The sequence of stations after the press is
represented on Figure [2.4]

Conveyor > Conveyor
1 ¥
Turning Gripper Example Turning Gripper Turning Gripper
il ¥
Conveyor Conveyor
v

Figure 2.5: BP9 line: turning grippers.
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After the indication from the operator, the boards enter a turning grip-
per, represented in Figure 2.5 where they will slowly cool down. The gripper
has two stages and a counter. When a board enters this station, the counter
is incremented, and when it leaves is decremented.

At the grippers’ exit exists a cutting table with a saw. However, the
operation is optional and determined by the order specifications. There the
boards can be cut along the length of the board.

Just before the line’s exit, the boards enter a centring table to be in the
correct position for the packing in batches.

There are five packing tables:

o Table E - first quality boards ;

e Table D - second quality boards;

o Table C - first quality boards;

« Table B - boards of quality defined by the operator (not always used);

o Table A - holds pallets. These are placed on the other tables before they
take boards.

The packing is the final stage of the line, and the production order is
finished when the number of boards specified in the production plan is reached.
The batches are then taken into a specific warehouse, where they are stored
before transportation. The final zone of the line is represented in Figure [2.6

Saw

Conveyor —> Centring Table

Figure 2.6: BP9 line: Saw, centring table and packing tables.

It is important noting that plants are expected to work 24/7, so there is
a significant effort for the lines not to stop as it results in a considerable loss
of profit. This requirement forces the company to look for advanced solutions
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to ensure it does not happen, and it is in the IT department that the most
significant efforts are made.

The described production line in the "Oliveira do Hospital" plant is the
subject of the proposed practical work; therefore, each mentioned element and
stage is meant to be modelled and connected with the appropriate relation-
ships. Understanding its operations, individually and as a whole, is thereby
crucial for defining the existing use cases and essential for the correct approach
to the presented problem.

2.2 Problem definition

The correct and complete definition of the problem is, or should be, the
first approach for any project because it is at this stage that the conceptuali-
sation begins, sometimes indirectly, and also when the outline, objectives, and
timeline are defined.

Clarifying these topics is a great deal since it allows for well-balanced
management of expectations from the client, which helps the developer build
the best solution possible according to the client’s needs and restrictions.

Thus, the success of a project, in addition to the results, is also evaluated
according to the completion of the objectives defined in its preliminary phase.
The following subsections present the problem in detail, from the company’s
needs and expectations to the proposed solution.

2.2.1 Identified production constraints

Industry 4.0 promotes the interaction of intelligent software, machines,
and humans, both inside the factory and over the cloud. This philosophy
promotes using cutting-edge information technology and automation to gather
and monitor all essential information flows to maximise efficiency, optimise
management, and automate tasks.

One of the main goals of the melamine production line is to achieve the
ideal recipe, which includes minimal cycle time and stable plate temperature
while maintaining the highest level of product quality and production line
availability. These targets are essential for ensuring that customers get the
best service possible while maintaining low production costs.

This desired goal is not readily achievable since several factors contribute
to the added complexity:

o Currently, optimal recipes are obtained by try and error, which has high
costs associated;

o External conditions like temperature, humidity, components ware and
others influence the process, being difficult to predict;

o Multiple lines are running in parallel, creating the need for different
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recipes and, consequently, having an impact on the production setups
and line availability;

o Line feeding of boards and impregnated paper is accomplished using the
same conveyors, frequently resulting in higher waiting times.

It is known that external and unpredictable factors are an issue in every
production line. However, in Sonae Arauco, Melamine lines have the lowest op-
eration efficiency compared with other production lines such as ParticleBoards
Press, Sanding lines, Cutting lines or Impregnation lines. The low efficiency is
impacted by the three vectors considered in this KPI: availability, performance
and quality. As of today, the main problem is availability which is, on average,
70% compared to 98% of quality and 95% of performance. As such, it is Sonae
Arauco’s objective to boost Melamine production availability.

The above means that the melamine line is, on average, stopped 30% of
the time, approximately six times more than the other lines. These stops result
in a big production break involving significant losses since melamine surfaced
boards are considered an added value product since it is the most profitable
product the company produces.

Deep diving into the availability context, it is known that besides the
unplanned downtimes, the most significant impact is the changeovers between
orders and the accumulated micro stops due to the waiting times in each one
of the production line control points.

Empirically, the company knows that having only one warehouse sup-
plying the four melamine lines will generate waiting times for supply issues
because the four lines have different cycle times, different lot size typologies,
and the plans are not optimised to supply them. In addition, it is known that
the operators sometimes increase the cycle time (disrespecting the recipes),
which allows them more time for quality inspection, causing unwanted stops.

Thus, there is the need to identify the most critical points within the line
to focus on them and find adequate solutions. At an advanced stage, the board
and paper feeding together with the four melamine lines must be studied to
check for cadence problems.

These problems are currently solved with analytical and probabilistic
methods in a much simpler way. However, this dissertation aims to implement
a DT solution on the context of a real industry use case that is also valuable
for Sonae Arauco. Therefore, the availability problem in the BP9 line was
selected to validate the interest and analyse the performance of DTs.

2.2.2 Proposed solutions

The efforts applied to solve the identified problems are significant and not
overlooked by the company. However, several issues require more customised
methods that produce the most efficient solution with fewer resources. The
concept is logical and easy to comprehend; however, it can be contradictory
since, in most cases, customised approaches are too specific for an application,
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creating the need for significant changes and adaptations for other implemen-
tations to obtain the desired results. This adaptation implies higher costs in
several areas, from the development to the computational and storage costs.

Thus, the manufacturing industry continuously seeks new alternatives
and cutting-edge technology to solve their problems or assist in the never-
ending search for improvement within the internal processes. The evolution
of the internet and available services assisted tremendously in this search for
continuous improvement.

DTs, at first sight, have an excellent prospect to be the innovation this
and many other industries need. The concept of digitally representing the
most accurately possible what happens in reality, is not innovative, but DTs
are much more than a visualisation tool. The software offers the possibility of
gathering the description of all the company’s factories and all of the associated
data in the same place, which allows for its integration with other cloud services
and merging with DTs from a third party. Moreover, it enhances the outcomes
of simulations and gives the user a feeling of real-time proximity to what
happens in the physical world.

Even though DTs’ potential is undeniable, there are doubts about this
software’s applicability. The authors of [I] reveal the scepticism a considerable
amount of people directly connected with the process industry have shown
about the advantages of this technology.

Therefore, the concerned project arose from the need to prove the DT
concept and its advantages when connected with Sonae Arauco’s already imple-
mented solutions. Integrating with their cloud is fundamental for the company,
so the DT implemented must provide interesting outcomes while facilitating
the integration between services. These results must be evaluated in parallel
with the expenses associated with the software’s implementation, and compu-
tational power utilised.

Thus, the solution must be developed for a specific use case linked to the
company’s current needs. Only on this occasion will the results be sufficient
to discuss the DT effectiveness in the company’s reality properly.

2.2.3 Use case selection

Use cases are approaches and processes utilised to assess and analyse
systems, such as software platforms. Their goal is to assist in determining,
interpreting, and organising the requirements and features of a system, as well
as how they are utilised.

Currently, there are several use cases defined by Sonae Arauco. They
represent the needs that the company has identified and are divided into the
following five categories:

e Preparation of production orders;

o Execution of production orders;
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e Quality control;
o Storage;

o Continuous improvement.

Within these groups, there were countless possibilities to be explored.
The production plan compliance check, post-production management, defects
prediction or new product testing are possible cases that could have been ap-
plied. However, the selected use case to be implemented was the simulation of
a production order duration in the BP9 line. This is considered a more generic
use case that can fit into the categories of execution of production orders and
continuous improvement. The calculations necessary for the implementation
of this use case are the time a board takes in each station, which will also allow
for the identification of bottlenecks. From this, several outputs can be pro-
duced to give important insights on the line behaviour. The approach adopted
is described in Chapter

This use case represents a fundamental requirement proving the necessity
of implementing the DT. It intends to test its capabilities in a real-world
scenario while having future applicability for the company.

2.3 Summary

The description of the production line that the DT will represent was a
necessary first step for the development of the entire project, starting with the
problem definition and use case selection. Even though secondary for the DT
assessment, these decisions are important because they determine the project’s
path.

Sonae Arauco has a clear interest in exploring DTs for everything they
offer. More specifically, the data centralisation, the possibility to connect
with multiple cloud services and the integration with other DT developed by
external entities. Therefore, this software was proposed as the solution for the
identified problems and a use case was selected to test the DT capabilities and
prove its concept for future applications.

Before developing the project that seeks to prove the utility of this soft-
ware, its concept needs to be understood, in particular the one provided by
the company: the Azure Digital Twins (ADT). This need led to a thorough in-
vestigation of the software capabilities and applications. The outcome of this
research provided the necessary knowledge for the project’s implementation
and assisted in selecting the correct approach to test this technology.

The DT research results and survey of Azure services are presented in
the next chapter.



Chapter 3
Azure Digital Twins

This chapter presents the essential knowledge obtained from the investi-
gation before the current project’s development. It includes a summary of the
state-of-the-art of the DT technology, from its definition to standard applica-
tions.

Several other services, presented in this chapter, must be deployed and
integrated to get the best outcome of any DT. The ADT software is connected
to the Microsoft cloud (Microsoft Azure), facilitating communication and col-
laboration between different environments.

The supporting software and its preference over the other available op-
tions is a debated topic within the company, so the reasons behind their deci-
sion are also presented. The most important cloud services are also described.

Finally, the DT applicability in the production industry and development
concerns are discussed.

3.1 Digital Twins

The manufacturing industry did not always resemble its current state.
It underwent several transformations that the following four significant mile-
stones may summarise:

e The industrial revolution during the 18th and 19th centuries;
o Mass production in the first half of the 20th century;

o Information technology-based automation of production in the second
half of the 20th century;

e The ongoing fourth industrial revolution.

The latter, also referred to as Industry 4.0, promotes the cooperation of
all the technologies and elements of a process to improve product quality and
production efficiency, adaptiveness, sustainability and affordability.

Then, big data acquisition became vital for implementing these promising
technologies; however, the information collected by intelligent sensors needs to
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be filtered into valuable data. Only then does it have the power to enable the
connection of factories, supply chains and clients [2].

DTs are displayed as a solution that can integrate the necessary treatment
of data and produce viable outputs from it. This view is extremely appealing
since it allows for the centralisation of information and services, leading to a
continuously increasing cost efficiency [3].

Before exploring the wide range of possibilities it offers, its definition has
to be understood. A digital twin is the virtual representation of one object
or more, forming a system through establishing relationships and hierarchies
between them, mirroring their interactions in reality. The accurate representa-
tion of these models is guaranteed through the collection of real-time data from
[oT devices and its transmission, analysis and processing through appropriate
services integrated with the cloud.

In the manufacturing industry, DTs give manufacturers insights, enabling
them to make more accurate predictions, assisting and improving the decision-
making process associated with the generated twin. It runs in parallel with
simulations, machine learning, and reasoning to predict, identify and avoid
possible bottleneck problems while optimising the system’s performance, qual-
ity and overall efficiency [4]. Thus, the main focus of a DT is to reduce costs,
optimise operations and enhance the customer experience in the original phys-
ical system.

Digital twins are among the several technologies believed to strongly
impact the future of manufacturing through the combination of the cyber and
physical dimensions. However, they are not independent technology.

The authors of [5] underline the importance of the cooperation between
DT and big data analytics to achieve smart manufacturing. DTs can ingest an
impressive volume of data throughout a product lifecycle. Then, by analysing
it through advanced analytics, the performance of the product or process in
the physical space can be improved.

Almost any system transmitting valuable data can have its digital twin
representation, even though the most common applications are complex or
rapidly changing environments, from production lines to entire factories or
cities. This thesis intends to show how to deploy and take advantage of a DT
environment in the manufacturing industry. For that, the concept has first to
be understood.

3.1.1 Brief history and concept

Despite being considered an emerging technology, the DT concept was
introduced in 2003 by Dr Michael Grieves as "A set of virtual information
constructs that fully describes a potential or actual physical manufactured
product from the micro atomic level to the macro geometrical level. At its
optimum, any information that could be obtained from inspecting a physically
manufactured product can be obtained from its Digital Twin" [6] [7]. Physical
products, virtual products, and their connections were identified as the three



3.1 Digital Twins 17

components of DTS’ first proposed format.

At this time, the technologies necessary for the development of DTs had
severe limitations, preventing its evolution and, unavoidably, the scientific com-
munity’s interest. From 2003 to 2011, the rapid growth of cloud computing,
communication technology, Internet of Things (IoT), sensor technology, big
data analytics, and simulation technologies led to the proliferation of DTs.

In 2012, NASA published an article recognising the importance of DTs,
defining them as a "multiphysics, multiscale, probabilistic, ultra-fidelity sim-
ulation that reflects, in a timely manner, the state of a corresponding twin
based on the historical data, real-time sensor data, and physical model" [§].

The interest of such a respected institution accelerated the research on
the topic. Several authors reported their interpretation of the concept, yet the
main disagreement is related to its composition. The most complete definition
states that DTs must include five dimensions: physical part, virtual part,
connection, data, and service [9]. Figure presents a representation of the
DT five dimensions. PE represents the physical entity; VE represents the
virtual entity; Ss represents the services for both PE and VE; DD stands for
the DT data; and CN means the connection of different parts [9].

S8

ﬁrm

PE CN_PV VE

Figure 3.1: Five-dimension model for the DT.

The virtual environment enables simulation while representing the physi-
cal system accurately. Integrating sensor and manufacturing data with several
services allows for the prediction of production metrics and monitorisation of
machine operations [10], improving the system’s efficiency, productivity and
reliability. Lastly, the connection aggregates all the described components.

Nowadays, DTs are seen as a promising technological trend and are
present in several industries due to their vast industrial applications. In order
to fully get the possibilities they offer, there is the need to understand their
common types and functions.
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3.1.2 Types of digital twins

Digital twins are commonly classified according to their application area;
however, it does not mean they cannot co-exist. It is essential to know the
characteristics of each type and which are more appropriate to the required
application so that the results obtained are the best possible when considering
all the functionalities of this technology.

The digital twins are therefore divided into four categories with higher
levels of importance and complexity, presented as follows. The study of these
categories revealed how detailed and exact twin modelling should be.

Component Twins / Parts Twins

Defined as the twin of a single mechanism from the entire system. Com-
ponents are crucial to the structure’s functioning, directly impacting its per-
formance and functionality. The objects defined as parts are similar but with
considerable lower importance.

The typical applications at this level are, for example, part design and
material deformation.

Asset Twins

Describe the interaction of two or more components as an asset while
component twins are developed concerning the stability and durability of an
independent object. It allows the user to verify whether the individual parts
function correctly as a system and enables the simulation of various hypotheti-
cal situations to improve the overall performance of the twin and, consequently,
the physical system.

System or Unit Twins

The aggregation of the existing assets facilitates the visualisation of how
they work as a group regarding the assets’ interactions and ideally identifies
room for improvement within their collaboration, with the primary goal of
increasing the system’s performance.

Process Twins

Reveal how systems or units function as a whole representing an entire
production facility. One of the vital factors is the timing in which all systems
work together. This higher level of magnification’s main objective is synchro-
nising all the existing systems to achieve the best possible overall time and
cost-efficiency. The most common applications of digital twins at this level of
complexity are sequencing and plant layout. It is important to note that indi-
vidual units producing too quickly also represent a problem related to higher
storage and logistical costs.
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This division simplifies the development of the digital twin environment
through the representation of smaller models, allowing a better understanding
of each component and facilitating modifications in each part. However, the
digital twins solely reach their full potential at the process level, when all the
components, assets and units function as a whole, fulfilling their purpose.

3.1.3 Industrial applications of DTs

The use of digital twins in the industrial sector can be applied in ev-
ery stage of production, from the product’s design to its end of life, assuring
maximum efficiency throughout the whole process [11].

Predictive models supplied with historical data and expected perfor-
mance outcomes can provide insights that allow the manufacturer to make
slight changes or refinements before starting production and, therefore, avoid
the traditional try and error method associated with waste and, consequently,
unnecessary costs.

When integrated with autonomous systems, DTs can visualise and up-
date the production status in real-time without requiring direct human in-
teraction [I2]. The ingestion of environment, operational, and process data
allows autonomous systems to respond to unexpected changes during ongoing
operations in the physical world or simulation.

During the planning phase, alongside the power of simulations, DTs are
widely used to eradicate bottlenecks or verify the feasibility of the production
plan [2]. During production, digital twins can monitor the global or specific
processes, according to the company’s desires and needs, with the continuous
aim of achieving and maintaining peak efficiency.

A maintenance prospect is also one of the most utilised functions of a
digital twin as it is essential for the final product quality and the machine’s
lifetime. These indicators can be obtained through historical data, allowing
the DT producing warnings about the need to verify the state of a machine or
even to change one of its components.

In specific cases, they can also be used to test the efficiency of a factory
before its construction. Bosh is currently building a DT environment with
thousands of twins to verify the efficiency of processes and factory floor design
by ingesting data from other identical factories. This innovative technique
can lead to the identification of bottlenecks and overall improvement and in-
tegration of several production lines in the digital world, allowing for the most
efficient construction possible, reducing the associated costs substantially.

Furthermore, Microsoft provides several building scenarios of manufac-
turing instances that were used as inspiration to the development procedures
explained in Chapter ] As an example, their developers built a robotic arm
assembly line and use simulated telemetry to show the DT capabilities.

All these fields of application show that the technology is evolving and
increasing in popularity; however, companies tend to develop their own DTs,
making it more challenging to integrate new developments with existing so-
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lutions and forcing an assessment of the best available software. This inves-
tigation is vital as the best option can differ substantially considering the
company’s activity, needs and data handling.

3.1.4 Supporting software

DTs interest on a mass scale is considerably recent, yet there are already
many available options in the market from trusted institutions, including IBM,
Siemens, Microsoft Azure, AWS (Amazon Web Services) and GCP (Google
Cloud Platform).

Sonae Arauco has a cloud-based IT strategy, so the DT and any other
emerging technology must be aligned with their methods. Therefore, the soft-
ware used during the development of the concerned project was Microsoft
Azure Digital Twins (ADT). Although extensive research was not carried out
on defining the best solution, since the company provided the software men-
tioned, it has excellent advantages, mainly because it is connected with all the
services available in Microsoft’s cloud.

Microsoft. Azure is one of the leading cloud services worldwide, allowing
for interoperability between software directed to manufacturing and factory
automation. Additionally, they show concern and a will to help the customer
by providing extensive and easy-to-understand documentation. For example,
they have made the Digital Twin Definition Language (DTDL’s) specifications
available to expand their open community and establish a standard language
for defining DTs and their relationships.

3.2 Microsoft Azure services related to IoT
and DTs

Before developing the proposed application, there is the need to under-
stand multiple concepts and services inside the cloud. This research allows for
more efficient deployment and integration of the available services, enhancing
the DT potential.

The most important information regarding these concepts is presented
in the following subsections.

3.2.1 Digital Twin Definition Language

DTDL is based on JSON-LD (JavaScript Object Notation for Linked
Data) and is the language used to define executable models for Azure Digital
Twins. Although it is programming-language independent and is mainly used
for this application, it is not exclusive to ADT, being used in other IoT de-
vices. It was made simple and user-friendly, making Microsoft’s documentation
extremely helpful in allowing a better understanding.
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The models’ definition is the foundation of any DT solution since they
describe the types of entities in the built environment. When the projected
solution is linked to a specific industry, it is more efficient to begin with a set
of models previously made and openly shared called ontologies.

3.2.2 Ontologies

Ontologies provide a more immediate start for developing a new DT
solution. However, in the exception of particular cases, it is never a perfect
match. Many changes can be required to make the solution fully adequate to
the considered case. Despite this, they assist developers in focusing on the
final objective, like solving business problems.

Microsoft has a good policy to help their customers and supplies ontolo-
gies regarding different sectors that are easily extensible and, therefore, highly
customisable to the idealised solution.

The usage of ontologies to the detriment of building models from scratch
allows for the creation of DT instances with benefits, such as:

e Reduced investment in conceptual modelling and system development;
o Harmonisation of software components and documentation;

e Best practice for the reuse of the adapted models.

Ontology Adopted

The RealEstateCore ontology for smart buildings was the starting point
for the model definition. Before presenting this ontology, it is important to
state that, as the name suggests, it is an ontology directed to the real estate
sector, a completely different sector from the production industry, where the
current project locates itself. Figure |3.2 represents the ontology structure.
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Figure 3.2: RealEstateCore, a smart building ontology for Digital Twins.
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Therefore, the ontology was used solely as a structural and organisational
guide for developing the model graphic, particularly in defining the relation-
ships between each model. However, the existent models’ content was modified
to match the production industry and Sonae Araucos’s plants.

Before creating the DT associated with these models, it is necessary to
understand what each class of models represent. Table includes a brief
description of each core model. These models have a great deal of importance
and form the base of all the remaining models since they can be extended. A
model that extends another inherits all of the referenced model’s properties,
relationships, and components.

Table 3.1: Core models of the RealEstateCore ontology.

Core Model Description

Represents any basic types of stakeholder that can have roles or perform activities. For example: people,

Agent .
companies, departments.
Represents a physical structure that has a 3D spatial extent and can contain, or not, sub-spaces. For
Space . . . - .
example: a region can contain a factory, which can contain different production areas.
Asset Represents an object located inside or outside a space, without being a structural part of such space. For
sse

example: equipment and machines.

A piece of equipment or software that communicates and interacts with a digital twin platform. Logical

Logical Device X i . .. .
g devices can have Capability instances that describe their input/output capabilities.

Represents the capacity of an entity to produce or ingest data. It is composed by numerous sub-classes, like
Capability |Sensors that mimic the harvest of data from the real world, Actuators that accept commands from the digital
twin platform, and Parameters that are previously defined by the user.

There is an open standard for exchanging information between partners
in the manufacturing value chain: the Industry 4.0 Asset Administration Shell
(AAS). Studies are trialling the applicability of using the AAS as a base for
building an ontology for smart production. This ontology would be more suit-
able for the current application; however, it is not finalised, so, despite not
being the most adequate, the RealEstateCore ontology was used and appro-
priately modified.

3.2.3 Azure IoT Hub

Azure IoT Hub is a cloud-based service that acts as a central messaging
hub for IoT applications and device communications. Millions of devices can
be securely linked with their backend solutions. It is a universal service as
most devices can be linked to an IoT hub.

3.2.4 Azure Event Hubs

Azure Event Hubs is an event ingestion and big data streaming platform.
It has the capability to receive and process millions of events per second. Event
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Hubs enables the dissemination of telemetry and event data to multiple stream-
processing. This service offers a unified solution for quickly retrieving data for
real-time processing.

The Figure [3.3| shows the Event Hubs stream processing architecture:
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Figure 3.3: Event Hubs stream processing architecture.

3.2.5 Azure Event Grid Topic

Event Grid is a highly scalable, serverless event broker that integrates
applications using events. Eliminating the necessity for constant polling, sim-
plifies event consumption and reduces expenses. Event Grid transports events
from Azure and non-Azure services efficiently and delivers the events to sub-
scriber endpoints. Event Grid is not a data pipeline and does not provide the
updated object itself.

Figure displays the most common event sources and event handlers
supported by Event Grid.
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Figure 3.4: List of event sources and event handlers supported By Event Grid.
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3.2.6 Endpoints and event routes

An event route enables the transmission of event data from digital twins
in Azure Digital Twins to user-defined endpoints. Before an event route can be
defined, its destination must be established. Destinations supported include
Event Grid custom topics, Event Hubs, and Service Bus.

Each of these three Azure services can be linked to other services and
functions as an intermediary, transmitting data to final destinations like Time
Series Insights.

3.2.7 Azure Function Apps

Azure Functions is a serverless solution that enables developers to write
less code, maintain less infrastructure and, consequently, save money. Instead
of building and maintaining servers, the cloud architecture delivers all cur-
rent resources required to keep the developed apps operational. Figure (3.5
highlights the composition of an Azure Function.

Azure Functions

Event - Trigger Code Azure Function

(- <5

Figure 3.5: composition of an Azure Function.

Every application requires a method to execute code when certain events
occur. Therefore, Azure Functions enables the implementation of the system’s
logic into accessible blocks of code known as "functions'.

This service allows using several languages like C#, Java, JavaScript,
PowerShell, or Python. Another significant advantage is the debug possibilities
it offers. Through the usage of logs, the developer can troubleshoot a function
while running it online and solve issues or gain insights into the applications.

3.2.8 ADT 3D scenes studio

Azure Digital Twins 3D Scenes Studio (preview) is a 3D environment in
which users may monitor, troubleshoot, and examine operational data in the
context of 3D assets. 3D Scenes Studio enables businesses to enhance current
3D models with Azure Digital Twins data.

There, 3D objects can be connected to digital twins, which gives a real-
istic visual image of the data being ingested. Metrics can also be implemented
to change the colour of elements if the ingested signal changes or create alerts.
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3D design skills are not mandatory as there are several visualisations
available online. Despite this, a 3D environment was not developed in this
project since it is a recent application, and there were other priorities. Even
so, it is a valuable tool to integrate with digital twins.

3.2.9 Azure Time Series Insights

Azure Time Series Insights is a second-generation end-to-end IoT ana-
lytics service. It can capture, analyse, store, query, and display data.

Azure Time Series Insights Gen2 is destined for data exploration and
operational examination, enabling users to discover hidden patterns, find ir-
regularities, and investigate the root of an issue. It is an open and adaptable
solution that suits the diverse requirements of industrial IoT projects.

Besides, it can filter, clean and prepare data for analysis, serve as a
framework to facilitate the comprehension of the data, and store data cost-
efficiently.

3.3 Predictable implementation difficulties

DTs have some documented cases of success in their implementation.
Nevertheless, as mentioned before, every field of application requires specific
methodologies and adequate connection of resources, so it is not guaranteed
that the software can be applied in any situation.

Microsoft plays a significant role in this project since almost the whole
extent of services and applications utilised are supplied by the software devel-
opment company and integrated with their cloud.

Therefore, more than the proof of concept of DTs, there is the need to rely
on the digital technology supplied. This concern is barely related to the quality
of the services available since Microsoft is one of the leading companies in the
market. Nevertheless, many questions related to this implementation arise. It
is not assured that Azure has all the tools needed or that their integration is
as simple as they promise.

It is also unknown whether the software is too complicated to put into
practice, creating the possibility of some issues not being overcome. One of
the predicted difficulties is to obtain all the attributes necessary to develop a
complete simulation, which can negatively impact the outcomes and influence
the DT validation.

Thus, after obtaining the results, there is the need to analyse them criti-
cally to separate the possible errors or inefficiencies of the simulation from the
DT capabilities.
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3.4 Summary

The research that led to the writing of this chapter was fundamental for
its development. The awareness of the existent DT types, their differences and
examples of industrial applications allowed a better development process. The
DT technology does not run by itself so the Azure services it can be integrated
with were also investigated.

This study advantages were perceived during the implementation of the
project presented in Chapter 4. It describes in detail the development process
by presenting the methods followed and tasks performed. Their final objective
is to create outputs comparable with what happens in reality so that the
simulation and, consequentially, the DT can be assessed.
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Project development

After knowing the functionalities and characteristics of the services Azure
provides to integrate with the DT, the system design was the logical next
step. This knowledge, alongside understanding the production line elements,
behaviour and problems, allowed for efficient development of the DT environ-
ment, which includes all of the elements presented in the system’s architecture.

The numerous parts of the final system and the steps necessary to connect
them with ADT are then presented. This process began with the models’
extensions, which allowed the twins’ creation. For the integration process,
two C# functions were developed to ingest the necessary data, run the built
simulation and connect with the output.

4.1 System architecture

The definition of the system architecture serves as a guide to the work
being developed and allows for a better understanding of it. Thus it is a crucial
part of the early stages of the project’s development.

The system is almost entirely cloud-based, using the services integrated
into the Microsoft cloud (Azure). The diagram in Figure shows the archi-
tecture from the physical factory to the DT created. The previously existing
connections are differentiated from the ones implemented, and the different
stages are highlighted.

At the starting point of the development, the totality of the data from
the factories was already collected by the IoT Hub. However, it is interesting
to understand how the data is routed from the sensor to the cloud. This local
path is represented in red. Each factory has an industrial edge server, meaning
that more than one edge device can exist in each location as long as a Microsoft
component is installed. This component has several functions:

o Module for collecting data from the OPC-UA server;

e Module to read the requested data in real-time that are on the Shop
Floor, their Manufacturing Execution System (MES);
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o (Calculation module to act on the signals that require any transformation
in real-time;

o An alarmistic module that crosses the signals against the configuration
of alarms present in the cloud (smart notifications);

« Final integration of all the signals in Azure.

Factory

ndustria

Digital Twins Event Grid topic Times Series Insights

&S—

i

» Capture Telemetry I

‘[ Simulation Events T v
! Capture
I Event Data |
‘V 1 Telemetry * C
1 \ Messages \
‘ 2t A £ \— =2a
| . oo
I loT Hub C# Function C# Function Event Hubs
I Data Ingestion + Simulation Data Output to TSI
- Physical Twin — Data Flow Calculated Outputs Flow
- Physical Data Ingestion to DT - Data Output to TSI

Figure 4.1: System’s architecture.

The edge is not an obligatory tool. Nevertheless, it is included in Mi-
crosoft’s reference architecture, and the company follows their directives. On
the cloud, the data consumption is done in several ways through the available
web apps: Power BI, TSI, Grafana and Azure Data Explorer. In the current
project, TSI was the utilised application.

After understanding the local data flow and how it arrives in the cloud,
it is necessary to define a clear path from the starting point to visualising the
outputs.

Section A, in orange, represents the ingestion of telemetry data from
the IoT Hub to the Digital Twins environment through a C# function. The
necessary data is filtered in this function according to the existent twins. This
means that if a new twin is created with the proper Id, the function will provide
its attributes automatically. This section is described in detail in subsection
Z4d

Section B, in yellow, represents the data flow related to the simulation.
The necessary calculations are performed in the ingestion function, for reasons
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explained in Section [4.5 and the outputs are provided to the appropriate twin
in the DT environment.

Section C, in green, uses two messaging platforms to supply the outputs
to TSI. First, it is necessary to create an endpoint in ADT that connects the
instance to the Event Grid topic and set up a route within Azure Digital Twins
that sends twin property change events to the endpoint. Then, the Event Grid
topic enables data movement between the DT environment and the Function
App developed to update the TSI. Before that, the data has to be treated
inside the function through a method explained in Subsection [4.4.2] to have
the correct structure for its display. Posteriorly, it is supplied to an Event
Hubs that streams the DT events to TSI.

The modelling and creation of twins was a crucial stage of the early
development of the solution and was executed as follows.

4.2 Models development

In Chapter [3] Subsection [3.2.2] the RealEstateCore ontology for smart
buildings was presented. This ontology was the starting point for the model
definition, yet, for the reasons stated before, some considerable modifications
had to the performed to make the models directed to the manufacturing in-
dustry and, more specifically, to Sonae Arauco’s plants.

The ontology has a wide range of models; however, 42 models were used
for this application. The core models, presented in Subsection [3.2.2] were used,
except for the Logical Device since a simpler Output model replaced it. The
remaining models were almost all modified or extended.

In Subsection the extensions and modifications are presented, with
the help of some examples for visual comprehension. After defining the models,
their hierarchies are represented in a model graphic.

4.2.1 Extensions and modifications

The main modifications were performed regarding the attributes of each
model. The Asset model had several properties directly related to the real
estate sector that were replaced by others linked to the manufacturing industry.
In the example in Figure[4.2] the capacity-related attributes and The Tags and
Ids were eliminated for the same Space model, and the area code was added.

Willow, a global technology company with their own DT, recommends
"to be as specific as possible when creating twins to provide the most detailed
classification. As such, the "child" model which extends the "parent" should
always be used'. This was the methodology used.

The extensions made were crucial for the most accurate representation
of reality. This method helps in the hierarchy definition while transferring
properties across models. In the Asset family, many physical devices differ
considerably from those represented in the ontology. As it is directed to the
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real estate business, the assets defined were furniture or cooling devices, and on
the melamine production line, there are, for example, a press, conveyors and
a saw. This disparity required a thorough assessment of the existing elements
and which attributes they possess.

TWIN PROPERTIES = TWIN PROPERTIES

$dtId: melamine.area $dtid: factory

# area: (D 346 > customTags: @ (not set)

name: Melamine Area L X > externallds: @ (not set)

$etag: W/"48b25fF5-be28-406b-bos6-F13dfesddfsd" B pame: ; (ot set)
v $metadata: # personCapacity: @ (not set)
$model: dtmi:sonaearauco:core:Space;l # personOccupancy: @ (not set)
> area: $etag: W/"575aac89-77a3-4cdf-b780-35¢1cc20923e"

> name: v $metadata:

$model: dtmi:digitaltwins:rec_3 3:core:Space;1

Figure 4.2: Space model modifications.

Within the capabilities, the same process was carried out. On top of that,
the type of schema of the ingested data had to be enumerated for posteriorly
manual selection upon the twin creation. This allowed the ingestion function
to know the type of schema it could provide to each twin and was an essential
step for integrating Azure services. In Figure it is displayed the example
of a twin created from a binary sensor model that extends the attributes of
the Capability model.

TWIN PROPERTIES

$dtId: sa.oh.melamine.line4.346.statusi=1109
@ lastValue: False X
& lastValueTime: @ 2022-07-09T05:12:04

] name: Board in Cutting Station X
F

schema: | boolean v | X

oolean

~ $metadat §0uble
| integer

3d82-470a-8c3c-0640069c813b"

$etag: I-.I'/"T

$model string ynaearauco:device:BinarySensor;1
> schema:

> lastvalue:

> lastvalueTime:

> name:

Figure 4.3: Twin created from a binary sensor model extended from the capability model.
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4.2.2 Model graph

The model graphic, represented in Figure [4.4] gives a visual insight into
the hierarchies and relations between models. The possible relationships be-
tween core models are represented in orange, the extensions in green and the
link between component and asset in blue.

Figure 4.4: Model graphic represented in the ADT.

4.3 DT creation

The twins can be created when all the models are defined and the at-
tributes selected. The process is simple and intuitive. The twins will mirror
the behaviour of the physical devices they represent by ingesting its telemetry.
The structure of the twin will be provided by the model used for its creation.

After selecting the correct model, a unique twin Id has to be chosen.
Apart from a few exceptions, the Id can be anything. In this application,
only the name of the capabilities has defined naming rules. Such rules were
necessary because it was the most efficient way to relate a property to its
designated twin, facilitating the ingestion process. The company catalogues
the ingested properties with two codes: the Application Uri and the Node Id.
Their combination makes each property unique, making it ideal to name the
twins associated with this data.

In total, from the 42 uploaded models, 98 twins were created. The twins
that are not correspondent to properties ingested from the cloud are repre-
sented in Table These twins are related to the Space or Asset models and
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represent the physical entities that possess the capabilities presented in the
following subsection.

Table 4.1: Space and asset Digital Twins, correspondent models and relationships.

Name Model Id Twin Id Relationship (From)| Relationship (To) | Relationship Name
EP3 Melamine Line ditmi: sonaearauco: core:fsset; 1 bpdline
Sonae Atauco dimic sonaearauco: agents: Organization; 1 SONEEANAUCO ohfactory v nedBy
Oliveira do Hospital F actory dumi: sonaearauco: core: Space; 1 ohfactory melaminearea isLocationOf
Melamine Area dimi sonaearauco; core: Space; 1 melaminearea bpdline isPanOf
Press dimi sonaearauco: asset Press. 1 press.bpd bpSline isPanQf
Upper Press Plate dimic sonasarauce:assetPressPlate; upperplate bpd pres=.bpd i=P a0
Bottom Press Plate dimic sonaearauco: asset:PressPlate; 1 bottemplate. bpd press.bpd isPanOf
Current Produwetion Crder dimi sonaearauco:core: CurrentOeder, 1 currentorder.bpd bpdline isPracessing
Scraper dimi: sonaearauco: asset Scrapen1 scraperbpd bp3line isPanOf
Saw dimi: sonaearsuco: asset CuttingStation; 1 saw.bpd bpdline isPan0f
Conitrol Station dimi: sonasarauco: asset ControlStation; 1 station control bp3 control zone bp3 locatedin
Cat Before Press dimicsonaearsuco:asset TransponCar 1 car before. press.bp3 bpSline isFanOf
Cart bfter Press dtmi:sonaearaucoasset: TransponCarn1 car. after. press.bpd bpJline isPanOf
Formation Station 1 dimi sonaearsuco: assetFoimationTable: 1 stationl formation.bp3 femation, zone. bpd locatedin
Farmation Station £ dtmicsonaearauco: asset:FormationTable 1 station_formation.bp3 formation.zone bp3 lacatedin
Formation Zone dumi; sonaearauco; coretZone: 1 formation, zone. bpd bpdline hasPan
Control Zone ditmi: sonaearauco: core:Zone; 1 control.zone.bpd bp3line hasPant
Turning Gripper dimi- sonas arauce: asset TumingGrippen1 tuming.ripper bpd bpdline hasPan
Conveyor - Saw to Centering dimi sonaearaucocassetConveyor, 1 conveyor sav.to.centering.bpd bpdline isPanOf
Eioard Input Table dimic sonasarauco: assetFeedingT able;1 board.input table bp3 board feeding zone.bpd| locatedin
Table 13 dimi: sonaearauco: asset Feednglable;1 table13.bpd fermation. zone.bpd logatedin
Table 14 dimi: sonaearauco:assetFeedingTable: 1 table1d.bpd formation.zone.bpd locatedin
EoardFeeding Zone dimi; sonaearauco: coreZone; 1 board.feeding.zone. bp3 bpSline hasPan
Centering Table dimi:sonaearauco assetCenteringTable 1 centering. table.bpd bpSline hasPant

4.3.1 Telemetry and properties ingested

The assessment of the telemetry and properties to be ingested had to be

performed. This process involved studying the production line while checking
for the availability of the needed IoT devices.

For the selected use case, most of the signals desired were the binary
position indicators in the multiple stations of the line. These signals are the
output of photocells spread throughout the line. However, other properties of
specific assets, like the press, are interesting to obtain for a better definition
of the asset itself, the process and assistance in the simulation.

Figure 4.5: Analysis of sequence in signals on the cutting saw station.

Most of the required binary signals coming from sensors already existed,
but some had to be implemented in the factory. To understand their behaviour
and test usability in sequence, TSI was used. In Figure an example of this
test is used. This particular situation had to be verified, and changes in the
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simulation were made because of what was discovered. It is noticeable that the
sensor on the first column starts before the other, having some time actuated
simultaneously. This situation evaluation is justified and discussed in detail in
section

Since the simulation is meant to predict the duration of a production
order, many properties related to each production order must be ingested
into the DT environment. The properties ingested from the BP9 line are
presented in Table [4.2] with their identifying name, twin Id, associated model
and relationships.

Table 4.2: Capability Digital Twins, correspondent models and relationships.

Name Model Id Felationship (From) Relationship Name
Thermal Cycle Time dtmi device:Ti rl pressbpd hasCapability
Mechanical Cycle Time at d Ti il pressbpd hasCapability
Total Cycle Time dtmi: device:Ti 1 3a.0h.melamine lined. 346, statusi= 1003 pressbpd hazCapability
Upper Press Plate T i 1 2a.oh.melamine lined. 346, statusi= 1068 hazCapability
Eottom Press Plate T dtmi: d Ts Al sa.0h.melamine line4.346. statusi= 1080 b bpd hasCapability
Target Line Speed pressih ami devi d int =3.0hmelamine lined 346 statusDunamic# T argethi= 1005 bpdline hasC apability
Line Speed m3th dimi: devi ! 1 sa.oh.melaming. lined. 346, st atusi= 1004 bpSline hazCapability
Line Speed pressih i i 5a,0h.melaming line4. 346, statusi= 1005 bpSling hasCapability
Formation Temp dumi d Ts 1 Fa.0h.melaming line4, 346, statusis 1013 pressbpd hasCapability
Consumed Boards i i untSenson] i bpSline hasCapability
Ling Running dimisonaeatsucodeviceBinarySenson] line4. 346, statusis 1000 bipSline C.
Fress Count Mi-50N 2.3 JUCO:d R 4,346, statusiz 1006 pressbpd
Flate Change On misonseatacodevicrBinarySenson] line 4,346, statusia 100% pressbpd ity
Theatic Thermal Cycle Time misonaearsucodevics: TimeSetpoint ined. 346, statusie 1012 pless bp hasCapability
Theoric Mechanical Cycle Time M 50Nt 3 uco-device: TimeSetpoint] lined.346.statusi= 1013 piessbp! hasCapability
Fun Time Current Order GImis0n3e 3uco:d meSensor;| sa.0h.melamine line4 346 performance.currentorderi: 1010 cutentorder.bp: hasCapability
Short Article Desctiption dimisonseataucodevice Description;! za.0hmelamine line . 346 5t atus.currentorderi= 1015 cuttentordet bp hasCapability
Stopped Time Current Order dimisonaeasucodevice:TimeSensor| sa.oh.melamine lined 346 perfarmance.cutrentor deris 1012 cuttentorder b hasCap ability
Set Point Upper Temperature dimisoanaestauco-device:TemperatureSetpoint:! sa.0h.melamine lined. 346, statusi= 1063 upperplate bp3 hasCapability
Cut Length i i g sa.oh.melamine lined 346, statusi= 1070 Sawbpd hasCapability
Cut Active dtmi deviceEinary! 1 sa.ch.melamine.lined. 346, statusi= 1071 sawbpd hasCapability
Total Boards CurrentOrder dtmi: device:Ci 1 £a ohmelamine lined 346 output iz 1008 rbp3 hazCapability
Set Point Bottomn T i il sa.oh.melamine lined. 346.statusi= 1081 hazCapability
MicroStops Average ] ice:Ti sa oh.melamine lined 346 statusi= 1150 cuirentorder bpd hasC apability
Currentprod un] dimisonae arauco-device-CountSensor sa.ch.melamine lined.346.statusi= 1015 cunrentorder bpd hasCapability
Current prod Length dtmi: devicel k ol £aoh melamine lined 346 statusi= 1016 curmentonder bpd hazCapability
Current prod width: i I ;1 a.oh.melamine lined. 346.statusi= 1017 bp3 hasCapability
Current prod height i i g oril =a oh.melamine lined 346 statusi= 1018 bpd hasC apability
Produced Boards 1 Current Order dimisonaearaucocdevice:.CountSensorn] sa.oh.melamine ine4. 346 output. i= 1001 hasCapability
Produced Boards 2 Current Order dtmi- dewvi arl za oh melamine lined 346 output i= 1002 bpd hazCapability
Article Mumber i it ipii 2a.0h.melamine ine4. 346 s1atus. i= 1001 bp3 hazCapability
Current Order dtmi: device Description;1 sa.chmelamine.line4.346.status.. i= 1000 hasCapability
Wew Order Trigger dmi SeviceBinary 1 =3.0hmelamine lined 346 status, =101 hasC apability
Real Start Date dtmi: device:Ti 1 za.0h.melamine ine4. 346 51 atus. iz 1017 bpd hasCapability
Flanned Qe i i £a.0hmelamine line4. 348, stams, iz 1007 bp3 hazCapability
Thickness gimi deviceLength int;1 Fa.chmelaming line+. 346, staty. i= 1004 ] hasC apability
Width dumi devicel F int;1 £3.0hmelaming line4 146 status. i 1002 ] hasCapability
Length dimic £a.0h melaming line4. 346, status, 003 bp3
oard in Control Station 1 dimi iceEi | ‘stationl.controlbp3
oard in Contral Station 2 dtmi ice:Bi 1 station2.controlbpd
Etaard in ot bafate press TS ON B +EinsrySensor! carbfote press bpld
Fress hot Open M SONel eEinsrySensar piessbpd
Boardin car after press mi eBinarySensor] catalterpress.bpd pability
Bloard at station 2 misonatatsucodevice-BinarySensor] station2formation bpd hasCapability
Board at station 1 dimisonaeatauco-device:BinarySensor] stationlformation.bpd hasCap ability
N of boatds in the truning aripers dimisonaeatsucodevice.CountSenson] . J46.statusi= 1104 tutning alipper bp3 hasCapability
Board entering turning gripper umi-sonaearsuco-deviceBinarySenson] saohmelal . 346, statusi= 1034 NG Gripper bpd hasCapability
BEoard in Cutting Station i device Binary! 1 za.0hmelamine lined. 346, statuzi= 1103 sawbpd has(C apability
Board leaving Cutting Station i device Binary 1 =3.0hmelamine.ined, 346, statusi= 110 Sawbpd hasCapability
Board leaving Conveyor to Centering = Bl sa.ohmelamine lined.346.statusi= 112 CONVEFOL. bipd hasCapability
Board al Board Input Table i iceBinary =a.oh.melamine lined 346, statusi= 1053 boardinpultable bpd hasCapability
Bioard at Table 13 dtmi: deviceBinary! 1 sa.ch.melamine.lined. 34E. statusi= 1085 tableibpd hasCapability
Bioard at Table 14 dtmi: deviceBi 1 sa.oh melamine lined 346 statusi= 1036 tableld bpd hazCapability
Board at Centering Table i iceBinarySensor1 sa.0h.melamine lined. 346.statusi= 102 L hazCapability
Turning tool oulput boards dimisonaearaucoodevice:CountSensor] sa.0hmelamine.line4.346.output. currentorderiz 1008 uming gripper bpd hasCapability

4.3.2 Relationships between twins

The only step missing to finalise the DT environment is the represen-
tation of the relationships between them. This helps visualise the hierarchies
and types of connections while organising and allowing for better twin graphic
comprehension.

The relationship names may be selected freely. The direction of the
relationship is not standardised, yet Willow affirmed that "relationships should



34 Chapter 4. Project development

be defined on the "children" twins with an outgoing relationship to a common
"parent". Apart from the capabilities, this was the procedure followed.

The existing relationships are displayed in Tables for the first Asset
and Space twins, in Table for the Capabilities and in Table for the
outputs. They have to be defined in the model contents and can be directed
to a specific model, selected in the target, or to the general case. Figure [4.6
shows an example of the relationship definition for an Asset model.

Figure 4.6: Relationship definition for an asset model.

4.3.3 Twin graph

The twin graphic in Figure 4.7] shows the final result of the DT imple-
mentation with the twins created from the models and connected through the
given relationships. At first sight, the graphic has a complex aspect due to the
high number of twins created yet, when divided by zones, its comprehension
becomes easier. The DT software separates the twins developed through the
same model by colours, which facilitates graphic reading. The DT graphic is
supplied in Appendix [A] divided in four parts to allow for a better visualisa-
tion.
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Figure 4.7: Twin graphic.

4.4 C# functions developed

The DT environment collects the data representing reality, gathering all
the necessary information in the same place. This, alongside Azure’s services,
allows data to be used for many distinct applications. However, there is the
need for a connection to streamline the stored data. This connection can be
made through C# functions. The software used to code these functions was
Microsoft Visual Studio 2022.

In Subsections and [4.4.2] the developed functions are described.
Their objectives, trigger type and logic, are presented.

4.4.1 Data ingestion

The data ingestion from the IoT Hub to the DT environment happens
in section A of the system’s architecture, represented in Figure [4.8]

Digital Twins

S

Telemetry

: Messages \,
LY [

loT Hub C# Function
Data Ingestion + Simulation

Figure 4.8: Data path from IoT Hub to DT.

The final simulation is done inside this function; however, due to its
importance and complexity, it is presented in Section [4.5] The reasons behind
this connection are also presented.

The function type is [oT Hub trigger meaning that for each trigger re-
ceived on the IoT Hub, being it a message or an array of messages, the function
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receives that message or array and processes it.

In order to be able to code in the most efficient way possible, there is the

need to use packages referred to as using systems. In Figure [£.9 the packages
utilised in this function are displayed.

IoTHubTrigger = Microsoft.Azure.WebJobs.EventHubTriggerAttribute;
System;

Microsoft.Azure.WebJobs;

Microsoft.Extensions.Logging;

Newtonsoft.Json.Ling;

Newtonsoft.Json;

System.Threading.Tasks;

System.Net.Http;

Azure;

Azure.Core.Pipeline;
Azure.Identity;
Azure.DigitalTwins.Core;
Azure.Messaging.EventHubs;
System.Collections.Concurrent;
System.Collections.Generic;

Figure 4.9: Using system packages utilised in the data ingestion function.

The logic behind the function is briefly described: First, there is the need

to connect with the IoT Hub to receive the messages and with the ADT client
to supply those messages.

Then, the following steps will be made only if the event received has

content (is not null). This is to avoid the update of twins without data, which
could lead to errors in the simulation.

On this occasion:

If the message starts with '"[", "it means it is an array, and it is converted
into messages;

Else messages are deserialised from JSON to a .NET object to be able
to be read by the function;

Only then the function can process the intended data. For each object:

The property Application Uri and Node Id are obtained and joined to
create the twin Id. Note: the twins’ naming convention does not allow
for specials characters like ":" so there is the need to replace ":" with ".";
Besides, the function saves two properties: the value and the source
timestamp;

Before the twin update, it is necessary to convert the ingested value,
saved as a string, to the correct schema, or the twin will not ingest it.

Then the simulation is updated with the new information ingested;

Finally, to update the twin, a JSON patch document is created for each
property to update. They contain the path and the value the correct
twin should be updated with. The properties updated are the last value
and the time it was registered.
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4.4.2 Data output to TSI

The data output from the IoT Hub to the TSI environment happens in
section C of the system’s architecture, represented in Figure [£.10] The C#
function captures the events from the ADT client, transmitted through the
Event Grid topic, and supplies them to the Event Hubs with the necessary
format. The remaining path is done through the cloud.

Digital Twins Event Grid topic Times Series Insights

LY [ —
Capture Telemetry b 4
Events T

Capture
Event Data

¥ A
/\|:{>7'L7

C# Function Event Hubs
Data Output to TS

=&

Figure 4.10: Data path from DT to TSI.

The function type is Event Grid trigger meaning that for each trigger
received on the Event Grid Topic, the function receives that message and
processes it. This messaging service allows filtering messages and selecting the
size of the array, among other functionalities. On this occasion, it was used to
stream individual messages from the DT to the TSI environments.

As for the Data Ingestion function, there is the need to use packages
referred to as using systems. In Figure [{.11] the packages utilised in this
function are displayed.

Azure.Core.Pipeline;
Azure.DigitalTwins.Core;
Azure.Identity;
Microsoft.Azure.WebJobs;
Microsoft.Azure.WebJobs.Extensions.EventGrid;
Microsoft.Extensions.Logging;
Newtonsoft.Json;
Newtonsoft.Json.Linq;

System;

System.Net.Http;
System.Threading.Tasks;
System.Collections.Generic;

Azure.Messaging.EventGrid;

Figure 4.11: Using system packages utilised in the data output to TSI function.

The logic behind the function is briefly described:

First, there is the need to connect with the ADT client to receive the
events and with the Event Hubs to supply those events.

Then, messages are deserialised from JSON to a .NET object to be able
to be read by the function. The twin Id is obtained and separated back into
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the Application Uri and Node Id. Note: the "." is replaced with the original
":" to be coherent with the data already ingested to the TSI environment.
Only then, if the event received corresponds to the update of an output

(the rest of the signals coming from the factory are already on the TSI):

o From the message received, the last value and the last value time (time
the last value was registered) are saved;

o A list is created with the Application Uri, Node Id, last value and last
value time;

o The list is serialised back into a JSON string and outputted into the
Event Hub connected to the TSI environment.

The TSI application was crucial to the development of the simulation as
it assisted in identifying the line’s sequencing and finding errors in the output
calculation. Besides, it offers a simple but effective way to visualise the line
and outputs behaviours.

4.5 Simulation

The development of the final simulation aims to predict the expected
duration of a production order and, knowing the time it started, its finish
date. To help identify bottlenecks, the station where boards stay the longest
and the correspondent time are also identified.

Even though this calculation produces the outputs, it is integrated with
the Data Ingestion function. This merge was not established at first; however,
several modifications had to be performed due to data sequencing problems.
The solution found was to join both functions and calculate the outputs right
after ingesting the telemetry data so that information was not lost or out
of order before the critical part of this development. These problems were
undermining the final results, which could interfere with the DT assessment.
The integration with the data ingestion function also reduced the cloud com-
puting weight, although it increased the function complexity and reduced its
comprehension.

This simulation underwent several modifications during its development
to get the best outcomes possible. The methodology consisted of separating
the line by zones and stations to calculate the time a board stays in each place,
which could help identify bottlenecks. After having the time for all stations,
the total time is summed to tell the user the duration a board stays in the line.
At first, the order’s expected duration was calculated with the total time each
board stays on the line; however, the line has an undefined number of boards
simultaneously, which made this approach invalid.

Therefore, the station where the boards stay the longest had to be iden-
tified. This strategy assumes that the main bottleneck dictates the speed of
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the line. So, the time boards stay in this station multiplied by the planned
quantity of boards for that order results in the order’s expected duration. For
another output, the current board production is subtracted from the planned
quantity, and the missing time for the order finish is obtained. The expected
finish date is generated by adding the expected duration to the order’s start
date. The calculated outputs are displayed in Table [4.3] It is noted that the
twins that represent the Simulated Finish Date and the Max Time Station are
created from different models, extended from the core Output model. This is
due to the value being supplied having a different schema.

Table 4.3: Output Digital Twins, correspondent models and relationships.

Name Model Id Twin Id Relationship (To) Relationship Name
Board Time in Contral Station dtmi: sonaearauco: core: Output; out.sa.0h.melamine. lined. 346, statusi= 1032 station. contral. bpd outputsFrom
Board Time in car before press dimni: sonae arauca: core: Cutput; out. za.0h.melamine. lined. 546. statusi= 1063 car.before. press.bpd outputsFrom
Time Press Mot Open dimi: sonasarauca: core: Dutput; out. sa.0h.melamine. line4. 346. statusi= 1090 press.bp3 outputsFrom
Bioard Time incar after press dimi: sonae arauca: core: Dutput; out. sa.ch.melamine. lined. 346. statusi= 1031 car.after press.bpd outputsFrom
Board Time at Station 2 dtmi: sonaearauco: core: Output; out. sa.oh.melamine. lined. 346 statusi= 05 stationZ. formation.bpd outputsFrom
Eioard Time at Station 1 dtmi: sonaearauco: core: Dutput; out. 53 oh.melamine. lined. 346. statusi= TI0E station]. formation. bp3 outputsFrom
Board Time at Scraper dimi: sonasaraucao: core: Dutput; out.sa.oh.melamine. lined. 346. statusi= 1107 soraper.bpd outputsFrom
Eoart Time at the Turning Gripper dimi: sonas arauca: core: Dutput; out. sa.ch.melamine. lined. 346 statusi= 03 turming. gripper.bpd outputsFrom
Bioard Time at Exit of cutting Station dtmi: sonaearauco: core: Output; out.sa oh.melamine. ined. 346, statusi=1110 saw.bp3 outputsFram
Bioard Time at Cutting Station dimi: sonaearauco: core: Dutpur; out. 53 oh.melamine. lined. 346. statusi= 1103 saw.bpd outputsFrom
Bioard Time leaving Corweyor to Centering dimi: sonas arauca: core: Dutput; out. 28 ch.melamine. ine4. 346, statusi=T112 | conveyor.saw.to.centering.bpd outputsFrom
Bioard Time at Board Input Table dimi: sonas arauca: core: Dutput; cut.s3.0h.melamine. lined. 346, statusi= 1053 board.input.table.bp3 outputsFrom
Board Time at Table 13 dimni: sonae arauca: core: Cutput; out. za.0h.melamine. lined. 346. statusi= 1085 table13.bp3 outputsFrom
Eoard Time at Table 14 dimi: sonae arauca: core: Cutpur, our. sa.0h.melamine. lined. 346, suatusi= 1056 tableld.bp3 aurputsFrom
Board Time st Centering Table dimi: sonas arauca: core: Dutput; out. za.ch.melamine. lined. 346. statusi= TI02 centering. table.bpd outputsFrom
Total Board Time dimi: sonas arauca: core: Dutput; out.sa.ch.melamine. ined. 346 statusi= 1113 bpJline outputsFrom
Simulated Ouration dimni: sonae arauca: core: Cutput; out.5a oh.melamine. ined. 346. statusi= 1116 bpSline outputsFrom
Simulated Finish Date dimi:sonaearauco: output.FinishDate;1 | out.sa oh.melamine. ined. 346. statusi= 1117 bp3line outputsFrom
Man Time Station dimi:sonaearauco: output:LongStation;1 | out.sa.oh.melamine. lined. 346, statusi= 1113 bpSline outputsFrom
Miszing Time dimi: sonaearauco: core: Output: 1 out. sa.oh. melamine. ined. 346 statusi= 1113 bpJline outputsFrom

These calculations appear to be simple, yet their integration with the
data ingestion proved to be a challenge. The lack of fundamental signals on
the line made the math more complex. In Subsection [4.5.1] the necessary steps
to achieve a good simulation are presented. The description was intended to
be concise, but it was not always possible given the simulation complexity.

4.5.1 Simulation logic

The properties utilised in the simulation were almost entirely binary sig-
nals indicating the presence of boards in the stations or zones. The first obsta-
cle was figuring out how to save each signal value and timestamp since many
signals are being ingested simultaneously. For this, a dictionary list associ-
ated with the Twin Id corresponding to each signal had to be created. In this
list, in the most common situation, the saved values were: the time a signal
has an upward transition (t0), the time a signal has a descending transition
(t1), the difference between the two (tt = t1 — t0) and the last state perceived
(lastValue). This list enabled the calculation of several stations’ time simul-
taneously, which is necessary since there are multiple boards in many stations
simultaneously.

In Figure [£.12] the utilised signals and their location are represented. It
is noticeable that in some stations like the control, in purple, and the turning
grippers, in yellow, there is a lack of [oT devices. This unavailability of signals
forced structural variations on how each station’s time was calculated.
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Figure 4.12: BP9 line schema with the location of the utilised signals.
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In the formation zone represented in blue, even though there are several
board movement possibilities, explained on Subsection [2.1.2] there are photo-
cells in each station, so the time in this zone is the sum of the board duration
on every station. If the board does not pass on table 14, for example, the
board time is zero, so it does not influence the final result. The same happens
on the transport car after the press, the scraper, the conveyor after the saw
and the centring table. The flowchart in Figure [{.13 represents the board time
calculation in these stations.

lastValue == True

lastValue == False

11 !=null
88
10 != null

Save ttin the list tt=1t1-t0
No
Exit Loop & Continue Exit Loop & Continue

Figure 4.13: Flowchart representing the board time calculation in regular stations.

Some important notes are:

e This loop is only valid for the signals correspondent to the twins men-
tioned before;

o When lastValue is True, t1 is assigned to null to avoid doing the calcu-
lation of tt in case the assignment of t1 fails;

e« When none of the conditions are verified, the lastValue is null, so the
calculation is not done to avoid errors in the simulation;

n___n

o '=="(equal to) and "I=" (not equal to) are relational operators used for
comparison of two values.

After calculating the station time (tt), a JSON patch document is created
to update the output twin with this value. This output twin Id is formed by
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adding "out." before the twin Id representing the signal from which the output
was created. This allows for a simple connection between signal and output
and is also used as a condition to update the TSI.

Finally, the time a board takes in the melamine line is obtained by the
sum of all the station times at that moment and updated to the selected twin
in the DT environment. The stations’ times are compared, and the biggest is
saved together with the correspondent twin to identify the main line bottleneck
and, multiplied by the planned board quantity, obtain the expected board
duration. Other metrics calculated are the missing time and predicted finish
date.

This description is a simple way to show the math and methods utilised
during the simulation development. However, many factors not mentioned
made this development much more complex. For example, the unit conversion
was a challenge on some occasions because some values with different schemas
had to be related, and the generation of a working list generated multiple
problems that forced structural changes on the function and even modifications
to the architecture, as explained on the beginning of Section [4.5

4.5.2 Irregular stations logic modification

The present subsection describes the irregular cases and modifications
performed on each one. These alterations are mainly due to the lack of signals
on a station. Others resulted from the thorough study of the line behaviour
and were implemented to have the closest approximation to reality and, con-
sequently, the best DT representation possible.

Press

On the press, the necessary adjustment was simple. The signal available
indicated the press is closed, yet it is saved in a memory, and the state is
False when the press is closed, so the time was calculated from the descending
to the upward transitions. Apart from this, by viewing the temporal chart
of the signals immediately before and after the press and to have a better
representation of the time a board spends on the press, half of the mechanical
cycle was added. The signals utilised are represented in the schema in Figure

414

Figure 4.14: Press signals scheme.
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Control

On the control station, there are regular photocells; however, they are
interrupted when the operator lifts the boards to check for defects on their
lower side. This pulse made the signals coming from these IoT devices unus-
able. To solve this situation, the exit indication from the previous station and
the entry indication from the following station were used to calculate the time
boards take on the control station.

In Figure [4.15] a graphic from TSI is used to illustrate this situation.
The sensor at the first part of the control station is represented in red, and
the sensor at the second part of the control station is represented in yellow.
The board entry and exit are highlighted, being it is visible on the circumcised
section that the signal briefly goes to zero. This corresponds to the lift of the
boards.

Figure 4.15: TSI representation of the presence of a board on the control station.

Saw

On the saw station, to have the closest representation of what happens in
the physical world, two signals had to be used: the board’s presence indicator
on the station and the indicator of its exit. The reason behind this is the fact
that the saw operation is optional.

Saw

Figure 4.16: Saw signals scheme.

When it is active, the exit signal detects the pulse of the board leaving,
but when it is not, the opposite happens since the board does not stop at the
station. It can also be detected on the exit for a considerable time if the board
is waiting for the next station to be free. Since both signals, represented on
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Figure [4.16, are active simultaneously and to avoid errors in the simulation,
the upward transition of the entry signal and the descending transition of the
exit signal were used to calculate the station time output.

Turning grippers

The turning gripper zone and the signal utilised are represented in Figure
This was the most challenging sector of the line. Each gripper has a
capacity of 70 boards, so there can be up to 140 boards in this area, making it
difficult to calculate how long a board takes on this zone only with the supplied
entry and exit signals.

Conveyor > Conveyor -
Turning Gripper Turning Gripper -

f !
@ o

—>» Conveyor Conveyor

v

Figure 4.17: Turning gripper zone signals scheme.

Two counters had to be used. One indicates the number of boards on
the grippers, and the other counts the number of boards that leave the zone.

When a board enters this area, the timestamp t0 is saved, and both
counters values are summed. It is known that the same board exits only when
the board exit counter value matches the previous sum and the photocell on
the exit detects a board. At this time, the timestamp t1 is saved, and the
difference is calculated.

This method is inefficient since a board has to complete an entire cycle on
the turning grippers, lasting several minutes, to know how much time a board
is taking on the zone; however, given the available data, it was the elected
solution.

4.6 Time Series Insights on the development

The function presented in Subsection transmits the desired data
from the outputs to the TSI environment. This software has good visualisation
capabilities, which is great for the analysis of the attributes as exemplified in
Section and for the discussion of results since it is where the outputs are
presented together with what happens in the physical world in real-time.
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During the development, this software was used as a troubleshooting tool.
When the output values were not according to what was expected, TSI facili-
tated the uncovering of the reasons behind such problems. For example, in the
event of a station time being excessive, by allowing the analysis of the outputs
and real-time signals in the same place, it was possible to discover whether the
problem was indeed on the line and a board was stopped in the station or if
everything was normal and the problem had to be on the simulation.

In Figure [4.18] a graphic from TSI is used to illustrate this situation. A
board enters the centring Table at 12:44:10.301 and leaves at 12:44:20.036, so
the time it spends there is 9,735 s. Shortly after, the output related to that
station is updated with that value.

outsaohmelamine Sned 346 status,
1102

i Vo (i catsl

Figure 4.18: Exemplification of the usage of TSI to verify the functioning of the simulation.

4.7 Summary

During the development of the current chapter, many challenges were
overcome, yet the calculations were not finalised as it was intended. The
simulation was not constructed as envisioned during the project’s planning
phase. This section presents the expected developments and explains why
they were not performed. The developed solution, as it is, simulates production
orders in real-time, yet it was desired and advantageous if it allowed for the
manual configuration of parameters. This functionality would enable the study
of the modified settings’ influence on the overall operations of the melamine
line. It would widen the range of capabilities of the simulation and allow
for more specific enquiries. In addition, it would be beneficial to have an
interactive visualisation screen that would display the outputs produced and
where the configurable parameters could be changed.

As a result of the lack of available time after the simulation’s completion,
these enhancements were not implemented. This was due to the challenges en-
countered throughout its creation. At the time, it was believed that analysing
the generated results and evaluating the DT capabilities was more crucial to
the success of the dissertation.
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In spite of this, the predicted difficulties were overcome and the integra-
tion of the Azure services with the DT was simpler than anticipated. This,
together with the simulation performed, produced the necessary results to
achieve conclusions.



Chapter 5

Discussion of results

In order to make the best conclusions, the results obtained have to be
analysed thoroughly and discussed in detail, considering all the eventualities
and external factors that could influence or compromise the outcomes.

The platform utilised for the visualisation of those outcomes was the
TSI. There, the output values progression, compared with what happens in
reality, can be visualised in real-time or historically, making it the perfect data
analysis engine to examine the obtained results.

For a complete discussion, multiple production orders were simulated.
The outputs were then compared to reality, and its progression with time was
analysed. The challenges faced during the development allowed for a deeper
perception of the reasons behind certain events, leading to a more critical
discussion of the results.

In this chapter, the progression of one production order from start to end
and its outputs are displayed, and their meaning debated. It should be noted
that the dissertation discussion regarding the DT does not depend entirely
on the values obtained from the simulation; however, the result discussion is
crucial to prepare the conclusions to be drawn since the DT served as the
central engine of the application and, therefore, the existence of outputs and
their reliability can participate on the software’s assessment.

Other punctual cases are also displayed to justify specific behaviours or
demonstrate the simulation’s practicality.

5.1 Production order simulation

Ideally, when a production order starts, the codded simulation automati-
cally ingests the necessary parameters to calculate its expected duration, which
should be an approximate prediction of the actual duration of the current or-
der. To verify this, once the order is over, the real finish time is registered and
the error between the prediction and reality is calculated.

In Figure[5.1], a graphic is presented with the planned quantity of boards
in brown, the total boards consumed in the current order in purple and the
expected duration output (in seconds) in green. The visualisation of these two
system’s properties and final output simultaneously assist in assessing whether
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the simulation is producing acceptable results.

As explained in Section the expected duration of a production order
is calculated by the multiplication of the planned quantity of boards of a
production order with the longest time a board stays in a station. This station
should always be the press as, theoretically, is the main bottleneck of the line
yet, it is not always the case. When there is an unwanted stop in other stations
of the line, there are noticeable but small peaks in the expected duration. The
station where boards spend the most time is saved alongside this time, so it is
possible to examine the existing bottlenecks.

It is essential to understand that this calculation methodology is not the
optimal approach to the given problem yet, as the objective of this disserta-
tion is to scrutinise the capabilities of the DT technology, it was regarded an
adequate technique to do so. The selected use case could have been solved in
an analytical way much more efficiently yet it would defeat the purpose of this
dissertation.

Before further investigation, and through the observation of the graphic
in Figure 5.1} the prediction of the production order duration is analysed:

This order, on the 09-07-2022, started at 03:19:36 and finished at 05:36:02.

Its duration was 2,2 h, which is approximately 2 h and 12 min.

Ignoring the unwanted peaks, which reasons are debated ahead, the ex-
pected duration is on average 6200 s which is approximately 1,72 h.

The difference between reality and prediction is 29 min, which corre-
sponds to an error of 21,8 %.

It is noted that there were more boards produced than expected so it
is important to analyse the error of the predicted duration until the planned
quantity. The time span until 280 boards were produced was 2,1 h, which is
approximately 2 h and 5 min.

The difference between this instance and the prediction is 22 min, which
corresponds to an error of 18 %.

The error values are considerably high for an application that was sup-
posed to be simple which, without the necessity for a thorough examination,
reveals that the methodology followed was not correct. Many factors were not
considered and the approach itself was inefficient. In the conclusion of this
chapter, alternative applications for this solution are suggested.

The additional production is related to the production of defective boards.
It is a company policy to exclude boards classified with defects of third degree
to maintain their quality standards, as mentioned on Section [2.1.2] while still
respecting the planned quantity of boards. This forces the manufacturing of
extra boards for the considered order, leading to the need to produce more
quantity and, consequently, modifying the duration of the order.

By examining the graphic in Figure it is evident that the simulation
does not run flawlessly. There are unwanted peaks in the calculated time that
can be related to many situations. One known issue is in the failure in the
sequencing of data that can lead to the miscalculation of the bottleneck time
and, consequently, to bad prediction results. Other verified scenario is the
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unwanted activation of the photocells by the robotic arms which can result
in the false detection of the presence of a board. In other more common
situations, the peaks represent a micro stop on a station. These stops are
characterized by small issues on the line or specific zone that cause the line
to stop running during brief moments. The identification of these micro stops
and where they occur is a efficient way to find bottlenecks.

The graphic in Figure [5.2]is representative of the same production order
as in the Figure but showing different outputs. The longest time in a
station is represented in orange, the time a board stays in the input table is
represented in the second row in light blue, the time a board stays in table
13 is represented in the third row in green and the time a board stays in
the transport car before the press is represented in the fourth row in blue.
The mentioned stations are part of the formation zone. Their location can be
consulted in Figure [5.2]

Figure 5.2: Output analysis in the formation zone for the identification of bottlenecks.

As mentioned on Section L5 the twin Id related to the station where a
board stays the longest at any given time is saved. A display was not developed
and this valuable information is not ingested into the TSI. In spite of this, the
twin Id is saved on the DT environment, and after retrieving this information it
was easier to discover which were the problematic stations created these peaks.
At the circled times, it is noticeable that one or more boards were stopped
on these stations. This increased the time substantially but was ignored on
the calculation of the expected duration because it represent punctual events,
serving only to identify the stations were problems occur.

The developed simulation is unable to figure out why most of the prob-
lems occur; however, it gives a clear indication of when and where the issues
happened, which assist on their identification. On the particular case high-
lighted in Figure by the letter A, the peaks were due a malfunction on the
transport car before the press. The situation was handled quickly on site but
the line was stopped for about 5 minutes.

In Figure [5.3] the bottleneck identification and how it affects the sim-
ulation outcomes is presented in more detail. The longest time in a station
is represented in orange, the time a board stays in table 13 is represented in
green, the time a board stays in the transport car after the press is represented
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in yellow.
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Figure 5.3: Bottlenecks identification process in detail.

On the left side, it is clear that the longest time is spent on table 13
(green) so the output in orange saves the correspondent time. On the right
side, the times on the two stations are close but a board stays the longest on the
transport car before the press so the output in orange saves the correspondent
time. On this particular occasion, the meaning behind this is that a bottleneck
occurs on the station right after the mentioned transport car. If this happens
currently, it gives insights to the application users and factory operators where
to focus on their line examinations to find potential problems more efficiently.

There are other outputs presented in Table yet they are secondary
and calculated through the expected duration so this is the only one analysed.
Before the obtention of values, it was known that the predicted time calculation
was not going to be precise, even without external problems. This is due to
the existence of many factors that influence the line running and that were not
considered on the calculations. There are micro stops in almost every order,
the press plates sometimes have to be changed to ensure quality, there can be
maintenance issues, machine failure and many other events that affect the line
behaviour and, consequently, the simulation’s reliability.

Therefore, all of these factors should be taken into consideration to
achieve the perfect simulation. On the other hand, as the main objective
of this dissertation is to prove the concept of DTs, the calculations made were
considered to be sufficient given the time available to produce results. The
existence of simulated values close to reality is enough to prove that the de-
veloped application works and allows for conclusions to be made about the
functionalities of the DT software and its integration with the company’s ap-
plications.

5.2 Summary

By the values obtained and the situations examined, it is evident that the
simulation of the expected duration of a production order, performed in this
way, was not optimal. During the result discussion, the simulation capabilities
were perceived and other applications for its utilisation are suggested.

Regarding the BP9 melamine production line, the simulation outcomes
gave countless insights about the line behaviour which, on its turn, assist on
the identification of the factors that negatively impact the line and scenarios
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that can improve its operations. It is known that the operators’ speed on
classifying the quality of boards in the control station can impact the line
speed if they are slower than the total cycle time of a board in the press. The
simulation allows for the comparison of the time a board stays in both stations
and, in the case of the operator being too slow, the Id of the worker is saved.
This leads on the categorisation of workers regarding their speed and efficiency.
The ones that do not reach the minimum productivity should be relocated.

The lack of feeding materials during a production order is also an issue
proved by this project. This is due to the existence of only one warehouse
that stores boards of all the types and sizes and sheets of impregnated paper
of all colours. For this solution to work, the materials had to be perfectly
organised, to be easier to supply the lines with the correct material before the
planned start date. This would involve the improvement of their warehouse
management system.

As mentioned before, the press is or should be the main bottleneck of
the melamine line so one factor that could improve the productivity of the
line is the reduction of its cycle times. This is a solution to be experimented
as the effects it could have on the final product quality are unsure. This
simulation and, consequently, the DT technology could be used to investigate
this possibility.

These applications would be more suitable for the test of the developed
DT; however, the obtained results are sufficient to conclude on the success of
the several stages of the project and, more importantly, on the DT technology.



Chapter 6

Conclusion

This chapter summarises the main conclusions of the dissertation. The
achievement of the objectives is reported, and some improvements to method-
ologies are suggested. Furthermore, future developments that can potentialise
this technology are proposed.

6.1 Major conclusions

The main focus of this project was implementing a DT instance inte-
grated with Sonae Arauco’s cloud architecture and testing its capabilities and
reliability on a real industry use case. This proof of concept is a starting point
for using the DT technology within the company’s I'T solutions.

The study of the BP9 melamine line behaviour was beneficial for identi-
fying problems, mapping the existing assets and defining the use case. During
the project’s development, it was acknowledged that the proper use case was
selected because the problems to look out for were reported, and their root
was determined in the result analysis.

The investigation of the DT concept and Azure services was essential, and
its advantages were noted during the development. It allowed the selection of
the best elements to form the system’s architecture and assisted in the creation
of twins.

The ontology selected undoubtfully proved not to be the most indicated
for the current application. An ontology oriented to the manufacturing in-
dustry would be more suitable and assuredly advantageous to the company.
It is recommended, for future developments, that the Asset Administration
Shell ontology replaces the RealEstateCore ontology as it allows for a bet-
ter definition of the company’s assets and procedures without the need for the
modifications done in this project. However, it is imperative that this ontology
is finalised.

The comparison with other clouds and DT applications was practically
not conducted because the company is satisfied with Microsoft’s cloud, which
was not the aim of this dissertation. Nevertheless, the experience with Azure
was positive since it was carefully designed to be user-friendly and intuitive,
removing unnecessary obstacles to the development of the project.
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The codding in C# was the most challenging stage of the project as it
was where most of the problems occurred. This was a vital development phase,
so significant efforts were applied to ensure the project’s viability. Analysing
the results obtained, these efforts were considered beneficial since they assisted
in the proof of concept of the DT.

The utilised output platform, TSI, was tremendously helpful in all stages
of the project, being, therefore, indicated to be integrated with DTs. The
software was fundamental in several stages of the development and analysis of
results. It allowed for the visualisation of outputs and telemetry, which allowed,
among others, to identify critical stations and on the attribute selection phase.

Regarding the results obtained and analysing their discussion, the method-
ology choice to develop the simulation was unfortunate. Nevertheless, having
everything into consideration, the error values obtained were acceptable. Fur-
thermore, the simulation has a demonstrated applicability in identifying bottle-
necks and the occurrence of issues with an associated time stamp and location
within the melamine line. It also accomplished its purpose of providing proof
of DT’s reliability. The majority of the issues were related to the calculations
or the approach of the simulation development, so it is more than reasonable to
assume that the DT brought and has even more potential to bring tremendous
advantages to Sonae Arauco and the manufacturing industry.

As an overview, several advantages were identified in the implementa-
tion of DTs. The company’s production lines and factories are described in
the same place. This description includes the modelling of objects and the
data necessary for their definition. It is helpful for future developments as
many services can be integrated, and multiple solutions are established in the
same environment. On the other hand, the associated costs were considerably
high. The connection with other services implied streaming millions of events
through the cloud daily. The company felt the messaging and storage impacts,
and the project was focused only on one production line from one factory. The
company has several plants with ample dimensions and thousands of assets,
so the costs associated with the global implementation of the DT solution will
not be negligible.

During its execution, some constraints delayed the project’s evolution.
At first, the project was supposed to be implemented in a factory in the city of
Linares in Spain. However, during the DT creation and before the data inges-
tion, the lack of binary signals on the local melamine line forced a change of
installations. Despite holding back the project, it was a good decision because
it allowed for the development of a more complete solution. Moreover, the fac-
tory change in the middle of the internship, together with the still felt Covid-19
impacts, removed the possibility of visiting the factory and observing the BP9
line in action. This harmed the project development because it was consider-
ably more difficult to fully comprehend the production line characteristics and
behaviour, leading to a less efficient progression.

Taking everything into account, the main objectives of the dissertation
were fulfilled, being the DT concept and, more specifically, the ADT is classi-
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fied as highly rewarding. As much as the associated costs can be substantial
with the increase of applications implemented, it can replace other currently
utilised services and boost the efficiency of the physical and digital worlds’
automation.

6.2 Future work

The DT was modelled and implemented for a particular line of a factory.
With further investment and continuity to the project, the DT integration
with reality could be performed for the four melamine lines running in parallel
in the same physical location and the respective feeding mechanisms. This
more complex development would allow for a complete study of production
order sequencing, which has the potential to simulate several alternatives until
reaching the optimal recipe and preventing costly downtimes.

Regarding the DT functionalities and cloud service integration capabili-
ties, there is a vast range of scenarios; however, Artificial Intelligence and Ma-
chine Learning stand out. Their advanced prediction and simulation power,
together with the data handling versatility and visualisation interactivity DTs
offer, make them ideal for connecting. Integrating these applications on the
Azure cloud is viewed as the next logical step for improving the DT appli-
cation, assisting in producing better manufacturing insights to enhance the
company’s methods and maximise profits.

To enhance the quality of the developed project, it is suggested that
the 3D modelling of the DT environment is conducted to achieve the closest
approximation to reality. The developed application has everything necessary
to represent reality. However, this next step allows the user to see more clearly
where the sensors are, for example, and the movements of the melamine boards
in real-time. Finally, to visualise the outputs of the simulation, it would be
advantageous to have a display that would ingest the outcomes of the function
and allow for a more straightforward interpretation than the TSI offers.
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Chapter A

Twin graphic sections

In this appendix, the twin graphic is divided in 4 parts to allow a better
visualisation of its elements and the relationships between them.



Twin graphic sections
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Figure A.1: Twin graphic 1: display of twins in the ADT environment.
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Figure A.3: Twin graphic 3: display of twins in the ADT environment.
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