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Abstract

The fourth industrial revolution has greatly influenced and redefinedntdrgufacturing industry.
Modern manufacturing is driven towards high vahdeled technologicabased manufacturing.
Businesswise, it is to maximise or maintain competitivengagsan emerging digital eraThis
technological transformation has been triggdng tremendous growth and innovative breakthroughs
in the digital world It has led to thencreasing integration of information and communication
technologies (ICT) with industrial operational technologies (OD).support the positioning of the
manufacturing industry to effectively play its role in the fourth industrial revolutiigréseash makes

its contribution byexploiing and appfing the digital twin (DT) concept in the digitisation of
manufacturing processes. Thssintendedo digitise and control manufacturing processes to achieve
reaktime cyberphysical interaction and integrafi, involving both product and process digital twins.
This is geared towards achieving dynamic production systems as part of the expectations of the fourth

industrial evolution

The methodology adopted in this study invohaedystematic literature reviewystem identification,
modelling and simulations. This enabled the definition of entities, furgstqprantities performance
metricsand propositionganalysed through experimentatighcase study on a Festo CP smart factor

was presented as evidence of the feasibility and effectiveness of the propositions made in this research.

The contributions made by this research included:

1 A proposed digital twin framework that supports the integration of the product and process
digital twins for applications in manufacturing

1 Proposed techniques to support +&@le synchronised interaction between the atgiet
Theseincludea dependency rule that logically defines a bidirectional relationship between the
product DT and its process®Ts and a reatime synchronisatiormechanism that supports a

synchronised redime interactive environment
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1 A proposed cybephysical control structure for @yberphysical production systenCPP$
DT and an implementation strategy of the Cyplysica control structure. This framework
integrates the digital twin virtual control =
a reaitime bidirectional communication link

1 A proposedCPPS DT decision support syste@PPS_DODSS that positionsthe integrated
productprocess DTto accesshareresourcesacrossthe Hierarchy levels of the RAMI4.0
automation architecturerhis is anautomation reference architecture tadustry 4.0 that
includes the product and connected world in itsr&tighy levels This extends the concept of

integration acrosthe Hierarchy levels dhe RAMI4.0architecture

The realtime collaborative interaction between #msettwin extends the numerous digital capabilities
of the DT to the operational phase o PPSThis positions the DT as a decisisapport mechanism

for the CPPSThe CPPS supparits DT simulations, analyses and visualisation with operational data
and control. The D;lwith a Cybefphysical control structurean execute redime control,production

management and product customisation.
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CHAPTER | : INTRODUCTION

This chapter introducethe researchon the digitalisation of manufacturing processes. It
highlights the motivation behind this researahscussethe research questionand presens
the research aims and objectives geared towards answering the research questions. Lastly, it

presens the outline of the thesis report.

1.1 Background

Modern manufacturing today, has been drikghigh-valueendedechnologes to highvalue

low costbased manufacturing. Businessise, it is designed tomaximise or maintain
competitivenessaat a minimum costWith the increasing advancement in technolegyl
business competition from low labour cost counttigs, researcks geared toward an increase

in equipment utilization, critical production casduction and the development of innovative
productgKritzinger et al., 2018Talkhestani et al., 20)8This would include the development

and adoption of advanced innovations to enhance existing manufacturing processes, tools,
techniquesproducts and the design and development of new manufacturingAdasiotis,
Georgoulias, &Alexopoulos, 2019)Socially, this advancement enables the manufacturing
industry to meet the dynamic ewvgrowing expectations of the new so@oonomic behaviour

of the society introduced by tligital era for instancethe internet

1.2 Motivation

A new era of manufacturing called smidigitised manufacturing has arisen duethe
integration of mnovations like the interconnections of intelligent componehesinternetof
things (IoT), sensor data fusion and cloud computing technolajieis factory floors Rosen
et al., 2015; Zhang, Ma et al., 201%hese developmenitgvealso given birth to the concept
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of the digital twin (DT). Many industrial research@resenthis concept as the pilldor the
next generation of digitised mamgturing(Shangguan, Chen and Ding, 201Bhis provides
the linkage needed to bridge the gap between the physical and virtual spacetimeseal
interconnect silos of data withiea business chaiand reinvent the paradigm of demand and

supply(Tao & Zhamy, 2017; Qi, Tao et al., 2018; Kabaldin et al., 2019)

Today, viewed beyond engineerjiige DT concepis considered an instrument for integrating
business strategies along the business supply ¢hidnosoft, 2017) With this, costly and
time-expensivephysical models can be replaced with more efficient and effective predictive
and diagnostic virtual tools supported with rBale comprehensive data to investigate and
manage consequences of both product and process development, operations and servicing

decisions on product/process behavi@Uitou, 2017)

The digitalisatiorof manufacturing paves way for the application of more sophisticated virtual
models and IT technologiethereby allowing theconnection of various phases of a
product/process lifecye. The integration of these phases creates room for product/process
improvement and optimal resource utility. Being able to mirror the real whrddighreat

time data construct creates a new level of industrial research, production flexibility, etihance
product customisation and increases customer satisfaction owing to energy and resource

efficiency, shorteadtime-to-market and enhanced flexibility.

1.3 Discussion of thegproblem

Our currentworld is definedby the first three industriakvolutions namely: mechanisation,
mass production and computerisati®he industrial sector can be said to be in the early stage
of its fourth revolution(Liu, Meyendorf and Mrad, 2018)This new era, triggered ke

convergence of the digital and tphysical worlds creasea cyberphysicalenvironment an
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innovational leaphathas and is stiliransforminghe manufacturingsector resultingn digital
factories (DF)andsmart production and produdiBiesingeret al.,2019).The drive towards
achieving the Industry 4.0 vision for digital factories is faced with challenges like the
disconnection of related manufacturing sites, independent models, isolated data-aal# non
controlled applicationgCatapult, 2019)There is a aed to unveil the invaluable potential of

the integration of these resources.

Froma broad perspectivehis research tries to answer the following questioow can t he
integration of both product and process digital te/facilitate the drive towards &rnessing

the benefits ofligitisationin manuf act ur i nQurreptrresaarehas teeatéd dthe

product and process digital twias separate entities. This research is interested in harnessing

the digital benefits of the interdependencies betweeprtiduct and its production processes

using the digital twin concepin an endeavouto answer the aforementioned questithe

thesisaddresse the following questions:

1. How can a product and process digital twin be integrated to harnesieffendencies
between the product and its manufacturing proegss

2. Whatinfrastructuresare needed to suppartal-time synchronised interaction between
theintegrated produeprocess digital twirand its physical asset

3. How can bidirectional control be achieved between the physical system and the digital
twin to enablecyberphysicalinteraction?

4. How can the digital twin concept support decismmaking across the RAMI4.0

automation Hierarchy levefs



1.4 Purpose: Research an and objectives

In response to the aforementioned research questiismsesearch aims to digitise and control
manufacturing processes by using the digital twin concept to achievamealyberphysical
interaction andntegration, involving both pragt and process digital twins. This is aimed
toward achieving dynamic production systems as part of the expectations of the fourth

industrial evolution

The research objectives include:

1. Design a digital twin architecture for smart fagtsithat supports thategration of both

the product and the process digital twins

2. Develop techniques to integratiee productdigital twin, process digital twin and the

physical asset to suppagattime synchronisethteractivesimulation

3. Establish a cyér-physical control structure usinglosedcontrol loopsat multiple

granularities that supporéattime synchronized bidirectional controétween theasset

twin: collaborative control

4. Develop a framework that positions the digital twin concef decisiorsupport system

across the RAMI4.0 automation Hierarchy level

5. Validate the integrated produptocess digital twins as @ecisionsupport systenfor a

cyberphysical production systef@@CPPS) using a range of dynamic scenarios

1.5 Contributions

This thesis has explored the concept of the digital twin in the digitisation of manufacturing
processe$o achievedynamic production systems as part of the expectations of the fourth
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industrial revolution. Such production environment would support réiahe cyberphysical
interaction and integratidmetweerboththeproduct and process digital twiaad the physical

asset Thenovelties and mainontributions made by this research include:

(a) A proposed digital twin framework that supports ititegration of the product and process
digital twins for applications in manufacturing

(b) Proposedwo techniques to support retiine synchronised interaction between the asset
twin. Theseincluded a dependency rule that logically defines a bidirectioratiorship
between the product DT and its processes DTs; and-ameasynchronisation mechanism
that supports a synchronised r&ale interactive environment

(c) A proposed cybephysical control structure for a Cybghysical production system (CPPS)
DT ard an implementation strategy of the Cypédysical control structure. This
framework integrates the digital twin virt
control system over a retime bidirectional communication link

(d) A proposed CPPS DT decisiosupport system (CPPS_DTDSS) that positions the
integrated produgbrocess DT to access/share resources across the Hierarchy levels of the
RAMI4.0 automation architecture which is the automation reference architecture for
Industry 4.0. This extends the noept of integration across the Hierarchy levels of the
RAMI4.0 architecture The RAMI4.0 (Figu®8) is the automation reference architecture

for Industry4.0.

1.6 Methodology

The methodology designed for this research divides the research into theoreticedcital
works. This methodological approach attempts to support all theorgtiopbsitionswith

experimental resultsStrategically, to measure, monitor and maintain the research progression,
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the research objectives were broken down sigmificant milestones which were further
clustered into phases that allesifor a sequential buildip totheresearch aims and objective
within the academic timefram@he includedcase study provides applicative evidence and

guidelines on the research contribuson

1.7 Outline of the thesis

Theresearcharrativeestablishes the journey taken to adopt@fieconcept as a digitisation
tool in manufacturing First the benefitsof the conceptare identified, followed by a
methodolog designedo achievecyberphysicalintegrationand harness its benefitsthin the
manufacturing environménThis outline is structuredbroadly on applicative methodologies
using existing concegttechniques and industrial tooBuilding on this foundation, thease
study identifies results and propositions for improvemefthe remaining chapters are

structured ashown below.

Chapter 2attempedt o0 ans wer Howeaoegtheedgitalitvarcongept support the
realisation of an integrated, flexible amdllaborative manufacturing environment as one of

the goals projected by 1This esthblished thb basisnfarthe t r i a
research through literature review. It addressed how the digital twin concept supports
integration, flexibility and collaboration within the manufacturing environmdésearch

trends and gaps were identifjeéle research objectives and methodology were redefined based

on these findings.

Chapter 3 preseadtlin detail the methodological approach adopted for ttisaech. Here the
research plan and methods uaeel definedilongwith setmilestonesThe case study wadso

introduced in this chapter.



Chapterd presenéda digital twin architecture in detaiih response to the questiGrlow can

a product andprocess digital twin be integrated to harness the dependencies between the
product and its manufacturing procesg .This included the method of achieving the
productprocess digital twin integration. Such integration would provide more control over
production resources and product quality during producBocase studyith key steps on

how to implement the proposed framewar&s presented for validation.

Chapter5 answeedt h e g uWmat infrastructiires are needed to support fale
synchrorsed interaction between the integrated produoicicess digital twin and its physical
asset®. This chaptempresentdthetechniquego implementthe proposed DT architecture in
Chapterd. Thisinvolvedthe development ahe DT model and mechanism for an interactive
collaborative simulationThe OPC_UA protocol wasnplementedhs a technique to establish
a unified data communication channel between all related system eleAeate study was

presented fovalidation

Chapter6 presentedanswes tothe questios: i Kw can bidirectional control be achieved
between the physical system and the digital tawianable a twavay interactio® andfiHow
can this controlinfrastructure support production flexibility, product customisation as a
deci si on s up p dtrptesendtktte pposed ayBgihysical control structer
usng closedcontrol loops at multiple granularities to support +&ale synchronized
bidirectional contrb between an integrated prodymibcessDT and the physical asset.
Implemented control techniquasdstrategiesandthe resuls of such implementatiawere
discussedA case study was presented for validation #reresultspresentechere showd
how the dynamic produdDT uses a closetbop datadriven control to trigger corresponding
system configurations for production asdpport production management. This presants

interesting concept akakttime interactive simulation
7



Chapter7 looked at the concept of thBT as a decisiosupport systenand addresse the
g u e s tHowo aan tlie digital twin concept support decisioaking across the RAMI4.0
automation Hierarchy levelg?.In light of this, Industry 4.0conceptsand techniquesvere
applied in the proposed CPPS DT decision support archite@RBES_DTDSS)The case
study presented here for validation usbkd NodeRED applicationas aMessageoriented
middleware (MOM)that supports 10T communication and manageméntvas used to
establish communication between the, MES/ERPsystem customer APand cloudservice
platform hosting the external databaskso, it was used to creatkecustonerinterface to pull

customer information for use in the DT platform and provide information to customers.

Chapter 8 asummary of the research waslith some recommendations which propbsgure

research and highlightl some identified limitations. The chapter ends witboaclusion A
recommendation that attempts to addiéeddow compani es can deter min
twintheyn e e (Appendix E) other related research waakd supporting information can be

foundin the Appendix section



CHAPTER Il: BACKGROUND AND LITERATURE REVIEW

The digital twin (DT) concept has a key role in the future of the smart manufacturing industry.
This review aims to investigate the development of the digital twin concept, its maturity and its
vital role in the fourth industrial revolution. Having idemid its potential functionalities for

the digitalisation of the manufacturing industry, the digital twin concept, its origin and
perspectives from both the academic and industrial sectors are presented. The identified
research gaps, trends and technicatiiations hampering the implementation of digital twins

are also discussed. In particular, this review attempts to address the research quidstian o

the digital twin concept can support the realisation of an integrated, flexible and collaborative
manufaturing environment which is one of the goals projected by the fourth industrial

revolution.

2.1 Introduction

2.1.1 Background

In recent years, the tremendous growth and innovative breakthroughs in the digital world and
the increasing integration of information darcommunication technologies (ICT) with
industrial operational technologies (OT) veagreatly influenced and redefined the
manufacturing industry. This has enabled better energy and resource utilisation, shortened
time-to-market for products and enhancedmafacturing flexibility(Rosen et al., 201Zhang,

Zhou et al., 2019)Innovations like the interconnections of intelligent components within
factory floors, Internet of Things (loT), sensor data fusion and cloud computing (CC)
technologies has given birth to a new era of manufagunrost often called smart

manufacturing/digitised manufacturinao & Zhang, 2017 Yun, Park, & Kim, 2017)



Several national strategies have been developed to harness the potential of these emerging
technologies/innovations within the manufacturing industries. Examples include Industry 4.0
(14.0) by Germany,Made in China2025, Strategy 5.0 by Japan, Advanced manufacturing
partnership andIndustrial internestrategiesn the United States of Ameri¢@dSA) (Zhang,

Zhou et al., 201P

In manufacturing, the convergence of the virtual space with the physical operatia®ltspa
enable the interconnection of virtual elements with their operational physical counterparts
(cyberphysical integration) has been a significant challeimgachieving the objectives of

smart productior{Tao & Zhang, 2017Cheng et al., 2018)The concept of the digital twin

(DT) has been discussed for over a decade as an approach to tackle this problem and in recent
has gained much more attention worldwi@aéng et al., 201&hou et al., 2019)t provides

the linkage needed to bridge the gap between the gatyasnd virtual space in reaine,
interconnect silos of data within a business chain and reinvent the paradigm of demand and

supply(Rosen et al., 2018chuh & Blum, 2016Yun, Park &Kim, 2017).

2.1.2 Problemdomain

(a) Discussion of the problem

Industry 4.0 drives the manufacturing industry into a new era of autonomous and intelligent
information exchange, machine control and interoperable production systems. One of the key
goals of Industry 4 is the connectivity and integration of elements within the production
environmen{DIN & DKE, 2018). This will allow companies to build a data footprint through
sensors and monitoring of machines/equipmeatvever, there are challges associated with

the existing structure of manufacturing systems: centralised control structures and

heterogeneity of data due to the variability of manufacturing vendor products (Tao et al., 2019).
10



The digital twin concept is presented as a prospestitgion to this challenge. This brings us

to the research questiontHow does the digital twin concenqp
integrated, flexible and collaborative manufacturing environment as one of the goals projected

by the fourth industriale v o | u .tBy @nab®ng the integration of both physical and virtual

spaces, DT of a manufacturing system can provide the integrated platform necessary to
harness the potential of generated data. This would see morbadaeth corrective actions

taken n reattime to optimise production lines and increase productivity.

(b) Past work on review

Negri et al. (2017yeviewed the roles of the digital twin in the cypdrysical system (CPS)

based production systems. This paper also presented the history of the concept, the definitions
of the digital twin in scientific literature, its role within Industry 4.0 and some
recommendations for future researhitzinger et al. (B18)presented a systematic literature
review that focused on the use of digital tsiim manufacturing. In the context of production
science, they gave a holistic overview highlighting the manufacturing areas in which digital
twin has been applied,glconcepts, enabling technologies and level of integration in recorded
use cases. Having criticised the synonymous use of the terms digital model (DM), digital
shadow (DS) and digital twin (DT), they presented these three terms as subcategories of the
digital twin based on the level of physisaitual data integratiorEnders and Hol3bach (2019)
presented a systematic review providing a comprehensive-iochsstry overview of the

digital twin applicationsZhang, Ma, et al. (2019ublished a systematic review that focused

on the current statef-the-art of digital twinning within the context of produsérvice sgtems.

It was observed that little work had been done in the contetkteqgfroductservice systems

area. Only two studies out of the 59 papers focused on predngte systems. In an attempt
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to build an understanding of the development and applicatibtige digital twin in industry,

Tao et al. (2019presented a review dhedigital twin in industry. The focus was on the key
component of digital twins, current developments, major digital twin applications, current
challenges and lastly, recommendations on pésslirections for future workAivaliotis,
Georgoulias and Alexopoulos (201&viewed the use of the digital twin in the field of
maintenance and health predictidrhey investigated already existing implementations and
proposed ways to improve therhu et al. (2020) reviewed digital twirdriven smart
manufacturing. In the context aridustry 4.0, the development of digital twin technologies,
impact, reference model, application scenarios and research issues of digital twin towards smart
manufacturing wee discussedlones et al. (202@resented a systematic literature review with

a thematic analysisf®2 digital twin publications from the last 10 years. In characterising the
digital twin concept, 13 characteristics were presented namely physical entity/twin; virtual
entity/twin; physcal environment; virtual environment; state; realisation; metrology; twinning;
twinning rate; physicalo-virtual connection/twinning; virtuatio-physical

connection/twinning; physical processes; and virtual processes.

From the reviews mentioned abovewds observed that there has been an increasing interest
in the digital twin concept. However, a variation in the definition, description, classification
and application of the concept was observed. Despite the disparity in the perception of the
digital twin concept by various interest groups, the faat years have witnessed many use
cases in manufacturing (Figure2p(Tao, Zhang & Nee, 2019This work create a holistic

picture of the research progeemade so far within this field and identifibe following focus

areas for future research:

1. Commongrounds for varying ideologige add clarity to their applicability
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2. Tracking the evolution of the concept up to the current understanding and
applicatiors within the manufacturing sector

3. Integraing both product and process digitalins to utilize their dependenciesan
cyberphysical production system (CPPS)

4. Forging a research roadmap towards achieving the full dividends of the concept

within themanufacturingndustry

2.1.3 The focus ofthe literature review

Past reviews have pointed out challenges and research foci within thisuggdsting that
thereis a needo track the developments made in tackling these challeargdend possible
applications of these solutions within the manufacturing field. This researde itsa
contribution by carrying out a thorough literature revievntestigate the potentialityf the
digital twin concept as an integrated platform to promote flexibility and integration in
manufacturing. A flexibility that allows systems to easily adapt to changes in product type,
quality, quantity and the integration of the automation informagigstem to support data
driven control methods. In this regasdholistic picture of the research progress made so far
within this fieldis fundamentalThis shouldincludetracking the evolution and application of
thedigital twin concept from inceptiorotdate,andidentification of research gaps, trends and
technological triggerd=inally, identified limitations in the application of thBT concept are

should be met witlpropo®d solutions.

In this regard,the rest of the chapter is structured as follo®sction 2.2 presents the
methodologyfor the literature reviewSection2.3 presents the discussion on the digital twin
concept and its applicatiobigital twin frameworks for smart manufacturimgere presented

in Section2.4 andreattime collaborative and interactive simulation in digital twinnimgs
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discussed in Sectidhb5. Section2.6presents the discussion on cyipérysical control in digital
twins and Section2.7 presentsa discusgn onthe digital twin as a decisiesupport system
across the RAMI4.0 automation Hierarchy leveégction2.8 preentsidentified technical
limitations and proposed solutiomasd Sectior2.9 presents the disposition of this research

Thechapterconcludes witra summary of the systematic literature review

2.2 Methodology for literature review

This chapter presemthe methodology used in the systematic literatekgew andthe main

guantitative findings. Figur2.1shows the methodology used to gather the digital-telated

literature. This method involved a literature search oSit@pus and ScienceDiraddtabases
andquantitative and qualitative analyses of the selected paper&k €hgwor ds fidi gi t a
and Amanufacturingo witl emeusd foreaheveearcd ThBo ol e &
identification and collation of the criticatudies were done using the steps explained in Figure

2.1: A total of 168 publications were considered for ragtalysisand unpublished data were

not considered.

A metaanalysis was done to increase the power and precision of this research outcome and
more importantly using statistical measures, a survey of the landscape enabled the proposition

of a map out for future research directig¢Bsapic et al., 2012)This research may be biased

since the choice of which journatticle should be included or not was subjective to the
researchersodéo judgement . The defi nandassuch of (U
the quality of the articles used in the study may vary thighperson. Figur@.2a presents the

number ofpublications considered in the highlighted years.
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1% stage: Records identified through Additional records identified

database search (Criteria: Keywords) through other sources
(n=517) (n=0)
v Y

Records after duplicates removed
(n=493)

Y

2" stage: Relevance to inclusion criteria:
(Criteria: Title & abstract)

(n=246)
A\ J
Full-text articles excluded, with reasons
3" stage: Context eligibility (n=42)
(Criteria: Main text eligibility) e Articles not considering the concept
(n=210) of digital twin as the main context

A4

4™ stage: Studies included in
quantitative synthesis
(n=168)

!

5th stage: Studies
included in qualitative
(thematic) synthesis
(n=168)

Figure 21: Flow chart of the selection process. Adapted (Maher et al., 2009)

Figure 22(a) demonstrates the growing research interest in the area of the digital twin,
especially from the year 201Figure2.2(b & c) shows an increased application of the concept
at systems and systeofirsystems (SoS) levels. These findings reveal a growing acceptance of

the concept as an essential driving force/element for the fourth manufacturing generation.
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focus between 1994 to 2019

2.3 Digital twin (DT) concept

This section presents the key findirggsthe DT concegdtom the literatureeview conducted.
This includes the evolution, perspectives and current understanding of the digital twin.concept
It also presents the role of the DT in CPPS and briefly discieskdologies used to achieve

cyberphysical integration.
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2.3.1 The concept ofhe digital twin

Thedigital twin (Figure2.3) is a virtual replica of its physical asset built mainly of structural

and behavioural models mainly for basic control, monitoring and evaluation of its performance

(Cai et al., 2017Martinez et al., 2018

Physical Space Virtual Space

EQUjpme, -

Services

Connected Data

u B Data
Digital Twin - Feedback

Figure 23: General digital twin architecture

Technoy,
Se €Vices

(a) Characteristics of the digital twin

A digital twin, as shown in Figuse2.3 & 4.4, has the following characteristics which
differentiate it from simulation model$1pdoni, Sacco & Terkaj, 2016Cheng et al., 2018;

Martinez et al., 2018

1. Reaktime reflection: highly synaionised with the physical space, the virtual space
is a realtime reflection of the physical space wahmulti-level of fidelity.
2. Interaction and convergencEhis characteristic is further divided as follows:
a) Interaction and convergence in physical space: It ¢gerapleteintegration of
system phases, elements, services and interaction. Data generated in various

phases of physical spaissconnected and accessible.
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b) Interaction and convergence between historical data andimeadata: Having
both multi-physicsmodels and datdriven approachesa comprehensive digital
twin containsbothdomainknowledge and timely operational information of the
system.

c) Interactionand convergence between the physical and virtual spaces: The digital
twin is an integrated platform providing a smooth bidirectional connection
between the two spaces

3. Self-evolution: The digital twin can update its data in reéime automatically,
mirroring its physicalassetParallelconnectivity allows comparison between the two

spaces enabling continuous improvement of the virtual models.

(b) Technologicatriggersfor thedevelopmendf the DTconcept

The past decaddmveseen much advancement in computer technology. This has resulted

the development and fusion of more sophisticated virtual models of physical products/systems
(Weber et al., 2017)'hese models are not only used for design verification and validation in
systems engineering but increasingly are been used as alnaséel definition of the required
product/system characteristics. Furthermore, the developments, ighicrochips and sensor
technologies like th&FID technology paves way for smart productd aow smart factories
(Schleichet al., 2017 Stark, Fresemann and Lindow, 2D1%hesehave expanded data
generation beyond geometrical measurements and scanning with easy, quick and reliable
capabilities to track and communicate operational informafldrey can feed the virtual
models withreattime data relating to their operational stsds such as their environmental

conditions, system performanaadload (Schroeder et al., 2016)

18



One will not fail to acknowledge the influence of nesiences like data mining, pattern
recognition, deep learning, reverse engineering and modern data analysis techniques in
unveiling more potentials in this generated data sets and other dependencies between product,
process, operational characteristics bodiness strategic decisiofWeber et al., 2017; Leng

et al., 2019) This has projected operational data as the linkage between the virtual world and
the physicalworld. The aforementioned capabilities in system engine&angincreased the
possibilites of data gathering and exchange between both the virtual and physical worlds.
Moreover, this formsthebas f or t he current wunder s(tiandi ng

Zhang et al., 2018; Liu, Meyendorf & Mrad, 2018)

2.3.2 The evolution of the digitatwin concept

Since the public presentation of the digital twin concept, authors have argued on the vision of
the digital twin resulting in different definitions and applicati¢hable2.1). In recent years,

more authors are inclined to the notion that the vision refers to a comprehensive virtual
representation with connectivity to the physical and functional description of the
product/system all through the lifecycle phaéésn, Park & Kim,2017; Cheng et al., 2018;
Kritzinger et al., 2018)Table2.1 presents some identified definitions of the digital twin. It

reflects a gradual transformation of the concept and its applicability.

Table 21: Identified definitions of the digital twin in literature

No Ref Year Definition of digital twin
1 (Shafto et al., 2010 i A Ditwir ig aa integrated mulphysics, multiscale, probabilistic
2012) 2015 simulation of an abuilt vehicle or system that uses the best available

physical models, sensor updates, fleet history, etc., to mirror the life o
corresponding flying t

2 (Schroedeet 2016 fiThe Digital twin being a virtual representation of the real product. It t

al.,, 2016) productés information since the
producto

3 (Grieves & 2016 06A set of wvirtual information

Vickers, 2016) actual physical manufactured product from the micro atomic level to 1

macro geometrical | ev¢
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4 (Brenner & 2017 i Adigital copy of a real factory, machine, worker, etc., that is created
Hummel, can be independently expanded, automatically updated as well as bt
2017) globally availableinreal i me . 0
5 (Stark, Kind, 2017 606A Digi t agital teprésentatios of a umigue dsset (product
& Neumeyer, machine, service, product service system or another intangible asset)
2017) compromises its properties, condition and behaviour using models
information and dat a.
6 (Weberetal.,, 2017 A A digital representation of asé
2017)
7 (Blum & 2017 AA virtual represent dtl ioon . &f
Schuh, 2017)
8 (Bohlin etal., 2017 AA comprehensive physical and
2017) product or system, which includes more or less all information which ci
be useful in the current anc
9 (Negrietal., 2017 A The virtual and computerized c
2017) used to simulate it for various purposes, exploiting atiesd
synchronisatiorof the sensed datacomgin f r om t he
10 (Taoetal, 2018 A A real mapping of all componen
2018) data, virtual data and inte
11 (Scaglioni & 2018 i A nreaktime digital image of a physical object or process that hel
Ferretti, 2018) optimize business perfao
12 (Talkhestani, 2018 A A current, digital model of a
et al., 2018) comprehensive physical and functional description of a component
system throughout the |
13 (Haag & 2018 AA comprehensive digital repre
Anderl, 2018) includes the properties, condition and behaviour of thelifeadbject
t hrough model s and dat
14 (Liu, 2018 A An i nt e gphwsitsemlltiscale| probabilistic simulation of an a
Meyendorf, & built system enabled by digital threads, that uses the best available m
Mrad, 2018) sensor information, and input data to mirror and predict
activities/ performance over the
15 (Zhuang, Liu, 2018 A A virtual, dynamic model in th
& Xiong, its corresponding physical entity in the real world and can simulate it
2018) physical counterpartds characte
timely fashion. o
16 (Sierlaetal., 2018 A Di gi t al -realimendigitaBimagesofarphysical object or proce
2018) that helps optimize busin
17 (Kunath & 2018 A The Digital twin of a physice
Winkler, data, i.e. egineering data and operational data, represented by a sem.
2018) data model . 0
18 (Tharma, 2018 nfdDigital twin of a real di strib
Winter, & describe the exhaustive physical and functional properties of the proc
Eigner, 2018) along the whole life cycleandcard i ver and recei v
19 (Eisentrager et 2018 AiA digital twin is a digital m
al., 2018) records and dynamic status data, which are synchronized itimealThe
model will be used to gain knowledge that can be transferred to the r
object. o
20 (Negrietal, 2019 AAn integrated simulation of a
2019) physical models and sensor
21 (Biesinger et 2019 AA digital twin is defined as
al., 2019) process and behaviour of real objects wittsitacture and elements that &
connected to it.o
22 (Kabaldin et 2019 A A set of mat hemat inceatme theodiferéns
al., 2019) states of the equipment, the technological processes, and the busin

processes in production

20



The definitions of the digital twin given by NASA and Grieves reflect a broader view of its
existing applications $hafto et al., 2012Grieves & Vickers, 2016)This research sees the
digital twin for manufacturing a& set of integrated virtual information construct of a potential

or actual physical system detailed with all necessary minuscule and-teaetonultiphysics,
multi-scale geometric and simulativegbabilistic specifics, suitable for its creatiowirtual

models of suitable granularity with defined functionalities are developed and integrated into a
networked systeniCheng et al., 2018 he physical system interlinked with this integrated
virtual entity updates it with operational data, thus becoming an exact digital representation of
its physicalasset(Haag & Anderl, 2018)The development of the digital twin for a new
physical asset should begin at the design/engineering stage and evolve thioumh as s et s
lifecycle (Rosen et al., 2015; Martinez et al., 2018; Qi et al., 208).already existing
systems, the digital twin can become an additional component modelled to reflect the existing

functionalities of the systeffinders & Hol3ach 2019.

2.3.3 Perspectives on the digital twin

The digital twin concept in an earlier time was applied to product de@hang, Xu et al.,

2019. In recent times it is perceived to encompass the entire business value chain resulting in
digital twinsof products, production process, system performance and serviflesng et al.,

2019) Despite norunification in defirtion and description (Tabf2.1), there is a similarityn

the key components of thigital twin: reattime interaction and the replication of physical

asset functionalities in the virtual space.

For thisresearchthe digital twin concept can be appliwithin the manufacturing industry
primarily at three levels, namelproduct,unit/systems andystemof a system (SoS)/shep

floor levels These virtually represent the integration of process, raw material, tools/equipment,
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finished produaand servicesncluding all static and dynamic compositions of the production
system(Qi et al., 2018Qi, Tao et al., 2018)Virtual models used for a digital twin can include

the following physical models (geometric, performance, simulation), relational rules and
behaviour models that reflect the state, characteristics, behaviours and performance of its
physical entities(Cherg et al., 2018).They can be used for simulations during virtual
commissioning, monitoring, diagnostics, prediction and control of the state and behaviour of
its twin to support decisiemaking in the development and operation phases of the product, as
well as reflect information continuity throughout the product lifecy8ehleich et al., 2017,

Haag & Anderl, 2018).Figure 2.2 shows increased usage of the concept within the

manufacturing sector.

Digital twin of a productThe digital twin of a product isimply its digital construct mapping
the individual product in the virtual space. Its level of functionality and comprehensiveness is

dependent on the physical twin and intended(Tiae et al., 20181aag & Anderl, 2018).

Digital twin at a unit/systemnievel: A digital twin at a unit levebf the CPS systems at its
smallest possible granularity. Such small units include components and equipment (e.g.
computer numerical control (CNC) machines, robots), materials (transport facilities like
automated guided vehicles (AGV) and other vehdeled raw materials), and smart
environmentgKritzinger et al., 2018)The digital twin at a system level is an integrated-data
oriented virtual replica of all necessary process elements. This includest-dévehdigital

twins of manufacturing equipment, material flow, operating systems, human resources, and
other value stream elemerfBlum & Schuh, 2017Qi, Tao et al., (2018)At the system level

of a shopfloor, models considered include production capability models for production

capability and characterisation, process models to link proetded parameters to product
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design attributes and mirror the interaction between a product and the model of its

corresponding production process modteng et al., 2018

Digital twin at an SoS levelfhedigital twin smart service platforms can be used to achieve
collaboration between systelevel CPSs andligital twins This could be a collaboration
within a factory site where production lines can interact or different factory sites. Such an
integrated platform endds the integration of the various lifecycle processes of a product, data
and resources. This is an enabling environment for @ystems and crogdatform

interconnection and interoperability and optimisation of servitisg@nTao et al., 2018).
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Figure 24: (a) Percentage of publications based on digital twin tyfi® Trend of the digita
twin applicability in process/product lifecycle phases

Figure2.4(a) shows more use of the digital twin to support the unit/systems level. Eiine
demonstrates the publication tdein the last ten years. A large number of publications in 2018
highlight the use athe DT concepinap hy si cal assetds | ifecycl e,
twin database built right from the design stage to be available all through its lifecyas élon

al., 2020). Publications in 2019 show an increased discussion of the digital twin in the

operational phase with a focus on simulation and optimisation usingmeabperational data.
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There is a congruence amongst authors that digital innovatlasdnsor data fusion, loT,
edge and cloud computing technologies, deep learning and machine learning in Artificial
intelligence, big data analytics, faster algorithms, increased computational power and the
availability of more operational data are triggésr the modification of the expectations of the

concept Lu & Xu, 2018 Scaglioni & Ferretti, 2018 hang, Zhou et al., 2019)

Analysis of he articles identified six key functionalities inherent in the digital twin applications
namely, prognostic and diagnostic analyses, simulation (online and offline), control,
monitoring/supervision and optimisation (Figd®) (Martinez et al., 2018 huang, Liu, &

Xiong, 2018;Zhang, Zhou et al. 2019; Zhang, Xu et al., 2088 seen ifFigure2.5, in recent

years, there has been more acceptance of the potentiality of the digital twin concept to provide
all six functionalitiesFigure2.5 demonstrates a steady rise in both simulation and optimisation
as a result of the availability of more factual data (operational data) for simulation and a better

understanding of the physical asset through mirrored/factual virtual representatiorganalysi
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Figure 25: Digital twin functionalities
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2.3.4 Current industrial understanding and applications

The disparity in the understanding of the digital twin vision in the industry is seen in its
application, as shown in TabB®2. It is being used along with various phases of the product
lifecycle, interconnect business partners and custonicgosoft Corporation views the

digital twin concept as a business transformation strgtdgyosoft, 2017)

Table22:. Table of companies6 views and application
Ref Companies View Purpose
Parametric Reattime connectivity

(Schleich et a
2017)

Provide efficient aftesales services

Technology between the virtual anc using digital twin data.

Corporation (PTC) physical world
(Cheng etal., General Electric Modelling of thg To improve the efficiency o
2018) (GE) currentstatg of its performance and heqlth_ forecast
physical twin products throughout their lifecycle
(M;(:)rf%o. ft Microsoft Corp. ﬁabni?g]r?ns;tion strategy Integrate the business supply chain
(SChlzeolig)et al., Dassault Systémes Improve product dégn performance
(Schleich et al To achieve_ synchronpus data flo
2017) " TESLA Inc. between_ vehicles, factaes and other
companies.
Interconnection of both
(Cheng et al., NASA ggﬁis\'/;?ér?ts\fﬁtf;nd an ysed for fault prediction and validatio
2018) . . of related systems
replica of the physical
system
An integrated
(Cheng etal.,, U.S. Department of simulation virtual Used for health maintenance of aerosp.
2018) Defence replica of the physical crafts
asset
Establish a connection between virtL
(Schleich et al _ Virtugl models of a and physical space to capture the dig
2017) " Siemens physical production process of pro_ducts fr_om the deS|_gn st
sygem to manufacturing to improve efficienc
and quality
Predix Asset Service based platform for industric
(Shubenkova et Performance grade analytics for operatio
al., 2018) Management optimization and performanc
(Predix APM) management

(Shubenkova et
al., 2018)

A software platform used for hybrid c:

DXC Technology manufacturing
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2.3.5 TheRoleof thedigital twin in CPPS

Integrating production systems with ICT technologies and employing artificial intelligence in
manufacturing systems transforms traditional production systems into what is now known as
cyberphysical production systems (Negri et al., 2019). The CPPS parawiitp more ICT
enhancements, scalable modular structures and distributed control introduces autonomous
integrated, adaptable production systems that shortens engineering time in production

processes arthe cost of mass customisation. (Qi et al., 2018).

(a) Decisionsupport system

The idea of a supportive decistamaking system becomes realisable with the digital twin
concept. Built orreattime operational data, théPPSis capable of making its own decisions
about its future or supporting external decisinaking system$Zhang, Zhou et al., 2019)
Being able to mirror the physical environment within the digital model allfmvdetter
evaluation of both internal and extal changes. Notably, with this comes the possibifty
analysing the interactive dynamism between these internal and external factors rasalting
timely response to such changes. This is of great inflummpeoduct and process management

and optimsation(Stark, Fresemann & Lindow, 2019)

Data models mostly used in engineering and simulation tools are not compatible rasulting
data silos within production syster(Schuh & Blum, 2016)Secondly, there is the issue of
insufficient details to meetllaparameter needs. Thirdly, th@oprietaryformat limits the
amalgamation of relevant engineering data and models for each object. The digital twin concept
provides the needed integrated platform enriched with a semantic description enabling relevant
da@ of the same format available throughout its lifecySlehroeder et al., 2016; Schleich et

al., 2017). This concept will replace existing tirm®nsuming processes like reverse
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engineering where refléog changes in the virtual model and existing data would invalve
series of manual operations like tbeeationof new geometric models, conversion of data
formats to suit manufacturing and simulation tooldjrsgtip of new parameters and properties

of thesimulation mode(Weyer et al., 2016; Vachalek et al., 2017)

(b) Data acquisition, data flow and communication management

Recent transformation in econontievelopmenand adjustment in industriatructurehas led

to continuous integration of information,ommunication industry and manufacturing
(Vachalek et al., 2017This has greatly improved the level of industrial production with timely
data collection, dynamism in planning and operaticasg automatic monitoring and
supervision of system stat@@hang Zhang et al., 2017) However, scientifiditeraturehas
identified the lack of interaction and interoperability between disconnected related industrial
sites, independent digital models, rsalf-controlled applications and isolated data silos
created wthin the physical workspace and virtual information spateng, Zhang, & Yan,

2018)

The digital twin can be used to tackle this interconnectivity chall¢@heng et al., 2018)

Data flow is very important to actualising a realistic digital twin. Data could include
machine/equipment data stream, health status, work instructions, production status, component
location,andsensor data streadones et al., 2020Jhlemann et al(2017)pointed out the
importance of digital data acquisition in implementing the digital twin conceptGRRS.
Carrying out reatime evaluation and analysis for highly complex production systems would
require nothing short of a reiine generated ddtase(Tao, Sui et al., 2018)n this regard,

more research should be carried out on automated data acquisition and selection.
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Fully automated digital mukinodal data acquisition, evaluation and quantification of
underlying process data still falls shoftthe expectations of Industry 4.0. The reasons for this
arenot farfetched from the fact thtite majority of the planning operations, transmission and
storage of information are manually managed and the prevailing difficulty in benchmarking
results due t@lack of sound theoretical evaluation critefizhlemann et al., 2017Yhis has
resultedn low-efficiencyvalues and regime performancéZhang, Zhang et al., 2018ven
though these manually achieved planning results are analysed with the aid of simulation,
complexities still flout manual controllability posing a challenge to the evaluation and

guantification of these planning proceduggslemann et al., 2017)

(c) Analytics

In nonproduction industries, data analytics (Figuré) has been aignificanttool used for
evaluating past incidences and the prediction of the future state. For example, Yarra Trams
from Melbourne(Australia) achieved a 99% increase in service quality based on the obtained
data and foresight gained when they analysed data addtmra 9100 trams and other data
sourceg(Schuh & Blum, 2016)This gave theninsightand knowledge about disturbances,
performance and passenger volume in their network. Data collection and arsageo
essential within the manufacturing environment. More implementation of data analytics
methods in manufacturing would see to increasiclency of valueadded processes because

it presents a higher potentfal improving system efficiencgSchuh & Blum, 2016; Vachalek,

et al., 2017) Operational data extracted from manufacturing processes have facilitated the
enhancement of manufactugiefficiency leading to a more lean and competitive establishment

(Tao, Sui et al., 2018)
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Figure 26: Analytics in annteractive digital twin Source(Catapult 2019

(d) Simulation Perspective

Traditionally,simulation is done at the design phase using estimated or historical data.as input
The reliability of functionalities provided by the virtual system is highly dependent on how
much the physical system can be emulated. This constraint can be attribiggsteim
complexity and uncertainties. With the digital twin concept, this known constraint to building
realistic digital models of its specific physical twin can be handled using real operational and
sensory data to update the digital t@hang, Liu et b, 2017) This integration will improve

the digital model accuracy and capabilifigdeveraging simulation at the operation execution
stage. This creates nawaktime operational potentials like autonomous decision inference,
predictive simulation, aomated control, selbptimisation, supervision, and monitoring
because the digital twin based on such data would always prmadiéme status of its
physical twin in various applicatioriKritzinger et al., 2018hang, Ma, et al., 201Qu et al.,

2020) This also comes with ofine review, diagnostic and prescriptive analysis. For example,
machine part wear or system failure can be predicted using pattern recognition systems and
third-degeeregression models based on data received from simulation dete@lmansy, Zuo

& Tao, 2018)
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2.3.6 Cyberphysical integration using other concepts similar to the digital twin

In the last decade, other digital solutions for an integrated manufacturingrengitb have

been reported in the literature, for example, the Gpbgsical system (CPS), Digital mock

up unit (DMU), Symbiotic simulation and the Product avatar. They all attempt to connect the
physical space with the virtual world. The CPS with senswogpputation, control and
communication capabilities attempts to achieve physical asset integi&aod ét al., 2021)

The DMU, a system engineering 3D modelling process developed based on CAX
(CAD/CAE/CAM) technology uses computer simulations as acepi the actual moelp
(Zhang & Li, 2013; Rios et al., 2015). They can imitate the geometrical, physical and
behavioural characteristics of the actual product mgxkhus providing real responses to
exterior prompting as would the actual magk Like the DT, realtime interactions with the

product enable immersian sensory perception (Rios et al., 2016; ,TAloanget al., 2019).

The symbiotic simulation system, birthed under discrete event simulation (DES) draws
inspiration from symbiosis in biologyt emphasises a mutually beneficial close relationship
between a physical system and its simulation system (Mitchell & Yilmaz, 2008). Like the DT,
the simulation system has access to-tiea¢ sensor operational data from the physical system.
With this, hghly accurate simulations of the physical system are carried out and in turn, the
physical system benefits from the decisions made based on the outcome of the simulations of
several scenarios representing different operational decisions (Mitchell & Y29d&). The
product avatar concept with no explicitly significant difference from the DT concept focuses
on useyoriented product formation. Like the DT, it also considers sensor data and the physical
product is digitally represented using several modRi®g et al., 2015). In addition to
integration, the digital twin offers the advantages of inclusiveness of communication,

interaction and collaboration between the virtual and physical spacedfaaget al., 2019).
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It serves as a representation of bibid digital and physical properties of the current and future

state of the product, equipment or process (Schroeder et al., 2016).

2.3.7 Cyberphysical integration using the digital twin concept

Cheng et al. (2018) present the aims of a smart factory foruhnth fmanufacturing generation

and analysed them in four contexts namely (i) physical integration and data collection, (ii)
digital/virtual models and simulations, (iii) data and information technology systems
integration and lastly, (iv) databased produtiperations and management methods. Viewing
the capabilities of the digital twin from these perspectives constructs a more vivid picture of
how it supports integration, flexibility and collaboration within the smart manufacturing

environment.

Physical @&set integration and data collectioithe creation of ubiquitous interconnections
between physically separated elements/subsystems of a production system based on a
collaborative and contex@wareness initiative will support data collection, interaction and
interoperation within an integrateshvironment. Such an integrated operational environment

is obtainable using the CPPS concept.

Digital/virtual models and simulationThe creation of mukdimensional models by the
integration of faithfulmirrored virtual models of both the product/praes systematically
constructed using all necessary data (both engineering and operational data) within-a closed
loop bidirectional network with the physical assets will contain geometric and physical
properties models of elements, response models of lmltaviand logical models of
relationships. This will enable reliable and synchronous-tiee systems/models €o

simulation, correction, modification and control.
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Data and information system integratiofhe virtual models provide the mechanism
(relationalrule model) for a methodical integration and unambiguous fusion of cyberspace (all
elements/flows/businessesvered) data with data perceived from the physical world. This
mechanism will support the dynamic generation and iterativevotution of modelsand big

manufacturing data.

Data-based production operations and management metiygsicalcyber consistency and
synchronisation present an avenue for more effective utilisation of generated data for value
creation through collaboration. Operationptimisation in factories can be improved through

the integration of datdriven services and interdependencies of applications allowing on

demand matching and utilisation of services.

2.4 Digital twin frameworks for smart manufacturing

This section first revies the proposed digital twin frameworks from the literature and then

proj ect s perspectivoulT frameviosks for smart manufacturing.

2.4.1 Related work on digital twin frameworks in manufacturing

Gievesd standar dTmada donsiste af & physieal assetr virtaal replica and
connection which is sufficient to establish a cyphysical interactionhafto et al., 2012;
Grieves & Vickers, 2016)This architecture in some usase has been extended up - a
dimensional framework bthe inclusion ofDT data and services (Tao et al., 20Z8ang,

Zhou et al., 2019Zhang, Xu et al., 2019)These enable the fusion and evolution of both
physical and virtually generated data and the addition of analytical functionalities to the digital

twin.
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Tao et al. (2018) presented a digital twiiven product design (CHD) framework. This

serves as a guide on the creation of a product digital twin and the utilisation of its generated
knowledge in the product design process. Zhang, Zhou et al. (2019) proposed a data and
knowledgedriven digital twin framework for a manufturing cell (DMTC) It supports an
autonomous manufacturing cell using data for the perception of manufacturing problems and
knowledge for solving identified problemand has fivedimensional space namely the
physical, digital, data, knowledge and sospéce. This framework is expected to support self
thinking, selfdecisionmaking, seHexecution and selfnproving. Cheng et al. (2018) also
present the aims of a smart factory for the fourth manufacturing generation. In this case, the
digital twin concepis used to achieve physical connection and data collection, virtual models
and simulations, data and information technology systems integration and lastly, databased
production operations and management methods. These expectations are also embraced by

other authors likéllgass et al. (2018Ri, Tao et al. (2018nd Zhang, Zhou et al. (2019).

Stark et al. (2019) applied information factories in the development and operatidigifa
factory twin. They proposed andmensional digital twin model. Four of these dimensions
namely integration breath, connection mode, update frequency and product lifecycle
characterise its environment and the other four dimensions: CPS intedliganulation
capabilities, digital twin model richness and human interaction describe its behaviour
(capability richness expressed in levels). Lu et al. (2020) presented a digital twin reference
model with three components namely an information mode&rarainication mechanism and

a data processing module. The information model has two subtypes: a model for a product

digital twin and another for a production digital twin.
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2.4.2 Integrated digital twin frameworks in manufacturing

The fourth industrial revolutiors datadriven with more smart products and systems within
the business domain. Thiecessitatemore cyber involvement in industrial operations and
business activities as a whole, thus promoting the integration of its resources (Choi et al., 2017).
Theexistence of CPPS supports the integration of physical assets. This integrated entity creates

a digital bridge between smart resources and smart peidungking (Coronado et al., 2018).

Modelling the CPPS should also have a digital representation of the dynamic interaction
between the product and its production processes. This logical interaction can enhance the
management of the production processasd support production flexibility, mduct
customisation and quality of the product. An integrated prepratess digital twin platform

is needed to explore this prodymrbcess dynamic interaction to unveil potential benefits.

CPPS integrated produptocess digital twin with logicallyannected data/control/resources

is a suitable digital platform where the interaction of the product and process models is used to

enhance the control/management of the physical asset performance and product quality.

2.5 Reattime collaborative simulationin digital twin

One of the expectations of the OXbnceptin manufacturing is the reéime closedoop
connectivity between the asgetin (Tao, Zhang & Nee, 2019ones et al., 2020). This
involves a reaktime synchronisatiorbetween the asséwin such thatthe bidirectional
interaction suppostoperational/virtual data analytics for diagnostic, control and optimisation
(Onaji et al., 2022)A bidirectional interaction within the cybghysical space positions the

DT as (i) a substantial monitoring and supervisory platform, (ii) an extension of the control
structure enabling virtual datiriven control of the physical asset (gisuitable stucture for

implementing reatime simulation during production (iv) and an effectokecisionsupport
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systemusing experimental results made available for design/production management and high

level business decisions (Catapult 2019, Tao, Zleaiad},2019; Onaji et al., 202

Data integration in digital twinning has been greatly emphasized (Jones et al., 2020). This
allows operational data to be used to update the DT which in turn creates a virtual
representation of the production operation alongsiddopming analytical experiments.
Models are mostly operated offline creating some gap between the data generation, analyses
and feedback to the physical system (Blum & Schuh, 2017; Enders & HoRbach, 2019, Jones et
al., 2020). Generated data can be usesufiport the production process more effectively if
simulation experiments are done in réate and results are used to improve/optimise the

management of the production processss product quality

2.6  Cyber-physical controlin digital twin ning

The DT conceptis a cybephysical integrating an@ssettwin collaborative platform in
manufacturing (Tao et al., 2019; Jones et al., 202®esearch literature presents
implementations of the DT concepts with successes in data integration anithgiptidhe

virtual space with operational data (Liu, Meyendorf, & Mrad, 2008)vever the digital twin

either as a product, machine or production DT has been used to support production (Lu, Liu et
al., 2020).Thereaktime bidirectional interaction betwedme assetwin shouldalsosupporta

DT datadriven control of the physical asséts a platform for experimental simulations,
analytics and information extraction, virtual results are used to improve industrial operations
within the physical space (Shubenkovalet2018). The utility of these virtual results in real

time control/management of the asset is constrained by issues in the interconnectivity and
heterogeneity of the virtual and physical spacethathck of virtual control strategies (Negri,

Fumagalli& Macchi, 2017 Onaiji et al., 202
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An integrated produgbroces®dT in aclosedloop with its CPPS provides new capabilities for

the digital twin to harness the possible benefits from the dynamic interaction between the
product and its production process&DT decisionsupport platfornwith control capabilities

can use its viual resources to manage the production resources, services, system performance
and the production of the produntboth offline andor onlingreattime modegQi, Tao et al.,

2018). For an integrateDT, a cybefphysical control structure is needed tarress this
modelled dynamic interaction which stands out as atireal benefit to the physical asstich

a control infrastructure would support the virtual control of the asset from the DT
reconfiguration of the processes based on product specifisatid vice versa. This structure
should provide the needed mechanism to support/enabliémeaimplementation of decisions

made based on the DT analytical results/collaborations between thénassaid operators.

2.7 The Digital twin as adecisionsupport mechanismacrossthe RAMI4.0 Hierarchy

levels

The DT of a CPPS has been discussed as a-gyiysical platform that achieves remarkable
data and control integration, rdahe interactive simulation and experimental analytics for
datadriven control and product customisatidnis built to integrate the three lower levels
(Sensors and SignaPLC/DCS/CNC and SCADAof the ISA 95 industrial automation
pyramid (Figureb.1), or the first five levels (productield devices, control devicegasion and

work unitg of the RAMI4.0 automation architecture fordustry 4.0 (Figur@.8). Its digital

twin datais a construct of the operational activities of the physical asset and the digital

processes of the digital twin across these levels.

From abusiness/managerial perspective, it would be strategically beneficial to extend the

functionalities of thédT of a CPP3crosghe levels of the MES, ER&dconnected worladf
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the RAMI4.0 Hierarchy levels.These levels can furnish the digital twin wipnoduction
management data and highevel analytical resources. This extends and positions the digital
twin as a decisiosupport system across the Hierarchy automation level to facilitate informed
business strategic decisio$ie generatethformation and capability of the DT can be made
available to the MES level to support production, quality, inventory, maintenance or scheduling
purposes. At thelEPlevel andn the connected world, the customer and supply chain data can
be made availabli®r DT analyses. Alsd)T-generated information can be made available for
business decisions made for and by the customers and the supplyFdraimstance, the
customer can be updated on the status of its order relative to the calculated currentgffici
of the production systenm line with this,a framework that connects the BTa CPPSo the
levels of the MES, RP and Connected worlid neededin this research, the connected world

is limited to the customer and supply chain.

2.8 Technical limitations and solutions

The research identified some technical limitations hampering the implementation of the current
vision of the digital twin in achieving closetbop synchronisation between the digital and
physical space/cybgrhysical fusion Qi et al.,, 208; Tao et al.,, 2019) These telnical

limitations and proposed solutions are described in detail below:

1. Lack of quantifiable metrics of uncertainty in digital twin models, and unresolved
uncertainties in the prediction of complex syste8eh(h & Blum, 201,6Jones et al.,
2020: Uncertainties are unique to systems due to the variability in the conditions that
creates them. No two products from the same production line are identical in
performance. The use of datdven models is presented here as a solution to this
challenge. The availability of microchips, digital tags and sensor technologies like the

37



RFID technology has expanded data generation beyond geometrical measurements
(Zhou et al., 201P This has made scangireasier and quicker with reliable tracking
capabilities to communicate operational informati@renner & Hummel, 2017).
Integrated produegprocess models can then be fed with-temk data relating to their
operational states such as environmental abtions, system performane@adproduct

quality (Zhang, Ma, et al., 2019)Such reatime instance data can help in identifying

the pattern of change in the behaviour/characteristics of the system/product. The use of
machine learning algorithms can be used to engineer unique patterns/metrics that can be
used to maintain the hih of the system.

. Virtual confidenceThis poses a challenge due to the racttnplexity of manufacturing
systems resulting in engineering estimation and presumptions. Data from the factory
floor is compared with data from the virtual model to investighe behaviour of a
machine in operation against expected behaviour. The use -timeailata instances in

the virtual platform increaseirtual confidence (Grieves & Vickers 2016).

Engineering models are known to be a very effective representation ekneelh
processes. Datdriven models are stochastic and tend to represent the variability of a
system. This would be an effective means of representing the pqmdgess interaain

and the progressive development of the product. The management of virtual models and
connectivity to the physical twin would be improved if they are built to the lowest
possible level of granularity with unique identification, functionalities and cbritha
combination of both model approaches would increase the functionality of the integrated
digital twin.

More research should be done to establish the benefits of using various virtual model
approaches either separately or combined in the digital ttvia interesting to know

what levels of engineering and data models combination can be achievedoffrade
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analysis in use cases would highlight the advantages/limitations this combination

presents.

. Variance in the framework of the digital tools usedathieve virtual confidence, i.e.
linking models with data from the factory floor (machine or sensor d&ag major
challenge with the digital tool used to achieve virtual confidence lies in the variance of
the functional/data semantics/communicationmiesvorks (Tao, Zhang & Nee, 2019).
Interaction/access to heterogeneous digital platforms/data sources is limited because they
are dependent on the integration endpoints and the capabilities of the database they are
built to work on. This has limited the egration of tools from different vendors needed

in implementing cybephysical integration that supports réiahe communication for

smart production (Blum & Schuh, 201Zhang,Tao & Zhang, 2017; Cheng et al., 2018).

A potential solution is fomiddleware vendors to encourage software collaborations by
adopting widely accepted communication protocols. An example includes the
collaboration between MTConnect and OPC_UA communities to provide an
MTConnectOPC_UA specification that improves the imtperability and consistency
between both standards. This capacity is transferable to all manufacturing technologies,
equipment, devices or software implementing these standards. The integrated process
product digital twin as an aggregate model requiresenmmllaboration between
machines/equipment and virtual entities. Communication constraints associated with
using heterogesous digital platforms in building the models can be handled by either
using the same digital platform or using platforms with uniftieda/communication
semantics that supports re¢mhe communication like th®PC_UAMTConnect.

Another potential solution is the standardisation of information model semantics. The

systematic approach toward the development of semantics for informati@smaalild
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encourage a continuous effort towards the conformance and usage of the same standards
(Xu et al., 201% This would allow modelling platforms to effectively represent both the
product and process composition. For example, the ISO 10303 standaidep a
neutral data structure enabling CAD systems to exchange product data. ISO 14649 and
ISO 10303238 standards use modern associative language enalliregt connection
between CAD design data for machining and downstream fabrication progdasse€s,

& Wang, 2020)

Software vendors in collaboration with researchers should expand the capabilities of their
products. Newer versions of existing digital twinning software with collaborative
capabilities that supports the combined representation of process flow and product
behaviourareneeded. The idea of a closkemp integrated digital twin that recreates the
productprocess interaction using enhanced 3D visualisation and data would be an added
advantage for more investigative results in diagnostic analysis.

. Lack of an explicitly defined ontologi: closedloop supply chain network would need

an explicitly defined ontogy. Providing an overt formal specification of the network
conceptualisation and standards enables seamless business integration between trading
partners I(u et al., 2020) Ontologies have an essential role to play to ensure adequate
flow of information, reuse of data between project phases, easy information accessibility,
integration of process and product models VHRP systems, data communication
through the network and reading data stored in electronic tags and da{@lzasdsal.,
2017;Negri et al., 2019)Blum and Schulf2017) discussed several ontologies for IT
systems that use RFID technology to achieve the smart linkage between the virtual and
physical world.

. Challenges in the inclusion of human functionality in the virtual sp@gberphysical

integration in manufaating also involves the inclusion of human functionality resulting
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in more humasfmachine interactions. The old control methods involve more human
control which limits the autonomy of the system and restrltimanrmachine
collaborations. Another challendeere involves the difficulty in transferring human
operations into machine procedures to be handled by the machine to increase precision
and performance.

Digital twinning promotes humamachine collaborations where precision is managed

by the machine ancertain decisions are handled by the operator. More effective and fast
communication links are needed to ensure such interactions are seamless and aligned to
the system operation. Also, designed algorithms should adopt-obiected structures

in ways that allow human inputs as part of their operational blocks. -Bfatee-art
technologies for humamachine interfacginclude augmented and virtual reality, natural
voice processing and gesture control. The concept of immersion stands to be an effective
approach for virtual humamachine interaction.

Voice interaction is the most effective and quickest means of expression for human
beings(Nagabushanam, George, & Radha, 20R@)gabushanam et al. (2020), highlight
advancements in Natural language processing (NLP) using | neetmsorkedbased
methods. This has been applied in deep learning (DL) and longtehartmemory
(LSTM) algorithms with a certain level of accuracy and efficiency. In recent times,
advancement in remote sensing technologies has contributed to bettere gestu
recognition. Technologies like ambient light, cameras and image processing, sound and
wearable devices, Radiofrequency (RF) and mmWave radar are been used to capture
operator activities. With faster communication, sensing and processing capabikties, th
development of gesture training and control is a promising development for the digital

twin system.
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6. Lack of professional skills set§he fourth industrial revolution comes with a wave of
new technologies demanding new skill sets to manage them. Te oread ways for the
actualisation of the digital twin concept, the manufacturing industry continuously needs
to liaise with academia to make fast advancements toward these emerging technologies,
contextual and social resourd@¥ard et &, 2021) The industry provides the funding,
expertise, application knowledge and related field data. Academia provides the
technological knowhow like advanced methodologies from mathematics, control and
computer engineering and takes responsibilitly §rooming the new generation
workforce equipped with interdisciplinary skills. These will result in a progressive
transformation of their industrial/research environment, and work method. A
collaboration between these two sectors creates a versatiismgeanvironment with a
bidirectional channel for knowledge sharing and transfer resulting in the combination of
theoretical knowledge with industrial practices.

7. Challenges in managing big data, definisgmantic data models, data management
systems and atable databases for data storage on a single platform, the integration of
existing simulation packages and semantic interoperability of data from heterogeneous
sources Data models mostly used in engineering and simulation tools are not
compatible, resulting in data silos within production systévtecchi et al, 2018)There
is the issue of insufficient details to meet all parameter needs tAdésaroprietary format
limits the amalgamation of relant engineering data and models for each object. The
heterogeneity of gathered data from both physical and virtual spheres poses to be a
challenge.The proposed DT framework supports an extensible frameworkldta
acquisition (data gathering, storageganisation and distribution) and analyses for all
parts of the systenhu and Xu, (2018)presentdsemantic web technology, an evolution

of the World Wide Wel{WWW) technology as a distributed and scalable standardised
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interface for the surrounding systems. This creates a graph of connected facts by linking
up documents to pies of informationThe actualisation of uniform data interfaces and

out-of-step data computing technologies is also a potential solution to these challenges.

2.9 Disposition of the thesis/Research gap

The clarification of the DT concept has been a major focus in literature. There is increasing
evidence irthe literature on the use of the digital twin in manufacturidgnes et al., 2020)
Despite this and recorded applications, there still exatarce inthe definition, description,
classification and application of the concéPinaji et al. 2022)Within the manufacturing
industry, there exist, digital twins of the product, process, systems, production and
performances. These variations in typeshe@p into unique benefits based on application

(Cheng et al., 2@, Onaji et al., 2022).

CPPS supports the integration of physical assets and creates a digital bridge between smart
resources and smart products in making (Coronado et al., Z2018)egrated digital platform

for the CPPSvould integrate existin@T potentials and also unveil more benefitighin the
cyberphysical sphereThe combination of the product and processbDit a single platform

would enhance the utilisation of their dependendie promote flexibility and product
customisation. Processes are configured about the products to be manufactured. The quality of
the finished product is also influenced by the effective management of the processes/resources
used. An automated configurati of production setups based on the virtual product
specificationscould be abenefit of an integrated DT twin on a CPPS. Production
process/machine configurations can be mapped to defined virtual product specifications such

that these specifications tggr the desired setup strategies when demanded.
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There have been several DT framework propositions in manufactttavgever, none of the
proposed DT frameworks in the literature addresses the integration of the product and process
DTs (Subsection 2.4.1None have considered timeodelling of the interaction between the
product and its production processes (Grieves & Vickers, 2016, Tao et al., 2018; Zhang, Zhou
et al., 2019: Zhang, Xu et al., 2019). As a result, they do not present the integration of the
product and process digital twirisom this perspectiveThe novelty obtainable here is an
architecture for aCPPS integrated produptocess DT with logically connected
data/control/resourcess a suitable digital platform where the interaction of the pricand

process models is used to enhance the control/management of the physical asset performance
and product gual i tHpw canlTahpeoduqt ared ptocess rdigital twinsbe s

integrated to harness the dependencies between the productema itsu f act ur i ng pr c

An integrated produgbrocess DT architectural framework is needed to inform and instruct the
manufacturing industry/research community on its application. This would also include the
techniques/concepts for implementation andliegfive methodical evidence to support the
industry and direct digitisation research in manufactuting. et al . (2020) 6s mo
the product and the process information models. There is a need to extend these ideas to the
integrated produgbrocessDT concept. This would involve mapping all logically related
productprocess data and operational mechanisms. This creates a digital platform to harness
the interdependence between the product and its production processes. This dynamic
interdependeregdinteraction has not been harnessed in DTs to improve production management
in reaktime. This is an identified gap in digital twin research. The novelty here would be a
proposition of techniques needed to model and implement this prpochgess intei@ion in

digital twinning.
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The dynamic interaction between the product and its production processes can be modelled as
a logical interaction to establish a collaboration mechanism between the deddymbcess

DT and physical assets. This dynamic inte@cthetween thassettwin in reattime can be

used to define the DT behaviour. This mechanism during production would creaf@Tnew
collaborative functionalities that would improve the performance ofbXfieas a decision

support system. The question ari$®ghat infrastructures are needed to support +éale

synchronised interaction between the integrated product DT, process DT and physicabassets?

To extend the benefits of the DT concept to the operational phase of manufactakhtig)e
synchronisednteractive simulations needed. This is a simulatiseenariovhere theonline
DT simulation can be driven lyiggers/data fronthe physicahssetindin return,the DT can
support/manage/control the physiealsetbased on experimentahalyticaldata The logical
modelling and implementation of the product-piocess DT connection and thsesettwin
connection are necessaryto support a realime datadriven synchronised simulation,

production flexibility and product customisatiareadvocated

The DT vision intends to improve and implement smart manufacturing with not just
simulations but realime control Cheng et al., 2@®; Onaji et al., 2022 This calls for the
interdependence of the asssin. Thee still lacks a structured approach for the
implementation of control and reliability requirements in digital twins for manufacturing
processes. Thiategration at the contltevel isa digital twin expectation that needs attention.
The lackof applicative strategies and demonstrative case studies on the virtual control aspect
of the digital twinis an identified gap and contributing to this area is a novelty for this rbsearc
There exist realime data extraction but there is a lack of 1taale analyses for optimisation

or the improvement ofproduction performanceThe literature review lacks data on

implemented control integration and virtual control of the physical sySteenquestion arises
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fHow can bidirectional control be achieved

toenableatwavay i nteraction?o

One major challenge of the current industrial infrastructure is the disconnection between the
various Hierarchy levelsof the automation pyramid. This is because they are built with
components (hardware/software) predefined to suit specific purposes and most often are from
different vendors. As a result, one tends to find issues with communication due tonsiiati

data semantics and system architecturéere is a need for an infrastructure that connects
these Hierarchylevels of theautomationpyramid. This includesnechanisms/methodologies

to access and distribute informaticesourcesicrosshe Hierarchy levels. It should determine

the accessibility and control level of all associated parties and infrastructure to evolve and
preserve data’he DT as a proponent of integration and collaborat&anbe used to eliminate

the information silosThis interconnectivity across the system makes information readily
accessible to all interest group$ie question arisédHow can the digital twin concept support

decisionmaking acrosshe RAMI4.0 automation Hierarchy level?

The idea of using the produwtin and the process twin in an integrated environment is new
and would present the opportunity to investigate the potential inherent in the interaction
between the product and its production procéks. use of an integrated prodymcbcess DT
structuredaround the produgtrocess interaction as a decisgupport system for production

is still lacking and needs more research aesults fromevidencebased applicatianto
advance this field. There is still a lack of literature on the mechanism to make use

information/decisions available to all associated pawtigsn the business chain
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2.10 Summary

This chapter presents a literature analysis on the digital twin concept to address the question:
AHow does the digital twin concept support tealisation of an integrated, flexible and
collaborative manufacturing environment as afi¢he goalgprojected bythe fourth industrial
revolutior? OA review of theliterature was conducted to investigate ttevelopment of the

DT concept, maturity and its vital role within the manufacturing indu3tngre is a growing
acceptance of tHeT concept as an essential driving force/element for the fourth manufacturing
generationlt is perceived as a proponenttethnological development with the potential to
transform the current manufacturing landscape into a smart-pigsical environment (Jones

et al., 2020). The DT concepince its first definition byProfessor Geves as the digital
construct of the physal asse{Shafto et al., 200)2has evolved in definition and applicability.
However, there still exist varianem the definition, description, classification and application
of the DT concept (Onaiji et al., 222 The review findings also highlighted that there was no
common framework for a digital twin model creatibat it has found applicability in the
various stages of the product/procesghe ntegration of ICT technologies and Al into
production systems has paved the way for a lot of possibilities with the digital twin in
manufacturingSix key functionalities inherent in the digital twin applications weeafified:
prognostic and diagnostic analyses, simulation (online and offline), control,
monitoring/supervision and optimisatiohastly, technical limitations were identified and

proposed solutions for the implementation offifeconcept in manufacturgwere discussed

The digital twin concept is still evolvindt was initially applied to product design. In recent
times it is perceived to encompass the entire business value chain resudigitalrtwins of
products, production process, system performance and seiMmesurrent vision of th®T

concept in maufacturing supports the realisation of an integrated, flexible and collaborative
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manufacturing environment. Supported by a cldseg bidirectional communication
network, it promotes assetin co-evolution through redime interaction, control and
conwergence in three key areas: within the physical space, between the physical and virtual

spaces and between historical and-tiwaé data.
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CHAPTER lll: RESEARCH METHODOLOGY

This chapter presents the methodology adopted for this research. rteelolegical path and
descriptions follow a logical progression that enabled the researcher to use established
knowledge and techniques to achieve the aforementioned objectives in the first chapter. The
research plannvolved both aheoretical and a practicahpproach The rest of the chapter

presents the methods used, concepts and techniques applied in the course of the research.

3.1 Methodology

This section outlines thmethodologicalpath adopted in achieving ihresearch sim and
objectives.It ensurée themilestones are met aride research remains focused on laid down
objectives. Strategically, to measure, monitor and maintain the research progression, the
research objectives were broken down into achievatillestones d allow for a systematic
build-up of the research aim and objectives within the academic timefFarse a literature
review was done to establish the basis for the researththe conceptual model desig
approach wasdopted to define the adelling and simulation objectives across the research.
The remaining phases involved the set objectivesngedn a logical manner that defines their

dependencies. Figure 3.1 presents a progressibart of the research.

3.1.1 Phase 1: Literature review

Thefirst task was to investigate the progress and current trend in the Industry 4.0 initiative.
This provided information on what is desired, and attainable and what are the current interests
of key players in industrial manufacturing and the research cortyntihis formed the basis

for research aims and objectives formed and a methodology mapped around the research aims

and objective. The digital twin concept was identified as a trending phenomenon that can be
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Figure 31: Chevron chart showing the sequential progression of the methodological steps taken
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used to pursue the Industry 4.0 initiative. Further research was done on the DT concept and

was adopted as an applicative technique to be used to achieve the aim of this research.

3.1.2 Phase 2: Conceptual model design

The first milestone here was the identification and description of the modelling and simulation
objectives aligned to the research objectiviso, developing a conceptual model detailing
thestructural DT layouttheoretical expectations and practicaidlvement of using the digital

twin concept in manufacturing. This involved an evaluation of the feasibility and
implementation of the concept or postulatiofise selection of the digital tools needed to build
the DT depends on the established DT desigjeatives. This describes the DT functional
composition and maps tbe DT finctionalities to a pool of digital tools. Table 3.1 presents the
metrics considered in the selection criteria for the digital tools used in building the DTs for this

research.

Table 31: Metrics considered in the selection of digital tools for DT development

Selection metrics Evaluation criteria

Functionality The purpose/service provided and its value to the DT project
Interconnectivity The communication interfaces for connectivity with other digital too
Compatibility The suitability of the tool for the DT project and its purpose.

Compatibility in terms of data semantics and communication protoc
Affordability/availability | The financial implication and the accessibility (remote, clbaded,
licensed/opersourced/free) of the tool to the DT developers and DT
users

User interaction The level of convenience in user engagement during development
use

3.1.3 Phase 3:0bjectivel: Digital twin architecturefor a smart factory

A systematic literature reviewvas carried out to identifyexisting DT architectures from

published papers. Based on this, process mapping and system ontasaged to propose an
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architecture that takes advantage of thterdependences between the product and its
production processes tategrae both the product and press DT. This was then applied to a

case study: thEesto @ smart factory

3.1.4 Phase 4:0bjectivell : Development of techniques that support reahe

synchronised interactive simulation between the agséh

This stage handtethe development and implemextion of techniques that utilise tlogber
physical integratiomo achieve realime synchronised interactive simulation between the-asset
twin. Integration at this stage was limited to data integrafitus is illustrated in Figure 3.

and involved:

a. Development of techniques for linking virtual products models wittual process
models using a combination of engineering models andditatan modelgFigure 32
index b)

b. Development of techniques for physied@itual space integration to support treal

time update of the DT model with operational data, (Figuzenglex a)

Physical Physical
Product Process
®
\J
Virtual -—

Virtual
Product Process
Product DT

Process DT
Integrated DT

Figure 32: Integration of product and process digital twins

The case study was used to validate the propositions developed at this stage. A methodology

on how to develop integrated DTs with réiahe synchronised simulation capabilities is
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designed These data were used to provide the information needed to trigger partial or full

control in the next level of the digital twin

3.1.5 Phase 5:0bjectivelll : Bidirectional control

(a) Cyberphysical control structure using closémbp control at multiple granularities

This stage improwkthe capability of the digital twin to include a bidirectional control. Difie
being able to run in regime and also integrate operational data would have the capacity to

control the real system anéte versaThis stage involved the

1 Identification of controlsubroutinegjranularities of the physical system and
replicaing them on the digital twin

1 Development of the virtual control panel

1 Implementation of a digital linkage betwetre physical system control and the
digital twin control system

1 Development/implementation of control strategies like pheshpull control
technique and producentric control andlatadriven control strategies to manage
the physical twin from the vl platform

1 Validate the bidirectional control strategies using a range of dynamic scenarios

(b) Use of FESTO kit to identify the levels of granularities and impact on system control:

The level of granularity of control is dependent on the set objectivée dligital twin design
and the physical system functionality. Investigasion theFestoCP smart factory control
capabilities and system functionalitiegere carried out todefine the level of control
granularities that can be achieved. This would inelddtermining what parameters of the
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process and product can be sensed, monitored and controlled. Interest was built on the selection
of the appropriate control level of granularity to ensure the accessibility of historical data
without compromising the gport for realtime data processinginalysiswas then carried out

to determine how this influences the quality of decisitaking. The case study DT at this

stage is upgraded with functionalities that enabletread datadriven control. It can manage

the operation of the physical asset using operational information. It is positioned to support
product customisation and implement production management strategies that reduce waste due

to quality assurance and downtime.

3.1.6 Phase6: ObjectivelV: Digital twin as adecisiorsupport systenacross RAMI4.0

Hierarchy levels

The DT with a bidirectional communication link is presented as a data/resource integration
mechanism. Horizontal integration can be achieved across the product/process lifecycle.
Interestingly, using the digital twin to achieve vertical integration across the RAMI4.0
architecture Hierarchyevels would enable accessibility and distribution of data/resources
spread across the RAMI4.0 hierarchy lev@lse MES, ERPandthe connected wadd of the
RAMI4.0 Hierarchy levelsvere connectetb theDT of the product and processes resulting in

the accessibility to more data, MEERP and cloudbased resources like freahd APIs,
specialised analytical tools and databa3ée. digital twincan be seen providing information

for informed decisions across the RAMI4.0 hierarchy levels. For instance, the marketer knows
how the production system is performing and can give the customer a more accurate delivery
time. The operator knows which prodsicre in dire need and creates a lean strategy for

production based on a pydush demand.
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3.1.7 Phase 7: Objective VValidate the integrated produgbrocess digital twins as a

decisionrsupport system for a CPPS

This phase is used to run predefined control &trans. The following scenarios &re used

for validation

I.  Updating virtual assets from physical assets (Figuteirddex a)
ii.  Linking thevirtual producs with virtual processes (FigureZ3index b)
iii.  Controlling physical assets from virtual asggigure 6.4)
iv. DT accessibility across the RAMI4.0 hierarchy levels (MES/ERP and Connected

world) (Figure 7.1)

3.2 Digital twin model

3.3.1 Digital twin generic description

The generic composition of a DT model would consist of the method, storage, access control,
event, HMI, API, communication interface and CAD mo¢elgure 3.3a) These support the

design functions of the DTS(einmetz et al., 20)&nd can be encapsulated in different model
compositions as shown in Figuse3b. The product and process DT architeetcanhave the

same component composition and can be represented using the same digital object but they
differ in functionalities. This is because their physical assets twins are unique in description,

function and relation.
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Figure 33: (a) DT components (b) Digital twin general model representation
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3.3.2 Conceptual model desigfor the integrated DT

A conceptual model design was the first step takethie development of tHeT 3D model.
Theabstracstructureof theDT (Figure 34) was designed based on the RAMI4.0 automation
architecture. This representbdth the structuralinterdependencies of t@PPScomponents
and obtainablebehavioural featuresBasic pocess behaviour/functionalitiethat can be

modelled and visualisedere identified This layout is built from the bottom upwards.

—————————— MES/ERP

__________ Intelligent layer

Field level control over production
—————————— Data layer

Communication (Data streams)
————————— Sensing and actuation

---------- Virtual models (product &
processes)

1-"-;_

Figure 34: DT model structural layout based on RAMI4.0 architecture
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(a) Virtual model layer:This layer forms the framework of the virtual platform. Models
considered here include (a) Produatodels for product structure and shape
characterisation. (b) Resource geometric models detailing the shape, size and trajectory of
relevant elements for sifating interference, time and cost of production processes. (c)
Resourcephysical modeldetailing variation in physical factors/parameters of resource
geometric models and equipment compensation. (d) Producéipability modelsfor
production capabilityand characterisation. (e) Proceswdels link processrelated
parameters to product design attributes and mirror the interaction between a product and
models of its corresponding production proce¢€é®ng et al., 2018).

(b) Sensingand actuation layerThis allows for the inclusion of virtual sensors and actuators.
Most of which are existing in the physical system.

(c) Communicatiotayer: The communication layer provides the necessary digital link across
the cybefphysical space. This supports data streams iatetconnectivity amongst
associated resources.

(d) Data layer: This comprises a database(s) and all necessary data management structures.
Storage elements like tables, lists, variables and databases.

(e) Field level control ovetthe production layer: This is thevirtual replica of the control
structure of the modelled system. It comprises control dashboard elements like pushbuttons
and switches within the different domains: system, process and component levels. Control
granularities are defined and implemented.

() Intelligent layer: This layer contains algorithms used to generate information from
generated data, manage the digital twin response and present them as needed in the

applications.
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(g) MES layer:A virtual MES interface is created to model production orderss iBhused to
assign production details to products. This also can be linked to the MES/ERP level to
receive customer orders and optimise production schedules.

(h) Application layer:This is an extended layer not showrFigure 34 It could be launched
on the same systems or distributed acrossdisé&ributednetwork (Cloud for example)
provided they have access to the digital twin data. Nonetheless, these are unique
applications that can be used for predefined services, analytics or data processing. These
could include frorvend applications for special services, analysis or visualisatithin

the MES/ERP otheconnected world

3.3 Methodology for including variability in the digital twin: Varying products and

processes irthe digital twin

In reatlife scenarios, mosmodern manufacturinginfrastructures/systemaccommodate
different praluctsof the same portfoliédmily. Product line engineering (PLE) improve
productivity in terms of time, effort, resources, cost and qualgates product portfolidsy
tkingadvant age of identifiabl e pr oiaionsrseger si mi |
and Clements, 20)3This enables the reuse of existing production setups/resources with little
alteratiorfrecalibration product componeniaw materialsand application of variability in
product attributesAutomobileor electronics componeptoduction lines and food packaging
industrieshave a domain of products manufactured/packaged simply by reconfiguring the
production lines and varying the raw maés. The DT for manufacturing should also
accommodate such variabilities to reflect the real manufacturing environment and the existence
of uncertainties due to diversity. In line with this, this research defirgain terminologies

to clarify its intetions and research directiomterms of variability
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1 Fixed product: One type of product with fixed characteristics.

1 Variable productsThis is considered in two contextf#st, dfferent productsof the
same family domaithat can use the same production facilities sewbndlythe same
product type with variation in attributegeometric $ize colour, texture, shapejaw

material, finisling/polishing processing time etc.

Fixed processes: A production line with fixeddular/station/modular sequence and processes

that do not change in configuration

1 Variable processes: A flexible production line that allows one to remove/add processes,

modify the configuration of existing processes and restructure the processes&sequenc

(o)

Similarities

[«  Production Units/Cells
. Process services

|« Materials Workplan
Product type 2 ¢ Components (Service configuration)

#\* Features —

‘. *  Production Units/Cells
: Unique feature \ ‘ * Services
>

g *  Materials
description
e« Components

[ N Geome'tnc * Calibrations s
Product type x ® Material ————

* _ Functional o maw,
e

Product family Product catalogue Product mapping to process services Production line

Figure 35: Ontological map connecting the product types to their production processes

Product type 1 T

N

As shown in Figure 3.5, each product type would be digitally defined as a product catalogue.
This would contain the product description detailing its unique variation/features, class(s) of
similarities (features and production servitesnd a work plan thadentifies anddefines the
sequence and configuration of its associated production materials/services. The work plan
transforms this information intexecutablgoroduction instructions. For example, a product
family of motherboards for laptops. The va&ioa here can be the processors/RAM
configurations, type of power ports, the number/type of USB ports, and cooling fans. The work

plan designed in the MES is used to make production orders for the selected products.
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The strategyn Figure 36 adopted tonclude these variabilities in products and processes of
theDT involves three steps. The first two stepd bae component fixed and the other varied.
The third step hathe varied product and process digital twins integrated. wasslone this

way for proper structuring and management of the model development. Each
objective/milestonewas verified and validated before progressing to the next. Another
advantage here is that it makes it easier to debug the codes to ensure the deied mo

behaviour is achieved.

|

Engineering & data Process physical Fixed process +
driven models _ assgt y Fixed poduct
integration virtual twin

|

Engineering &data

i +
driven models . Process +Product \'/: |x_ec:)||cr ocesds
integration physicalasset ariable product
virtual twin

)

Engineering & data

driven models integration _ Process +Product Variableprocess
+ Control integration physicalasset + Fixedproduct
virtual twin

)

Engineering & data

. . . Variableprocess +
driven models integration — Proces&Product Variablep roduct
+ Control integration physicalasset ; pr¢
virtual twin

Figure 36: Systematic integration of the product and process digital twimgcorporate variability
in process and produbXTs
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3.3.1 Fixed process and variable product

The process configuration is fixed and thus needs no modification at this stage. Variability is
intended on the produddT. The DT should be able to assemble predefi product
descriptions. Variation is observable in the part composition, property variation and process

composition.

(a) Objective

i.  Define products to be modelled

ii. Integrate defined products withe existing digital twin model

(b) Virtual modelmodifications

i. Created data taldevith the products description
ii.  Modelled predefined parts
iii.  Define part attributes

iv.  Modified control algorithms for product selection and production

3.3.2 Fixed product and variable process

The product description is fixed and thus needs no modification at this stage. Variability is
intendedfor the proces®T. The DT is should be able to accommodate predefined station
configurations and system layout. Variation is observable in the phogesse and the

process configuration to be used the selected product

(a) Objective

i.  Define process variability
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i.  Define feasible station reconfigurations

iii.  Add process variability tthe DT model

(b) Virtual model modifications

i.  Remodel stations to allow faonfiguration

ii.  Create Make provision for system layout reconfiguration
lii.  Add algorithms to implement process layout reconfigurations
iv.  Modifications

V. Results

3.3.3 Variable process and variable product

This implies theDT can accommodate variations in the productsasd reconfiguration in

the proces®T.

(a) Objective

i. Integrate both variable product and process twins

(b) Virtual model modifications

i.  Map products to predefined process configurations
1 Define process configurations based on real system capabilities
1 Updateproduct description table with designated process configuration

ii.  Modify model algorithms to enable manual station reconfigurations and automatic
reconfiguration bagkon the product selected

iil. Results
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3.4 Cyber-physical control

(a) Cyberphysical controktructure using closetbop control at multiple granularities

The capability of the digital twin inclugéidirectional control. Thé®T being able to run in
reattime and also integrate operational data would have the capacity to control the real system
and vice versa. Interest was built on the selection of the appropriate control level of granularity
to ensure the accessibility of historical data without compromising the support ftinreal

data processing. Analysis was then carried out to determin¢ghiinfluences the quality of

decisionmaking.

(b) Control strategy

The virtual control design considers the real system control structure. These include the
hierarchical control layers and the use of interlocks. To build the virtual cattatégy, the
concept of feedback in PLC configuration was adopted. When control signals are transmitted,
the control response is fed back to the control signal source. This is used to inform the control
process of the control outcomiés implementatiorcan be foundn chapter 6. The control
triggers and response signals of the physical controllers were identified as connection nodes

between the physical controllers and their virtual repli€ais can be seen in Figure’ 3.

The level of granularity of cdrol is dependent on the set design objectives of the digital twin
and the nature of the functionalities physical system functionality. FEEETOCP smart
factory is designed using a decentralised control approach wherpreaelssmodule has an
independat Siemen$LC (S7 300¢ontrol unit. Investigationfahe FESTOCP smart factory
control capabilities and system functionalities would define the level of control granularities

that can be achieved. This would include determining what parameters of the process and
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theproduct can be sensed, monitored and controlled.

Feedforward Step 1: Control
prompt

v

‘ . Step 2: System
@ Step 1: Command Physical response (Actuator)
prompt (E.g. HMI) controller L )

Feedback Step 3: Control
response

Figure 37: lllustrating the feedback concept adopted from PLC controllers.

(c) Tradeoff analysis between the level of granularities and the use of engineering models vs

data-driven models:

Engineering models are known to beeay effective representation @fell-known processes.
Data models are stochastic and tend to represent the variability of a system. Tiwdf trade
analysis between the level of granularities needetthe use of both engineering and data
driven models was investigatethis determined which approach best achietés objective

i.e. the level of engineering and data model combination.

The configuration of the virtual models and simulatitapendsn the nature of the physical
processes and products. Application types for virtual modelling and simulation are considered
under the categoried production layout, production processes and system entities within them
(Cheng et al., 2018, Enders & HolRba2f19). For production layout applications, theus

is on optimisation of the layout and appropriate model configuration. For production processes,
thefocusis on the verification of production processes téstof production plans, thigalance

of production lines and the relationship between them. For system entitiés;uilsevould be
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on the optimisation of structure and performance, electromechanical dynamics, multi

dimensional display of appearance and functionalities

3.5 Digital twin as adecisionsupport system

The digital twin with a bidirectional communication link is presented as a data/resource
integration mechanism. Horizontal integration can be achieved across the product/process
lifecycle. Interestingly, using the digital twin to achieve it integration across the
RAMI4.0 architecture Hierarchylevels would enable accessibility and distribution of

data/resources spread across the RAMI4.0 hierarchy levels.

A holistic picture of the business is created as the digital twin data becomes a composition of
all productassociated data (production, managememstomer and supply chain inclusive).

This same DT data is made accessible across the RAMldhtecture Hierarchievels for

decision making. Also, cloubdased analytical tools/databases of more specific functionalities
are made available to the dagitwin-CPPS infrastructure. The digital twin having access to

all these data and analytical tools can process relevant information that is made available to the

appropriate authorities for informative business/management/strategic decisions.

In the casetady, theEnterprise and connected world lewelsre connectetb the digital twin
built at the loweifour hierarchy levels. This enaldl¢he accessibility to more data, MES and
cloud-based resources like freahd applications, specialised analytical soahd databases.
Aware of the cybesecurity threatsnformation is processed and distributed as authorised

across the internet
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3.6 Connecting the digital twin to MES/Customer APl andCloud-basedservices

One of the objectives of this project isitdegrate all levels of the automation information
pyramid. Eliminating the information silos by integration and interconnectivity across the
system makes information readily accessible to all interest gr@upschallenge of current
industrial infrastruture is the disconnection between the various layers. This is physical and
virtual because they are built with components (hardware/software) predefined to suit specific
purposes and from different vendors. As such, one tends to find issues with comiomunicat

due to variations in data semantics and system architectures. Also, the various phases that make
up the lifecycle of products are isolated. € stands to be a suitable platform to gather,
integrate and maintain lifecycle data of products/processes. With a dynamic data layer, all
related data are mapped and stored. Also, with a data evolving mecHaidata can evolve

to retain historical, cuemt and if possible futuristic information.

Interestingly, the advancement in I0T technology has increased the possibility of establishing
communication between infrastructures of dissimilar architecture and data semantics. Protocols
like OPC UA allow comnunication and data sharing within a heterogeneous network. Also,
with the concept of collaboration, communication semantics continue to be standardised
allowing communication between systethatinitially cannot work together because of the
variance in tkir architectureThe concept of edge computing paves way for communication
via the internet, establisiy interconnectivity within the heterogesus network, unifing data
semanticsandredudng computing work on remote systems using cloud facilitiess pptoject

used the Nod®ED application as a channel to communicate and interconnect components

through the internet.
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The MES is located on a different computer. To connect the MES/ERP layer of the Festo CP
smart factory to the digital twin located in apsrate computer, the OPQA protocol in
conjunction with the Nod&®ED application was used. This made it possible for the digital twin

to send production orders to the MES and receive MES dataDThend the NoddRED
applications communicate using the @RJA protocol and the NodBRED application

communicates with the MES using the TCP communication node.

To also have access to customer data, the ORCrotocol in conjunction with the Noee
RED application was used. The Neek was used to create API foustomer interaction.
Generated data is sent to tAemendVindsphere cloud service using a mind connect node.

TheDT uses these data streams to collect stored customer orders.

3.7 Case study: Discretdime CPPS based on the Festoyber-physical (CP) smart

factory

The Festo cybephysical smart factory: Figurg.8 is the integrated physical asset. It is an
Industry 4.0 compact CPPS used for teaching and the development of smart industrial
automatiorbased skills. Its resources habeen interconnected and monitored over a
TCP/IP/Ethernet/OPC_UA network infrastructure using sensors and RFID technologies. It
adopted a distributed control with each module having its Programmable logic controller
(PLC). The system is managed using thenafiacturing execution system (MES) linked to a
database (ACSE, 2018). It is composed of two production islands and a logistics network of
conveyors, carriers for conveying the flow entity and an autonomous vehicle (Robotino). The
workstations are built wht six stations and two transfer bridges (Takl®. Further details

about the Festo CP smart factory can be found in (ACSE, 2018).
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Figure 38: Festo CP smart factory

Table3.2 gives a list of the Festo stations and the task each performs and F&presents

the schematics of the system layout.

Table 32: Festo stations and the task each performs

Station

Task

Top case ( Station 1)

Place thelopcover of the phone on the carrier

Measuring ( Station 4)

Inspects the workpiece on the carrier

Bottomcase ( Station 5)

Loads the carrier with thBottom cover of the phone

Press ( Station 6)

Couples the top and bottomvay by pressing them together

Heattunnel ( Station 7)

Heat workpiece to a predefined temperature

Output station ( Station 8)

Removes finished prodwgdfirom the production line

Bridges (Station 2&3)

Transfer terminal the workstations

Robotino

Transfer product between workstations

Output
Station

I Unheated workpiece

Heat
Tunnel

LN Y

—_,

TopMag
Station

I Heated workpiece

’v!:- |«—[_4
Bridge 2

[

Bridge 3

Press
Station

BottomMag
Station

Measure
Station

Figure 39: Schematic diagram of the physical production system



The Festo CPPSuses a distributed numerical control (DNC) network system with a
manufacturing data collection sglgstem of RFID, embedded PLC acquisition modules and
other noANC equipment like sensors for perception and data fusion. This system also handles
the transnssion of acquired data from the underlying equipment to the MES and supports

instruction release and control from the MES to the equipment.

3.8 Methods

This sectionhighlights the key concepts, techniques and methods used in achieving the

researclobjectivesMore details can be found Appendix C

3.8.1 Reference Industry 4.0 architecture

The RAMI4.0 (Figure 310) is the automation reference architecture Ifatustry 4.0. This

model in pursuit of a uniform structure and standards makes it possibladorayymigration

from Industry3.0 tolndustry4.0 DIN & DKE, 2018) This has been chosen for this research

as the reference model upon which all architecture for this research has been built. The reason
is that it is wildly adapted and has thoroughly been worked with as a standard road map by the
industrial and academic wonunity Zezulka et al., 2016Rojko, 2017).). It minimises the
number of different standards required despite the integration of information, automation and
operational technologies in manufacturing. It considers existing operational standards, thus
providing unification in standards and structure for the next generation of industrial
infrastructures intended to uselustry4.0 technology and technigues. More on this framework

can be found in Appendix C.
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Figure 310: Reference Industry 4.0 architecture (RAMI 4.0) Source Rojko, 2017

3.8.2 Cyberphysical production systems (CPPS)

The physical asset referred to in this research is the CiRBSstry 4.0 proposed smart
production lines are built using cybghysical systems (CPS). These are operational machine
networks integrated with ICT components and sensors. These autonomeusssys meant

to make their own decisions based on machine learning algorithmsinreaperational data
and environmental conditions data, data analytics and successful past beliRapa2017;

Ward et al., 2021).

3.8.3 System identificatiorand modellng

System identification is the first step taken in defining the physical system to be modelled. This
identifies the structural and functional composition of the production system and associated
products. This also covers the identification ofdiggtal accessibility of the system. The DES
modelling theory is used to define the graphical and algebraic specifications used to represent

the composition, structure and operation of the CPPS and its product(s)
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3.8.4 Productprocess dependencies

There exist dpendencies between the product and the processes from which they have been
created. The product defines theoductionprocesses and process configuratiorhese

dependenciesereused to establish a logical relationship between the prgutacess DT ash

its physical assetn the production phase, the product is logically dependent on its

production processes (Figusel1). During production, this logical dynamic interactiod in

the physical space is in one directi@y(.3.1).
01 € Q6 0 IQE Q6 OO (Eqn 3.1)

This dynamic interaction builds the finished product thus defining its actual attributes and

quality.

Product-
process

 logical Physical
interaction processes

\g«t.
buil

Physical space

Physical
product

Figure 311 Productprocess interaction in the production phase

3.8.5 The digital twin for manufacturing

The digital twin concept is viewed beyond engineering. It is considaneithstrument for
integrating business strategies along the business supply(bhiarnsoft 2017) At its basic
level, the digital twin (as shown in Figuge3) is a virtual replica of its physical asset built

mainly an structural and behavioural modelsaimly for basic control, monitoring and
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evaluation of its performand®naji et al., 2022)Key to the concept is the integration of the
physical and virtual space all through the lifecycle of the supjextuct/proces his research
uses this concept tachieve data/control integration and interaction across the RAMI4.0

Hierarchy levels.

3.8.6 Theconcept of integration

Integration in this research is considered a concept that allows for the interconnectivity,
interaction and interdependency m@lated/associated components/functionalities to form a
unified platform. This could include physical components like subsystems, data, control
structures or even layers within an architecturgegration in production systems was
considered under the folving categories: physical asset integration, virtual space integration
(product and process digital twidndcyberphysical integrationThis concept forms the core

idea/interest of this research.

3.8.7 Cyberphysical connections and interactions

To achievecyberphysical integration using data and control, there has to be an established
bidirectional communication link between all associated elements of the-plypscal
system. This enables the desired interaction and accessibility of resources. These
comnunications exist between the physical product and its virtual twin, the units of the CPPS,
the physical processes and their digital twibgnnection is needed betwethie productsset

twin, the processassettwin and tle productandprocesDTs.

3.8.8 Realtime, twoway and secure connections between physical and virtual spaces

Most industrial communication networks are built using the ProfiNet/ TCP/IP Ethernet

protocols. This provides bettenproved communicationand cybersecurity and utilises
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uniquelP addressing for each active device (controller, computers and communication devices)
in the network lazarenko et al., 2020Figure3.12 shows a zoometh view of the RAMI4.0

model communication layer showing the TCP/IP framework.
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Figure 312 RAMI4.0 model communication layer using the TCP/IP framework S
(Nazarenko et al., 2020
The Open platform communications universahitecture (OPC_UA) specified in IEC 62541
was built on the basic web TCPMHTTP/SOAP technologies. It provides standardised and
secured access to industrial systems, machines and other related devices enabling
manufactureindependent control and datackange (Pethig et al., 2017). It stands out to be
an industrial communication protocol suitable fodustry4.0. This was used to provide a
uniform standardised interface between the as@atng for secured access to control and data

exchange.
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CHAPTER IV: INTEGRATED PRODUCT -PROCESS DIGITAL TWIN

FRAMEWORK FOR MANUFACTURING

Thischapter aldress the research questdnHow can the product and i
be integrated to harness the dependencies between the product and its manufactorioggps s 0 .

A conceptual framework that suppotie integraton of theproductandprocess digital twia

for applications in manufacturing is proposed. It also discussesniques for implementing

the various layers and the benefits they present. The afiphicand benefits of the proposed

framework are presented in the case studies.

4.1 Novelty and contribution to knowledge

The novelty presented in this chapter is the proposition of an integrated ppoodcess digital
twin framework This DT frameworkintegrates botlthe product and proced3Ts to further
supportflexibility, control and production managemeantmanufacturing. A flexibility that
allows systemsluring productiorto easily adapt to changes in product type, quality, quantity
and the integration of the automation information system to supportdiatan control
methods. This was implementetthe case studptroducedn Section3.7 and forms the bas

for theDT developed and used in this research.

In this regard, this chapter presents and discusses the proposed integrateeppoodastDT.

The methodology for the proposed framework is discussed in Section 4.3, the actual framework
is described in Section 4.4 and the beneaditshe proposed framewk for manufacturing

systems are discussed in Section 4.5. Section 4.6 presents a case study and the chapter

concludes witta summary
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4.2 Integrated product-process DT

Three key components present in all proposed digital twin frameworks are the physisal ass

the digital twin and the cybephysical integration created by the connection of the physical
asset and its virtual replicdiéng et al., 2021For this research, the physical asset is the eyber
physical production systenICPPS) (Ward et al., 2021 The processDT is a digital
representation of the structure and behaviour of the physical asset with the capacity to represent
and influence the current state of its physical twin through synchronous interaction. The

productDT is the digital construatf the physical product.

The productDT can be integrated with the process digital twin to harness possible benefits
from the dynamic logical interaction between the product and its production processes. In the
production phase, this logical interaction between the product and its productiesgas can

be modelled and extended into the digital twin model as shown in HdLifais becomes the
collaborative mechanism between product, pro@8ssnd physical asset. The physical asset
provides the data on the product production which is usegdate the process and product

twins.

Attribute

/ update

Product-
Process process Product
twins logical twin
nteraction

Process /
reconfiguration

Virtual space

Figure 41: Integration of product and process digital twins

Integration is done bynapping all logically related produptocess data and operational

mechanisms. The product(s) and their production processes are interdependent. These
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dependencies could be harnessed to impposguct qualityandproduction efficiency, reduce

waste and shorten timte-market.

4.3 Methodology for implementing the proposed integrated digital twin framework
This subsection discusses the integration of the product and process digital twins ahd also, t
approach used in utilising the dynamic interaction between the product and its production

processes in supporting flexibility and product customisation.

4.3.1 Integrating the product andhe process digital twins

The dynamic interaction between the product and its production proéessedelled as a
collaboration mechanistretween the product DT and its procB3sin Figure 4.2. Tis logical
interactionis a product attributprocess services mapping ticah be bidirectional where the
processDT provides data (value addition) for building the prodD@t and the producDT

provides process configurations relattoehe predefined produdpecifications.
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es Configypat:
attribut reconfiguration Bration
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Procesg

EO"'?-‘Ufallt;n

Valye addeq
‘:EEUWEtﬂc
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Figure 42: Collaboration mechanism for integrating the product DT and process DT
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This collaborationmechanisn{Figure 4.2)can be implemented using a relational rule model.

The integration of the product and process is achieved using the steps below:

i Stage 1: Carry out a logical mapping of the product attributes to the respective process
services that generate them. Thislime by identifying the valuadded services that
build the product and its attributes.

1 Stage 2: Develop the process and product models. This can be done on the same or
separate digital platform(s). Using the same digital platform eliminates the
challenge&konstraints with communication links between heterogeneous platforms.

1 Stage 3: Develop a relational rule model that logically implements the interaction
between the process digital twin services and the product digital twin attributes. This
establishes th logical connection between the product digital twin and the process
digital twin. It maps the product attributes to the respective service configurations and
manages the logical integration of the product and process data to create an integrated

productprocess digital twin information model.

The productDT based on product specifications can influence the configuration of the
production system through the procd®s. On the other handhé production system

through the proced3T can provide the produdita needed to mirror the physical product.

With model standardization, heterogeneity in generated data can be eliminated between the
digital twins. This would enable the integration of product and production data/resources
andcollaborationwouldimprove ach ot her 6s per for mance and |
For instance, using the product digital twin, the product quality can be monitored during

production hence reducing the production cost related to quality assurance activities.
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4.3.2 Productcentric control method

Productcentric control is an emerging agile method that is intended to simplify material
handling, control, product customisation and information usage within the supply chain. It uses
unique identification for all associated resources which are linkashtool instructions. While

the product is in production, it directly requests material handling and processes from service
providers within the supply chafhyly-Yrjanainen et al., 201@ierda et al., 2018). To promote
product customisation and production flexibility using the proposed digital twin framework
(Section4.3), the produetentric control method is adopted to enable the product twin to
influence its production (Eisentrager et @018; Sierla et al., 2018). Product specifications
defined in the virtual space can be linked to process configurations such that
processes/machines can be configured to handle customer variation. This could involve the
arrangement of raw materials, thregaence of processes ghdresources in general (Sierla et

al.,, 2018). Useful time is saved as setup timdue to some manpower

reorganisation/reconfiguration of the production layout is reduced.

Physical

Process
10,
\

Virtual
Process

Physical
Product

Product
ProductDT

Process DT

Integrated DT

Figure 43: An integrated produgtrocess DT showing the path used by the product twin -
influence process configuration using the proetgitric control method.
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Figure4.3 shows the path {B) used by the virtual product to trigger the configuration of the
physical system. When the product is selected, its specifications determine the configuration

of the virtual process modevhich in turn triggers the configuration oftlphysical system.

4.4  Proposed digital twin framework for manufacturing systems

This section presents the proposed digital twin framework that supports the integration of both
product and process digital twins. The framework proposed (Figdje in this setion
comprises six components: (ajegrated physical assets, (b) Integrated product/process virtual
models, (c) Intelligent layer, (d) Data layer and (e) Enterprise layer. Like the other frameworks
highlighted above, this framework supports the ideedifix key functionalities inherent in the
digital twin applications listed i8ection2.3. This framework attemgto address the following

key issues: (1) The integration of all interconnected physical elements, (2}highra
synchronisation of the vl space with the physical space that supportdirealinteractive
simulation and (3) Data fusion covering all elements, flows, business services addwiata

and applicatiororiented services integratiowin, Park, & Kim, 2017Kritzinger etal., 2018).

Service enablement Decision making Event & rule handlling Business models

I (a) Integrated Physical Assets I I (e) Enterprise layer l
G —_—
i ] v
{

(c) Intelligent layer

Digital twin data
(Evolved data)

Data from physical space

Data from virtual

(b) Integrated faithful l

product/process virtual models

Physical space Virtual space

- Data - Control & Monitoring - Optimisation

Figure 44: Digital twin framework of a manufacturing system showing cldseg interaction
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(a) Integrated physical assets

This refers to a composition of all related manufacturing entities of the system interconnected,
monitored and managed using advanced automation equipment like microcontrollers,
programmable logic controllers (PLCBymanmachine interface (HMI) for human inclusion

as an asset, computaided controls and technical processes; information technologies like
sensors, radio frequency identification (RFID), network infrastructures like servers, intelligent
routers, switchs, TCP/IP/Ethernet/OPC_UA/MTConnect protocols and software (Qi, Zhao et
al., 2018). This enables the automation of repetitive processes that move and exchange
information across the system, enabling process execution, control, data perception and
transmision Zhang, Zhotet al., 2019)Asses here could include passive resources like work
in-progress (WIP), active resources like equipr@NC machines, robots, workforce,
transports, smart environments, smart manufacturing devices, sensors and communication

gatewaysZhang, Xu et al., 2019

(b) Integrated product/procesgrtual models

This involves the creation of mulimensional models by the integration of faithfoirrored

virtual models. These modelsystematically constructed using all necessary data (both
engineeng and operational dataghould contain models of geometric and physical properties,
models of elements, response models of behaviours and logical models of relationships (Tao
& Zhang, 2017)In a closedoop network with their physical twjrthese mods will enable

reliable and synchronous systems/modelsiowlation, correction, modification and control.

The level of model granularity is defined by the intended functionality and level of fidelity.

The choice of modelling technique(s) and integration of models is evaluated based on
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modelling needs, communication infrastructure and interest behaviour of the physical asset.
Well-defined properties of the physical system can be modelled using engjngeniciples

while dynamic behaviours can be modelled using stochastic models which are maintained
using operational datdhis approach wouldgacilitate the evolution of the virtual models to
reflect the current state of the physical tveingdsupport dignostic, prognostic and prescriptive
analysis. More recent simulation software has been developed to support digital twinning with
the inclusion of OPC_UA interfaces with standardised data exchange, better
streaming/storage/processing of data and commitimnic®ata management is been improved
with modalities like redundant digital thread or data engineering engines to handle
missingbreaks in data transmissioRor example, Siemens Tecnomatix equipped with 3D
visualisation and OPC_UA connectivity can bedigor realtime supervision, control and

visualisation of the physical twin.

(c) Intelligent layer

The physical connection and collection of data allow for the creation of ubiquitous
interconnections between physically separated elements/subsystems ofici@noslystem

and virtually separated models/algorithms. This layer serves as the brain of the digithl twin

is composed of machine learning/Al algorithms and rules configuriedeigrate all layers of

the digital twin using a constructive collaboratiand contexawareness initiativeThis
designspecific initiative supports dataanalytics ¢ollection), resource interaction and
interoperation within an integrated environment (Rosen et al., 2015). Programs suitable for
specific functionalities are in¢porated to perform at a certain level of autonomy. Even when

distributed control and computerisatiareused to improve system speed and reliability, these
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algorithms/models enable every member to become aware of the existence of each other and

their opeability.

This layer equipped with artificial intelligen@mdmachine learning algorithms accessible

to both enterprise, engineering and operational data to generate information needed to support
production and enterprise decisions (Macchi eRl18). Thus this presents the digital twin as

a supportive decisiemaking system with dynamic knowledge built through a continuous

accumulation of its interaction.

(d) Data layer

Data and information system integration is achieved at this layer, enablipgteanatic
integration and unambiguous fusion of cyberspuiata(all elements/flows/businessesvered)

with data perceived from the physical world. This layer will support the dynamic generation
and iterative ceevolution of models and big manufacturing data (Zhang, Zhou et al., 2019).
By the interaction of the physitspace with the virtual space, virtual information/models can

be updated and operated using-teak data. The integration of physical and virtual data can

be achieved through the-ewolution of models/data using algorithms to generate information
instances of the current status of the physical asset or results of simulation analysis (Tao, Zhang
& Nee, 2019). This can then be used to update/reconfigure virtual models or control/influence
the operation of the physical system. Being able to generateeegsastandardised data makes
accumulated information accessible to all connected entities. Special database middleware

providers like Oracle and Microsoft provide platforms for data processing, security and storage.
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(e) Enterprise layer

Based on the refereaenodel (RAMI4.0) of 14.0, the enterprise layer falls under the hierarchy
levels. This layer using service systems such Bsterpriseresource planning (ERP) and
Customerrelation management (CRMinplemens databased production and management
methodslike service enablement, business models and business decision making, event and
rule handling(Cruz Salazar et al., 2019). Cyhanysical consistency and synchronisation

present an avenue for more effective utilisation of generated data for value creation.

Operational optimisation in factories can be improved through the integration edrdeta
services and interdependencies of applications allowirdeomand matching and utilisation

of servicegNegri et al., 2018). The internet of things (IoT) whiclowak the connection of
people and things using internet services/networks and edge/cloud computing are potential
technologies that can extend the vertical integration of this layer across the business chain
(Brenner & Hummel 2017). It provides service antkrface layers needed to seamlessly
include contributions made by customers and suppliers to the activities/decisions made within

the system (Qi, Zhao et al., 2018).

4.5 Benefits of the proposed framework

The proposed digital twin framework offers theldaling benefits:

€)) Integration: This framework has a generic structure applicable to any manufacturing
system, is expandable, enables fast and easy integration of new resources (physical and virtual)
and lastly, is robust to uncertainties peculiar to the manufacturing system. Cogstterin
industrial automation pyramid from ISA 95, this digital twin framework attempts to integrate
(vertically and horizontally) all layers by adopting standardised communication like the

TCP/IP/Ethernet standard, uniform data formats like the JSON fammdgiredefined protocols
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like the OPC_UA and MTConnect protog@ruz Salazar et al., 2019)his supports the real

time bidirectional connectivity ofloT within the production system, operational data
generation, storage and use, bidirectional control and online/offline simulation. All six layers
of the frameworkare applicable to both product and proce€3Ts, thus it supports the
integration of both ppduct and proces®Ts, which in extension promotes product
customisation, process flexibility and a supportive decisiaking system.

(b) InterconnectivityTheDT framework can be used to tackle interconnectivity challenges
arising due to the lack of intction and interoperability between disconnected related
industrial sites, independent digital models, 13ett-controlled applications and isolated data
silos created within the physical workspace and virtual information space (Blum & Schuh,
2017;Cheng ¢€al., 2018. The use of standard data formats and communication specifications
like the OPC_UA and MTConnect protocols promotes uniformity in data. Also, the use of 10T,
Cloudcomputing,Machinelearning algorithms ankhternettechnologies like the 5G tweork

to generate, process and distribute relevant information enables communication and
collaborations along the supply chain (Negri et al., 2017).

(c) Production flexibility and product customisatiom an integrated produgtrocess

digital twin platform,the virtual product influences its production as product specifications
defined in the virtual space influence the configuration of equipment/production layout. When
product customisation is automated, it reduces human intervention and reduces setup time
during the reconfiguration of the production setup to include customer demand variations in
either the same product or when changing products (Sierla et al., 2018). It expedites a new era
of production where lashinute changes to production flexibly resgoto disruptions and
failures caused by suppliers.

(d)  Analytics: Data analytics has been rmonumentaltool used for evaluating past

incidences and the prediction of the future st&eh(h &Blum, 201§. As shown in Figure
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4.5 the proposed digital twin framework enables the inclusion of both operational and
environmental data for analyti¢Rosen et al. 2015; Catapult, 2018hese additional data
reflect the real state of the manufacturing infrastructure. The inclusion of such information in
analyses reduces the impact of presumption or engineering estimations. This would facilitate
the enhancement of manufacturing efficien@ading to a more lean and competitive

establishment@naji et al., 2019Schuh & Blum, 201p%

Digital
Asset

Resultant Control
& Optimisation

Figure 45: Analytics in an interactive digital twin From: (Catapult, 2018)

(e)  Supportive decisiomaking systemBuilt on realtime operational data, the CPPS is
capable of making its own decisions about its future or supga@kternal decisiomaking

systems Zhang, Zhou etlga 2019; Zhou et al., 2019Mirroring the physical environment

within the digital space enables analyses of the interactive dynamism between the product,
process and environmental factors resulting in a timely response to such changes. Based on
analyical outcomes, the digital models connected to the control system can trigger necessary
control commands. This is of significant influence on product and process management and
optimisation(Weyer, et al., 2016; Jones et al., 2020he digital twin integrated platform
enriched with a standardised semantic description can retain relevant data throughout its

lifecycle (Schuh & Blum, 2016Cheng et al., 2038

101



() The inclusion of human factons digital twinning Section 2.8 ighlighted the
inclusion of human functionaigs andhumanmachine inteactionsas a challengto cyber
physical integration in manufactuririguman interference is considered in this DT framework
becausemanufacturingin the near futurewould still involve more human control and
participationin production. D supportthe adonomy of the systemand promotehuman
machine collaborationsvithin the cybeiphysical spacethe transfefmodelling of human
operations into machine procedures to be handledrhyal modes/CPPSis projected as a
potential solutionHere,precision is managed by the CPPS and certain decisions are handled
by the operator. Adopting objeotiented structures for modelling algorithms would allow for
the inclusion of human inputs as operational blocks of the algorithMéth faster
communicatdn, sensing and processing capabilitieteof-the-art technologies fathuman
machine interfacdike augmented and virtual reality, natural voice processing and gesture

controfrecognitioncan be used to capture and interact with operator activities

4.6 Case study

This subsection presents a case study of a CPPS supervisory digital twin developed based on
the proposed digital twin framework in Sectii. Here thepreliminary work is applicative
evidence and contribution to reinforcing the diversifie@ w$ the proposed digital twin
framework/ideas to encourage more investment and further adoptiexisting industrial
infrastructuresThis case study is based on Festo cybephysical smart factory described in
Section 3.6 The digital twin developrmmg at this phase is takento consideration a fixed
product and fixed process infrastructure. More detdithis approach can be sei@rSection

3.4
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4.6.1 Discretetime CPPS based on the Festo cylpdrysical (CP) smart factory

The Fest@yberphysical smart factory digital twin architecturiéigure4.6 presents the digital

twin architecture for th€esto cybephysical smart factory. This shewhe digital connection
between the physical asset, digital twdataspace, MES/ERP and thereeected world (Cloud
access to customer, supply chain and other digital tools). The intelligent layer is embedded in
the digital twin platform. This framework has taken into consideration the digital accessibility
of the physical asset (TCP/IP/OPC_UA/HTpRtocols) and available tools (NG&ED &
Siemens Mindsphere cloud services) for communication across the RAMI4.0 automation

architecture ferarchy level.

Physical platform Virtual platform

Connected world

DES digital twin model
(Product/processes)

T

£ £

2 = E

= ] MES/ERP

Rl

£ 2l =
Z § 6 gl = Data (local/cloud storage)
5 o @ = S (Mindsphere, variables, graphs
i = o o and tables)

z
=2 =
) S

S

a

pmto_col

OPC_UA

i

Intelligent layer

Commpinication Simulation models

@) Data flow =) Control flow

Figure 46: As-built digital twin architecture

The project objective at this stage of the research was to build a supervisory digital twin (Figure
4.8) that supports process monitoring and experimental analysis. This model is fed with live
streams of data from the sensory devices on the physicalalssttcan be used to investigate

bottlenecks in the processes and their impact on the final product.
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4.6.2 Keysteps

The methodology used in developing the digital twin of the Festo CP smart factory involved
the following steps: conceptual model design, virtoeddel development, control panel
development, data layer development, intelligent layer development and lastly, verification and
validation process. This approach allows the gradual fouitd the complexity of the existing

physical system.

(a) Conceptuaimodel designThis involved the definition of the project objective, system
definition and the construction of a conceptual molii@hcludesthe identification of
the processes and product attributes to be digitised, physical data, process
behaviour/funtionalities to be modelled/visualised and lastly, investigating the
accessibility of the existing system architecture to identify how it can be digitally
assessed.

(b) Virtual models developmerithis includes the process and product simulation models
whose ganularities were defined by the functionalities and modular structure identified
in the first steplt involved building the 3D models, implementing the relational rule
model that established the interaction between the product attributes and process twins
services, control codes and simulation flow. The Tecnomatix plant simulation software
(a platform for agenbased/ discrete event simulations(DES)) was used to construct the
DES DT model of the processes (Figutdl). It is a platform with a very fast
simulation speedhatalso provides redime bidirectional communication links using
the OPC_UA protocol on the TCP/IP/Ethernet network. It also provides great 3D
visualisation and statistical analysis tools that can be used for analytics to achieve
logistic process improvement, material flow optimisation and efficient resource usage

(Onaji et al., 2019). This stage also took care of the creation of the OPC_UA interfaces
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used to establish the bidirectional communication between the physical system and
virtual platform.

(c) Control panel developmenthis stage involves the addition of control elements like
pushbuttons linked to control instructions/algorithms of the virtual model, input,
output/display elements for data. These graphic user interfaces (GUIn&eroatrol
the virtual simulation and online connection to the physical system.

(d) The data layer developmetitincludesinvolves the inclusion of data storage elements
like tables, globahndlocal variables and interfaces for visualising informationthBo
operational and virtual data were stored for analytical use.

(e) Intelligent layer developmentAlgorithmsheregenerate virtual datandprocess data
to provide required information during controlled experiments. This extracted
information can be used tnanage or improve the operation of the physical system.

() Model verification and validationThese steps are carried out intermittently all through
the development stages. All logic and modelled operations are debugged and tested to

ensure they are errfiree and built following the project design.

4.6.3 Conceptual model

The first step to developing the digital twin conceptual model was the system identification

processwhichoutlined the system layout and production flow (Figlu/@.
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Figure 47: Flowchart showing the schematics of the system layout and the production flow
depicted by the smart carrier path.

The IDEFO standard for process/ftina flowchart representation was used to represent a high
level functional flowchart of the proposed Supervisory Festo CP smart factory digital twin

(Figure 4.8). This shows the assttin setup and cybephysical connection using the

OPC_UA protocol.

Established
Online OPC_UA
connection

Figure 48: Functional flowchart showing supervisory DT-sgt and the digital connection with i
physical asset
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Other outcomes of this phase included the identification of the work processes and the process

flow at each stion as shown ifFigures 4.9 and 4.10These pieces of information were used

to define the setup procedutke production flow theprocess activities that can be modelled

for the supervisory digital twin and establish the connection between thaévasset
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Figure 49: Functional flowchart of main activities in stations except for magazine stations
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4.6.4 Developed DES supervisory digital twin model of the physical processes

(a) Developed DES process digital twin modehe develope®ES digital twin model othe
FestoCP smart factory (Figur.11), inherits predefined behaviours and interactioithe
system with its control algorithms developed to manage the material flow. This was
achieved using the predefined material flow objects (Tallyeod the simulation softare.

Figure4.11(a & b) shows the DES digital twin of the Festo CP smart factory showing

process flow.

flow

(Ranﬁam\\0= 2\

s \ . ~

(b) 3D view of the process DT model

Figure 411: Overview of the developed Supervisory digital twin of the Festo CP smatrt factory
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Table 41: Main objects of the Festo digital twin model

S/no Material flow objects Number Justification

1 Stations 8 Process execution

2 Footpath 4 Robotino path

3 Conveyors 16 Transporiconveyors

4 Operator 1 Robotino

5 Workspace 2 Robotino docking stations

6 Checkbox 12 Position sensors at stations and bridges

7 Source 1 Partcreation and intro into the system

8 Store 1 Product from the system is stored for remov

(b) Developed DES product digital twin mod&he product is a simple composition of a top
and bottom case for a phone. At this stage of the research, the prodkioted @oduct.
The process flow analysis provided details on the services and their weight on the attributes
of the product. This imfrmation is conveyed along the production line using RFID
technology mounted on the carriers. The RFID chip on the carrier enables a progressive
transmission of the product data as the physical product is processed. This enables a real
time synchronised wate of the produstdigital twin. Figure4.12 presents the produst

DT visuals: a geometric model and extracts of its information model.
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Figure 412 Product digital twin visuals
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4.6.5 Results and discussion

Experiments carried out revealed more details on identified bottlenecks and enabled corrective
maintenance and strategy proposition to improve produdtientified bottlenecks included
increased friction between carriers and conveyors, delay in unlofwiisiged products from

the AOutputo station, waste of process ti me
heat i ng -ttuhnen efl HEiIgstde4d43(a & h) presents the results on the impact on
process timandtotal throughputby the identifed station with increaseuavel timedue to

friction on its conveyor. Figuré.13(c & d) presents results on the impact of using the robot at
varyingtravektimeon productiortotal throughput timeFigure4.13(e) presents results on the

impact of theoutput statiorstorage capacityn throughput.Lastly, offline simulations were

carried out to determine the impact of controllable system parameters on productiod.Z able

presents the impact of robot travel time on the total throughput time and thutpgirhour.
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350 Table 42: The impact of robotravektime on thetotal
300 throughput tine andthroughputper-hour
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Figure 413 Experimental results revealing more details on identified bottlenecks and <
behaviour

Theseresults supported the strategy proposed to keep its store available during production to

improve the system throughput and identified optimal system configurations for production.

Benefits of the Festo smart factory digital twirne digital twindeveloped has expanded the
systembs research/ experiment al capabingi ties
business cases and the impact of modification/upgrade deciaithdeterminng optimal
production configurations and monitoring).has also introduced some level of flexibility in
teaching/training. The constraint of space and accessibility by a large number of students to the
physical system has been tackled using the DES digital twin which can be used offline/online.
Current indusial expectations like the Industry 4.0 concepts and technologies can be taught

safely, especially inCovid-19-type situations where physical distancing is vital to safety.

Future work: The next phase of the project would upgrade the current digital twam to
interactive and immersive predictive digital twin, which reflects the complexities and
uncertainties experienced in real manufacturing environments and possesses-getsign

capabilities. The plan includes an extension of their functionalitiesaldime control from
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the virtual space, including a more robust data layer to implementiregll data fusion and

productcentric control.

4.7 Summary

This chapter presents an integrated progwetess digital twin framework in response to the
researchgestoni How can a product and process digit
dependencies between the pr oldenablestha mtdgration s ma n
of both product and process digital twin data/functionalitiestaadevolution of digital twin

data. Theapplication methodology and benefits thfe proposed framewotkere illustrated in

a case study. Thease studydemonstrated thatvithin manufacturing, théT serves as a

medium for achieving cybgrhysical integraion through bidirectional interaction, data
analytics and linking of information silos all through the product cycle. The proposed
framework allows automated configuration of production setups using the virtual product
specifications. Finally, technichinitations and proposed solutions for the implementation of

the digital twin concept in manufacturing were discussed

The digital twin concept is still evolving. More applicative demonstrations of the digital twin
concept from different fields using tipeoposed integrated prodyatocess digital twin would

prove its diversified usefulness, highlight more business benefits, encourage more investment
and further adoption in existing industrial infrastructures. The idea of controlling physical
assets from ivtual models presents more research opporturéties was considered in this

research
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CHAPTER V: REAL-TIME SYNCHRONISED INTERACTIVE SIMULATION

The integrated produgtrocess digital twi(DT) was presented as a decisisupport system

for theCPPS The integration of the product and proc&ksharnesses the interdependencies
between the product and its production procesiessection5.3, a dependency rule was
proposed to logically define the relationship between theyet and itgroductionprocesses.

This formed the framework féne collaborative interaction(Section5.4) between thasset

twin. A reaktime synchronisatiormechanism is presented to support sigachronised real

time interactive environment where the CPPS supports its DT simulations, analyses and
visualisation with operational data and control. A case study is presented as evidence of the

feasibility and effectiveness of the propositions madeisrchapter

5.1 Research contribution

The idea of using the product and the prod@$sin an integrated environment is new and
would present the opportunity to investigate the potential inherembdellingthe interaction
between the product and its production proc&€esextend the benefits of the DT concept to

the operational phase of m#acturing, reatime synchronised interaction between the asset
twin is needed. This is a simulation scenario where the online DT behaviour can be driven by
triggers/data from the physical asset and in return, the DT can support/manage/control the
physial asset based on experimental/analytical data. In line withtwogechniques for the
logical modelling and implementation of the productp®cess DT connection and the asset

twin connection necessary to support a -teaé datadriven synchronised saettwin
interaction, production flexibility and product customisation are presented as the novelties in

this chapterTheseresearcttontributions achievthe following:

1 Linking virtual products models withirtual process models based on a proposed

dependency rule
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1 Realtime synchronized bidirectional communication betweerasettwin enabling
reattime synchronisednteracton

1 Reattime producDT representation using the RFID technique

1 Updating the produdT in reattime based on the production of its physical replica via
the process DT

1 Part tracking using the RFID technique

5.2 Methodology and case study

The methodology adopted in this study involved system identification to define the entity and
functionalities to be analysed. A cagadyis then presented as evidence of the feasibility and
viability of the propositions made in thikapter These methods have bdmrefly introduced

in Chapter 3 and detailed in Appendix C

Therest of the chapt is structured as followSection5.3 discussedhe development of the
integrated DT model. This includé¢he proposed dependency rule that describes the logical
productprocess interaction. Secti@¥ discussd the attributes of an integrated DT mbde
Section5.5 presentd capabilities unique to the integrated prodpicicessDT if used as a
decisionsupport systenfior the CPPSA case study is presented in Sectiod, Section 5/

discussd the research outcome and ttepterconcludel with asummary

5.3 Development of the integrated productprocess digital twin model

This section provides details on the approach adopted in integrating the product and process
DTs. It discusses the DT composition of the product and processes and the interdependency
rule between thenThe dynamic interactiofFigureC2 & Eqgn.3.1) betweerthe product and

its production processess modelled as a logical bidirectional interaction Egn. 5.1),

mathematicallyexpressed as tldependency ruléEgn.5.9). Extendedinto the DT model it
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forms the framework for the collaborative mechanisitthe proposed integrated product

procesdT in Section 4.4

5.3.1 Dependency rule

The proposed dependency ruksgf.5.9) defines the logical relationship between the product

DT attributes and the available production servafebe process DIThese dependenciase

used to establish a logical relationsfiigerdependencdjetween the produgirocess DT and

its physical asset. Mathematically, it is expressed as Bghi n t er ms of t he
attributegfeatures processservices and respective weights. Extended into the DT model, it

forms the framework for the collaborative mechanism of the integrated pocheoetss DT.

Dependency ruleThis states that product type 0 is defined by its attribute8 which

are logically related to the servicesY of its production system {{  configuration

Mathematically:
01 €' QP 01 ¢ @ (Egn.5.1)
The 0 i &€ @ can be represented in terms of its servideand associatedeight ¢ .
01 € 0 SQ pfB ke (Eqn.5.2)
0 YSQ pM8 M
Assumption: A production cell can render more than one service. Thus
Y OY:SQ plB R QQ pi8 M
© WiSQ pBREQTQ pBM

Therefore
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01 ¢ @ “Yiho R sQ pfB R QQ pf8 M (Eqn.5.3)

Where
“QProduction cell index
OService index
¢€: Number of production cells in throduction system
1: Number of services in théh production cell
Also, to represent the product i € '‘Q in terms of its attributesd and associated quality
0 .
01 £€Q oM (Eqn.54)
6 0% pB
0 0% pB
The quality of a product attribut® is a summation of the impach ; of all logically

associated serviceY;, 8

0 0rSQ pMB R QQ pB M (Egn.5.5)
Where
o: Product attribute index
‘QProduction cell index
‘QService index
Therefore

01 £€0Q O S pMB (Eqn.5.6)
Where
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a1 Number of product attributes

A product attribute® can be worked on by one or more services. This service configuration

“Y as shown irEqn.5.7is a composition of all services of the production system associated

with the attribute 0
YUY ST N Y (Eqn.5.7)
Therefore
"Yho il i ST N YO @ f N @ (Egn.5.8)

By extension of the relationships ikgn. 5.6 and Eqn. B on individual attributes and the

principle inEqgn.5.1, the dependency rule formulaga@mulated as shown in Egn. 5.9.

=hE, b= (Egn. 5.9)

The graphical representation of the logical interaction between the pitthilsutes and the
production system services during production is shown in Figlr8ased on the dependency
rule (Egn. 5.9), it presentee mapping of the services atinir respective weightYho to

the associated product attributes and qualitie$D

Ao\, YD) ’ (S W) B, l
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-
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Figure 51: The logical interaction between the product attributes and the production system <
based on the dependency ruke;hl-,  4|,hF, ! ©

5.3.2 Product DT composition

The product DT'O is described to be more than a replica of the product. In addition

to what attributes are been modelled, the product DT is designed to have the capacity to
configure the process DT. Based on the logieldtionship defined between the product and
the services adding value to it, the service configurations are mapped to each of its attributes.

Given several product types , the product DT'O s representeih (5.10).

(@ o I AY®D (Eqn 5.10)

Where

0 : & ®@attribute of the product

0 : Quality of thed

"Y : Service configuration fob

0 : State ofd  (WIP, finishedandrejected)

5.3.3 Process DT configuration

From a logical perspective, this research represents the production systeas an
encapsulation of the internal logic and the functional composition of the production
resourcesY . This defines the functions of its subsystems/utlits, the logical interaction
amongst its units and its operating environméht, the services™Y it renders, the interfaces
that interact with its external environment, the logistic network handling material flow

and communication network handling information flow.
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To model the process DTO , the composition, structure, operations and input/outputs
interfaces are identified and represented using modelling elements (material flow, information
flow, user interfaces and resources). The process model is built based on the logical relationship
betveen the production cell functions/services and that between the production cells. The
geometric model forms the capsule upon which other models are anchored. This defines the
type and quality of the model 6s mteresuphysic sed ¢
entity. The logistic/rule model describes the material flow through the nidusbroduction

cell O ,can be represented algebraically using eegenent structure as shown(5.11).

(@) 0 AWV I RO (5.12)
where

0 dTheproduction cell

dPocumentation of thé

Ca

Y- A set of the 4Ms of the 4MIE elementsipf

"YAvailable0 services

0 dState of the (idle, active, processing, faulty)

0 dLogistic network handling material flow and storag®in

'O dOperating environment of tiEroduction cell 0
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5.3.4 Product DT-process DT interaction

Modelling the interaction between the product and its production processes creates a
bidirectional link between the pduct DT and the process D(Eqn. 5.1). Based on the
dependency rule, thisecomes an interdependent interactiBar(. 5.9) wherethe product
attributes are mapped to the respective serviceTbed. further defines the weight of each
productionservice on the product attribute and qualifhe integration of the process and
product DTs creates a virtual environment where the prd2&dsuilds the product DT and

the product DT reconfigures the process DT based on the proddcd®sign specificains
(Figure 5.2) With the dependency rule, product/process variations (as defined in Section 3.3)
specific to the assets can be modelled into the DT. Also, disruptions in production in terms of
product defects and deviations from predefined product fegmns/behaviours can be
modelled in terms of the weights of the services on the product attributes. This would involve

design calibrations of the envisaged variations/disruptions based on expert knowledge.
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Figure 52: The logical interaction between the product DT attributes and the process DT bas
the dependency rule

5.4 Integrated product-process digital twin for aCPPS

With a CPPS as the integrated physical asset synchronised to the integrated DT, the influence
of this virtual DT interaction can be extended to the physical spacghown in Figure 5.3ni

the forward direction of the physieairtual bidirectional conngtion, the physical processes
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build the product DT. In the reverse direction, the product DT and the process DT can
reconfigure the smart processes, execute customer customisation on a product type and

reschedule resources during production with no disyapo the production flow.

Operational data
(process/product

SIENLE) Attribute
update
Product ’ /\ /
process logical Produlct_ |
interaction process logicd
Physical : — Process interaction | | Product
product Physical Bidirectional o twin
processes communication
Produc
uild Procesy
\q reconfiguration

Monitoring,

Physical spac€CPPS) reconfiguration & Integrated DT
control 9

Figure 53: The CPPS and its integrated DT showingraractions between elements

5.4.1 Cyberphysical integration

Integration in this research is considered a concept that allows for the interconnectivity,
interaction and interdependency of related/associated components/functionalities to form a
unified platform. This could include physical components like subsystems, data, control
structures or layers within an architecture. Integration in production systems was considered
under the following categories: virtual space integration (product and procéss ),

physicatvirtual space integration

(a) Product and procesST integration

In literature, product and proceBS's have been discussed independentyaag & Anderl,
2018; Jones et al., 2020)his research attempts to integrate them and as such toeealry

out virtual space integration. This idea is based on the fact that products and their production
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processes are interdependent. Integrating them would create and maintain a dynamic virtual

construct of the CPPS.

The dependency rulgasused asthte mechanism to integrate the process and prailetAs

a relational rule model, it establishes the logical connection and dependencies between the

productDT data/attributes and its procd33 data/services. This coupling allows the product

to evolve as it passes through each prodéss.relationship isisualised in Figur®.4.Model

standardization/specifications stand out to be a way forward to eliminate heterogeneity in

generated data. Data and resource integration within the virtual space would allow for both

DTs to share resources and collaborate tap r ov e

Virtual Virtual
process 3 process (x)
—_—
Product agtfibute
Process upgdates
( reconfidyration
= Pgécess
Produchgttribute "3 e
undats ) regenfiguration
Virtual
_ product
Process — ( Produt attribute
|'cc4>1xtig|mii«\wv Protess U
reconfigivation
Prodyef attribute i
Virtual &~ updates Virtual
process 2 process 1

Integrated product-process twin

ot her 6s

Figure 54: The interaction between the product DT and process DT

(b) Physicatvirtual space integration

perfor

With a focus on the production phase of the product, the integration of bgihytbieal and

virtual space would enable the physical system to benefit from the functionalities obtainable in

the virtual space in redime. With a CPPS synchronised to the integrated DT, the influence of

the virtual interaction can be extended to thesptgl spaceWhen the process DT is updated

with operational data from the physical process, the praelated data is then used to update
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the product DT information model and visual perspective. The product DT has its
specifications interface which issed to manage the service performances, set process
configurations, monitor the product formation and introduce customer variability in product

specifications.

From the information perspective, operational data is made available to &iralgical tools.

These additional data reduce engineering estimations and errors due to uncertainties. It
ultimately improves the precision of operational analyses and decisions Fuattermore,

with reattime communication applications like the OPC figni architecture (OPGJA)
protocol, operational data and ddli@en control can be achieved in ré¢iahe (Pethig et al.,

2017) Figure5.5visualises the interaction between the integrated-asget

Physical
processes

Operational data Monitoring/Control/
(process/product Optimisation

status) /
Virtual
processes

Figure 55: The interaction between the integrated assgt.

From a control and automation perspective, The virtual space expands the system control
capacity by adding more interfaces for human engagement, establishingrintartivity
between independent control structures, expanding control configuration/collaborations and

providing realtime datadriven control.

5.4.2 Collaborative behaviour between the integrated DT and the physical asset

Key to the cybephysical integrationancept is the reaime collaboration between the CPPS

and its virtual resources. Thiseates a paradigm of dynamic ddtaven applications systems
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(DDDAS). This is an interactive simulation whereby the computation and instrumentation
capabilities of the DTs are dynamically integrated into the CPPS using-drilatia analytical

and decisiormaking feedback loopJiang et al., 2021 With operational data dynamically
incorporated into the DT model as a functional platform for monitpanglysis, prediction

and optimization, it can implement dateven control of the physical asset in réate.
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Figure 56: The collaboration between the CPPS and its integrated DT during productiol

Figure5.6visualises the collaboration between the CPPS and its integrated DT. The integrated
DT mechanism provides a synchronised -teak interactive environment where the CPPS
supports its DT simulations, analyses and visualisation with operational data &otl Gtis

enables a more accurate and faster modelling/analysis of the characteristics and behaviours of
a system. It also exploits data in intelligent ways that enhance it with new capabilities as a
decisionsupport systemwith the accuracy of fulscak modelling, efficient data collection,
management, and data miningu, Meyendorf & Mrad, 2018 In return, these analytical

results are used to manage/conpadduction operations and support operational/managerial
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decisionsTo achieve thigollaboraive behaviour between the integrated DT and the physical
asset, the communication infrastructure should support-aimeasynchronisatiomechanism.
Herea statuschange event protocol/observable function active within the virtual access nodes

is presented and discussed further in the next section.

5.4.3 Reattime, tweway and secure connections between the physical asset and the
integrated digital twin

This section presents the proposed-teaé synchronisation mechanism needed to support a
synchronisd reattime interactive environment where the CPPS supports its DT simulations,
analyses and visualisation with operational data and control. This is the virtual access node
(communication interface) associated with every functional unit within a produsygtem.

Equipped with a Statushange event protocol, it can observe and publish changes in the status

of the parameters in the assetods informatior

to the virtual access nodes.

A. Realtime SynchronisatioMechanism (Virtual Access Nodes with Stadimnge Event
Protocol): A uniform communication interface for manufactumedependent data exchange is

an important basis for the implementation of integration as a requirement of Industry 4.0. This
is also a hallenge(Onaiji et al., 2022). To achieve a+t@ak synchronisation between the
assettwin, there is the need for an established communication architecture withtanesal
synchronisation mechanism. This defines a unified data structure and standasthatgism

for interaction and data accessibility within the cypRysical environmenBlum & Schuh,

2017). The realtime synchronisation mechanism presented here is composed of the virtual
access nodes (VAN) each with a Stathange event protocol. Itsithe standardized
mechanism for collaborative interaction between the dgset Collaborative interaction is

achieved via the communication interfaces of the operating environment. These interfaces
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modelled as virtual access nodes (VAN) define the mé&iion model (parameters, data
structure, communication rules) and accessibility to the resources within that operating
environment. In other words, they are the access point to all obtainable virtual descriptions of
the associated resources. This incluaté#butes, functionalities and communication standards

that can be modelled.

i) Virtual Access Node (VANThis research modelled the communication interfaces of the
production systemos resour ces(Figare 5.%ih ¢he Vi r t u
communication network of the production system. There exists a virtual access node associated
with every functional unit within a production system. If all access nodes have a unique
identification, unified data structure and communication profat@n the communication
network of the operating environment would be composed of standardised and robust
bidirectional communication channels that support faster data transmission irrespective of the
source/vendoiFigure 5.7presents the communicatiaamework between the assetin using

the Virtual access nodes.

Communication network
of the production cell ™

Modelled operating

Physical asset operating

I - environment of
environment

production cells

@ |Functional unit VAN

Modelled functional unit
VAN
/ Communication links

Stream of digital
threads

Figure 57: Modelled cybeiphysical environment showing an integrated communication netwc
the virtual access node® 0 U.

i) Statuschange event protocoCrucial to an interactive simulation of the asséh is a
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Statuschange event protocol active within the virtual access nodes. This observes and
publi shes changes in the stat amoda.fThistinfboensp ar a m
and updates all connections to the virtual access nodes. Having modelled the virtual access
nodes in the DT, coupling the DT to its physical asset allows for-simeatesponse to changes

from either space. With this approach, theslare more accurate and faster in modelling and
analysing the behaviours/characteristics of the physical asset. How fast it does that depends on

how often data is pulled from the physical asset.

i) Interaction and evolution of the asdg®tin quantities The physical system exists in high
dimensional space; therefore it is complex and difficult to be fully modelled. As such the physical
assetds information model is a composition o
resource€Cheng et kg, 2020, Jiang et al., 202Mhese include all observable data (physical states,
operational data) and control inputs/outputs. The integrated DT information model is a composition
of all parameters useful for the use case. This translates to thesdajital quantities of interest
(process and productbés attributes and wei ght s
A dynamic bidirectional communication network with its e synchronisation mechanism
between the coupled as$ein is presented ifrigure 5.8 This illustrates the interaction and
continuous evolution of the asgaiin. An expansion of the virtual access node of the physical
production unit O shows its information model. It comprises the observable daté setontrol
input set Y and theStatuschange event protocol. On the virtual side, you have the process DTs

O , product DT 'O , integrated DT information model and an Analgtianit 0 of
algorithms networked to process information, interact and share data. The integrated DT
information model consists of both extractable operational datand virtually engineered data

"Yo hoo IO Ay Y logically linked for constructing useful infimation. This information can be
stored and kept handy for analytics. The symbafifto id  have been defined in Section 5.3.
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Figure 58: The interaction and evolution of the integrated absigt quantities

With the DTs coupled to the physical asset in-tieag, it is expected to synchronously reflect the

status of the physical asset and evolve with it. Using-dfatan logical/physics models, its
simulation actively assimilates the behaviour and state of its physical asset using acquired
observable data. This is a scenario where the instantaneous status of the process DTs and the
product DT are a reflection of the curratatus of the physical assets. Also, they can implement

databased virtual control strategies in réaie.

5.5 Integrated product-process digital twin as a CPP$ecisionsupport system

This section presents capabilities unique to the integrated pregattessDT if used as a

decisionsupport systerfor the CPPS.

5.5.1 The function of the product DT

A major contribution of the product DT to the integrated environment is the added capacity to
the CPPS twirtually reconfigure the production system to suit product specificafiéigsire

5.9). This can be done in the preparatory stage or even during production thus reducing most
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of the manual involvement during reconfiguration processes. Other benefigeimtiproved

monitoring/production supervision, quality evaluation and product customisation.
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Figure 59: The process DT system reconfiguratiovic by the process DT

Production monitoring:The product DT presents the virtual framework of the product in
making. Having its makep (composition/attributegjonstructedn realtime, based on the
production data of its physical replica, it presents a more measurable and valuable view of the
actud product.With technologies like th&FID, products/product components are identified

and tracked with unique identification numbers (ID®)dthe WIP status/attributes at each
production phase can be monitored and weighed with the dgsagification. For example,

the actual processing time and quality compared to production specifications. This production
information becomes data available to manage the production efficiency during production,

evaluate the system performarareldetermire or predict scheduled maintenance.

Product quality evaluationThe product DT bieg used to define the product specification can
monitor the product quality while in production. The product attribbu@gialies at each
production phase can be weighedhahe design specification. This approach would save time,

resources and caatsed for quality assurance after production. This also reduces waste due to
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rejected products not identified and removed from the system in time or correctable defaults

not hamlled on time.

Product customisationithe connection between the product attributes and process services can
be harnessed to support the autonomous variability of product specifications. Serving as an
interface for more human involvement in the productiomtiol, product specifications can be
managed to suit customer specifications with less obstruction to the production flow. This
concept can be automated and variability in specifications can be inputted during preparatory

stages thus reducing human intantion in reakime.

5.5.2 The function of the process DT

The process DT provides the platform to monitor and manage the CPPS from the virtual space.
In areaktime simulation, the process DT builds the product DT with captured production data
constructs as the physical product is manufactured. In offline scenarios, the process DT service
configuration is used to build the product DT attributes (Figut€) 5Where virtual control is
implemented, collaborations between the process DT amhtseal control structurean be

used to manage the production process as well as the quality of the product.
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Figure 510: The product DT attribute® definedby the process D$ervices
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5.5.3

Benefits of a Reatime Synchronised Interaction between the Asgain

Implementing a redime synchronised integrated manufacturing DT on a CPPS comes with

the following advantages:

1)

2)

3)

4)

5)

The product twin is built in redlme using factual production data of its physical twin.
This effectively represents the production status/condition of the product instances

The process DT serves as an interface for managing/monitoring the production process.
Its simulation behaviour being driven by its physical asset reflects the current $tatus o
the production operation

The integrated DT utilises more effectively the cypbysical environment as the
product DT can be used to reconfigure the production processes via the process DT
which is bidirectionally connected to the physical asset. Thasnptes production
flexibility and product customisation during production

The virtual resources utilise the dynamic interaction to manage the production
resources, scheduling and services to improve system performance and product quality
This digital straeture creates a conducive environment for design, experimental
simulations, analytics and information extraction. This virtual results of the production
impact on the product can be used to improve industrial operations within the physical
space. The utity of these virtual results in reime is constrained by the issues in the
interconnectivity and heterogeneity of the virtual and physical space. Integrating the

product and process twins reduces these communication constraints
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5.6 Case study

5.6.1 Experimental setup: Festo Cybgrhysical smart factory

In Chapter4, a supervisorDT of the case study was presentiedthis phase of the research,
a Festo cybephysical smart factory DEBT of a higher threshold (interactive and immersive
predictive digital twin) is developedThis was designed to include variability in the product

and processeas discussed in Secti@m3.

5.6.2 Conceptual model elements

(a) Processchart

The ASMEsymbols adopted to represent the following categories of activities include: arrows
reveal transport activities, circles represent vadéding operations, the square represents
inspection, inverted tngles represent storage and the teardrop symbol represents manual
transfer operationdMaterial flow analysis of the production processes generated sufficient
information for developing the process chart in FighrEL This graphically presents the

conceptual model in much detail.

Strategic points in the production line with sensors/actuators
1. Stations: entry and exit
2. Conveyors: entry and exit
3. Buffers: entry and exit

4. Bridges: entry and exit
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Figure 5.11: Process chart of the system under investigation (SUI)

Figure5.12 presents the higlevel functional flowchart of the proposéteractive integrated
productprocessDT of the Festo CP smart factory. This included a virtdMiES, station
reconfiguration and product customisation functionalitidse bidirectional communication
across the OPC_UA connectican supporvirtual control of the assett wasexplored in

Chapter6.

Figure 512 Functional flowchart showing a closémbp DT setup and the digital connectio
between the assawin
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5.6.3 Developed integrated DT

(b) ProductDT

Datasheets on the product and the material flow analysis provided detailssemvibes and
attributes that can be modelled. These were then mapped and visualised. The RFID data

contains transferable information on the production of the flow entity. This makes it possible

to build and update the product DHigure 5.B) as the real duct is built.
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(c) Product DT model showing all 4 workpieces in production

Figure 513 Product DT of the Festo CP smart factory
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(c) ProcesDT

Using theavailable modelling elements of the DT platform, the production system was
modelled consisting of the 4MIE componentsaf, machine, material, method and its
operating environment). These incluithe workstations, robots, operators, logistic networks
and dgital connections like the sensors and actuators. Figtderesents the process DT with
virtual sensors and state indicatshowing actie statesvhen green. The model is designed to
simulate four variable products. During Offline simulation, thisalality is initiated in the
virtual MES. In an Online simulation, details on the product and production plan are transferred

to theDT during production.

_WurkerPunl Broker |

(a) 2D view
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(b) 3D view
Figure 514: Festo CBmartfactory DTmodel

5.6.4 An integrated producprocess digital twin of the Festo CP system
Integration in production systems was considered under the following categories: physical
asset integration, virtual space integration (product and prbdgsandphysicatvirtual space

integration. The physical asset is a CPPS.
(a) Connecting the produ®T to the product

The physical product is connected toD§ using the RFID technique in conjunction with the
OPC _UA connection. The RFID technique enables product/part trackimdproductrelated
generated data to be stored and passed on along the production linetimeeaktracted
RFID datamakes it possible to track the production flow and update the DT with reliable real
time operational informationAs shown in Figure 583, when the physical product is

assembled, its virtual counterpart is updated as it passes through the production line.
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@) (b)

Figure 515 (a) Top case loaded on the carrier at Topcase station (b) Bottomcase moui
Topcase at Bottom station

(b) Connecting the process twin to the physical system

The procesDT comprises simulation models whose granularities were defined by the
functionalities and modular structure identified within the physical system. It was built based
on the identified processes to be digitised, accessible operational athatgprocess

behavour/functionalities to be modelled/visualised.

The communication system of the physical system is built on TCP/IP/Ethernet protocol. Upon
this communication structure, the ORIA protocol provides a standardised and robust
channel to establish a bidirectional communication link, generate and transmit data in a unified
format irrespective of the source/vendor. Based on a selieet structure, the physical system

is configuredto be a server and tHeT a client(Figure 5.5a). Both communicate via the

OPC UA table (information modelXFigure 5.Bb). These tables are a list of dynamic tags of

the physical system mapped to virtual alias called in the virtual space. A change/atuts

or states of these tags is used to trigger virtual activities. Also, virtual activities can be used to
update the values/states of these tags which in turn trigger activities within the physical
systems. (This reverse patlasexplored for virtuatontrol of the asset in the nestiaptey.
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Figure5.17 presents a structured operational data flow from the assetBitHealso shows
the structured redlme influence of the physical asset on the simulation behaviour @ffthe
resuling inreaktime synchronised interaction between the assigtduring production online

simulation.
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Figure 517: Functional flowchart showing a refine structured operational data flow from fhteysical asset that influences the +x@le synchronised
behaviour of théT.

Figure5.18 presents captudeDT onlinebehavioumirroringt he physi cal assetds activity
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Figure 518 Reattime synchronised interaction between ass@t. DT behaviours triggered by actual physical twin activities
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