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ABSTRACT A Digital Twin is an auspicious cross-industry concept in the era of digitalization, which
promises a wide range of benefits such as efficiency improvements, predictions of future opportunities and
challenges, and respective recommendations. At present, a variety of definitions and terms exist, causing
increasing confusion among practitioners and users. Here we address this need for consolidation with a
holistic view of theDigital Twin concept across industries.We analyze classificationmodels andDigital Twin
terms in academia and industry in order to propose a 5-dimension cross-industry Digital Twin applications
model. This model, based on the core three-part Digital Twin concept introduced by Grieves in 2002, enables
ease of understanding and cross-industry classification and development of applications within the concept
of the Digital Twin. The proposed model consists of the dimensions scope of the physical entity, feature(s)
of the physical entity, form of communication, scope of the virtual entity, and user-specific outcome/value
created.

INDEX TERMS Applications, classifications, cross-industry, description, Digital Twin, model.

I. INTRODUCTION
Digitalization is a trend across industries, which is often
accompanied by terms like Internet of Things (IoT), Cyber-
Physical-Systems (CPS), and Digital Twin. In recent years
Digital Twin is seeing rising interest in both industry and
academia [1] and is entering mainstream use. A report by
Gartner in August 2018 surveyed 599 companies and found
62% of companies using IoT are in the process of or planning
to integrate the Digital Twin concept, and 13% are already
utilizing Digital Twins [2]. In comparison to IoT and CPS,
the Digital Twin concept is rather young and still in its
definition phase. The common ground of understanding of the
Digital Twin is as a digital representation of a physical entity.
It can offer a variety of benefits such as real-time monitoring
and control, process optimization, and prediction of future
opportunities and challenges.

The broad field of applicability and its loose definition
encourages extensive use of the term ‘‘Digital Twin.’’ Digi-
tal Twin applications differ substantially in size, scope, and
capabilities and are sometimes difficult to understand [3].
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Zborowski [4] mentions the confusing aspect of the term
Digital Twin, which means something different to everyone
using it. Bruce Bailie, Digital Officer for Siemens’ oil and gas
vertical in the Americas region, was once told by an operator
to ‘‘talk about the functionality of what you’re providing and
not ‘digital twin’’’ [4]. Several other researchers have also
mentioned this dilemma [5]–[11].

The great potential of the Digital Twin concept across
industries, combined with its need for consolidation, lays the
foundation for this work and justifies the need for answers to
the following two fundamental research questions: 1) What
is the Digital Twin concept? 2) How to describe applications
of the Digital Twin concept across industries? This work aims
to give a holistic view of theDigital Twin concept and propose
a generic model to describe applications of the Digital Twin
concept across industries. Besides its descriptive character,
the model also allows structuring of existing applications and
supports the development of new applications. The basis of
the model constitutes the elementary three-part architecture
of the Digital Twin concept, introduced by Grieves in 2002.
This allows the applicability of themodel to any field of appli-
cation and facilitates the understanding of applications. There
are four main contributions to this work. First, we present the
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history of the Digital Twin concept along with similar terms
and concepts and the expected future development. Second,
we provide a holistic view of the definitions of the Digital
Twin concept and describe the Digital Twin concept for cross-
industry application. Third, we analyze existing Digital Twin
classification models and discuss Digital Twin terms used in
industry and academia. Finally, out of the identified needs
for explanation, we derive five elementary aspects by which
to describe applications of the Digital Twin concept across
industries.

II. RESEARCH BACKGROUND
In this section, we describe the development of the Dig-
ital Twin concept, how its interpretation and progress are
majorly influenced by the field of manufacturing, and how
other fields have slowly started participating in forming the
concept. We define the concept for cross-industry appli-
cation and determine its position among other trends of
digitalization.

A. HISTORY OF DIGITAL TWIN
A ‘‘Twin’’ of a physical asset for the purpose of safe simula-
tion and testing was first mentioned in 1970 in the aerospace
industry when two space shuttles were built within the NASA
Apollo program [12], [13]. The ‘‘Twin’’ on earth mirrored
its counterpart in space and, after the oxygen tanks of the
Apollo 13 mission exploded, helped develop an air purifier
that the astronauts were able to build with the tools available
to them. This example shows the potential of twins, especially
when applied digitally [14]. David Gelernter first explained
the idea of the Digital Twin concept in his 1991 book ‘‘Mirror
Worlds,’’ where he describes a virtual real-time copy of every
aspect of life and how it affects business and daily life [15].

FIGURE 1. Digital Twin concept based on Grieves (2015) [16].

Michael Grieves informally introduced the concept of the
Digital Twin in his product life-cycle management (PLM)
presentation ‘‘Conceptual Ideal for PLM’’ at the University
of Michigan in late 2002 (Figure 1). Grieves later accredits
the minting of the term Digital Twin to his previous NASA
colleague John Vickers, who named the concept in the NASA
roadmap in 2010 [4], [17]. The origin of the Digital Twin can
therefore be seen in manufacturing, aerospace in particular.
While at its first mentioning in 2003, the concept was descrip-
tive and the technology was not yet capable of supporting the
Digital Twin idea, in the decade that followed, the enabling
technology in physical and virtual space have been developed

significantly and made the Digital Twin concept technically
feasible [18]. The rise of the Internet of Things (IoT) (cheaper
and better communicating sensors), developments in the com-
putational field (Graphics Processing Unit (GPU), Tensor
Processing Unit (TPU) and edge and cloud computing) and
ultimately the outstanding success of Artificial Intelligence
(AI), Machine Learning (ML) and Deep Learning (DL) lead
to increased research on and use of Digital Twins. While
the first definition of Digital Twin had a strong focus on
products, the digitization of the manufacturing industry and
the dawn of Industry 4.0 in the early 2000s widened the
field of application of Digital Twins also to manufacturing
systems [19]. Besides the technology push, there is a market
pull with a need for greater flexibility in operation, online
monitoring of processes and products, improved inventory
management, and individualized services, to name a few [20].

The term and scope of Digital Twin have not been undis-
puted and similar concepts have been introduced. These con-
cepts often have the same or partially the same features,
but with different names such as device shadow [21], [22],
virtual twin [23], virtual object [24], hyper-computational
model [22], mirrored system [22], [25], synchronized vir-
tual prototype [22], digital counterpart [26], digital surro-
gate [27], product agent [28], [29], avatar [30] and product
avatar [26], [31].

As one example, the term Product Avatar was intro-
duced by Hribernik et al. in 2006. It was described as a
product-instance-centric information management concept.
Each individual entity has a unique identifier, communicates
with its surroundings, and can make decisions on its own
future. Even though research on Product Avatar can be found
before 2015 [26], [32], [33], the term Digital Twin seems to
have replaced the term Product Avatar since then [34]. Other
terms have not caught wider attention and mentioning in the
scientific community either or stick only to specific tech-
nology fields [35]. In the field of construction, Digital Twin
characteristics are often attributed to Building Information
Modeling (BIM), even though BIM by itself does not work
with real-time data [36], [37]. Alonso et al. [38] proposed a
BIM Digital Twin platform to fill this gap.

While research with the term of Digital Twin has seen
explosive growth in the scientific field since 2017 [34],
several corporations such as Siemens [39], GE [40], and
PTC [41] have adopted the term Digital Twin and contributed
to its popularity also in the corporate field.

The Digital Twin was identified by Gartner to be one of
the top 10 Strategic Technology Trends of 2017, 2018, and
2019 [42]–[44]. The International Data Corporation (IDC)
projected 30% improvements in manufacturing cycle times
of critical processes for companies investing in Digital Twins
in 2018 [45]. A report fromResearch andMarkets expects the
Digital Twin market to be worth USD 15.66 Billion by 2023,
at a CAGR of 37.87% [46].

Campos-Ferreira et al. [47] see the Digital Twin hype
development at its peak of inflated expectations in mid-2019,
with a trough of disillusionment and slope of enlightenment
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following and reaching the plateau of productivity sometime
between 2024 and 2029 (see Figure 2).

FIGURE 2. Gartner Hype Cycle and the Digital Twin concept, based on
Campos-Ferreira et al. (2019) [47].

As demonstrated, Digital Twin is a rather young concept,
still in the phase of definition. Its broad field of application
holds great potential but also presents susceptibility to mis-
managed expectations.

B. DEFINITIONS OF DIGITAL TWIN
Coming from a manufacturing background, the majority of
existing definitions of theDigital Twin concept contain strong
manufacturing and product aspects. As part of answering our
first research question, we describe the Digital Twin concept
in a holistic way, define it for cross-industry use, and position
it among other digitalization trends.

The definition of ‘‘Digital Twin’’ is not commonly agreed
on. Numerous review articles have been published contain-
ing analyses on existing definitions of ‘‘Digital Twin’’ [14],
[34], [48]–[51]. Digital Twin definitions are often character-
ized by the field of application and the specific use case.
The multidisciplinary character of the Digital Twin concept
increases the difficulty of defining common ground. Engi-
neering and IT disciplines define the concept differently, with
a focus on modeling or information management, respec-
tively [7].

NASA coined the term ‘‘Digital Twin’’ in 2010 and
described it as a multi-physics, multi-scale simulation of an
asset, incorporating high-fidelity modeling and simulation
and situational awareness in real-time [17]. ‘‘Digital Twin’’
is defined by the International Academy for Production Engi-
neering CIRP as ‘‘a digital representation of an active unique
product (real device, object, machine, service or intangible
asset) or unique product service system (a system consist-
ing of a product and a related service) that comprises its
selected characteristics, properties, conditions and behaviors
by means of models, information and data within a single or
even across multiple life-cycle phases’’ [49].

The definition has continued to develop over time, with a
shift in its focus depending on the character of its application.

While the Digital Twin concept has its origin in a product-
centric manufacturing environment, the definition has moved
over time to a more generic concept, applicable to many
more fields of application [11]. Further application domains
so far addressed by research are for example Construc-
tion [37], [52]–[54], Healthcare [55]–[60], Oil and Gas
Industry [61]–[65], and Logistics [19], [66]–[68]. Never-
theless, three main parts have been defined as essential to
the Digital Twin concept in numerous research works [3],
[6], [12], [69], [70] and are also referred to as the low-
est common denominator of the Digital Twin concept in
research [8], [9]. Michael Grieves illustrated them in 2003,
and then again in 2015 (see Figure 1). They can be applied
regardless of the application field. Grieves [16] describes
these three main parts of a Digital Twin concept in his white
paper as

a) A physical entity in real space,
b) A virtual entity in virtual space, and
c) Connections of data and information tying virtual and

real entity together.

Further research works extended this three-part concept to
detailed architectures [71]–[73] but the core parts remain the
same.

Based on these three parts and Digital Twin descriptions,
three characteristics can be attributed to the Digital Twin
concept [13], [55], [74]:

• Real-time capability
Tracking of the physical entity in real-time or near real-
time from various types of data, such as engineering
data, simulation data, and operational data.

• Evolution
The Digital Twin evolves with the physical entity along
the entire life cycle and always holds the current knowl-
edge about the physical entity.

• Functionality
The Digital Twin not only describes the current sta-
tus and behavior of the physical entity, but derives
solutions for it, such as performance optimizations and
predictions.

In contrast to most product-centric manufacturing defi-
nitions of the Digital Twin concept we define the concept
for cross-industry use by considering the elementary parts
and characteristics. We propose the following definition: The
Digital Twin concept contains a physical entity and its virtual
representation, which evolves with its physical counterpart
through real-time connection and offers additional value.

It must be mentioned that, even though in the Digital
Twin concept, the virtual entity is always tied to its physical
counterpart, one physical entity can have several virtual enti-
ties. This means several virtual entities of a single physical
entity can exist within one Digital Twin application. These
virtual entities can coexist and even communicate with each
other, each with different features and a different purpose [6],
[10], [11]. Grieves and Vickers [69] introduced the con-
cept of a Digital Twin Aggregate (DTA), which aggregates

131308 VOLUME 9, 2021



S. R. Newrzella et al.: 5-Dimension Cross-Industry Digital Twin Applications Model and Analysis

many single virtual entities of different physical entities to
represent, for example, general characteristics of a class of
products. A virtual entity can, therefore, also be linked to
more than one physical entity.

Semantically, the term ‘‘Digital Twin’’ is comprised of
the words ‘‘Digital’’ and ‘‘Twin.’’ While the word ‘‘Digital’’
refers to the virtual part of the Digital Twin concept, Dietz and
Pernul [5] mention that the word ‘‘Twin’’ might be conflictual
and should only be seen metaphorically. The Oxford dictio-
nary defines the term ‘‘Twin’’ as ‘‘Something containing or
consisting of two matching or corresponding parts’’ (Oxford
University Press 2019). The virtual twin might be of different
granularity and have different capabilities as its physical
counterpart, whichmakes the term ‘‘Twin’’ rathermisleading.

The virtual entity of a Digital Twin concept can also
be referred to as a logical construct driven by use-cases.
By combining various data in a structured way, a Digital Twin
is defined by the use of this structured data for a specific
purpose [75]. The Digital Twin concept uses a wide range
of technologies but represents an idea belonging more to the
semantic than the technology layer [7].

Here we universally use the capitalized spelling ‘‘Digital
Twin’’ as we also use capitalized spelling for other concept
names. The three-part Digital Twin concept is referred to as
‘‘Digital Twin concept’’ (see Figure 3). Within other works,
the term ‘‘Digital Twin’’ repeatedly refers to only the virtual
part of the concept, and its link to a physical entity is often
overlooked. In order to avoid misconceptions, we refer to the
‘‘Digital Twin concept’’ with its physical and virtual entity
and only use the term ‘‘Digital Twin’’ for the virtual entity

of the Digital Twin concept when necessary or when the
paper of reference uses the term accordingly. ‘‘Digital Twin
application’’ refers to the Digital Twin concept being applied
in a specific use case. Terms are placed in quotes when the
terms themselves are under discussion.

Apart from Digital Twin-like terms, there are supporting
technologies and concepts that often build the foundation
for a Digital Twin concept implementation or enrich its
functionalities. In order to clarify the position of the Digital
Twin concept in relation to these technologies and concepts,
we describe some of them here and explain their association
to the Digital Twin concept.

1) DIGITAL THREAD
The terms ‘‘Digital Thread’’ and ‘‘Digital Twin’’ were used
interchangeably by the U.S. Air Force in 2013 in its science
and technology vision as a game-changer in manufacturing.
It was described as having historical memory, gaining state
awareness, and being able to develop prognoses by analyz-
ing current and past knowledge [14], [76]. Further research
has differentiated the Digital Thread from the Digital Twin
as the ‘‘communication framework that allows a connected
data flow and integrated view of the asset’s data throughout
its life-cycle across traditionally siloed functional perspec-
tives’’’ [77]. The Digital Thread as the communication frame-
work, therefore, enables the Digital Twin concept.

2) INTERNET OF THINGS (IoT)
The definition of IoT has developed over time and can
be described as ‘‘the networking capability that allows

FIGURE 3. The Digital Twin concept.
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information to be sent to and received from objects and
devices (such as fixtures and kitchen appliances) using the
Internet’’ [78]. IoT is often described as the enabler of the
Digital Twin concept [79] because the IoT sensor data often
serves as input from the physical entity. The application of
IoT in different fields opens up the potential for Digital
Twin applications in these fields, such as Industrial Internet
of Things (IIoT), Internet of Medical Things (IoMT), and
Internet of Meat (IoM).

3) CYBER-PHYSICAL SYSTEMS (CPS)
CPS represent systems where the physical world is connected
to computing and communication entities over the Inter-
net [80], [81]. Interconnected devices with extensive access
to information and services have a wide range of applica-
tions, in the field of autonomous driving, manufacturing, and
healthcare, among others [6], [81]. The virtual entity within
the Digital Twin concept virtually models and simulates its
physical counterpart and enables CPSs to provide services of
self-configuration, self-adjustment, and self-optimization [6].

4) CYBERNETICS
The core goal of Cybernetics is to understand and define
systems based on the concept of circular feedback [82].
A Digital Twin is self-regulating towards the set goal of
its use-case by continuously updating its current status and
modeling and simulating potential outcomes, which are again
fed back to its physical entity. This behavior easily links the
Digital Twin concept to the field of Cybernetics [20].

The Digital Twin concept has a diverse character but can
be described by its core parts and characteristics. This makes
the concept applicable to a wide range of industries and fit
into existing technologies and concepts.

III. ANALYSIS OF EXISTING DIGITAL TWIN
CLASSIFICATIONS
The many different interpretations, scopes, and fields of
applications lead researchers and companies to cluster Dig-
ital Twin applications into distinct groups in order to better
describe the idea behind a specific Digital Twin application.
In this section, we summarize classification models and allo-
cate and describe Digital Twin terms from academia and
industry to common classification dimensions.

A. CLASSIFICATION MODELS
The development of complex systems requires structured
approaches to ultimately reduce the risks of unexpected and
non-favorable outcomes. Several models have been devel-
oped to classify existing applications of the Digital Twin
concept for developers to learn from similar applications and
to then develop new applications at better manageable risks.
The purpose and dimensions of some of these models are
explained in Table 1. The purpose of a model refers to its
intended use mentioned by the authors, which is achieved by
clustering Digital Twin applications into different categories,
often called dimensions.

Deuter and Pethig [83] propose three Digital Twin clas-
sification dimensions based on the Reference Architecture
Model Industrie 4.0 (RAMI 4.0), which was developed to
create a common understanding of standards, use cases, and
norms around Industrie 4.0 [84]. Digital Twin applications
can be described and classified along the same dimensions.
The Hierarchy Levels dimension is subdivided into levels
of functionalities and responsibilities ranging from a single
product to a connected world. The Life Cycle &Value Stream
dimension puts in focus the product life cycle stages at which
a Digital Twin can be applied. Starting at the development
stage, a Digital Twin can also be applied in the production
and usage stages. The Layers dimension describes different
viewpoints on a Digital Twin. A Digital Twin can be dis-
cussed from the asset perspective, from a communication and
functional viewpoint, or from a business view, among others.

In their work, Stark [85] introduce the ‘‘Digital Twin
8-dimension model’’ for planning the scope and type of a
Digital Twin. The model can be subdivided into a Digital
Twin context and environment side and a behavior and capa-
bility richness side. The former consists of the dimensions
integration breadth, connection mode, update frequency, and
product life cycle. The latter includes the dimensions CPS
intelligence, simulation capabilities, digital model richness,
and human interaction.

Enders and Hoßbach [51] analyzed Digital Twin
applications across industries and derived six common
dimensions for categorizing different applications. These
dimensions are industrial sector, purpose, physical reference
object, completeness, creation time, and connection. The
purpose dimension refers to the form of outcome created by
a Digital Twin, and the dimension completeness indicates the
number of features included in a Digital Twin. Creation time
is subdivided into before and after the physical twin creation,
and connection consists of the three forms no connection,
one-directional, and bi-directional.

Uhlenkamp et al. [86] divide Digital Twin applications
into seven dimensions in order to classify future Digital
Twin applications independent of their domains. Based on a
thorough literature review, they derive the dimensions Goals,
User focus, Life cycle focus, System focus, Data sources,
Data integration level, and Authenticity. Potential goals are
mentioned as information acquisition and analysis, decision
and action selection, and action implementation. A single
and multiple users can be addressed within the User focus
dimension, and a Digital Twin can belong to one or multiple
life cycle phases in the Life cycle focus dimension. The
scope of the physical entity is described in the System focus
dimension ranging from component to system of systems.
Measurements, virtual data, and knowledge are defined as
separate forms of data sources. The form of data flow is rep-
resented as manual, semi-automated, and fully automated in
the Data integration level dimension. Authenticity describes
the conformity of a Digital Twin with its physical twin.

Agnusdei et al. [87] focus on the safety domain in the field
of manufacturing. They propose a framework that supports
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TABLE 1. Digital Twin classification models.

the assessment of current and development of new Digital
Twin applications, leading to improved safety designs and
safety management processes. Their framework consists of
three dimensions, each subdivided into categories of increas-
ing complexity and reliability. The dimension Safety issue
classifies risks into machine based, human based, and human
machine interactions risks. Data acquisition can occur from
random data, historical data, or in real-time. The data process-
ing can be executed through statistical, simulation, or artifi-
cial intelligence techniques.

Lechler [8] propose the Digital Twin Structure Model,
which aims to enable and facilitate Digital Twin application
classifications. In their model, the Digital Twin is located in
the executive layer, addressing the entire life cycle and cov-
ers products, processes, and resources. The three described

Digital Twin dimensions are Application Level, Domain,
and Timing. The Application Level characterizes the pur-
pose of the Digital Twin in Visualize, Identify, Predict, and
Control. The Domain dimension suggests features of the
physical entity which the Digital Twin describes, such as
Physical, Logistic, Software, Economic, and Derived. The
last dimension focuses on the temporal quality of the com-
munication between physical and virtual entity, taking place
asynchronously, in near real-time, or in real-time.

The American computer software and services company
PTC Inc. proposes five steps by which to organize current
and develop futureDigital Twin applications [88]. The Source
step defines the data sources for the Digital Twin application.
The data handling is discussed in the Contextualize step.
The Synthesize step defines the types of insights the Digital
Twin is driving, the Orchestrate step describes the actions
triggered by the Digital Twin, and the Engage step elaborates
the interaction of people with the Digital Twin.

As described, several Digital Twin classification models
have been proposed so far, with between three and eight
dimensions and often with a focus on applications in product-
centric manufacturing. Many models have been derived from
past applications in this field, which ultimately complicates
cross-industry knowledge transfer.

B. DIGITAL TWIN TERMS
Besides the presented Digital Twin classification models,
numerous researchers and companies have introduced spe-
cific terms to refer to certain forms of Digital Twin appli-
cations within one dimension. This serves the purpose of
clarifying characteristics of Digital Twin applications and
showcasing the scaling potential which results from common
application clusters. A report by IoT analytics identified three
dominant dimensions by which Digital Twins are commonly
classified: hierarchical level, life-cycle phase, and functional
use [89]. The specific Digital Twin application terms from
academia and industry were found to follow these dimensions
and are presented along these in the respective tables.

1) HIERARCHICAL LEVEL
The hierarchical level determines on what scope the Digital
Twin is applied, from informational and component, over
product and process to system and multi-system level.

General Electric (GE) categorizes its Digital Twin portfolio
accordingly into the three subtypes of Asset Digital Twin,
Process Digital Twin andNetworkDigital Twin [40]. Accord-
ing to GE, their Asset Digital Twin works on operational data
of components or systems of assets, while the Network Digi-
tal Twin helps grid operators to manage real-time changes to
the grid and focuses on interdependencies within the grid. The
Process Digital Twin creates models to optimize processes to
fulfill quality, cost, and volume objectives.

Zborowski [4] mentions the Siemens classification of Dig-
ital Twins with plant twin and process twin. He mentions the
degree of detail or accuracy of different Digital Twins as the
reason for subdividing the plant twin into equipment-level
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TABLE 2. Hierarchical level Digital Twin classification terms.

TABLE 3. Life-cycle phase Digital Twin classification terms.

TABLE 4. Functional use Digital Twin classification terms.

TABLE 5. Data type/ data flow Digital Twin classification terms.

twin, system-level twin, and plant-level twin. The equipment-
level twin focuses on product life cycle management data in
the form of engineering and manufacturing data, while the
combination of equipment to a functioning unit is described
by a system-level digital twin. The plant-level twin combines
multiple systems and models the overall performance of a
plant. The process twin enables automation system testing
and engineering simulations.

Kienzler [90] describes the IBM hierarchical Digital Twin
classification of part twin, product twin, and system twin.
A part twin represents a small part of a bigger system.
A product twin is made up of smaller part twins and repre-
sents an assembly of parts. A system twin consists of product
twins and represents the aggregation of many products. The
functionalities of all three twins are similar but with different
hierarchical scopes.

As demonstrated in Table 2, the classification of Digital
Twin applications by the hierarchical level of its physical
entity is commonly used among corporations and divided into
component, system, andmulti-system levels, with the process

level taking a separate spot in this subdivision. This type of
classification highlights the different scopes of applications,
their added value on each level, and their interaction in the
bigger picture.

2) LIFE-CYCLE PHASE
While the hierarchical level does not consider the point in
the product life-cycle where the Digital Twin concept is
applied, the classification by the life-cycle phase of a Digital
Twin application does so specifically. Common classification
clusters range from design and building to operation, main-
tenance, optimization, and finally decommissioning. This
classification of Digital Twin concepts is mostly applicable
to products and only limitedly applicable to, for example,
Digital Twin concepts of a living being such as a human.
As no Digital Twin terms were found for the Decommission
stage, it is not considered here.

Rosen et al. [91] define the Digital Product Twin to
represent all design artifacts of a product, the Digital Pro-
duction Twin to include the manufacturing models and
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TABLE 6. Sophistication/maturity Digital Twin classification terms.

processes, and the Digital Performance Twin to analyze
operational data to assess performance and derive insights.
Trauer et al. [75] name these three product-lifecycle-phase-
based Digital Twins Engineering Twin, Production Twin, and
Operation Twin. At Siemens, they are referred to as Digital
Twin of the product, Digital Twin of production, and Digital
Twin of performance [92].

Tharma et al. [93] divide the Digital Twin into three phases
based on its life-cycle phase as well as the data scope. The
Digital Model includes all documentation and models from
product release with all products variants (as designed, 150%
digital product description). The Production Twin contains all
information about the manufacturing of the specific product
(as-built, 100% realistic, and specific representation). The
Service Twin reduces the data scope to the information nec-
essary for operation (as maintained, <100%, without nonrel-
evant data for operation). These models range from including
all product variants (Digital Model) to one product variant
(Digital Twin) to one product variant with only information
necessary for the product in operation (Service Twin). It must
be mentioned that in this classification, the link of a Digital
Twin to a unique product, with real-time data connection,
is missing, and only pre-defined information about the prod-
uct in general is considered. This does not fulfill the Digital
Twin definition as mentioned before.

The classification of Digital Twin applications by the point
of application in the product life-cycle is commonly used in
product-centric manufacturing environments (see Table 3).
The common sub-categories Design, Building, and Opera-
tion emphasize the data used as input for the Digital Twin
application and indirectly suggest addressed users and their
respective received value from the Digital Twin application.

3) FUNCTIONAL USE
While the classification by life-cycle phase indirectly sug-
gests potential added value for specific users, the dimension

of functional use of a Digital Twin application tries to directly
subdivide applications by the form of outcome or value cre-
ated by a Digital Twin application. While a digital footprint
just digitizes information of the physical entity, Digital Twin
concepts can, for example, predict the future behavior of
the physical entity. Specific Digital Twin terms have not
been found within this dimension, but descriptions of types
of functional uses are often used to describe Digital Twin
applications.

In its first definition by the US Department of Defense the
Digital Twin was described as an as-built simulation system,
to mirror and predict activities and/or performance of the
physical entity [94], [95].

The electrical equipment company ABB mentions the
following Digital Twin functional applications: Design,
System integration, Diagnostics, Prediction, and Advanced
services [96]. Design Digital Twin simulations and visual-
izations provide an early indication to mechanical, thermal,
electrical, and interrelationships between the aspects, as for
example visualization of options in the planning of Net Zero
Energy Buildings’ in the field of construction [54]. Digi-
tal Twins can support system integration by simulating the
interplay of components reducing the integration effort and
customer downtime. Zborowski (2018) [4] describes the real-
time-updated Digital Twin model of an offshore oil rig in
the planning stage, accessible by all relevant stakeholders,
resulting in fewer reworks. Visualizations and simulations of
the real-time status of the physical entity allow troubleshoot-
ing and advanced diagnostics as part of the Digital Twin
usage. Based on past and present operational and sensor data,
predictive algorithms of the Digital Twin are able to provide
insights into the condition of the physical entity with respect
to potential future developments. This helps to improve the
handling of the physical entity in performance optimization
and maintenance, among others. Coraddu et al. [103] propose
a ship’s real-time marine fouling diagnosis using continuous
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monitoring system data. Digital Twins can offer advanced ser-
vices [104] by providing, for example, IoT connectivity and
analytics algorithms insights to subscribing customers [96].

Rasheed et al. [20] mention the eight value additions
of Digital Twins presented by the software and hard-
ware manufacturer Oracle: Real-time remote monitoring and
control, greater efficiency and safety, predictive mainte-
nance and scheduling, scenario and risk assessment, better
intra- and inter-team synergy and collaboration, more effi-
cient and informed decision support system, personaliza-
tion of products and services, and better documentation and
communication.

As can be seen in the aforementioned cases, Digital
Twin applications often provide combinations of functional
uses to generate value in a specific use-case (see Table 4).
A distinct separation of applications based on these functional
uses is difficult to achieve, but a description of the application
scenario using the applied functional uses is possible and
facilitates the understanding of the application scenario.

4) DATA TYPE
Functional uses and value created by Digital Twin use-cases
are driven by the data provided by the physical entities.
Scully [89] therefore propose a fourth dimension called data
type, in which a Digital Twin is classified by its use of data:
real-time data, historical data, or test data.

Kritzinger et al. [97] put their focus on the automation
of data flow between the physical and the virtual entity and
introduced the terms ‘‘DigitalModel’’ and ‘‘Digital Shadow,’’
aside from the term ‘‘Digital Twin.’’ The Digital Model man-
ages the bidirectional data flow manually, which means there
exists no real-time data flow from the physical to the digital
object and the feedback loop back to the physical entity is
also handled manually. The Digital Shadow, also known as
digital footprint of an object, receives real-time data from
the physical entity and visualizes its state, but simulation and
modelling insights are only fed back to the physical entity
manually. The Digital Twin ensures automated bidirectional
data flow, feeding the data insights and control commands
back automatically to the physical entity. The classification
of Kritzinger et al. [97] has been accepted and used in several
other research works [52], [66], [105].

Chakshu et al. [98] mention an active Digital Twin, which
is continuously updated by its physical counterpart, a semi-
active Digital Twin, which updates and analyses data in
batches and not continuously, and a passive Digital Twin,
which considers not continuously updated data and modeling
assumptions. The authors also mention the possibility of
an active-passive-mixed Digital Twin, which continuously
updates some parameters and, for example, uses modeling
assumptions for some other parameters.

The classification of Digital Twin applications by the type
of data communication gives a good indication of the ‘‘live-
liness’’ of a Digital Twin application and helps in addressing
this important point of discussion about what a Digital Twin
is and whatnot. An application can run on test data, historical

data and/or real-time data (see Table 5), and discussions
are still ongoing about which of these data types have to
be present for an application to classify as a Digital Twin
concept.

5) LEVEL OF SOPHISTICATION OR MATURITY
While the data type classification focuses on the flow of
data, the level of sophistication or maturity of a Digital Twin
application refers to the level of information and features
generated with that data.

Grieves and Vickers [69] introduce the terms ‘‘Digital
Twin Prototype’’ (DTP), ‘‘Digital Twin Instance’’ (DTI),
and ‘‘Digital Twin Aggregate’’ (DTA). A DTP is a virtual
representation of a not-yet-existing physical entity. A DTI
represents a single and unique physical entity, whereas a DTA
combines the data of DTIs to derive universally applicable
predictions and recommendations within the aggregation of
objects.

Kucera et al. [99] define a Partial Digital Twin to involve
only a small number of data sources, a Clone Digital Twin to
contain all meaningful and measurable data from the physical
entity, and an Augmented Digital Twin to enhance the asset
data with external data from different sources.

Madni et al. [100] describe a Pre-Digital Twin as a vir-
tual system model of the not-yet-existing physical twin. The
Digital Twin has a physical counterpart, learns from its data,
and optimizes its behavior or provides other valuable infor-
mation or services. The Adaptive Digital Twin adapts itself
and especially its user interface to the users’ preferences and
priorities in different contexts, whereas the Intelligent Digital
Twin, in addition to the features of the adaptive Digital Twin,
has a high degree of autonomy by sensing its environment
and learning patterns from both the environment and from
previously unknown scenarios.

Oracle subdivides its Digital Twins based on the com-
plexity and available functionalities. A Simple Device Model
or Virtual Twin only contains a set number of target-values
and actual-values of the physical asset, whereas an Indus-
trial Twin consists of physics-based design information of a
physical asset, which uses PLM tools and real-time data to
monitor and augment the physical asset [101]. A Predictive
Twin analyses data to predict its own future, while a Twin
projection connects these insights with back-end business
applications and enables entire intelligent systems [102].

The Defense Acquisition University defines the Digital
System Model to be a digital representation of a system,
integrating technical data and associated artifacts along the
system life cycle [95]. While the Digital System Model only
collects static development information, the Digital Thread
enables data flow and interplay of data sources to inform
decision-makers and provide actionable information.

As can be seen in Table 6, for classifying as a full appli-
cation of the Digital Twin concept, many researchers agree
that at least one unique physical entity is required. Different
complexities of Digital Twin applications of a single physical
entity exist under various names. Grieves described the idea
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of fusing several single Digital Twins into one Digital Twin
Aggregate, which represents the general behavior and char-
acteristics of a physical entity that exists in multiple copies
within the field of application.

Apart from the aforementioned types of Digital Twin clas-
sifications, some research mentions the general applicability
across clusters. Klostermeier et al. [104] present DT applica-
tions in the Aerospace industry, the simulation technology,
and along the entire product life-cycle, but also mention
that application scenarios in this new technology are still
developing and entirely new concepts are possible.

The popularity of the Digital Twin concept benefits
from the wide range of application domains, while the con-
cept at the same time struggles with the inclusion and descrip-
tion of the diverse application scenarios that come along with
it. In order to convey the characteristic of interest of a Digital
Twin application, researchers and companies have developed
Digital Twin terms that help classify Digital Twin applica-
tions. With a growing number of terms and clusters and no
common ground on which they are based, this development
adds to the confusion around the Digital Twin concept instead
of facilitating its understanding.

IV. 5-DIMENSION CROSS-INDUSTRY DIGITAL TWIN
APPLICATIONS MODEL
The missing common ground in the variety of Digital Twin
classification models and terms in both academia and indus-
try results in a variety of different classification dimensions
and similar terms with different meanings as well as differ-
ent terms with similar meanings. Furthermore, descriptions
of Digital Twin applications often lack a common struc-
ture by which to intuitively convey their main setup and
characteristics.

We propose a 5-dimension Digital Twin applications
model which is based on the three core parts of the Digital
Twin concept introduced by Grieves in 2002. This aims to
give descriptions of Digital Twin applications an intuitive
structure and facilitate the understanding of the setup and
added value of Digital Twin applications. This fundamental
basis for classification allows the application of our model
across industries. The model can also be used for the clas-
sification of existing as well as the planning and the devel-
opment of new Digital Twin applications. An allocation of
the five dimensions to the three-part Digital Twin concept is
demonstrated in Figure 4.

1) Scope of the physical entity
ADigital Twin always refers to a specific physical entity.
It is essential to define the scope of the subject for the
Digital Twin to understand its application. The subject
can, for example, be a specific product, a distinct man-
ufacturing process, a unique building part, or a concrete
organ of a human body.

2) Feature(s) of the physical entity
A Digital Twin always focuses on certain features or
properties of its physical entity. Instead of representing

every little detail of its physical entity down to the atomic
level, a Digital Twin only mirrors features defined by
its use case. To understand the application scenario, it is
important to well define the feature(s) considered for the
Digital Twin. Features can, for example, include the user
interaction with a product, the energy consumption of a
manufacturing process, the wall integrity of a building
part, or the stress sensitivity of a human organ.

3) Form of data communication
The form of data communication defines the relation-
ship between the physical and the virtual entity. Unidi-
rectional or bidirectional communication can take place
in real-time, near real-time, or batch. Depending on the
use case, the communication from the physical entity
can, in part, go to an edge-device (on-premise) or to
the cloud. Besides data communication to the direct
physical entity, the form of data communication to other
data sources also has to be considered. This aspect of the
Digital Twin application description goes hand-in-hand
with the scope of the virtual entity.

4) Scope of the virtual entity
The virtual entity handles data from different sources
and combines them in a model. Defining the scope
of the virtual entity lays the foundation for the under-
standing of the value creation of a Digital Twin appli-
cation. Besides the data from the physical entity, the
virtual entity can receive and analyze data from exist-
ing environmental tools, from surrounding sensors and
interplaying systems, and from similar Digital Twins in
other locations. This data can, for example, be combined
in data-based, physics-based and/or statistical models.
A Digital Twin of a human heart for stress sensitivity
analysis can, for example, include live and historical
pulse data from the body itself, information about the
person’s schedule, as well as information from persons
with similar conditions and combine this data in a data-
based model, simulating the stress behavior of the per-
son’s heart.

5) User-specific output/value created
The Digital Twin utilizes the assimilated and processed
data to create value for specific users. The form of the
output created is personalized for the addressed user and
defines the functionality of the Digital Twin. A Digital
Twin application is not limited to a single user but can
address several users in the form of several outputs.
These different outputs can come from one or from
several models. The form of value created can be design
recommendations for the product design engineer based
on a product usagemodel, automated process scheduling
for the plant manager based on the simulation of the
energy consumption of a manufacturing process, the risk
assessment of a wall restoration for historical building
maintenance engineers based on an emulation of thewall
integrity of a building, or the stroke warning of a patient
and notification of the closest emergency unit based on a
statistical model prediction of the heart stress sensitivity.
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To validate the general applicability of this model as well
as its ease of understanding, we demonstrate its use on Digital
Twin research from different scientific fields.

Following the proposed structure, the work of
Barricelli et al. [60] can be described as a Digital Twin of
a human’s fitness condition combining near real-time wear-
ables data and historical and frequently updated training per-
formance evaluation data in a data-basedmodel for predicting
training performance and suggesting behavior modifications
to the athlete. The scope of the physical entity is defined as
‘‘a human,’’ the feature of the physical entity is specified
as ‘‘fitness condition.’’ The form of data communication is
closely linked to the scope of the virtual entity by being
described as ‘‘near real-time wearables data and historical
and frequently updated training performance evaluation data
in a data-based model for predicting training performance.’’
The user-specific output/value created is explicitlymentioned
as ‘‘suggesting behavior modifications to the athlete.’’

Coraddu et al. [103] built a Digital Twin of a ship’s marine
fouling condition using the vessel’s continuous monitoring
system data in a data-based model for support of the fleet
management by scheduling hull and propeller cleaning when
an unprofitable increase in speed loss and fuel consumption
is estimated. In this application of our proposed model the
scope of the physical entity is defined as ‘‘a ship,’’ with its
feature being the ‘‘marine fouling condition’’. The form of
data communication is mentioned as ‘‘continuous monitoring
system data,’’ which is analyzed in ‘‘a data-based model’’ for
estimating ‘‘speed loss and fuel consumption’’ as the scope
of the virtual entity.

The user-specific output/value created is highlighted as
‘‘support of the fleet management by scheduling hull and
propeller cleaning.’’

Angjeliu et al. [53] tested a Digital Twin of a histori-
cal masonry building’s structural system integrity by con-
sidering historical construction stages, structural surveys,
in situ observations and measurements, and material prop-
erties in geometric models using finite element modelling
to reproduce the damage observed and enable preventive

maintenance of future applications and understand past doc-
umented building failures. ‘‘Historical masonry buildings’’
are defined as the scope of the physical entity and its feature
as the ‘‘structural system integrity’’. The form of data com-
munication is mentioned as historical data. The scope of the
virtual entity is described as ‘‘construction stages, structural
surveys, in situ observations and measurements, and material
properties, combined with a geometrical finite element model
to reproduce the damage observed. While the user is not
specifically mentioned in the research paper, the outcome is
described as ‘‘enable preventive maintenance of future appli-
cations and understand past documented building failures’’.

Söderberg et al. [106] propose a Digital Twin of a welding
process’ welding quality, which takes available scan data
of the welding parts as input to simulate (finite element
analysis) the best combination of welding parts to achieve
lowest gap/flush between the parts and return to the physi-
cal welding process the welding sequence and condition for
minimized deviations, thermal stress, and maximized life of
the welded assembly. In this application of our proposed
model, ‘‘a welding process’’ is introduced as the scope of the
physical entity, and its ‘‘welding quality’’ is defined as the
feature of the physical entity considered for the Digital Twin
application. The form of data communication is described by
the authors as ‘‘available scan data of the welding parts’’,
which also partly describes the data input for the virtual entity.
The virtual entity also includes a simulation (finite element
analysis) using said scan data to achieve the lowest gap/flush
between parts with minimized deviations, thermal stress, and
maximized life of the welded assembly. The user-specific
output is mentioned as the welding sequence and condition
for the physical welding process to follow.

The model and its five dimensions were introduced,
described, and the model’s applicability in different indus-
tries was validated. In comparison to other models, it is
guided by the elementary parts and characteristics of the
Digital Twin concept and therefore enables cross-industry
application and facilitates understanding of the application by
guiding the practitioner by a common and intuitive structure.

FIGURE 4. Five aspects of Digital Twin applications, allocated to the three Digital Twin parts introduced by Grieves (2015) [16].
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Furthermore, the model highlights the granularity of the Dig-
ital Twin application by separately mentioning the feature of
interest of the physical entity and emphasizes the added value
for the user. The model’s dimensions with the core three-part
Digital Twin concept are visualized in Figure 4.

V. DISCUSSION
The aim of this work was to consolidate the Digital Twin
concept for definition and application across industries. This
was approached by answering two major research questions.

The research question ‘‘What is the Digital Twin con-
cept?’’ has previously been answered by numerous people
in academics and industry but failed to address the diverse
character of the concept across industries. We define the
concept as follows. The Digital Twin concept contains a
physical entity and its virtual representation, which evolves
with its physical counterpart through real-time connection
and offers additional value. Furthermore, we mention the
conflictual aspect of the term ‘‘Twin’’ in the Digital Twin
concept, emphasize the potential multi-instance character of
both physical and virtual entity, and allocate the Digital Twin
concept as a logical construct in the semantic layer. This
holistic view reflects the broad field of applications while at
the same time defines the core principles of the Digital Twin
concept.

The second research question further focused on
applications by asking, ‘‘How to describe applications of
the Digital Twin concept across industries?’’. Based on the
commonly agreed three core parts of a Digital Twin architec-
ture, we introduced five generic aspects by which to describe
Digital Twin application scenarios, with the aim to reduce
the perceived complexity of the Digital Twin concept and to
facilitate understanding of concrete application scenarios and
their value.

The first dimension, ‘‘Scope of the physical entity,’’ is also
referred to as the physical reference object [51] but highlights
the possibility of it being a living being. The hierarchical level
or integration breadth used by other models is integrated into
this dimension.

‘‘Feature(s) of the physical entity’’ refers to the characteris-
tic of the physical entity that is of interest for the Digital Twin
concept application. To some degree, this is referred to in
the Domain dimension by Lechler et al. [8]. We deliberately
separated this dimension from the scope of the physical entity
to put focus on the constraint, use-case-based characteristic of
Digital Twin applications. The more features are considered
in a Digital Twin application, the closer it gets to representing
its physical entity in its entirety. In other models, this is
referred to as authenticity [86] or completeness [51].

The ‘‘Form of data communication’’ dimension is inter-
twined with the ‘‘Scope of the virtual entity’’ dimension.
The scope considers what data is considered in the virtual
entity, where and how it is handled, and in what kind of
model it is combined. The communication dimension defines
where the data is coming from, where it is going, and in
what amount and frequency. This is closely linked because

the form of data communication and handling can differ
between data. Chakshu et al. [98] refer to this aspect as
semi-active Digital Twin. The communication dimension is
referred to in other models as data acquisition [87], data inte-
gration level [86], connection [51], timing [8], or connectivity
modes and update frequency [49]. The scope of the virtual
entity is also described as Digital model richness, Simulation
capabilities, and CPS intelligence [49], purpose [51], data
processing [87], application level [8], and is considered in
many of the Digital Twin terms in the level of sophistication
or maturity.

The virtual entity scope again is closely linked to the user-
specific output/value created. The scope of the virtual entity
contains the different data sources and combines them in a
use case specific model. These models then create outputs
that leverage the business objectives of specific users. One
model can create different outputs and values for a variety
of users. We have separated this aspect from the scope of
the virtual entity to evoke the explicit mentioning of the
concrete user-specific value. Aspects of this are considered
in the dimensions human interaction [49] and goals and user
focus [86] used by other models.

The dimension product life cycle phase [49], [83], [86] is
strongly related to the product domain and does not allow the
application to a living being, for example, as also stated by
Minerva et al. [11], which is why it does not find explicit
mentioning in our model. Nevertheless, any Digital Twin
application within the product life cycle can be described
with our model. Aspects from the dimension of the industrial
sector [51] or the field of application are equally represented
in the dimensions of our model.

Instead of clear sub-categories within the dimensions,
we decided to give examples and leave room for individ-
ual and future applications. This reduces distinct compara-
bility but also reduces complexity and therefore facilitates
understanding of applications. The focus in this work was
put on reduced complexity and ease of understanding, but
further work can determine useful sub-categories that enrich
the model completeness without substantially increasing
complexity.

In comparison to models proposed in previous work, the
5-dimension cross-industry Digital Twin applications model
stands out with its universal applicability across industries
combined with an easy-to-understand structure of Digital
Twin application descriptions. This facilitates discussing
Digital Twin research and industrial applications, without the
need for specific terms.

We see the naming of Digital Twin applications based on
specific characteristics as critical. As soon as a Digital Twin
application has characteristics across classification dimen-
sions, its naming will become more complex and add to the
confusion around the concept. The Digital Twin concept itself
is simple, and given the essential information about the shape
and form of an application, the general idea of a Digital Twin
application can be understood easily as well. We propose our
5-dimension cross-industry Digital Twin applications model
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as a guideline for describing current and future applications
of the Digital Twin concept.

By basing our model on the core three-part Digital Twin
concept introduced by Grieves, the model deliberately allows
the description of all kinds of Digital Twin and Digital Twin-
like concepts. It, therefore, builds the foundation for informed
discussions on what can be considered a Digital Twin concept
and what not.

VI. CONCLUSION
The Digital Twin concept holds a variety of definitions and
terms with differing focuses, which causes confusion and
dilutes the potential impact it could have across industries.
Our aim was to consolidate the concept by giving a holistic
view on the Digital Twin concept, by analyzing classification
terms and models from academia and industry that describe
Digital Twin applications, and by proposing a 5-dimension
cross-industry Digital Twin applications model that reduces
the perceived complexity of applications of the Digital Twin
concept and highlights their added value.

We base our definition of the Digital Twin concept on the
core three-part concept introduced by Grieves and three fun-
damental characteristics with the goal to allow cross-industry
applications of the concept.

It was demonstrated that the term ‘‘Digital Twin’’ has
not been undisputed until recently and that Digital Twin
terms describing specific aspects of applications are abun-
dant. We analyze models that aim to structure these different
aspects and derive our 5-dimensional model out of the need
for a commonly accepted and easy-to-understand conceptual
and graphical backbone for such a model. We base our model
on the three-part Digital Twin concept by Grieves and define
the five dimensions scope of the physical entity, feature(s)
of the physical entity, form of communication, scope of the
virtual entity, and user-specific outcome/value created.

The model avoids distinct sub-categories of its dimensions
to reduce complexity and leave room for individual focuses
of current and future applications. A refinement of the model
can be part of future work.

Ourmodel presents a straightforward guideline for descrip-
tions of applications of the Digital Twin concept, starting
from the physical entity and ending with the concrete value
created for specific users. Furthermore, themodel can be used
to classify current and future applications.

Future research can focus on formal expression and rela-
tionships between Digital Twin application models. Further-
more, development and implementation of the Digital Twin
concept can be targeted, as uncertainty goes along with this
endeavor and competitive applications are still scarce.
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