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Manufacturing  enterprises  are  facing  the need  to align  themselves  to  the new  information  technologies
(IT)  and  respond  to the  new  challenges  of variable  market  demand.  One  of the  key enablers  of  this  IT
revolution  toward  Smart  Manufacturing  is  the  digital  twin  (DT).  It embeds  a  “virtual”  image  of  the  real-
ity constantly  synchronized  with  the real  operating  scenario  to provide  sound  information  (knowledge
model)  to reality  interpretation  model  to  draw  sound  decisions.  The  paper  aims  at  providing  an  up-to date
picture  of  the  main  DT  components,  their  features  and  interaction  problems.  The  paper  aims  at  clearly
tracing  the  ongoing  research  and  technical  challenges  in  conceiving  and  building  DTs  as  well,  according
to  different  application  domains  and  related  technologies.  To  this  purpose,  the  main  questions  answered
Cyber-physical systems
Predictive manufacturing

here  are:  ‘What  is  a Digital  Twin?’;  ‘Where  is  appropriate  to use a  Digital  Twin?’;  ‘When  has  a  Digital
Twin  to be  developed?’;  ‘Why  should  a Digital  Twin  be  used?’;  ‘How  to  design  and  implement  a  Digital
Twin?’;  ‘What  are  the main  challenges  of implementing  a Digital  Twin?’.  This  study  tries  to answer  to
the  previous  questions  funding  on a wide  systematic  literature  review  of scientific  research,  tools,  and
technicalities  in  different  application  domains.

© 2021  Elsevier  B.V.  All rights  reserved.
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1. Introduction

In the past, due to the lack of information technologies, the phys-
ical space played the main role in controlling the production in shop
floors, leading to low efficiency, accuracy, and transparency. Until
the 20th century, technologies such as computers, simulation tools,
Internet, and wireless networks introduced a parallel virtual space
to virtualize physical assets and to enable the cooperation with
assets remotely. This has provided a possibility to conduct plans
and operations more efficiently and effectively (Tao and Zhang,
2017). Nowadays, with the developments of new generation infor-
mation technologies (New IT), the integration and the interaction
between the physical and virtual spaces is becoming increasingly
important. This will create new potentialities for improving the cur-
rent operating situations and technologies in the fields of design,
manufacturing, and service (Büchi et al., 2020). Various countries

are converging on this trend as the next industrial revolution (Suh,
1984), (Prasad, 1989), and have proposed related national strate-
gies, such as the “Industry 4.0” in Germany (Kagermann et al.,
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013); the “Advanced Manufacturing” or “Smart Manufacturing”
n the United States (Yao et al., 2019); the “Society 5.0” in Japan;
he “Made in China 2025” in China; the “Industry of the Future” in
rance; the “Intelligent Factory” in Italy (Osterrieder et al., 2019)
nd more generally “The Factory of Future” in Europe (Drath and
orch, 2014). Although the strategies are proposed under different
nvironments, their common objective is to capture the opportu-
ity brought by the integration of the physical and virtual spaces
Hermann et al., 2016). The fusion of the physical and virtual spaces
s motivated to ensure a better flexibility and scalability of manu-
acturing systems through information technologies (Dassisti and
e Nicolò, 2012), (Pirola et al., 2020). The current digital transfor-
ation of enterprises requires the design and application of digital
odels, called digital twins, which represent a set of knowledge of

he real processes (Panetto et al., 2019), (Dassisti et al., 2019a). The
igital twin (DT) aims at creating high-fidelity virtual models for
ach physical entity to emulate their states and behaviours with
bilities of evaluating, optimizing, and predicting (Graessler and
oehler, 2017). The concept of using “twins” dated back to NASA’s
pollo program, where two identical space vehicles were built to
llow mirroring the conditions of the space vehicle during the mis-
ion. Professor Grieves at the University of Michigan firstly put

orward the concept of ‘Digital Twin’ in Product Life cycle Manage-

ent (PLM) courses in 2003 (Grieves and Vickers, 2017). The digital
win refers to a holistic, digital engineering view from the prod-
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uct design and development to production planning, production
engineering, production, and associated services (Product Life cycle
Management). The DT can be developed for each phase of the prod-
uct life cycle absolving different functions (Dassisti and Semeraro,
2018). The digital twin in the design stage can help designers to
configure and validate more quickly the future scenarios (Brettel
et al., 2014). The DT can help decision maker to accurately interpret
the market demands and the customer preferences (Semeraro et al.,
2019b). At the manufacturing phase, DT may  enable the simulation,
and thus the decision maker, to analyse the interactive behaviours
among production factors by collecting data from order, design,
purchase, production planning, manufacturing, and product usage
stage. The DT can help optimizing and evaluating in real time the
production planning and the behaviour of the production process.
At the service stage, DT relies on real time state monitoring and vir-
tual operations such as maintenance to predict the remaining life
of components or products (Lee and Kim, 2018). The virtual repli-
cation of a physical system is a rather complex task and therefore it
requires the availability of a large amount of data and models that
represent the modelled system, even though there are not specific
criteria to follow (Park et al., 2019).

In the scientific literature reviewed in this paper, several stud-
ies have been devoted to analysing the DT concept, which results
different as the context of application changes (aerospace, manu-
facturing, city management). In each context, digital twins have
their own specificity within the life cycle phase of the prod-
uct: namely design, manufacturing, and service. As a result, each
application of DT varies depending on a different perspective and
needs accordingly. In this context, the paper aims at providing an
advanced and up-to-date picture of the state-of-the-art consider-
ing the main features and challenges of existing scientific research
on DT’s, focussing on the different application domains and their
related technologies. The paper funds its scientific basis on infor-
mation, principles and hints derived from a systematic scientific
literature review employing text mining techniques to identify tex-
tual patterns, topic modelling, and new insights. Hereof, seven main
research questions are raised and discussed: (1) ‘What is a Digital
Twin?’; (2) ‘Where is appropriate to use a Digital Twin?’; (3) ‘Who
is doing Digital Twins?’; (4) ‘When has a Digital Twin to be devel-
oped?’; (5) ‘Why should a Digital Twin be used?’; (6) ‘How to design
and implement a Digital Twin?’; (7) ‘What are the main challenges
of implementing a Digital Twin?’. The research questions concern
six main aspects namely: the Digital Twin definition; the applica-
tion contexts; the life cycle phases; the functions; the architecture
and the components, the research challenges. These aspects have
been discussed in detail to define and explore the main features,
research and technical challenges in conceiving and building Dig-
ital Twins. To serve this purpose, Formal Concept analysis (FCA)
was run on to get deep into the definition of DT life cycle phases
and its functions and into the DT architecture and its components.
The outcome is then a multi-perspective picture of the Digital Twin,
forming a paradigm emerging from scientific literature.

The content is structured as the following: the literature review
methodology is described in section 1, the state of art in section
2, the digital twin paradigm in section 3. The conclusion and the
research challenges are argued in section 4.

2. Literature review methodology

The literature review focuses on works related to DT technology.
A systematic literature search was conducted in the Scopus, Elsevier

and ScienceDirect database, covering most of the peer-reviewed
interdisciplinary research papers. The methodology applied is com-
posed by three-step approach: Paper selection; Extraction of DT
features; Knowledge representation. Each step is described below.
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.1. Step 1: paper selection: publications identification and
creening

The present study forms a state-of-the-art on digital twin. The
ocal point of the study was  based on DT representation in differ-
nt scientific papers. This review was  conducted based on content
nalysis. The Scopus, Elsevier and ScienceDirect scientific databases
ere used to find the literature for this review. In addition to ‘Digital

win’, search terms such as ‘Factory of Future’, ‘Industry 4.0 tech-
ologies’, ‘Cyber-physical system’, ‘Predictive manufacturing’ were
sed to search for suitable papers within the targets and scopes of
his review paper. We  found over 300 papers from our search. The
elevant literature was selected by analysing the title, abstract, key-
ords, paper contents and journal’s main topic of interest. Finally,
e selected the papers based on impact factor, citation, and review
rocess. We  identified and analysed 150 papers of which 35 in
he fields of ‘Factory of Future’, ‘Industry 4.0 technologies’, ‘Cyber-
hysical system’, ‘Predictive manufacturing’ and 115 in the field of

Digital Twin’. The selected papers on the digital twin present the
ollowing parameters: Time Span: 2002–2020; Language: English;
ype = “Article”; “Journal Paper”; “Conference Proceeding”; “Book
hapter”, as recapped in Fig. 1.

.2. Step 2 extraction of DT features: text mining analysis

Following the publications identification and screening, a tech-
ical approach has been designed and applied to extract all possible

eatures and information from the selected DT items. Text mining
nalysis has been selected for this specific purpose. Text mining
s the process of analysing text to extract information that can
e useful for different purposes (Hearst, 2003). A set of text min-

ng techniques have been used employing Orange tool (Ljubljana,
005). It allows to design and create workflows by linking prede-
ned or user-designed components called widgets. Two different
odels were developed in Orange to this aim, as shown in Fig. 2 and

n Fig. 3, for analysing the selected papers to capture key concepts,
rends, and hidden relationships in DT studies.

The first model aims to apply the text mining techniques to DT
efinitions to clarify what is a digital twin and why it matters. The
orkflow below shows that all DT definitions were collected, listed,

nd pre-processed to perform the hierarchical clustering algorithm
HCA) (Grira et al., 2004). HCA is an unsupervised clustering tech-
ique that groups similar objects into groups called clusters. The
istance between two clusters is computed by the cosine distance
ecause it is a good measure of semantic relatedness (Mikolov et al.,
013). The endpoint is a hierarchy of nested clusters, called den-
rogram, where each cluster is distinct from each other cluster, and
he objects within each cluster are broadly similar to each other. In
his model, the HCA groups the DT definitions in a set of clusters
hat can be visualized in a data table or in a word cloud respectively
amed “Data Table (Clusters DT Definitions)” and “Word Cloud of each
luster”. The clusters and their respective word clouds are discussed

n section 2 to initiate and structure a comprehensive review on the
tate of art of Digital Twins comparing the definitions provided in
iterature.

The second model has been designed for identifying which top-
cs are the most debated and discussed in the selected DT papers.
he statistical model that has been used is the topic modelling as
hown in Fig. 3. Topic modelling concerns using a text-mining tool
or discovering hidden semantic structures in a text body. In our
eview, for each DT paper the authors name, title, abstract, key-
ords and content were collected, listed, and pre-processed for

iscovering the “topics” that occur in our selection employing the
atent Dirichlet allocation (LDA). Latent Dirichlet allocation is a sta-
istical model that automatically detects a set of topic modelling,
lassifies papers, and estimate their relevance to various topics. The
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Fig. 1. Digital twin paper distribution as type of bibliographical reference.

Fig. 2. First model designed in Orange to automatically discover clusters in the DT definitions set.
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Fig. 3. Second model designed in Orange

outcome is reported in “Data Table (Topic Modelling)”. A paper typ-
ically contains multiple topics in different proportions; thus, LDA
also reports the topic weight per paper and this can be visualized
in “Distributions (Topic Modelling)”. The results will be discussed in
section 3 to design and compose a digital twin paradigm.

2.3. Step 3: knowledge representation: formal concept analysis

A more detailed look through the topics discovered in step 2
was felt necessary to highlight the digital twin trends and strate-
gies. This further analysis is conducted by Formal Concept Analysis

(FCA). Formal Concept Analysis (FCA) is a mathematical theory ori-
ented at applications in knowledge representation (Agrawal et al.,
1993). It provides tools to group the data and to discover formal pat-
terns by representing it as a hierarchy of formal concepts organised
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scovering Topic Modelling in DT papers.

n a semi-ordered set named lattice (Wille, 2002). In formal con-
ept analysis (FCA), a formal context is a triple K = (O, A, R), where

 and A are non-empty sets, and R is a binary relation between
 and A (R ⊆ O × A) (Ganter, Stumme, and Wille 2005). The for-
al  context (O, A, I) of an input matrix of n rows and m columns

onsists of a set of objects defined as O = {Obj1, Obj2, Obj3, Objn},
 set of attributes defined as A=

{
Attr1, Attr2, Attr3. . .Attrm

}
and a

inary relation R defined as Obji, Attrj ∈ R if and only if the inter-
ection of i-th row and j-th column is not blank (Škopljanac-Mačina
nd Blašković, 2014). The FCA data table is composed by the set of
bjects (O) in rows and the set of attributes (A) in columns as shown

n Table 1. In our review, the objects are the papers selected in step
, while the attributes are all the topics identified by the model
resented in step 2, Fig. 3. The symbol “•” denotes that there is a
elationship (R) between the object and the attribute.
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Table  1
FCA table.

A
AO

Attr1 Attr2 Attr3 Attrm

Obj1
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Obj3
•  •

Objn
•  •  •

Given a set of objects (O), a set of attributes (A), and defined the
relations (R) between objects and attributes, a formal concept rep-
resents a subset of objects sharing the same subset of attributes,
as displayed in Fig. 4. Each node in the figure represents a concept.
A concept is constituted by two parts: its extension which con-
sists of all objects belonging to the concept, and its intention which
comprises all attributes shared by those objects. This understand-
ing allows the formal discovery of associations among concepts and
consequently recognizing which concepts are closely related based
on the set of shared attributes (Valtchev, Missaoui, and Godin 2004).
The results provided by Formal concept analysis will be discussed
in section 3 to explore the trends in the combination between the
identified topics and their regularity of appearance in the literature.

3. State of art digital twin: definitions and sights
Industry and academia define a digital twin in several differ-
ent ways (Trauer et al., 2020). For example, according to some, a
digital twin is a virtual representation/model that interacts with
the physical system throughout its life cycle (Grieves and Vickers,

m
c
o

Fig. 4. Example of Concept Lattice (
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017), (Glaessgen and Stargel, 2012). Other widely circulated defi-
itions regard the need to exchange information between the two
paces involving sensors, data, and models (Lee et al., 2013), (Negri
t al., 2017). Others consider a digital twin as the cyber part of a
yber-physical system (CPS) (Alam and El Saddik, 2017), (Graessler
nd Poehler, 2017). The concept of a digital twin has been inves-
igated employing the model presented in Fig. 2 to analyse the DT
efinitions listed below (Table 2) for understanding why it matters.
he data table presents an additional column: “Belonging Cluster”
hat results from the application of the hierarchical cluster algo-
ithm (HCA). This is a way to visualize how the DT definitions are
rouped.

HCA detects five different clusters labelled: C1, C2, C3, C4, C5
s shown in Fig. 5. To assist with the interpretation and verifi-
ation of each cluster, word clouds were generated to provide
dditional evaluations identifying the occurrence of words shared
y the grouped definitions.

The cluster C1 (light blue cluster) involves the definitions pro-
ided by: (Grieves, 2014), (Glaessgen and Stargel, 2012), (Ríos et al.,
015), (Schroeder et al., 2016b), (Zhang et al., 2017a), (Schleich
t al., 2017), (Söderberg et al., 2017). The corresponding word cloud
n Fig. 6 shows that the consideration of the life cycle phases is
he core point in the definition of a Digital Twin. The concept of

 Digital Twin was first mentioned in a presentation of the Uni-
ersity of Michigan in 2002 entitled “Conceptual Ideal for PLM”.
s the concept was emerging out of the field of Product life cycle

anagement (PLM), (Grieves and Vickers, 2017) referred to the

onnection between real space and virtual space over all phases
f the product life cycle presenting all the elements of the Digi-

Lezoche and Panetto, 2018).
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Table  2
Digital twin definitions.

DIGITAL TWIN DEFINITIONS

ID Year Authors DT Definition Belonging
Cluster

1 2002 (Grieves, 2014) “a set of virtual information constructs that fully describes a potential or actual
physical manufactured product from the micro atomic level to the macro geometrical
level. At its optimum, any information that could be obtained from inspecting a
physical manufactured product can be obtained from its Digital Twin. The Digital Twin
concept model contains three main parts: a) physical products in Real Space, b) virtual
products in Virtual Space, and c) the connections of data and information that ties the
virtual and real products together.”

2 2012 (Glaessgen and
Stargel, 2012)

“an integrated multi-physics, multi-scale, probabilistic simulation of a complex
product and uses the best available physical models, sensor updates, etc., to mirror the
life  of its corresponding twin.”

3 2012 (Tuegel, 2012) “a cradle-to-grave model of an aircraft structure’s ability to meet mission
requirements, including sub-models of the electronics, the flight controls, the
propulsion system, and other subsystems.”

4 2013 (Lee et al., 2013) “a coupled model enables a digital twin of the real machine that operates in the cloud
platform in parallel with the real process and simulates the health condition with an
integrated knowledge from both data driven analytical algorithms as well as other
available physical knowledge. The coupled model approach first constructs a digital
image of a machine from the early design stage.”

5 2015 (Ríos et al., 2015) “a product equivalent digital counterpart that exists along the product life cycle from
conception and design to usage and servicing, knows the product past, current and
possible future states, and facilitates the development of product related intelligent
services.”

6 2015 (Rosen et al., 2015) “a very realistic model of the current state of the process and their own  behaviour in
interaction with their environment in the real world.”

7 2016 (Schroeder et al.,
2016b)

“a virtual representation of the real product. It has product’s information from the
beginning of the life until the disposal of the product. The Digital Twin is a counterpart
of  the physical device, machine or product in a CPS. It has the information related to
the whole life cycle of a product.”

8 2017 (Alam and El
Saddik, 2017)

“the cyber layer of CPS, which evolves independently and keeps close integration with
the  physical layer.”

9 2017 (Brenner and
Hummel, 2017)

“a digital copy of a real factory, machine, worker etc., that is created and can be
independently expanded, automatically updated as well as being globally available in
real time.”

10 2017 (Ciavotta et al.,
2017)

“a digital avatar encompassing CPS data and intelligence, representing structure,
semantics, and behaviour of the associated CPS, and providing services to mesh the
virtual and physical worlds.”

11 2017 (Graessler and
Poehler, 2017)

“a cyber-physical device of its own, which is connected to the CPPS and tries to
emulate the human employee through dynamically adapted values of a database,
which represent for example properties, preferences, work schedule and skillset.”

12 2017 (Zhang et al.,
2017a)

“a set of realistic product and production process models linking enormous amounts
of data to fast simulation and allowing the early and efficient assessment of the
consequences, performance, quality of the design decisions on products and
production line.”

13 2017 (Negri et al., 2017) “a virtual and computerized counterpart of a physical system that can exploit a
real-time synchronization of the sensed data coming from the field and is deeply
linked with Industry 4.0.”

14 2017 (Schleich et al.,
2017)

“a bi-directional relation between a physical artefact and the set of its virtual models,
enabling the efficient execution of product design, manufacturing, servicing, and
various other activities throughout the product life cycle.”

15 2017 (Schluse et al.,
2017)

“a one-to-one virtual replica of a “technical asset” (e.g., machine, component, and part
of  the environment). A digital twin contains models of its data (geometry, structure,. .
.),  its functionality (data processing, behaviour,. . .), and its communication interfaces.
It  integrates all knowledge resulting from modelling activities in engineering (digital
model) and from working data captured during real-world operation (digital shadow).
A  Digital Twin contains models of its “data” (geometry, structure, . . .), its functionality
(data processing, behaviour, . . .) and its communication interfaces.”

16 2017 (Söderberg et al.,
2017)

“a digital copy of a product or a production system, going across the design,
pre-production, and production phases and performing real-time optimization.”

17 2017 (Stark et al., 2017) “a unique instance of the universal Digital Master model of an asset, its individual
Digital Shadow and an intelligent linkage (algorithm, simulation model, correlation,
etc.) of the two elements above.”

18 2017 (Weber et al., 2017) “a digital representation that contains all the states and functions of a physical asset
and  has the possibility to collaborate with other digital twins to achieve a holistic
intelligence that allows for decentralized self-control.”

19 2017 (Yun et al., 2017) “a perfect digital entity of a physical system; it accurately reflects the status of the
corresponding physical machine. We can tightly control the system through a digital
twin, that is, a cyber model of the machine.”

20 2018 (Autiosalo, 2018) “the cyber part of a Cyber-Physical System.”
21 2018 (Asimov et al.,

2018)
“a virtual replica of real physical installation, which can check the consistency for
monitoring data, perform data mining to detect existing and forecast upcoming
problems, and which uses an AI knowledge engine to support effective business
decisions.”

5
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Table  2 (Continued)

DIGITAL TWIN DEFINITIONS

ID Year Authors DT Definition Belonging
Cluster

22 2018 (Bao et al., 2018) “a virtual model in the virtual space, and it is used to simulate the behaviour and
characteristics of the corresponding physical object in real time.”

23 2018 (Lee and Kim,
2018)

“a near real-time digital image of a physical object or process that helps optimize
business performance. Two concepts of IoT (Internet of things) and IoS (Internet of
Service) are combined to realise the smart factory based on a digital twin.”

24 2018 (Haag and Anderl,
2018)

“a comprehensive digital representation of an individual product. It includes the
properties, condition, and behaviour of the real-life object through models and data.
The digital twin is a set of realistic models that can simulate its actual behaviour in the
deployed environment. The digital twin is developed alongside its physical twin and
remains its virtual counterpart across the entire product life cycle.”

25 2018 (Luo et al., 2018) “a complete virtual prototype of an entire system and a one-to-one mapping
relationship. Therefore, a multi-domain digital modelling method is needed; a
consistent model between the designed and the actual environment of a machine tool
should be established, which needs the real-time and accurate data mapping method;
an  effective machine learning algorithm to mine the data gathered from sensors and
the control system is also necessary.”

26 2018 (Nikolakis et al.,
2018)

“a digital replica of the physical environment along with the operator. This model
constrains the behaviour of the twin towards replicating the actions of the physical
system’s actuators.”

27 2018 (Tao et al., 2018b) “a set of virtual models. These mirror images and mapping of the physical products in
the  virtual space. They could reflect the whole life cycle process, as well as simulate,
monitor, diagnose, predict, and control the state and behaviours of the corresponding
physical entities. The virtual models include not only the geometric models, but also
all  rules and behaviours, such as material properties, mechanical analysis, health
monitoring.”

28 2018 (Liu et al., 2018b) “a living model that continually adapts to change in the environment or operation
using real-time sensory data and can forecast the future of the corresponding physical
assets for predictive maintenance.”

29 2018 (Zhuang et al.,
2018)

“a dynamic model in the virtual world that is fully consistent with its corresponding
physical entity in the real world and can simulate its physical counterpart’s
characteristics, behaviour, life, and performance in a timely fashion.”

30 2019 (Leng et al., 2019) “each physical device will have its cyber part as a digital representation of the real
device, culminating in the digital twin models. So, the digital twin can monitor and
control the physical entity, while the physical entity can send data to update and
synchronize its virtual model.”

CA) r

s

Fig. 5. Hierarchical clustering (H

tal Twin: real space, virtual space, the link for data flow from real

space to virtual space, the link for information flow from virtual
space to real space and virtual sub-spaces. (Ríos et al., 2015) and
(Schleich et al., 2017) specify the product life cycle from conception
and design to usage and servicing while (Schroeder et al., 2016b)

l
d
p
a
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esults - clusters DT definitions.

uggest the existence of a Twin from the beginning of a product’s

ife until its disposal. In (Zhang et al., 2017a) the DT can integrate
ata in the product life cycle to accurately simulate and assess the
erformance and the quality of the design decisions on products
nd production lines. According to (Söderberg et al., 2017) a Digital
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Fig. 6. Word cloud D

Twin exists over the complete life cycle, subdivided in the phases
design, pre-production, and production for performing real-time
optimization. The basic idea behind a Digital Twin, in (Glaessgen
and Stargel, 2012), is a high-fidelity virtual model of the physical
entities having the scope of replicating and simulating the states
and behaviours of these latter along its life.

The Digital Twin is defined as a new paradigm in simulation
(Rosen et al., 2015). It extends the use of simulation to all phases of
the product life cycle (Garetti et al., 2012), (Rodič, 2017). Simulation
is the basis for design decisions, validation, and test not only for a
generic device but also for monitoring complete systems (Boschert
and Rosen, 2016). The digital twin is the evolution of other research
fields such as Virtual Manufacturing systems, Model-based Predic-
tive control (MPC), and Building Information Modelling (BIM).

• Virtual manufacturing (VM) is defined as a system aimed at
generating a virtual representation of a physical system with-
out using real facilities/entities (Onosato and Iwata, 1993). In
comparison with the characteristics of the Digital Twin, the key
differences are the lack of connection between physical and vir-
tual entities (Jones et al., 2020).

• The Model-based predictive control uses a model of the system to
make predictions about the system’s future behaviour (Ma  et al.,
2011). The digital twin and MPC  simulates current state to change
the future state but the DT aims to create virtual models in sync
with their physical part.

• The Building Information Modelling (BIM) is a process for creat-
ing and managing a model containing digital information about a
specific asset across its whole life cycle. The major differences
between a building’s BIM and a digital twin are that BIM is
designed to improve the efficiency of design and construction
and it does not work with real-time data. Whereas the Digital
twin works specifically with real-time data to monitor a physical
asset and improve its operational efficiency enabling the predic-
tive manufacturing (Khajavi et al., 2019).

The DT is becoming increasingly relevant to Model-based sys-
tems engineering (MBSE) (Bachelor et al., 2019). MBSE is defined as:
“formalized application of modelling to support system requirements,

design, analysis, verification, and validation activities beginning in the
conceptual design phase and continuing throughout development and
later life cycle phases”  (International Council on Systems Engineer-
ing (INCOSE), 2007). The simulation in MBSE is mostly considered
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itions of cluster C1.

o be a tool for R&D departments (Boschert and Rosen, 2016). The
igital Twin extends the concept of MBSE from engineering and
anufacturing to the operation and service phases (Estefan, 2007),

Boschert et al., 2018). Digital twins could provide an effective
mplementation for realising the end-to-end integration of a sys-
em across the entire product life cycle (Cheng et al., 2020) because
t is designed to interconnect and close the gap between prod-
ct design, product development, production planning, production,
nd associated services (Weyer et al., 2016).

The real power of a digital twin is that it can provide a near-
eal-time comprehensive linkage between the physical and cyber
ystems. It is the core aspect reflected in the Word cloud in Fig. 7,
hat introduces the Cyber-Physical System (CPS) concept in DT def-
nitions (cluster C2 in red) provided by (Alam and El Saddik, 2017),
Autiosalo, 2018), (Graessler and Poehler, 2017). A Cyber-physical
ystem (CPS) (Monostori et al., 2016) aims at embedding comput-
ng, communication and controlling capabilities (3C) into physical
ssets to converge the physical space with the virtual space. (Alam
nd El Saddik, 2017) and (Autiosalo, 2018) agree in defining the DT
s the cyber part of a Cyber-Physical System to emulate the human
mployee through dynamically adapted values of a database, which
epresent for example properties, preferences, work schedule and
killset (Graessler and Poehler, 2017).

CPS and DTs involve the integration between the physical and
he cyber space. However, DTs focus more on virtual models, while
PS emphasize 3C capabilities (computing, communication and
ontrolling). In this way, the physical space can be integrated, mon-
tored, controlled and coordinated by the virtual space in real-time
nd vice versa (Blume et al., 2014). Sensors and actuators are con-
idered as key elements in CPS (Lee et al., 2015), while models and
ata are the core components in a DT (Tao et al., 2019). A digital
epresentation, hence, a digital twin, bridges the gap between the
hysical and cyber system improving and supporting the decision
aking (Zhang et al., 2019).
Some authors (Lee et al., 2013), (Brenner and Hummel, 2017),

Schluse et al., 2017), (Stark et al., 2017), (Weber et al., 2017) (Yun
t al., 2017), (Lee and Kim, 2018), (Haag and Anderl, 2018), (Leng
t al., 2019) involve a comprehensive representation of all data,
nformation, and knowledge of the physical twin in the Digital Twin

efinitions. The word cloud in Fig. 8 shows the results of defini-
ions clustered in C3 (green cluster). Most definitions aiming at
n increased convergence between real and virtual space. A closed
oop needs to be realized, (Leng et al., 2018) between the physical



C. Semeraro, M. Lezoche, H. Panetto et al. Computers in Industry 130 (2021) 103469

Fig. 7. Word cloud DT definitions of cluster C2.
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Fig. 8. Word cloud 

and virtual worlds through real time data connection (Brenner and
Hummel, 2017), (Schluse et al., 2017), (Stark et al., 2017) by collect-
ing and analysing data (Weber et al., 2017), (Lee et al., 2013), (Haag
and Anderl, 2018) to respond to the changes over the time and to
optimize business performance (Lee and Kim, 2018). Even though
the definitions agree on the virtual space, they differ regarding the
physical space. Some refer to machines, or more generally to prod-
ucts (Lee et al., 2013), (Lee and Kim, 2018), (Haag and Anderl, 2018),
(Leng et al., 2019). Others consider an asset as a physical space
(Schluse et al., 2017), (Stark et al., 2017), (Weber et al., 2017). (Yun
et al., 2017) and (Lee and Kim, 2018) extend the notion of physical
space to the whole system or process. In more details the defini-
tions converge to the descriptions of which type of data should be
transferred from the physical to the virtual space. (Schluse et al.,
2017) consider not only data generated by the physical product,
but also its functionality (data processing, behaviour) and its com-
munication interfaces. (Haag and Anderl, 2018) go even further by
defining the properties, condition, and behaviour of the real-life

object. A Digital Twin is not just defined by the data. It also includes
data driven analytical algorithms in (Lee et al., 2013) and in (Stark
et al., 2017) to reflect the status of the corresponding physical part
(Yun et al., 2017). A Digital Twin can integrate data from multiple
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tions of cluster C3.

ources. The interaction with the physical system should be bidi-
ectional (Leng et al., 2019). Data collected from the physical space
pdates the virtual model. The physical twin improves its perfor-
ance during real time operation exploiting knowledge acquired

rom the data.
Regardless of the represented physical space, it needs to be

efined which aspects of the physical space should be transferred
o the virtual space. The disunity in literature on how to model
he behaviour of the physical space is even present in the defini-
ions belonging to cluster C4 (orange cluster) (Rosen et al., 2015),
Ciavotta et al., 2017), (Bao et al., 2018), (Nikolakis et al., 2018), (Tao
t al., 2018b), (Liu et al., 2018b), (Zhuang et al., 2018), shown in
ig. 9. Some try copying the physical behaviour, its properties, and
haracteristics in very realistic (Rosen et al., 2015) virtual models to
imulate the behaviour of the current status of the physical space
Bao et al., 2018). The need for a set of virtual models stems from the
act that the virtual models include not only the geometric mod-
ls, but also all rules and behaviours, such as material properties,

echanical analysis, health monitoring (Tao et al., 2018b) to mon-

tor, diagnose, predict, and control the state and behaviours of the
orresponding physical entities (Tao et al., 2018b), (Nikolakis et al.,
018). Data and information should also consider all perspectives
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of the physical space including, structure, semantics, and behaviour
to mesh the virtual and physical worlds (Ciavotta et al., 2017). The
DT is typically applied in contexts characterized by uncertainty and
complexity, where the working conditions may  vary depending on
external and internal factors. For this reason, (Liu et al., 2018b) pro-
pose the concept of ‘living model’ while (Zhuang et al., 2018) the
concept of ‘dynamic model’ i.e., a model that continually adapts and
changes in the environment. The Digital Twin should evolve syn-
chronously with the real system along its whole life cycle. It should
be able to modify its initial configuration and to adapt itself to the
current situation. This aspect introduces another feature debated in
the literature, namely the difference between the simulation capa-
bilities and the emulation capabilities of a DT. On the one hand,
the simulation capabilities of a DT are provided by a design of its
environment allowing to approximate the behaviour of the real sys-
tems to represent how the system reacts (Law et al., 2000). It can
be thought of as a “static feature” of the DT. On the other hand, the
emulation refers to the capability of a DT to be synchronous with the
real system, so as it behaves almost similarly to the actual behaviour
of the physical system (Ayani et al., 2018). Accordingly, this feature
of DT can be thought of as a “dynamic feature”. An emulation model
operates in a hardware-in-the-loop configuration to perform the
same work of the physical system. It provides a closer replication
with respect to the simulation model (Lee and Park, 2014). From the
simulation point of view, the digital twin represents a new wave in
modelling and simulation (Rosen et al., 2015). From the emulation
point of view, the digital twin duplicates and imitates the physical
system in the virtual word. It can thus help to proactively under-
stand what should be done and to react to modifications in the real
world.

The virtual system concept, in Fig. 10, sums up the DT defini-
tions clustered in C5 (yellow cluster) provided by (Tuegel, 2012),
(Negri et al., 2017), (Asimov et al., 2018), (Luo et al., 2018). The vir-
tual system enables the replication of the physical system into its
“digital twin” throughout the entire value chain, by merging data
into behaviour models (Borangiu et al., 2019). The physical twin
automatically transfers data of its behaviour, its status, and infor-
mation to the virtual space over the entire life cycle. The virtual
system defined also as virtual replica in (Asimov et al., 2018), vir-

tual prototype in (Luo et al., 2018), and virtual counterpart in (Negri
et al., 2017), provides different services such as the control of the
current situation and the prediction of the near future and sends
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hem back to the real space so the physical product or process adapt
ccordingly.

The virtual system may  enable companies and organisation to
olve physical issues faster by detecting them sooner, predict out-
omes, design, and build better products, and ultimately, better
erve their customers (Trauer et al., 2020).

The ability of simulation along product life cycle (C1), the syn-
hronization of the cyber system with the physical assets (C2), the
ntegration of real time data (C3), the behavioural modelling of the
hysical space (C4), the services provided by the virtual system (C5)
re the main aspects that characterize the digital twin definition.
n view of above, what it is a digital twin can be summarized as
ollow:

“A set of adaptive models that emulate the behaviour of a physical
system in a virtual system getting real time data to update itself
along its life cycle. The digital twin replicates the physical system
to predict failures and opportunities for changing, to prescribe real
time actions for optimizing and/or mitigating unexpected events
observing and evaluating the operating profile system”.

. Digital twin paradigm

Existing scientific research on DT’s, are focussed on different
pplication domains and their related technologies. A more detailed
ook is needed to define where, when, why and how develop a dig-
tal twin. The model presented in Fig. 3 and explained in section

 (step 2), has been applied to automatically discover the main
opics in the DT collection and classify them into the discovered
opics. Four different topic modelling have been detected applying
he Latent Dirichlet Allocation (LDA) algorithm. The results can be
isualized in Table 3 that presents the set of keywords that make
p each topic modelling. On the base of the concepts introduced
nd analysed also in the state of the art it is possible to define
he semantic of the topics below. The first topic modelling (green)
resents the keywords: ‘support-production, decision-making, simu-

ation, analysis’ indicating that different studies in literature review
ave been devoted to the analysis of the digital twin functions. The
nalysis of papers classified in the first topic modelling allows to

valuate why  the digital twin should be used. The second topic
odelling (orange) introduces and considers the enabling compo-

ents for designing and developing a Digital Twin as: ‘data-driven
nd physical model’ allowing to evaluate which are the key compo-
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Fig. 10. Word cloud DT definitions of cluster C5.

Table 3
Data Table (Topic Modelling) provided by the model designed in orange (Fig. 3).
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nents and technologies employed for implementing digital twins.
The words of the third topic modelling (blue) reveal that the value
of the digital twin is its ability to understand and to predict how
the product will perform in production, and to optimize its ser-
vices and performance through its life cycle. It means that the set
of papers belonging to topic 3 treat where the digital twin should
be applied and when should be developed. The papers grouped in
the fourth topic modelling (yellow) are focused on the exploration
of the digital twin configuration/architecture.  The architecture is the
basic principle to investigate for understanding how to design a
digital twin.

A paper typically can cover multiple topics in different pro-
portions (%). LDA algorithm automatically classifies the DT papers
to topics and estimates their relevance to each topic as shown in
Fig. 11. For example, (Abramovici et al., 2017) (Paper 1) covers the
topics 1 and 4 at 23 % and 76 % respectively.

The overview distribution of all topics is provided in Fig. 12. It
illustrates that 46,7% of papers covers the DT functions, DT com-
ponents and DT architectures (T1�T2�T4)  topics while 31,4% of
papers analyse all topics. All the absent combinations are with per-
centage of zero.

The topic modelling analysis distribution allows understand-
ing that several studies have been devoted to analysing the Digital
Twin concept and its instantiation in different application contexts

(T3). At the same time, in each context, the digital twins have their
own specificity as functions in the life cycle (T3) phases namely
design, manufacturing and service. As a result, each application of

s
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c

10
 DT varies depending on a different function (T1) accordingly.
owever, the design of a digital twin requires the definition of
n architecture (T4) and the enabling components/technologies
T2) to implement it. As a summary of the topic modelling per-
ormed above, these can be logically sorted to shape the digital
win paradigm as follow:

 Application Contexts (Where is appropriate to use a Digital
Twin?), TOPIC MODELLING 3

 Life cycle (When has a Digital Twin to be developed?), TOPIC
MODELLING 3

 Functions (Why should a Digital Twin be used?), TOPIC MOD-
ELLING 1

 Architecture (How to design a Digital Twin?), TOPIC MODELLING
4

 Components/Technologies (How to implement a Digital Twin?),
TOPIC MODELLING 2

The papers thus classified by LDA were analysed to identify and
efine which and how many subtopics each topic consists of. By
ubtopic we  mean the identification of the main categories that
haracterise each topic. This allows us to compare and review the
xisting works to answer the main questions posed above. Table 4

hows the results. It reports one paper on each row and the topics
nd their corresponding sub-topics on columns. The “Context and
pplication” columns describe the application context taken into
onsideration in each article. Accordingly, to the papers belonging
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Fig. 11. Topic modelling distribution of each paper.

Fig. 12. Overview distribution of Topic modelling.

Table 4
FCA table structure: objects and attributes.
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to this topic, the application contexts can be grouped in five cate-
gories, that are listed as follows: Healthcare; Maritime and Shipping;
Manufacturing; City Management; Aerospace.  The column under “life
cycle” is split into the main product life cycle phases namely: design,
production, and service. The “Functions” column defines the DT
functions/purposes specifically: Accelerating the product develop-
ment speed; Identifying customers’ needs; Performance optimization
and validation; Remote commissioning and diagnostics.  The columns
under “Architecture” reports the main layers used to design a DT
namely: Physical; Network; Computing.  The analysis also considers
the “Components” i.e., the most discussed and applied technologies
for building a Digital Twin. The same table was used for the analysis
conducted by Formal Concept Analysis (FCA) to explore the trends
and the combinations in literature on the design and the develop-
ment of a digital twin. The results are discussed in the next sections
presenting respectively the DT application contexts in section 3.1,
the DT life cycle and its functions in 3.2, and the DT architecture
and its components/technologies in 3.3.

4.1. Digital twin application contexts (‘Where is appropriate to
use a Digital Twin?’ and ‘Who is doing Digital Twins?’)

The main papers covering the topic modelling 3 are discussed
in this subsection to define and discuss the main DT application
contexts. The review reveals that the most explored contexts are:
Healthcare; Maritime and Shipping; Manufacturing; City Manage-
ment; Aerospace. Digital Twins in Healthcare is used for capturing
and visualizing a hospital system to create a safe environment and
to test the impact of potential changes on system performances.
A digital twin can be used to predict the outcome of specific pro-
cedures. It can determine the better therapy option for a specific
patient. In healthcare, a digital twin recording data of a person, com-
bined with AI models, can provide answers for clinical problems
(Bruynseels et al., 2018). Digital Twins in Maritime and Shipping
are used as support for design. The design requires to invest signif-
icant amounts of time and money in preparing analytical models
to perform simulations. The digital twin allows to visualize all key
components, to perform analyses and calculations, and to improve
the control of the effects of operation on the ship’s structural and
functional components (Arrichiello and Gualeni, 2019).

A Digital Twin in Manufacturing involves different applications
based on the stages across the entire lifetime of a product, such as
design, production, logistics and maintenance (Dassisti et al., 2017),
(Greif et al., 2020). The digital twin can support decision makers
to predict an upcoming equipment failure, to inform an operator
when an asset begins to show signs of non-optimal performance,
to improve customer experience (Tao et al., 2018a).

Cities are areas of human settlement, with high population den-
sity, complete infrastructure, and buildings. Digital Twins, in City
Management, improve the urban environment and people’s qual-
ity of life. The digital twin can simulate people movements and
emergency evacuations, modelling smart buildings, road traffic, air
quality, infrastructure, and circular urban economies. The benefits
of modelling range from preventive maintenance to operational
efficiencies and cost savings. The DTs improve services for citi-
zens, and increase safety and security (Mohammadi and Taylor,
2017). Aerospace companies have begun utilizing digital twins to
accomplish the goal of reducing unplanned downtime for engines
and other systems. Digital Twins in Aerospace may  allow receiv-
ing advance warnings and predictions, but also preparing a plan
of actions based on simulated scenarios that consider the weather
conditions, the performance of the asset, and several other variables

(Tuegel et al., 2011). With the help of digital twins, it is possible to
develop and implement predictive maintenance for increasing the
platform’s operational availability and efficiency, extending its life
cycle and reducing its cost. Moreover, DTs are capable of mitigating
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amage or degradation by activating self-healing mechanisms or by
ecommending changes in the mission profile to decrease loadings
Mandolla et al., 2019).

Digital Twins have attracted strong interests from industries
oo: GE Predix Platform, SIEMENS PLM, Microsoft Azure, IBM

atson, PTC Thing Worx, Aveva, SAP Leonardo Platform, Twin
hread, DNV-GL, Dassault 3D Experience, Sight Machine, Oracle
loud. Patents have been filed by (Hershey et al., 2017) for Gen-
ral Electric and by (Song and Canedo, 2016) and (Fischer and
eintel, 2017) for Siemens. The Fig. 13 shows the main DT  plat-

orm for each application context. The roles of digital twins along
ife cycle management and its functions are discussed in the next
ection.

.2. Digital twin life cycle (‘When has a Digital Twin to be
eveloped?) and its functions (‘Why should a Digital Twin be
sed?’)

In principle, out of the literature review and the DT definitions
nalysis presented in section 2, the digital twin finds application in
he entire product life cycle management (PLM) that can be divided
nto three phases: Design; Production; Service (Bao et al., 2018),
Tao et al., 2018a). Regardless of the context domain, the DT has a
eries of functions in each phase of life cycle (Barricelli et al., 2019)
hat can be summarised in: Accelerating the product development
peed; Identifying customers’ needs; Performance optimization
nd validation; Remote commissioning and diagnostics. The exist-
ng trends and associations between DT life cycle and its functions

as carried out by using Formal Concept Analysis (FCA). The lat-
ice, illustrated in Fig. 14, represents the hierarchy of concepts that
roup the papers according to their common life cycle phase and/or
unctions.

From Table 5, we  can deduct that the FCA graph detects 16 dif-
erent concepts. As explained in section 1 (step 3), a concept is
onstituted by two parts: its extension which consists of all objects
elonging to the concept, and its intention which comprises all
ttributes shared by those objects.

The concept C2 shows, through its Extent column, the existence,
n our literature review, of {34 papers} which analyse the applica-
ion of the <{Digital Twin in the design phase}>. The digital twin in
he design phase can be applied to the conceptual design, detailed
esign, and virtual verification (Tao et al., 2018a) of a product. The
igital twin in design stage is designed to generate the digital prod-
ct design before the real execution (Liu et al., 2018a), (Zhang et al.,
017a). In the conceptual design stage, the digital twin serves to
uide designers to formulate functional requirements (Tao et al.,
018b). It can make the communication between customers and
esigners more transparent and faster by using the real-time trans-
ission data (Tao et al., 2018a). In the detailed design phase, the

igital twin enables simulation tests to ensure that the prototype
an achieve the desired performance (Wärmefjord et al., 2017).
n the virtual verification phase, the digital twin enables to sim-
late and predict the performance of the physical products based
n virtual models (Damiani et al., 2018), (Bohlin et al., 2017). The
oncept C6 demonstrates that {22 Papers}  in our selection, analyse
he relation between the <{Digital Twin in the design phase}  with
he function {Identify customers’ needs}>. Performances, customer
sages and preferences are reflected in the twin, and then feed into
he product development process to increase the customer satis-
action and market share (Tao et al., 2018b), (Macchi et al., 2018).
he studies {21 Papers} grouped in C11 discuss the application of
he < {Digital Twin in the design phase}  for two  different functions

Identify customer’s needs, Accelerate the product development
peed}>. Digital twins in the design phase can guide the designers
o iteratively adjust the customers’ expectations and improve the
esign models, achieving personalized design (Tao et al., 2018a).
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Fig. 13. Industry DT platform in each type of DT application.

Fig. 14. Lattice of life cycle phases and functions.

Table 5
Formal concepts of life cycle phases and functions.

FORMAL CONCEPTS

ID CONCEPT <{CONCEPT EXTENTS},{CONCEPT INTENTS}>

C1 <{115 Papers}>
C2 <{34 Papers}, {Digital Twin in the design phase}>
C3  <{23 Papers}, {Identify customers’ needs}>
C4  <{41 Papers}, {Performance optimization and validation}>
C5  <{54 Papers}, {Digital Twin in the production phase}>
C6 <{22 Papers}, {Digital Twin in the design phase, Identify customers’ needs}>
C7  <{31 Papers}, {Digital Twin in the service phase}>
C8  <{40 Papers}, {Digital Twin in the production phase, Performance optimization and validation}>
C9  <{29 Papers}, {Digital Twin in the design phase, Digital Twin in the production phase}>
C10  <{19 Papers}, {Digital Twin in the production phase, Identify customers’ needs}>
C11  <{21 Papers}, {Digital Twin in the design phase, Identify customer’s needs, Accelerate the product development speed}>
C12  <{20 Papers}, {Digital Twin in the service phase, Remote commissioning and diagnostics}>
C13 <{18 Papers}, {Digital Twin in the service phase, Performance optimization and validation}>
C14  <{27 Papers}, {Digital Twin in the design phase, Digital Twin in the production phase, Digital Twin in the service phase}>
C15  <{18 Papers}, {Digital Twin in the design phase, Digital Twin in the production phase, Digital Twin in the service phase,

Identify customer’s needs, Performance optimization and validation}>
n phas
e prod

a
p
f

C16 <{17 Papers}, {Digital Twin in the desig
Identify customer’s needs, Accelerate th
commissioning and diagnostics}>

The digital twin can be used for designing products, testing them
in real time situations, stipulating how the customer or the end user
will use them and how the design will complement the product’s
environment (Söderberg et al., 2017). Data from the real machine

are loaded into the digital model to enable simulation and testing
of ideas even before actual manufacturing starts. The digital twin
can be used to plan, reconfigure the product in response to external
changes.

2
(
i
e

13
e, Digital Twin in the production phase, Digital Twin in the service phase,
uct development speed, Performance optimization and validation, Remote

The concept C5 shows the existence of {54 papers} which
nalyse the application of the <{Digital Twin in the production
hase}>. For example, (Leng et al., 2018) presents a Digital Twin
or manufacturing cyber-physical systems (MCPS). (Ding et al.,

019) introduces a DT-based Cyber-Physical Production System
DT-CPPS). MCPS is used for controlling the shop floor manufactur-
ng while DT-CPPS for improving the flexibility, controllability, and
fficiency of shop floor manufacturing. A digital twin for production
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control and optimization can analyse the online data collected from
the physical line for searching the optimal solution to the physical
line (Sun et al., 2017) or to complex product assembly shopfloors
(Zhuang et al., 2018). It can evaluate autonomously the production
real-time (Vachálek et al., 2017) and optimize the resource allo-
cation (Zhang et al., 2018a) autonomously (Rosen et al., 2015). A
Digital Twin reference model for rotating machinery fault diagno-
sis was developed in (Wang et al., 2018), defining the requirements
for constructing the Digital Twin model. A digital twin for hydraulic
supports (Xie et al., 2019) is built to simulate the actual hydraulic
and to support diagnosis and degradation analysis. The digital twin
finds application also in CNC machine tool (Luo et al., 2018) and in
smart injection process (Liau et al., 2018) to control the behaviours
of the physical system in real-time. The papers {40 Papers} in C8
treat the application of <{Digital Twin in the production phase}  for
{Performance optimization and validation}>. Digital twins in the
production phase aim at real time monitoring and optimization and
for predicting the future state of the physical twin, thus preventing
downtime and failures (Lee et al., 2013). The digital twin helps at
determining the optimal set of parameters and actions that can help
maximizing some of the key performance, and providing forecasts
for long-term planning (Vachálek et al., 2017). The digital twin can
analyse performance data collected over time and under different
conditions (Alcácer and Cruz-Machado, 2019), reducing unplanned
machine downtime, the amount of ‘scrap’ produced in each produc-
tion line, and minimizing costly production quality faults. The DT
can optimize and elevate the production process to a higher level
of effectiveness and flexibility (Cimino et al., 2019).

The concept C7 indicates that {31 papers} are oriented towards
the <{Digital Twin in the service phase}>. The service phase refers
to the phases after sale, including the product utilization and the
maintenance (Tao et al., 2018a). (Abramovici et al., 2017) intro-
duce a cloud-based Smart Product platform for the reconfiguration
of Smart Products during the use phase using the concept of virtual
product twins and an Internet of Things. The conceptual approach is
prototypically demonstrated by considering a model environment
for smart cars, which are temporarily reconfigured during their
use phase. The digital twin has been developed also for the waste
electrical and electronic equipment recovery to support the man-
ufacturing/remanufacturing operations (Wang and Wang, 2018).
The <{Digital Twin in the service phase}  supports the {Remote com-
missioning and diagnostics}> of the operations of interconnected
systems such as manufacturing systems, as presented in the studies
{20 Papers} grouped in concept C12. This allows virtual monitoring
systems and validation of the current status of production systems
(i.e., energy monitoring and fault monitoring) (Qi et al., 2018). In
addition, {18 Papers} analyse the application of the {Digital Twin
in the service phase}  for <{Performance optimization and valida-
tion}>. The digital twin can upgrade personalized product functions
(Cheng et al., 2020) by obtaining the user’s usage. In fact, in the
service phase, Digital Twins can provide value-added services sup-
port for the prognostics and health management (PHM) (Qi et al.,
2018) (Wang et al., 2018). The PHM is an engineering process of
failure prevention and predicting reliability and remaining useful
lifetime (RUL) (Sutharssan et al., 2015). In this case, the digital twin
(DT) is developed for improving the accuracy and efficiency in the
life cycle monitoring of a product (Tao et al., 2018c), (Zhang et al.,
2018b). There are currently relatively few digital twin applications
{17 papers} for supporting the entire product life cycle (C16).

4.3. Digital twin architecture and components (‘How to design
and implement a Digital Twin?’)
A general and standard architecture of a digital twin was  first
built by (Grieves, 2014) that presents a physical space, a virtual
space and the connection between them. There are various under-
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tandings of the DT architectures among researchers (Dassisti et al.,
017). (Stark et al., 2017) characterizes the DT  as (1) an unique

nstance of the universal Digital Master model of an asset, (2) its
ndividual Digital Shadow and (3) an intelligent linkage (algorithm,
imulation model, correlation, etc.) of the two  elements above
Kritzinger et al., 2018). An extended five-layer DT is proposed by
Tao et al., 2018c) and it is composed by: (1) Physical entity (PE); (2)
irtual entity (VE); (3) Services (Ss) for PE and VE; (4) Data (DD); (5)
onnection (CN) among PE, VE, Ss and DD. Compared to Grieves’s
rchitecture, data and services layers were added. The five-layer
T architecture developed by (Ponomarev et al., 2017) presents:

1) cyber-physical layer; (2) primary processing/store data layer;
3) distributed computing and storage layer; (4) models and algo-
ithms layer; (5) visualisation and user interfaces layer. This kind
f architecture highlights the data storage, the distributed comput-
ng and management system as critical parts of the digital twin. An
xtended six-layer DT is presented by (Redelinghuys et al., 2019).
he layers are: (1) physical devices; (2) local controllers; (3) local
ata repositories; (4) IoT gateway; (5) cloud-Based information
epositories; (6) emulation and simulation. This structure is more
ocused on the transmission of data flow from the physical system
Layer 1 e 2) to the cloud (Layer 5). From the computational per-
pective, the key functionality of a digital twin is the combination
f physics-based models and data driven models to emulate and
imulate the physical space accurately (Kaur et al., 2020).

In view of above, a DT architecture can be thought as consist-
ng of several components and technologies organised into three

ain layers: the physical layer; the network layer; the comput-
ng layer (Boje et al., 2020). The physical layer consists of physical
ntities identified based on the stage of the product life cycle. The
etwork layer connects the physical domain to the virtual one. It
hares data and information. The computing layer involves the vir-
ual entities emulating the corresponding real entities, including
ata-driven models and analytics, physic-based models, services,
nd users. Each layer is characterised by some DT components
for example hardware or software technologies, models, infor-

ation structures) with commonalities in their scope of use and
nteractions, having also complementary functionalities. FCA was
un on to detect which are the main and the most studied com-
onents/technologies for each layer. The formal concepts of the
hysical layer are shown in Fig. 15 and in Table 6.

The concepts C2, C3, C4, C5 show that the literature differs
egarding the definition of the physical space, as highlighted also
y the DT analysis definitions. In literature review, the digital twin
as been applied at different physical levels (Tao et al., 2019) that
an be summarized in: unit level (C3), system level (C4), system-
f-systems level (C5). The unit level is a minimum but independent
ndividual, which cannot be further divided such as a single piece of
quipment (e.g., a product, a machine tool or robot arm). It contains

 basic closed loop of data between the physical and virtual spaces
ith the abilities of sensing and computing. The system level can

e a production system such as a production line, a shop floor, or a
actory. It is characterized by self-organization, self-configuration,
nd self-optimization. While the system-of-systems level is charac-
erized by enterprises’ collaborations. The application of the digital
win at the system-of systems level can achieve the horizontal inte-
ration. It refers to the exchange of information across the supply
hain such as resources management system, logistics, market-
ng, or intercompany value chains (Posada et al., 2015). For each
ype of level, Digital Twins can get and share data between all
roduction factors and information systems achieving the vertical

ntegration i.e., the integration of various Information Technology

ystems at different hierarchical levels. In manufacturing contexts,
he literature concurs that the data type and consequently the
ata sources depend on the selected physical levels. Typically, a
ystem-of-systems digital twin involve and exploit different data
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Fig. 15. Lattice of physical layer and its components/technologies.

Table 6
Formal concepts of physical layer and its components/technologies.

FORMAL CONCEPTS

ID CONCEPT <{CONCEPT EXTENTS},{CONCEPT INTENTS}>

C1 <{115 Papers}>
C2 <{38 Papers}, {Physical Layer}>
C3 <{12 Papers}, {Physical Layer, Unit Level}>
C4 <{9 Papers}, {Physical Layer, System level}>
C5 <{6 Papers}, {Physical Layer, System-of-systems level}>
C6 <{6 Papers}, {Physical Layer, Unit Level, System level}>
C7  <{6 Papers}, {Physical Layer, RFID sensor networks}>
C8  <{12 Papers}, {Physical Layer, Wireless sensor networks (WSN), RFID}>
C9 <{5 Papers}, {Physical Layer, Unit Level, System level, System-of-systems level}>
C10 <{5 Papers}, {Physical Layer, Unit Level, RFID sensor networks}>
C11 <{5 Papers}, {Physical Layer, RFID sensor networks, Wireless sensor networks (WSN)}>
C12  <{4 Papers}, {Physical Layer, Unit Level, System level, System-of-systems level, RFID sensor networks}>
C13  <{4 Papers}, {Physical Layer, RFID sensor networks, Unit level, Wireless sensor networks (WSN)}>
C14  <{4 Papers}, {Physical Layer, System level, Wireless sensor networks (WSN)}>
C15  <{4 Papers}, {Physical Layer, Wireless sensor networks (WSN), RFID}>
C16 <{3 Papers}, {Physical Layer, Unit Level, System level, System-of-systems level, Wireless sensor networks (WSN), RFID sensor networks}>
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C17 <{3 Papers}, {Physical Layer, Unit Level, Wireless sensor n
C18 <{3 Papers}, {Physical Layer, System Level, Wireless sens
C19 <{2 Papers}, {Physical Layer, Unit Level, System level, Sys

sources such as Internet/Users Data from CRM, E-commerce plat-
forms (e.g., Amazon) and social networking platforms (e.g., Twitter,
Facebook, LinkedIn, and YouTube), to understand user preference,
and behaviours (Qi and Tao, 2018). It also involves Product data
from computer-aided systems like CAD/CAM, CAE; Management
data from manufacturing information systems such as MES, PDM,
SCM, ERP, etc (Luo et al., 2018); Operational data from manufac-
turing equipment such as product data, quality data, maintenance
data (Dassisti et al., 2019b); Environmental data which affects the
physical equipment operations, such as environmental pressure,
ambient temperature, and moisture level (Cai et al., 2017). The
papers grouped in C6-C19 treat the equipping of a physical system
with sensors, actuators, and embedded communication for record-
ing real-time states (e.g., vibration, force, torque, and speed) and
working conditions (e.g., environment parameters, loads, and con-

trol orders) (Ruppert et al., 2018) of the physical space. The most
discussed technologies for the physical layer are RFID, RFID Sen-
sor networks and Wireless sensor networks (WSN). RFID allows
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rks (WSN), RFID}>
works (WSN), RFID}>
f-systems level, RFID sensor networks, RFID, Wireless sensor networks (WSN)}>

utomatic identification and data capture using radio waves, a tag,
nd a reader (Lee and Lee, 2015). RFID Sensor networks, consisting
f a very large number of nodes for monitoring and recording the
hysical conditions of the environment (Atzori et al., 2010). Wire-

ess sensor networks (WSN) which consist of spatially distributed
utonomous sensor-equipped devices to monitor physical or envi-
onmental conditions (Gubbi et al., 2013), (Tan and Wang, 2010).
he components belonging to physical layer carry out real-time
ata for the synchronization of the virtual twin with its corre-
ponding physical twin with the capabilities of anomaly detection,
rediction, prescription, and optimization.

The network layer involves connections and interactions
mongst physical elements and virtual space. This layer connects all
omponents together for sharing data and information with other
onnected components (Da Xu et al., 2014). The key technologies

iscussed in the literature review are middleware, communication
rotocol analysis, communication protocol/interface conversion,
ireless communication, and Application Programming Interfaces
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Fig. 16. Lattice of networking layer and its components/technologies.

Table 7
Formal concepts of networking layer and its components/technologies.

FORMAL CONCEPTS

ID CONCEPT <{CONCEPT EXTENTS},{CONCEPT INTENTS}>

C1 <{115 Papers}>
C2 <{41 Papers}, {Network Layer}>
C3 <{13 Papers}, {Network Layer, Communication protocol/interface: Automation ML}>
C4  <{25 Papers}, {Network Layer, Communication protocols}>
C5 <{8 Papers}, {Network Layer, Communication protocol/interface: Automation ML,  Programming interface (API)}>
C6  <{8 Papers}, {Network Layer, Communication protocol/interface: Automation ML,  Middleware}>
C7 <{11 Papers}, {Network Layer, Communication protocol/interface: Automation ML Communication protocol}>
C8  <{7 Papers}, {Network Layer, Communication protocol/interface: Automation ML,  Programming interface (API), Middleware}>
C9  <{7 Papers}, {Network Layer, Communication protocol/interface: Automation ML,  Programming interface (API), Communication protocol,

Wireless Communication}>
interf
interf
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C10 <{7 Papers}, {Network Layer, Communication protocol/
C11 <{6 Papers}, {Network Layer, Communication protocol/

protocol, Wireless Communication}>

(API). FCA detects 11 possible concepts, as illustrated in Fig. 16 and
in Table 7.

C4 concept shows, through its Extent column, the existence,
in our literature review, of {25 papers}  which analyse the
<{Communication protocols}  for the {Network Layer}>. The com-
munication protocol allows two or more entities in the DT to
transmit information to each other. OPC Unified Architecture (OPC
UA) and MT-Connect protocols are the protocols more employed
in digital twin applications to access to data and to transmit them
in real-time (Redelinghuys et al., 2019). The studies {13 papers}
in concept C3 discuss the <{Communication protocol/interface:
Automation ML} in the {Network Layer}>. The communication
protocol/interface conversion transforms various communication
protocols/ interfaces into a unit form. AutomationML is an open
standard for a data format based on XML  allowing the exchange
of plant engineering information (Bao et al., 2018), (Drath et al.,
2008). The AutomationML is used in digital twin to model attributes
related to the digital twin. The goal is to interconnect the het-
erogeneous toolchain of digital manufacturing (Um et al., 2017).
It is used to exchange data between the Digital Twin and other
systems and a methodology for communication and exchange of
data (Schroeder et al., 2016b), (Talkhestani et al., 2018). The stud-
ies belonging to concepts C5-C11 help to deepen the following
technologies <{Middleware, Wireless communication, Application
Programming Interfaces (API)} in the {Network Layer}>. The mid-
dleware is a software layer interposed between the technological

and the application levels. The middleware architecture more used
in the digital twin is the Service Oriented Architecture (SOA)
approach. The adoption of the SOA principles allows for decompos-
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16
ace: Automation ML,  Middleware}>
ace: Automation ML,  Middleware, Programming interface (API), Communication

ng complex and monolithic systems into applications consisting of
n ecosystem of simpler and well-defined components (Gubbi et al.,
013b). The wireless communication can connect entities in the
T wirelessly, thus improving flexibility in data transmission. The
pplication Programming Interfaces (API) realize the communica-
ion between different software systems and models in the virtual
pace that represents the computing layer.

The computing layer is fundamental for computing and deci-
ional support of digital twins. FCA detects 90 possible concepts
s shown in Fig. 16. A set of concepts are reported in Table 8. C2
oncept demonstrates that the <{Computing Layer}> is the most
ddressed in our literature review {83 papers} either for the poten-
ial innovation or for the strong impact on decision support (Fig. 17).

The computing layer can be perceived as a set of “layers” inter-
onnected, which includes the following components: data (C3),
odels (C4-C9), and modelling features (C10-C14).
The data layer includes all different types of data previously

efined in the physical layer (Uhlemann et al., 2017). This sub-layer
as characteristics of heterogeneity of data and data sources, vol-
me, and speediness. Data preparation and data analysis are the
ey aspects discussed in literature. The data preparation process
ncludes data selection, data cleaning, data modelling, data inte-
ration, and data transformation. The data analysis includes all
ata-driven models such as machine learning data mining, pattern
valuation, and knowledge representation involved in DT building.
he studies {31 papers} grouped in C3 examine the <{Data-driven

ethods} in {Computing Layer}>. Data-driven models are designed

o extract knowledge from data (Zhang et al., 2017b), (Lee et al.,
014b). The digital twin aims to integrate data across different
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Table  8
Formal concepts of computing layer and its components/technologies.

FORMAL CONCEPTS

ID CONCEPT <{CONCEPT EXTENTS},{CONCEPT INTENTS}>

C1 <{115 Papers}>
C2 <{83 Papers}, {Computing Layer}>
C3 <{31 Papers}, {Computing Layer, Data-driven Methods}>
C4 <{23 Papers}, {Computing Layer, Decision-making/Rule model}>
C5  <{24 Papers}, {Computing Layer, Physical model}>
C6 <{27 Papers}, {Computing Layer, Geometric model}>
C7 <{19 Papers}, {Computing Layer, Collaborative information model}>
C8  <{28 Papers}, {Computing Layer, Behaviour model}>
C9  <{10 Papers}, {Computing Layer, Decision-making/Rule model, Physical model, Geometric model, Collaborative information model, Behaviour model}>
C10  <{10 Papers}, {Computing Layer, Modularity}>
C11 <{11 Papers}, {Computing Layer, Interoperability}>
C12 <{3 Paper}, {Computing Layer, Dynamicity}>
C13 <{5 Paper}, {Computing Layer, Fidelity}>
C14 <{4 Paper}, {Computing Layer, Scalability}>
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Fig. 17. Lattice of computing lay

domains into virtual models (Kusiak, 2018). The main data-driven
models used in digital twins are machine learning, neural net-
works, and deep learning. The machine learning refers to the ability
to give computers the possibility to learn without being explic-
itly programmed (Clarke et al., 2009). It is classified in supervised,
unsupervised (Sutharssan et al., 2015) and reinforcement learning
(van Otterlo and Wiering, 2012) (Jain et al., 2017). Machine learning
techniques used in digital twins are supervised and unsupervised
learning (Jain et al., 2017). The supervised learning develops models
based on input and output data (Tidriri et al., 2016). The supervised
learning, across the digital twin, is applied for the system’s failures
prediction (Asimov et al., 2018), or for prediction of the remaining
useful life (RUL) of the physical twin (Liu et al., 2018b). The unsuper-
vised learning, instead, discovers an internal representation from
input data only (Sutharssan et al., 2015), (Fahad et al., 2014). It
enables discovering similar groups within data, based on cluster-
ing techniques (Xu and Wunsch, 2005), (Grira et al., 2004). In digital
twins, these techniques are used for creating autonomous clusters

for different working regimes to analyse machine conditions (Lee
et al., 2014a), (Banerjee et al., 2017) (Ding et al., 2019). Artificial
Neural Networks (ANN) and Deep Learning (DL) are computing sys-
tems that are inspired by the human brain (Zhang, 2000). The main
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copes in using neural networks and deep learning in digital twin
Lee et al., 2013) are health assessment, performance prediction
Jain and Bhatnagar, 2020), fault diagnosis (Xu et al., 2019).

The digital twin requires the building and the applying digital
odels representing the set of resources and processes knowledge.
ifferent tools and technologies are available for developing high-
delity virtual models (Schleich et al., 2017). The most discussed
omponents regard the model types (concepts C4-C9) and the mod-
lling features (concepts C10-C14). The model types define the
hysics-based models and the functions of each model necessary
o emulate the physical system. Physics-based models compare
imulated results with known information, represented by math-
matical models (Tidriri et al., 2016). A model represents a system
n terms of logical and quantitative relationships that are then

anipulated and changed to see how the model reacts, and thus
ow the system would react-if the mathematical model is a valid
ne (Law et al., 2000). The physics-based models are based on a
et of different models to represent the structure, the behaviour,

nd the interactions of a physical system (Tidriri et al., 2016), (Tao
t al., 2018c). The most studied models for developing a digital
win (Semeraro et al., 2019a) are summarised as follow: Geo-

etric model {27 Papers} in concept C6; Physical model in {24
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Papers}in concept C5; Behaviour model {28 Papers} in C8; Col-
laborative information model {19 Papers}  in C7; Decision-making
model {23 Papers} in C4. A geometric model reflects the geome-
try, the kinematics, the logic, and the interfaces of the real system
(Ayani et al., 2018), (Xie et al., 2019). A geometric model defin-
ing shapes, sizes, positions and assembling machine components
is presented in (Tao et al., 2018c). A physical model enables to sim-
ulate the physical properties and loads (Post et al., 2009) analysing
the phenomena, such as deformation, cracking and corrosion (Tao
et al., 2018c). A behaviour model describes the way the physi-
cal system is governed by driving factors (e.g., control orders) or
disturbing factors (e.g., human interferences) (Tao et al., 2018c),
(Bao et al., 2018). A collaborative information model (Bao et al.,
2018) defines how different components interact and simulates the
collaborative behaviour among several assets. A decision-making
model makes the model capable of evaluating, reasoning, and val-
idating. It consists of variable input, algorithms and a collection
of constraints and rules (Bao et al., 2018). It includes rules of con-
straints, associations, and deductions (Tao et al., 2018c) and it stores
and analyses the running status data, then it makes decisions using
machine learning algorithms.

The common features studied for modelling a digital twin
concern: scalability, interoperability, fidelity, dynamicity, and
modularity. According to the studies {4 Papers} grouped in C14,
the scalability is the ability to provide an insight at different scales
(from fine details to large systems) (Schleich et al., 2017) (Putnik
et al., 2013). The studies {11 Papers} in C11 define the interoperabil-
ity as the ability to convert, to combine, and to establish equivalence
between different model representations (Zhang et al., 2017a).
The model interoperability is a critical aspect for the exchange of
dynamic models and for Co-Simulation. Functional Mock-Up Inter-
face (FMU) standard is commonly used in digital twins to solve this
problem (Negri et al., 2019) (Schluse et al., 2018). FMU  is an open
standard for exchanging dynamical simulation models between
different tools in a standardized format and for co-simulation
(Blochwitz et al., 2011). FMI  standard specifies two  different kinds
of FMUs: (1) Model Exchange (ME) – ME  FMUs; (2) Co-Simulation
(CS) – CS FMUs. The model fidelity (concept C13) describes the
closeness to the physical product (Schleich et al., 2017) while the
model dynamicity (concept C12) is the ability to reflect real time
the physical process and modify autonomously itself if the physi-
cal system changes. This crucial issue concerns the convergence of
the physical world with its digital counterpart (Weyer et al., 2016).
According to the {10 Papers} clustered in C10, the modularity is the
ability to integrate, to add, or to replace models (Guo et al., 2018).
Two modular approaches have been developed in (Guo et al., 2018),
(Semeraro et al., 2019a). The idea behind this approach is to use
and especially re-use predefined functional units (Semeraro et al.,
2019a), that are systematically developed and logically interlinked
for the configuration of a holistic manufacturing system (Stark et al.,
2017), (Negri et al., 2019). Virtual (VR) or augmented (AR) reality
technologies can be integrated in digital twins to create interac-
tive and immersive environments (Schroeder et al., 2016a) enabling
direct interactions between the digital twin and final users.

As a summary of the analysis discussed above, the digital twin
paradigm is summarised in Fig. 18 to depict the contexts, the phases
of the life cycle (design, production, and service), the functions of
the Digital Twin for each life cycle phase, the architecture layers,
and the main components of each architecture layer.

5. Conclusion and research challenges
The present study forms a literature review that led to a digital
twin paradigm aiming at assessing which are the application con-
texts, the life cycle phases, the functionalities, the architectures,
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nd the components of existing digital twins. The paper aims at
roviding a detailed picture of the main features of existing scien-
ific research on DT’s, stressing on the different application domains
nd the related technologies. The idea of Digital Twin as a “virtual”
mage of the reality constantly synchronized with the real operat-
ng scenario is accurately presented and described in section 1 in
ll its physical and logical aspects. This literature review tries to
nswer different research questions at different level namely: DT
efinition, application contexts, life cycle phases, functions, archi-
ectures, and components. Section 2 investigates on different DT
efinition provided in literature to address the research question:

What is a Digital Twin?’. The application contexts in section 3.1 and
ife cycle phases in section 3.2 focus on establishing the baseline of
he Digital Twin paradigm by trying to reply to the research ques-
ions: ‘Where is appropriate to use a Digital Twin?’, ‘Who is doing
igital Twins?’, ‘When has a Digital Twin to be developed?’. A digital

win may  enable companies and organisation to predict outcomes,
esign, and build better products, and better serve their customers
Madni et al., 2019). To that point, the third research question (‘Why
hould a Digital Twin be used?’), in section 3.2, analyses the main
unctions of a digital twin for each life cycle phase. The fourth
esearch question investigated in section 3.3 (‘How to design and
mplement a Digital Twin?’) tries to define the DT architecture and
nalyse the employed components/technologies for implementing
igital twins. The review results are summarised in the summary
able below.

The analysis of the digital twin definitions, features, tools, and
ethodologies was  done based on the text mining techniques

nd Formal Concept Analysis (FCA). The application contexts, life
ycle phases, functionalities, architectures, and components are
iscussed and organised in a unique paradigm summarised in
ig. 18. Balanced against the many advantages that the digital twin
an bring, there are several challenges to be overcome. For the grace
f the results summarised in Table 9, we try to define what are the
ain research challenges of implementing a Digital Twin.

esearch challenge #1

T application contexts

According to section 3.1, the existing digital twin applications
efer to specific and traditional contexts: Healthcare; Maritime
nd Shipping; Manufacturing; City Management; Aerospace.  Humans
lay an important role in the Digital Twin applications espe-
ially in manufacturing contexts. Human interaction is the one
ey challenge in the development and implementation of DT in
he manufacturing application. While some low-level operations
an be autonomously achieved without human intervention, many
ecision-making activities are still sustained by many manual oper-
tions based upon human interactions. The research challenge is to
orm and design cognitive digital twin able to interoperate with
ther digital twins and humans in a seamless way  whatever hap-
ens during their interactions. Furthermore, the digital twins could
irtually help look beyond the current industrial model of extract-
ng, producing, consuming, and disposing. The digital twin can
upport companies to move from a linear system to a ’circular
conomy’ system that considers almost zero waste production and
ollution, keeps products and materials in the recycling loop longer
nd helps regenerate natural systems. While scientific literature
as analysed the adoption of DT in the optimization of products

ife cycle, few contributions have yet focused on the exploitation of

T to assess and improve the sustainability performances of whole
alue chains (Barni et al., 2018). Significant research efforts need
o be made on the application of a digital twin for improving the
ustainability performances in each application context.
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Fig. 18. The digital twin paradigm (Semeraro, 2020).

Table 9
Summary table of the review results (5W1H).

Research Question Results

‘What is a Digital Twin?’ DIGITAL TWIN
DEFINITION

“A set of adaptive models that emulate the behaviour of a physical system in a virtual system getting real time data to
update itself along its life cycle. The digital twin replicates the physical system to predict failures and opportunities for
changing, to prescribe real time actions for optimizing and/or mitigating unexpected events observing and evaluating the
operating profile system”.

‘Where is appropriate to use a Digital
Twin?’ DIGITAL TWIN CONTEXTS
and USE CASES

1 Healthcare
• Improving operational efficiency of healthcare operations
2  Maritime and Shipping
• Design customization
3  Manufacturing
• Product development and predictive manufacturing
4 City Management
• Modelling and simulation of smart cities
5  Aerospace
• Predictive analytics to foresee future aircraft problems

‘Who is doing Digital Twins?’ DIGITAL
TWIN PLATFORMS

GE Predix; SIEMENS PLM; Microsoft Azure; IBM Watson; PTC Thing Worx; Aveva; Twin Thread; DNV-GL; Dassault 3D
Experience; Sight Machine; Oracle Cloud.

‘When has a Digital Twin to be
developed?’ DIGITAL TWIN LIFE
CYCLE

1 In design phase
• The digital twin is used to help designers to configure and validate more quickly the product development

accurately interpreting the market demands and the customer preferences.
2  In production phase
• The digital twin shows a great potential in real-time process control and optimization, as well as accurate

prediction.
3 In service phase
• The digital twin can monitor the health of a product, perform diagnosis and prognosis.‘Why  should a Digital Twin be used?’

DIGITAL TWIN FUNCTIONS
‘How to design and implement a

Digital Twin?’ DIGITAL TWIN
ARCHITECTURE AND COMPONENTS

The Physical layer involves various subsystems and sensory devices that collect data and working parameters.
The  Network layer connects the physical to the virtual, sharing of data and information.
The  Computing layer consists of virtual models emulating the corresponding physical entities.

19
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Research challenge #2

DT Life cycle and functions

The DT presents an exciting possibility of real-time simula-
tion for product life cycle that can be divided into three phases:
design, production, and service. The digital twin can be developed
in each life cycle phase fulfilling different functions. The digital
twin can potentially help to integrate even the entire supply chain,
throughout all phases of product life cycle. FCA results in section
3.2 demonstrates that most digital twin applications refer to a sin-
gle phase of a product life cycle. There are currently relatively
few applications of digital twin for supporting the entire supply
chain and the network enterprises. Digital Twin applications are
mainly developed for prediction purposes and used for decision-
making support. The digital twin could connect products, persons,
machines, and enterprises within the virtual space. However, this
aspect holds its own challenges at the present state. The ability
to collect, aggregate and exchange data and information between
different suppliers, manufacturers and customers could present
interoperability issues. As the DT can potentially integrate data
from the lifetime of a product seamlessly, several key research
challenges concern the definition of standards and communica-
tion protocols to ensure interoperability of multiple digital twins
with each other (Platenius-Mohr et al., 2020). The development of
standards-based interoperability is important and challenging at
the same time for the evolution of digital twin applications along
the entire life cycle.

Research challenge #3

DT architecture and components/technologies

The DT consists of a set of models with complex structures
and behaviour, that reflect the real-time operations of the physical
system. Modelling a digital copy of a physical system to perform
real-time validation and optimization is quite complex and thus
needs a big amount of data. A digital twin can be a model of a com-
ponent, a system of components or a system of systems. The digital
twin requires the construction and application of accurate mod-
els of reality. Modelling the reality in a digital twin is a complex
task, as it involves sensors, multifunctional models, multisource
data, services, etc. At present, it is difficult to build an accurate
model for a DT using traditional approaches due to the complex-
ity of real systems. The lack of an univocal reference architecture
leads at developing Digital Twin solutions using different technolo-
gies, interfaces, and communication protocols, models and data as
assessed in section 3.3. Standard Digital Twin solutions should be
developed to provide design criteria and design constraints where
reference architectural aspects, reference information model and
communication protocols are clearly defined (Lu et al. 2020).
The modularization design principle needs to be explored to
improve the modelling efficiency. This would enable to improve
the flexibility and reusability of standard DT-solutions towards
different applications. Modular approaches need to be explored
for the construction of flexible DT solutions, facilitating new DT
applications.

Next steps of the present research will be related to the defi-
nition of a new approach for building a digital twin by exploring
the modularity feature, which is still one of the most challenging

research issues. The idea that we will explore is the definition of a
modelling approach that allows to derive a criterion to self-detect
modelling constructs that can be used (and re-used) to create digital
models of different systems or processes.
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