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3.1 Introduction

In the past decade, the term Digital Twin was coined to describe the entire virtual
representation of a physical system, process or service. In the beginning, Digital
Twins were merely descriptive, but as computational, information and communi-
cation technologies evolved, a high-performance bidirectional coupling between
the digital and the physical system was established [1]. Digital Twin was meant
to improve competitiveness of the industry, especially in manufacturing, to meet
challenges caused by volatile demand, even lower batch size and high cost pressure
[2].

After few years of tremendous development, academia has recently announced
the following definition of Digital Twin [3]: “A digital twin is a digital representa-
tion of an active unique product (real device, object, machine, service or intangible
asset) or unique product service system (a system consisting of a product and a
related service) that comprises its selected characteristics, properties, conditions and
behaviours by means of models, information and data within a single or even across
multiple lifecycle phases”.
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The Digital Twin is based on an experiment-capable digital model, thus a simula-
tion model. This model provides a virtual representation of the real system or object.
Here, only those properties of the real system are mapped in the digital model that lead
to accurate virtual representation of the system behaviour [4]. The specific system
behaviour can therefore be abstracted and understood. With the digital model, it is
possible to conduct analyses and evaluations that were previously solved either by
expert knowledge or mathematical calculations [5]. However, since the digital model
can be applied to integrate complex interdependencies, statistical distributions and
scenarios into the investigations, new evaluation and analysis possibilities emerge.
These potentials will be further enhanced if the digital model is extended to a Digital
Twin [6]. This occurs in particular when the Digital Twin interacts with the real system
[7]. As aresult, analyses and evaluations become more reliable, faster, and the Digital
Twin provides decision-making for complex planning and control problems [8]. The
benefits of Digital Twin therefore lie in an increased accuracy and fidelity as well
as decreased time and costs [9]. The workload in the process of creating real-time
virtual representation or in the process of realising virtual descriptions in the physical
system is also decreased [1].

Several new terms were used to indicate more specific approaches of Product
Lifecycle Management (PLM) [10], like Digital Thread [11], Digital Shadow [5],
and Digital Twin. These three terms are partially used as synonyms and hardly to
distinguish. Digital Thread is the overarching term which comprises a continuous
connection of all digital models over the entire product lifecycle phases and all
involved IT systems and databases, enabling a traceability from requirements until
retirement [11]. The Digital Shadow, in contrast, provides a similar approach to the
Digital Twin [5]. However, the Digital Shadow is considered to be a digital model
that is continuously updated by a connection to the real system. A data transmission
to the real counterpart is not implemented. Therefore, the Digital Shadow is not able
to intervene in a controlling way.

The key criterion for differentiation between these similar terms is the level of
data integration [12]. Assumed the highest level of integration, the Digital Twin is
a virtual dynamic representation of a physical system, which is connected to it over
the entire lifecycle for bidirectional data exchange [13, 14]. The Digital Shadow,
therefore, can be understood as a lower implementation level of the Digital Twin and
the Digital Thread as an approach or method to accomplish the Digital Twin.

The reason why Digital Twins are becoming more and more endorsed by industry
is primarily caused by their two characteristics: their ability to integrate large amounts
of static, real-time, structured and unstructured data and to combine this data with
advanced data processing methods such as artificial intelligence (AI) [15], machine
learning (ML) [16, 17] or high-performance computing (HPC) [18] in order to
provide simulation, control [19] and self-improvement [20].

Hence, such an overwhelming term and definition needs a structure as subdimen-
sions of the term Digital Twin. While this concept evolved from the field of PLM, the
most helpful way would be a breakdown of the term according to the phases of the
product lifecycle [21]. This is also in line with parts of the literature [9, 18]. Thus, the
definition was split into three subtypes of Digital Twins—the Digital Master [22],
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Fig. 3.1 The breakdown of the Digital Twin according to the phases of the product lifecycle [11]

the Digital Manufacturing Twin [23], and the Digital Instance Twin [24]. Digital
Master addresses topics such as Functional DMU [25], function simulation [26],
calibration and testing (Fig. 3.1, left) [27]. Digital Manufacturing Twin (Fig. 3.1,
mid) encompasses topics such as Digital Factory [7], plant and layout planning [28],
manufacturing planning [29], material flow planning [30], robotics [31] and digital
approval [32]. Digital Instance Twin addresses topics such as predictive maintenance
[14], real-time analysis [24] and process optimization [33] (Fig. 3.1, right).

Product Lifecycle Management combines different IT methods, architectures and
systems in a uniform environment, with which products are accompanied from the
first idea through development, prototyping and production to the end of use and
recycling. PLM enables the continuous planning, analysis, simulation, and opti-
mization of a product over the entire lifecycle [10]. Digital Twins leverage data from
CAx systems, product lifecycle software, manufacturing systems, and sensors to
create a realistic virtual model of the product, enabling prediction of performance,
maintenance, and failures [34]. In such sense, PLM manages the Digital Twins.
Nowadays, the products’ environmental impact could be diminished by improving
various product-life stages using multiple sensors due to the Industrial Internet of
Things (IIOT) [35]. This would allow for more respectable methods of consumption
and allow pay-to-use and product-service systems to develop further. PLM and IIoT
systems are subject of more advanced integration by using Digital Thread [36].

In particular and beyond the state-of-the-art, the concept of the Digital Twins offers
opportunities for business-to-business (B2B) manufacturing companies to easier co-
create and maintain Product-Service-Systems [37]. This allows much closer rela-
tionship with customers base over the lifecycle of the delivered solution. For this
purpose, concepts of Digital Twin and real-time simulation support each other and
in the background the transformation which should start in PLM [13].

In this chapter, essential properties of Digital Twin are discussed. In Sect. 3.2,
the conception of Digital Twin is briefly discussed together with its achievement
as recorded in the literature. In Sect. 3.3, the main expressions of Digital Twin in
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context of Industry 4.0 are presented, followed in Sect. 3.4 by simulations as a
backbone of Digital Twin. In Sect. 3.5, a novel approach to create Digital Twin in
a built environment based on scanned data is presented. The chapter ends with a
summary and future challenges.

3.2 Taxonomy of Digital Twin

In the case of a fluid, broad term without a clear scientific definition such as Digital
Twin, which is at the same time used both by academia and business, a taxonomy helps
to jointly understand and classify the specified and implemented technical solution.
A meaningful taxonomy of Digital Twin based on 122 recent journal papers was
achieved through a systematic procedure after three iterations under fulfilment of
13 ending conditions [38]. After the classification of all objects during the literature
research, a concise, robust, comprehensive, extendible, and explanatory taxonomy
was derived, which consists of no repetitive dimensions or characteristics. Ultimately,
eight dimensions with 18 corresponding characteristics remain, which are shown in
Table 3.1.

The meta-characteristics defines the taxonomy’s purpose, the identification of the
central, distinguishing features and properties of Digital Twins. During the develop-
ment iterations, three non-mutually exclusive dimensions and five mutually exclusive
dimensions were selected, as indicated in Table 3.1 [38]. Each dimension has two or
three characteristics what supports clarity.

The dimension data link specifies how the communication between the Digital
Twin and its physical counterpart takes place, which can either be one-directional
or bi-directional. A Digital Twin can only obtain a one- or a bi-directional data link,
which makes the dimension mutually exclusive [38].

The way of handling data by Digital Twin determines its overall purpose. It needs
to be distinguished between three possible characteristics: processing data (1), such
as monitoring, analysis, forecasting, or optimization; transfer data (2) from one point
(e. g., the physical part) to another one (e.g., a data warehouse); data repository (3).
A Digital Twin may have one, two or all three characteristics of this dimension at
the same time. Thus, this dimension is not mutually exclusive [38].

The dimension conceptual elements describe the relationship between the Digital
Twin and its physical counterpart. Whereas some authors describe a deep connection
between the virtual and the physical part and some are stressing the point that the
physical system is even an integral part of the whole Digital Twin, others see only a
loose connection between a digital representation and its physical twin. Therefore,
two characteristics for this dimension can be defined. Either a Digital Twin is directly
bound to its physical part in a one-to-one ratio, or it is independent. If it is independent,
a Digital Twin can be seen in combination with other physical systems or one system
can possess multiple Digital Twins. This dimension is mutually exclusive [38].

Model accuracy concerns how the accuracy of the digital representation of the
physical object is expressed: either by an identical accuracy or a partial accuracy.
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The former describes every detail of a physical object in its digital images. It is not
distinguished whether a particular detail will be relevant for the task the Digital Twin
has to perform or not. Contrary to this, partial model accuracy is applied when a
digital image only reflects crucial parts of the physical object. The model accuracy
is mutually exclusive as well [38].

The dimension interface concerns the capability of a Digital Twin to transfer data
after it processes them. After some changes to this dimension, it can be concluded
that a Digital Twin could possess a machine-to-machine interface or a human—
machine interface. Multiple choices are possible here: a human—machine interface
via augmented reality, a machine-to-machine interface to other models or both, a
human-machine interface as well as a machine-to-machine interface. Therefore, this
dimension is not mutually exclusive [38].

The dimension synchronization consists of two characteristics: a working
synchronization between the Digital Twin and the physical part by (real-time) data
updates during its lifecycle or without a synchronization at all. The synchronization
is mutually exclusive [38].

The dimension data input differentiates between raw and processed data. Digital
Twins receive their data from sensors or databases. Those data might be pure, raw
data gathered directly from sensors or other data collection devices. In addition, data,
which are pre-processed (e. g., by analytic software) before it is transferred to the
Digital Twins, might be used. Data input is not mutually exclusive.

The time of creation distinguishes between three characteristics determining the
chronological order in which the respective parts of the Digital Twin come into
existence. Thus, the dimension distinguishes whether the physical part or the digital
part is developed first, or both parts are developed simultaneously. Most Digital
Twins are designed after a physical system [38].

3.3 Conception of Digital Twin

In this section, a brief conception is sketched of the main expressions of Digital Twin
in the past years. First, main subtypes of Digital Twins related to specific domains
and phases of product lifecycle are described.

3.3.1 Digital Master

The Digital Master enables the enterprise to collect, maintain and provide all system
information at a dedicated point in time to all actors. Downstream process can access
this product information for their dedicated needs. Digital Master baselines allow
traceability for all system elements. Basically, the digital master replaces a document-
based approach in the development of complex products, which enables modern
organization to share product data with downstream processes (Fig. 3.2). Digital
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master models are a set of linked data records in self-contained document that provide
a defined degree of maturity across the product lifecycle [19].

3.3.2 Digital Manufacturing Twin

Digital Manufacturing Twin is a highly accurate virtual model of the manufacturing
process of a product. These models are used to simulate real-world conditions prior
to generating a product or developing manufacturing operations, with the goal of
optimising as much as possible in software, where multiple use cases and operation
conditions are evaluated inexpensively [7].

Based on data from the digital thread, Digital Twin is constantly updated for
maximum accuracy and high fidelity. By collecting information from real-life
manufacturing processes, manufacturing simulations can be improved and updated,
resulting in more efficient manufacturing processes (Fig. 3.3) [39]. Digital Twins
are also an excellent means to capture, maintain and replicate manufacturing best
practices.

3.3.3 Digital Instance Twin

The Digital Instance Twin (DIT) provide access to the product along the full post-
production lifecycle (right column in Fig. 3.1). DIT is created at the end of production
or delivery and may hold a copy of some of Digital Manufacturing data such as the
product’s configuration. If multiple instances of the same type of assets (e.g. a wind
turbine) are being monitored, each of them is considered as a single Digital Instance
Twin. In some sense, an aggregate of twins can be collected where similar patterns
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or trends can be found to optimize the operation and refine models for higher fidelity
in the future (Fig. 3.4).

In this way, the digital twin ecosystem is created with a central, comprehensive
platform and the potential to build up several use cases and innovative business
models [40].

Digital Instance Twin is used to facilitate maintenance of an operating aircraft
based on its lifelong collected data. Furthermore, experts located at different sites can
join viaavirtual session. By inspecting a 3D model of the aircraft component, they can
see synchronized information from a Digital Twin database. With Augmented Reality
glasses, the Microsoft HoloLens, a Digital Twin can be experienced personally. In the
inspector’s view, the 3D model of the Digital Twin is directly superimposed on the
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physical component. This Mixed Reality Vision can be used for inspection purposes.
Any inspection related information can be directly attached to the component. to
maintain the continued airworthiness of the aircraft and prevent a failure [24].

3.4 Main Expressions of Digital Twin in Context

of Industry 4.0

In the era of Industry 4.0, the question arises as to how Digital Twin is positioned for
this industrial initiative. Within Industry 4.0 Reference Architecture Model (RAMI
4.0) [41], Digital Twin is primarily assigned to the Lifecycle & Value stream axis
in order to provide the horizontal integration within the product lifecycle (Fig. 3.5)
as described in Sect. 3.2. Digital Twin is literally floating in the solution space of
RAMI 4.0 because the assignment to the axes Hierarchy Level and Layer is much less
clear [41]. Basically, Digital Twin remains related to Product and Asset in context
of Industry 4.0. In this sense, a precise description of Digital Twin remains difficult

[42].
In order to better classify Digital Twin, it must be clarified which of the following

8 hypotheses apply [42]:
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5. The information model for Digital Twin is infinitely large, it is a real information
model.

6. The real information model can finitely be approximated for a specific
application scenario and thus becomes a rational information model.

7.  The rational information model cannot be stored in one place.

8.  The rational information model is never fully visible.

An assetis an object of value. What an asset is specifically for a specific application
scenario depends on the application scenario. Whether this object is tangible or
intangible, a product or a production system, a type or an instance, is irrelevant.
Digital Twin becomes visible at several locations at the same time along the product
lifecycle and interacts with an actuator (human, machine, etc.) at these locations
[43]. As an outcome, Digital Twin has a variety of states depending on locations and
timeline. Digital Twin is put into a context-specific state in a concrete interaction
situation. In order to be able to interact with Digital Twin in a specific application
scenario, an approximate information model must exist. We refer to this, again based
on mathematics, as the rational information model. As can be seen in Fig. 3.1, the
data of the rational information model is distributed along the product lifecycle. They
are not stored in one container, for example in a central database. In order to feed the
data required for a specific interaction situation to a specific actuator, this data must
be transported via a suitable interface infrastructure. Consequently, all data of the
rational information model are never completely visible [42]. Therefore, an adequate
specialization and conscious reduction of Digital Twin to specific application cases
remains inevitable, especially if a desired, limited implementation period is taken
into account [44].

3.5 Simulations as the Backbone of the Digital Twin

In the following explanations, the Digital Twin of a production system is always
referred to. Thus, the investigation relates to processes within a production, which
means that the behaviour of the system is mapped. This behaviour manifests itself
through production processes, in particular production, handling, setup, inventory
and transport. The product that is produced in the system is described by properties
that relate to the process. Therefore, a difference to other types of Digital Twins
can be seen here, for example, in that the geometric shape of the product is of
minor importance [45]. At this point, information about the product is relevant for
the investigations, such as processing times, set-up times, space requirements, batch
size, etc. Further important entities to describe the behaviour of a production system
are [46]:

— Machine tools
Robots
Workers
— Workstations
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— Storage and buffers

— Paths and transport routes
— Transport devices

— Conveyors

— Load carriers

This is a superordinate classification of the relevant parameters. The various
parameters that are further relevant for the Digital Twin of a production system
are discussed in Chap. 9 of this book.

Simulations are therefore used to reproduce the behaviour of a production system
in the virtual environment. The simulations thus form the backbone for the Digital
Twin. The definition of simulation is the reproduction of a dynamic process in a
system by means of an experimental model in order to gain knowledge that can be
transferred to reality [47]. Thereby, the model represents the object and the system
in a simplified form and under consideration of a concrete purpose [48].

When applied to production processes in industrial companies, the real produc-
tion system is transferred into a simplified model, which can be used to simulate the
dynamic behaviour and complex interactions of the production system [49]. Simu-
lation of a production system is thus a key component of the digital model, Digital
Shadow and Digital Twin, if they are supposed to represent a production system
virtually.

More precisely specified, discrete event simulation methods, also called Discrete
Event Simulation (DES), are usually used. In this method, system states are changed
at certain points in time, so that the sequence of this simulation is defined. This
form of simulation is common for simulations of production systems, which results
in a relatively low calculation effort [48]. Figure 3.6 illustrates how the simulation
supports Digital Twin as well as Digital Shadow and digital Model. Depending on
which technology of the three is applied, a different exchange with the physical
production system is performed. With the digital model, the model is built up once
or adjusted as required and selectively. With the help of the simulation, analyses

Physical production system
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Fig. 3.6 Simulation for Digital Twin, Digital Shadow and Digital Model
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are executed, which in turn are applied as findings for the real model. The digital
model can also be seen as a synonym for DES at this point. Unlike the digital model,
the Digital Shadow is continuously supplied with up-to-date data from the physical
production system [50]. Accordingly, a data link is required, but this is only one-way
from the real system to the simulation model. In contrast, the Digital Twin extends
this concept by a further data connection to the real system [51].

Many fields of application exist today for simulation models of a production
system, e.g. planning of factory plants, layout optimization in the shop floor, approval
processes in the area of reconstruction and fire protection, optimization of production
processes and material transport. A detailed description of the applications is given
in the book in Chap. 9. According to Wenzel et al. [52], simulation in particular is a
core element of the digital factory and is becoming increasingly important as a result
of developments in the area of digitization. Simulation in production and logistics
has been scientifically investigated and established for a long time (e.g. [53-55]).
According to Nyhuis et al. [56], their use supports companies in optimising logistical
targets, e.g. with regard to adherence to schedules, throughput times, performance,
inventory and costs. The benefits in the area of material flow planning are rated by
companies as high or very high [57].

Nevertheless, current studies prove that the use of simulation models for produc-
tion systems in small and medium-sized enterprises is still not standard [58]. The
main reasons for this backlog are the following organizational and technical obstacles
[58-60]:

1. Non-transparent procurement costs (e. g. due to manual or inefficient creation

of Digital Twin).

2. Required IT expertise too high (e. g. due to inefficient or overly expensive
services).

3. Unpredictable operating expenses (e. g. due to manual or inefficient adaptation
of Digital Twin).

4. Lack of knowledge regarding available simulation tools and application areas
as well as the achievable benefits.

In the following an approach to overcome these obstacles is presented.

3.6 Proposed Approach

With this research, an approach for the automated generation of a Digital Twin
in manufacturing in a built environment based on scans and object recognition is
investigated to provide a basis for various optimizations in the production process
[61]. Usually, if a Digital Twin is currently being created, this is done by one or more
people with the appropriate IT expertise. In addition, the required information is made
available to these persons, for example layout plans of the production hall, machine
lists, product data and so on. This process requires a high manual effort, which
among other things results from the fact that specific knowledge and information
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from production must be transferred to the area of software development. During
this domain transition, increased effort is required for coordination, transformation
and error prevention.

Figure 3.7 illustrates the functional scheme of the novel approach. In general, the
generation of the Digital Twin is shortened and simplified by distinguishing between
three parameter groups. With the distinction into three groups, the structure described
above is broken down by implementing an efficient data acquisition procedure for
each parameter group. With this procedure it is possible to automate the creation of
the Digital Twin in many places, to standardize the transformation of the information,
and thus to obtain an efficient and cost-effective creation process [62].

The first parameter group consists of spatial information, which is recorded by
a scan. For the scanning process, several procedures, such as photogrammetry and
laser scanning, are generally conceivable, depending on specific characteristics of
the production system and the building [63]. A detailed point cloud is generated by
the scanning [64]. This point cloud is the basis for the next steps and at the same
time the overall layout of the hall and the positions of the individual objects in the
digital model are created [65]. The details about the scanning process are explained
in the fourth chapter of this book.

The second parameter group contains the objects of production. The procedure
to collect the required information is based on the scan, where object recognition
identifies the entities of a production, such as machines or routes [66]. The objective
is to recognize all visible objects of the production and to include them automatically
into the digital model. For object recognition, methods of artificial intelligence are
utilized [67]. All details about this process are explained in Chaps. 5-8.

Finally, the third group is all company-specific information that describes the
production processes, such as linkages, sequencing, buffer and so on. This infor-
mation cannot be automatically acquired via a scan and is usually different for
every company. This expert knowledge and the company-specific information of the
production system need to be acquired by forms or expert interviews and inserted in
the simulation modelling process [68]. It is also conceivable that data could be taken
directly from IT systems. Further descriptions of the third parameter group can be
found in Chap. 9.
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By using the taxonomy as presented in Sect. 3.2, the following classification
of this approach can be provided. With regard to data link, this Digital Twin is
uni-directional. Dimension purpose is for data transfer und repository. Dimension
accuracy is partial (e. g., adjustable according to the process requirements). Dimen-
sion interface is machine-to-machine. Synchronization between the physical and
the digital part is not existent. Data input is fed with raw data. Time of creation id
pre-defined by the built environment: the physical part first.

Apart of the use of the related taxonomy, a differentiation from the term Digital
Mock-up (DMU) is useful [69]. In summary, DMU and Digital Twin, as two aspects
that define ideal products and physical products, can be organically unified, as shown
in Fig. 3.8. The merge of DMU and Digital Twin reflects the high integration of
cyberspace, physical space, and consciousness space. In this view, DMU can be
understood as the basis or the previous stage of Digital Twin. Therefore, Digital
Twins will become the”middleware” for in-depth communication between human
and machine [70].

3.7 Summary and Further Research

The Digital Twin offers great potential for manufacturing companies [71]. Research
in this field has increased rapidly in recent years and more and more applications can
be found in practice [72]. Nevertheless, the technology of the Digital Twin does not
yet infuse the entire industry due to the lack of applications for specific scenarios
and difficult implementation [73].

In this chapter, the different types of Digital Twins in manufacturing compa-
nies were first described. An important distinction here is that in the following the
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Digital Twin is addressed by production systems: Digital Manufacturing Twin [74].
At this point, the simulation of manufacturing processes is the basis for the investiga-
tions. With the simulation, which is connected to the real production system via data
interfaces, the technology of the Digital Twin is made available [75]. A particular
importance is dedicated the built environment where no or not complete or not exact
3D documentation is available [76].

Since advanced IT expertise is required to generate the Digital Twin and its
creation or benefits remain unclear to many companies, the Digital Twin has not
yet achieved greater diffusion in industry [77]. To overcome these obstacles, a novel
approach to create a Digital Manufacturing Twin in a built environment is presented.
Here, a flexible, cost-effective and efficient approach is applied with fast scans of the
factory floor, object recognition and a highly automated simulation model construc-
tion. The further explanations in this book will go through the details of this approach.
As the outcome of this approach, production planner gets a powerful means to opti-
mize the production processes in the built environment. Intermediate results can be
used for layout planning, construction progress control and documentation purposes
[78].
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