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Abstract: In the course of digitalization, the concept of the digital twin (DT) has become increasingly
important in recent years. Hereby, initial concept approaches focus on use cases in industrial
production. Although the concept has diverse potential for the asset intensive and increasingly
important German rail transport sector. Due to the still low level of research of the DT, there are few
empirical values on how this promising concept can be implemented in a target-oriented manner.
In a qualitative-explorative research design, this work focuses on answering the question of how
a generic implementation strategy (GIS) of DTs in logistics systems of German rail transport can be
designed. The central result of this work is a validated GIS which has a sufficient level of detail for the
targeted implementation of DTs. Due to its socio-technical system focus, this process model enables
user-oriented development and consideration of the complex framework conditions of German rail
transport for the first time. The perspective use of the GIS as well as the utilization of the derived
recommendations for action contribute to realizing DTs. Consequently, this work is to be regarded as
an important instrument for achieving the operational optimization and intelligent management of
rail transport assets.

Keywords: digital twin; implementation strategy; intelligent asset management; optimization;
logistics systems; Internet of Things; railway transport

1. Introduction

In the course of digitalization, the possibility of interaction between the real and
virtual world promises innovations, new business models and considerable optimization
potential in industry and logistics within the framework of Industry 4.0 [1]. To realize this
potential, digital networking of production and logistics using the Internet of things (IoT)
and cloud technology as well as other digital technologies, such as artificial intelligence, is
necessary. With respect to the energy transition and the predicted growth in freight and
passenger transport, German rail transport is becoming increasingly important due to its
climate-friendly CO, balance compared to other means of transport [2]. In response, the
federally owned railway company Deutsche Bahn AG (DB), which is the largest railway
operator and infrastructure owner in Europe, launched its umbrella strategy Strong Rail and
decided on the largest modernization program to date, amounting to 87 billion euros [3-5].
It is a comprehensive approach for expansion of the rail network, passenger and freight
transport, which should serve the top maxim of securing the system capacity as it plays an
important role in the provision of overall transport services [3,6].

With the need to modernize the rail network and infrastructure comes the need
for targeted operational monitoring and predictive maintenance of relevant assets to
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ensure the operational reliability and availability of German rail transport. To achieve
this, digital technologies promise the necessary innovation potential to solve challenges
that have not been satisfactorily solved so far, such as the punctuality of German rail
vehicles, which result from rail network congestion and the partially inadequate technical
condition [7,8]. The transfer and representation of real objects in a digital and virtual
environment, the so-called creation of a DT [9], enables operational and visual monitoring
in real time as well as early detection of unscheduled deviations in operation. The early
prediction of future events, based on data-driven evaluations as well as simulations and
forecasts, can optimize operations and maintenance, enable preventive measures, and
generate potential savings. In addition, this holistic data collection and visualization in a
downstream instance provides the opportunity, for example, to network the value creation
network of maintenance in a cloud-based manner and to profitably exchange and analyze
data-driven information among manufacturers, operators and maintenance staff [10]. In an
EU research project called EU OPTIMSED it was shown that a DT implementation in rail
transport can be profitable. Through the DT, the management of train maintenance work
was hereby simplified and efficiency as well as availability of the train fleet realized [11].

Looking to the future, the gradual introduction of DTs in rail transport thus forms
the basis for a holistically networked and intelligent system that can monitor and control
operations in a targeted and efficient manner [12]. This so-called Supra-system connects
self-contained DTs on an open and comprehensively networked platform and thus avoids
data silos. Due to the openness of the platform, additional services can be integrated and
considerable added value can be created for all stakeholders [10]. A study by the information
technology (IT) market research company Gartner reveals that more than 74 percent of
companies in a wide range of industries are planning to implement DTs in their processes
in the next five year [13]. Furthermore, business scenarios for DT implementations are
expected to become more attractive and the technologies used more reliable and cost-
effective. Nevertheless, only 13 percent of companies in a wide range of industries that
have already implemented IoT technology and solutions, are making use of the promising
DTs [13]. Furthermore, a study by the worldwide largest logistics company DHL comes
to the conclusion that within the logistics industry, companies largely have the necessary
technologies for DT implementation, but are not yet fully exploiting this potential due to
planning and implementation uncertainties [14]. With reference to the listed potential and
the expected increase in attractiveness, the question, therefore, arises which aspects make
the implementation of DTs more difficult or even prevent it.

The application domain of DTs is still dominated by proprietary solutions and pro-
totypes and therefore at an early age. It focuses predominantly on applications in manu-
facturing and production industries, while DT applications “lack the necessary generality
and openness to be widely used” [15]. The use of individual DTs for assets amounts to less
than one percentage point in a representative survey of CIOs, whereby market maturity is
also not expected for three to five years [13].

In the context of barriers to implementation, the transport and logistics industry notes
that “implementing a digital twin is a complex and challenging task” [14]. A meta-study
categorizes possible challenges for companies that consider the implementation of DTs to
be useful into technical, commercial, technological, data-driven and other challenges [10].
The analysis of data is a central challenge of DTs, whereby the existence of a sufficient IT
infrastructure plays a crucial role [16]. Companies are facing the challenge of designing
uniform data structures and management systems as well as merging and analyzing
collected data sets in a targeted manner. This raises questions for companies about data
security, ownership, and distribution. Hereby the avoidance of data silos is difficult, as there
are no uniform legal structures and approaches for the exchange of data. Furthermore,
the existence of different IT systems and software complicates the implementation of
DTs [10]. Regarding the maturity of DTs, two further challenges are the management of
expectations and trust. DTs should only be used where it makes sense and they must be
understandable for all stakeholders, regardless of their IT expertise [17]. In addition, there



Appl. Sci. 2021, 11, 10289

30f33

are also challenges regarding the standardization and compatibility of data, interfaces
and components [16] as well high costs and interoperability of DTs [14]. Furthermore,
“regarding the implementation of DTs, a critical question is how to build a practically viable
DT model. On the one hand, almost every paper [ ... ] acknowledged the importance of
DT modeling. On the other hand, no consensus has been reached regarding how to build a
DT model in a generic way” [18].

From the aspects described, it can be deduced that companies in the rail transport
sector, which consider the use of DTs regarding operational optimization to be sensible,
lack a generic method, which they can use as a guide for the implementation of DTs. In this
scientific work, a generic strategy is therefore developed, which serves as a guideline for the
implementation of DTs in German rail transport and should thus contribute to overcoming
the challenges mentioned. A multi-perspective research question is derived from this,
which, following a broad understanding, illuminates technical as well as organizational
aspects. The research question is:

“How can a generic implementation strategy of digital twins in logistics systems
be designed considering German rail transport?”

As this research question aims to provide a specific answer that can comprehensively
answer the complexity of the research problem, it is complemented by the following
research objectives:

1.  To identify and define the essential theory needed for the entirely novel development
of a GIS for DTs in German rail transport;

2. To analyze related scientific work and derive requirements for the problem-oriented
development of a GIS for DTs;

3. Todevelop, apply and validate a GIS of DTs in logistics systems of the German rail
transport;

4. To derive and discuss practical implications to the German rail transport.

The structure of this work is divided into a total of six sections. Section 2 serves
the research background, which lays the foundation to derive relevant aspects for the
independent development of GIS in Section 3. In detail, this means that a qualitative
content analysis on relevant research papers is carried out to develop the GIS. Based on the
insights gained, the GIS is further developed and reviewed in Section 4. This inductive
evolution and validation of the developed approach is carried out based on an individual
case study at the micro level in German rail transport and methodologically examined in
the form of qualitative expert interviews with DT experts of DB. The result of this Section is
the validated GIS. In the penultimate Section 5, a comprehensive discussion of the results
is obtained, which serves to derive findings as well as generalization and theory building.
In addition, a closer look is taken at the relevance of the results for science and practice.
Finally, the work is concluded in the last Section 6 with a summary and classification of the
results as well as an outlook.

2. Research Background
2.1. Understanding of the Generic Implementation Strategy

With reference to the research area of implementation derived in Section 1, it can be
stated that an implementation can be holistically differentiated into functional and institu-
tional anchoring. Institutional anchoring comprises the totality of all persons involved in
the implementation, whereas functional anchoring describes the activities necessary for
it [19]. The focus of this work is a functional design of the GIS.

The term strategy is in the entrepreneurial manner understood as a long-term behav-
ior and combination of measures for the realization of long-term goals [20]. The term
implementation focusses on “the process of translating a design into hardware components,
software components, or both [and] the result of that process” [21]. It transforms the
defined requirements, architecture, design and interfaces of the design phase through
process activities and is carried out according to a defined implementation strategy, which



Appl. Sci. 2021, 11, 10289

40f33

contains constraints as well as defined procedures [21,22]. In a broader sense the activities
of implementation are supplemented with testing and acceptance as well as maintenance
and operation [23]. The term implementation strategy is an amalgamation of strategy and
implementation. It is the purposeful behavior and combination of measures of the enter-
prise towards its environment, for the realization of an implementation of systems. In the
context of IT systems, it includes the process of implementation and production, tools, and
equipment as well as tolerances of implementation and uncertainties of verification. The
processes are defined more precisely if the system under consideration is to be implemented
several times and repeatedly. This serves to ensure consistent and uniform production and
implementation [22].

There are different procedural models of an implementation strategy. A distinction is
made between forward- and reengineering, whereby reengineering refers to implementation
strategies that serve to transform a legacy system into a new target environment, i.e., a reuse
of an existing system [24,25]. Within forward engineering, a system is either functionally
further developed on the basis of a system specification, newly created or acquired [22]. To
implement this, there are various models, so-called process paradigms, which represent the
structure of necessary processes, whereby a distinction is made between plan-driven and ag-
ile processes [25]. Plan-driven implementation strategies represent procedures in which all
development process activities are planned. In agile implementation strategies the develop-
ment process does not follow a strict plan made in advance. However, there is no universal
process model. This is because the requirements of stakeholders and the environment in
which the system is to be used have a significant influence on the process [25]. Regarding
the understanding of the term GIS, generic means that the property or designation of an
object or concept is to be understood in a generally valid sense and not specific [26]. In
the context of DTs, this generality is of particular importance (see Sections 5.1 and 5.2) to
avoid isolated systems and secure the interoperable and standardized communication of
multiple DTs [15,23,27]. Industry and business have also recognized this need and are
therefore dedicated to the standardization of DTs with multi-layered consortia such as the
Industrial Digital Twin Association or the Digital Twin Consortium. In the context of this work,
a GIS of DTs is, therefore, defined as the targeted behavior and combination of measures
that serves the generally valid implementation of the DT concept.

2.2. Understanding of the Digital Twin
2.2.1. Definition of the Concept

The origin of the concept of DTs goes back to Grieves in 2002. The DT concept
comprises a real and a virtual system, as well as the connections for the flow of data
and information from the virtual space to the real and vice versa. Grieves describes the
existence of a real or potentially real physical system, which is the basis for the newly
created virtual system, as a central prerequisite for the concept [9].

To date, there is no uniform definition of the DT concept [28] and many further
developments and different understandings of DTs exist [18,29]. Due to the multitude
of definitions and the resulting inconsistent conceptual use, it is difficult to describe the
main components of a DT [30]. These ambiguities have led to some difficulty in clearly
delineating conceptual similarities such as the digital shadow or digital model [16,27]. This
is due to the fact that DT has evolved technologically and there are different areas of
application, which have also expanded [29,31]. Furthermore, the extent to which the DT is
integrated into other systems is decisive for the definition [27]. The definition of DTs is,
therefore, application-related and specific. In general, based on the literature and industry,
it can be concluded that the overarching goal of a DT is the provision of services [30,32].

In comprehensive studies on the current state of research on DTs [17,18,29], provide
an overview of commonly existing definitions [33]. In summary, the digital representation
and information exchange between physical and virtual space are important artefacts.
Furthermore, the use of five dimensions in the conceptual description and implementation
of DTs in the context of implementing a DT in a production facility are recommended.
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According to this, a DT consists of a physical and virtual space, data, services, and the
connections between the individual dimensions. This conceptual description is confirmed
by [29,34]. In addition, with reference to the functionality of a DT, the DTs include the re-
flection of real-time processes—an interaction and convergence as well as self-development.
Furthermore, the majority of published studies and research focus on the implementation
of industrial applications in production [18,27,35]. They summarize the primary fields of
application such as the design, production, forecasting and maintenance of a product, and
therefore, exist along the life cycle of a product or asset [29]. In addition, to summarize,
DTs have promising advantages along the product life cycle in industry, and furthermore,
they have great potential for the realization of Industry 4.0.

In practical use, DTs are still at the beginning of their widespread implementation.
Among industrial and IT companies as well as IT market research institutes and con-
sultancies, different definitions exist, as well. For example, Gartner defines processes,
organizations, or people, besides the initial the concept of a DT, as relevant components,
and the focus of the virtual mirror image. The definition of a DT is steered in the direction
of an ecosystem, as the data of different DTs are linked and aggregated [35]. This definition
is supported by the understanding of the common data environment (CDE) envisaged in the
rail industry, as mentioned by Capgemini. This is regarded as the basis for the goal-oriented
management of critical assets along their life cycle in rail transport [36]. In addition, IBM
describes that a DT can represent not only the pure virtual representation of a physical
object but also its entire life cycle and emphasizes in particular the interoperability of
systems, i.e., the ability of different systems to work together as seamlessly as possible [37].
Several of the companies listed address the point that a DT obtains data from operations,
i.e., through IoT sensors, and other internal and external sources of information. GE Digital
makes the connection to analytics tools and machine learning in terms of a DT’s ability
to run simulations, and sees the primary application areas in assets, networks and pro-
cesses [38]. With reference to the maturity level of an implemented DT, Detecon addresses
the level of communication between physical and virtual object as well as the degree of
standardization of the data models and sources of a DT, whereby standardization means
the ability of the DT to exchange data with internal and external systems to be integrated
into a multilateral ecosystem. According to this, a DT only exists if there is bi-directional
communication between physical and virtual entities and interactions with one of the two
entities have direct effects on the other and vice versa [39].

The environment in which the DT is to be implemented significantly influences the
definition of a DT. In the context of this work, these external circumstances, also referred as
the digital twin environment (DTE), are mainly driven by the DB environment [9]. The IT
subsidiary of DB defines DTs as a digital representation of objects, persons or processes
that enable a comprehensive exchange of information and pursue the goal of optimizing a
business result. Furthermore, they can contain “algorithms, simulations and services that
describe or influence past, present or future properties and behavior of the represented
object” [12]. To give justice to the scientific claim of this work, the definitions from science
and practice are assembled with the philosophy of DB. Based on the described fact that no
uniform DT definition exists, and that the definition is related to the case of application,
this work is based on the following DT definition in the context of the research project:

“The concept of the digital twin consists of a physical and virtual space in which four
system platforms exist: the physical and virtual asset, the data management and the
services. The different dimensions are interconnected and exchange data. The virtual
system platform is a physically correct digital representation with very high fidelity of the
physical system platform. The overall goal of a digital twin is to offer concrete services
and business outcome in its environment. This serves the operational optimization of the
asset under consideration along its life cycle.”.

This definition, which is illustrated in Figure 1, is kept general due to the objective
nature of this work, and therefore, does not specify the maturity level of DTs in terms
of communication and standardization, as well as the services and properties offered.



Appl. Sci. 2021, 11, 10289

6 0f 33

Furthermore, it does not go into detail about the technologies that are necessary for the
development and use of the DT, as these also depend on the specific use case. The term asset
is chosen due to the fact that [40] is defines an object as an “entity that has a perceived or
actual value to an organization and is owned or managed individually by the organization”.
The term thus covers the areas of DT application mentioned by DB Systel GmbH and is in
line with science, as no clear definitions exist here.

DB environment

ICE-asset (loT)

Data acquisition

=

one-directional
data exchange

ICE-asset (DT)

Data visualization and
analysis

+«———» R0 stakeholder

I

Data processing and «—
storage
* Data warehouse
v
o
o a -
u} Other (sub-) systems €—————»

Figure 1. Specific DT concept in the context of DB; source: own illustration based on [12,27,30,32,33].

2.2.2. Application along the Asset Life Cycle

The concept of DTs is designed to accompany the entire product lifecycle of an asset
and, depending on the respective phase, to provide corresponding services and benefits.
In general, a DT focuses on the design, development, operation and decommissioning
phases of assets [41]. DTs can be used to develop new products more responsively, better
informed, and more efficiently. In addition to improved data feedback, early use in
development provides a basis for collaboration between development and production and
enables the synergetic integration of knowledge gained from production or operations
into product development, which can lead to significant improvements in the quality
of a product. With regard to production, DTs are considered capable of monitoring and
controlling complex production processes in real time and optimizing the processes through
timely adjustments [29]. Along the life cycle, DTs also promise benefits in operations and
maintenance [15]. For example, researchers recommend the use of DTs in the aviation
industry, where DTs are implemented to replace conventionally used methods of real-time
monitoring to accurately predict relevant events. By integrating historic, fleet and sensor
data and combining it with intelligent services, the prediction of aircraft life and fleet
maintenance can be improved and facilitated [17]. However, these benefits in the operation
and maintenance of an asset are not limited to the aerospace industry [18]. In additive
manufacturing, for example, DTs are used to predict the cooling rate, temperature gradient,
micro-hardness, velocity distribution and solidification parameter with increased accuracy
to enable improved operation and predictive maintenance [17,18]. In addition to the use
of DTs in industry, there are also use cases in the logistics sector, which have, however,
been little researched to date. In logistics, the described ability of real-time monitoring
enables real-time communication between products and different systems [16]. Based on
the collected data sources, realistic performance indicators can be determined in real time,
which contribute to targeted decision-making. DTs, thus, offer considerable potential in
logistics [27]. In addition, DTs also provide added value for the operating resources used
in logistics systems along their respective life cycles. Furthermore, DTs will play a central
role in the realization of holistic asset management of critical rail transport components, as
they build the basis for a CDE of the rail industry [36].

Regarding the life cycle of assets described before, the concept of DTs is of great
importance. Due to the possible mapping of only a potentially real system or asset, i.e., a
prototypical artefact, a distinction is made in DTs between digital twin prototypes (DTP) and
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digital twin instances (DTI) [42] (see Figure 2). The DTP is a DT that contains information
records necessary to describe or create a physical system. These information records can
range from simple parts lists to fully annotated 3D models. DTIs, on the other hand, are
DTs that describe a specific real physical system. They can but not must represent the
further development of a DTP and can vary arbitrarily in their characteristics regarding the
information data sets [41]. Both DTPs and DTIs are operated and used in their environment,
the DTE [9,42]. An example of a so-called DTP in rail transport could be a virtual prototype
of a high-speed train such as the German Intercity-Express (ICE) 4, which could be used
for operationally optimal research and development. The DTP is crucial here because it
allows product developers to realize enormous cost and time savings while avoiding the
consumption of resources and potentially dangerous situations [29]. Furthermore, DTIs can
be designed to carry out simulations and derive recommendations for action or even make
automated decisions [31]. With regard to increasing digitalization and the advancement of
Industry 4.0 as well as the industrial IoT (IIoT), the interoperability of DTs, i.e., the ability to
work together almost seamlessly, is becoming increasingly important [15]. This aggregation
of DTIs is known as digital twin aggregation (DTA). It can be a computer construct that
has an independent data structure and queries the DTIs either ad-hoc or proactively. In
a visionary picture, a DTA of the German rail transport, including all its relevant assets,
could proactively and continuously utilize data of different DTIs to enable a fully digital
and optimized operation of the whole system [9] (see Section 5.2.3 and Figure 2).

Phase: design Phase: development Phase: operation Phase: decommissioning

DTP 1 asset Pre-DTI 1 asset DTl 1 asset Post-DTI 1 asset

DTA 1.1
asset group

DTP 2 asset Pre-DTI 2 asset DTI 2 asset Post-DTI 2 asset

DTA1
organization

DTP 3 asset Pre-DTI 3 asset DTI 3 asset Post-DTI 3 asset

DTA1.2
asset group

DTP 4 asset Pre-DTI 4 asset DTl 4 asset Post-DTI 4 asset

Virtual World

DTP 5 asset Pre-DTI 5 asset DTI 5 asset Post-DTI 5 asset

DTA2
organization
DTA2.1
asset group

DTP 6 asset Pre-DTI 6 asset DTl 6 asset Post-DTI 6 asset

Figure 2. Interoperability of DTs along the asset lifecycle.

2.3. Development of Systems

To secure problem-oriented DT development, the needs of people and organizations
involved must be recognized and integrated, as it is with systems [17,25,42]. A system
represents the purposeful sum of its components, which are used in an organized way
to achieve specific functions. Hereby, the interaction and combination of the individual
components as well as the interaction with its environment are crucial [21].

Regarding the development of systems containing software, a categorical distinction
is made between technically computer-based and socio-technical systems. Technically
computer-based systems consist of hardware and software components that do not contain
processes and persons for the purpose-free fulfilment of functions [25]. Socio-technical
systems contain one or more technical systems and, in addition, to define work processes,
are characterized by the fact that there are dedicated persons who understand, monitor,
and understand the system. Thus, these are systems with interactions between social and
technical systems, so-called human—machine interactions. The work processes and respon-
sible operators within the system are clearly defined [43]. The core of a socio-technical
system is the technical system with the work processes. Socio-technical systems are mostly
business systems that are designed to support the fulfilment of business objectives. Thus,
the company’s policies, cultural values, strategies, and goals, as well as national laws and
regulations, influence the procurement, development and use of the system. In this context,
the system boundaries can be variable, as there are different views in science on the extent
of the integration of corporate layers [25].
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In the context of this work, the layered structure of socio-technical systems and DTs is
understood to include all these levels. An example of socio-technical systems is a railway
control system of railway undertakings, as it includes, in addition to the many hardware
and software components of the technical system, indexed persons such as dispatchers
who make decisions on the basis of the computer system [44]. Thus, it can be concluded
that the corporate environment in which socio-technical systems are used has a decisive
influence on the development process of the systems [25].

The term of systems-engineering (SE) is the basis for the development of such systems
and defines its development processes. Due to the high system complexity, SE encompasses
a multitude of activities consisting of specification, development, validation, deployment as
well as operation and maintenance of the system [25,45]. These are developed considering
the hardware and software characteristics as well as the human factor. Socio-technical
systems can be classically divided into seven layers. Table 1 illustrates the close interlocking
of the SE within the different layers and reveals a holistic approach, since—contrary to
classical software engineering—micro- and macro-economic as well as hardware-technical
aspects are covered. Thus, the focus lies on the whole system and enables the inclusion of a
wide range of system-specific factors, which makes the SE a suitable starting point for the
successful GIS development [25].

Table 1. SE influence on socio-technical system layers; source: own representation based on [25].

Socio-Technical System Layers Systems-Engineering Software-Engineering Hardware-Engineering

Society Focus Non-focus Non-focus
Corporate Focus Non-focus Non-focus
Work and business processes Focus Focus Non-focus
Application system Focus Focus Non-focus
Communication and data processing Focus Focus Non-focus
Operating system Focus Focus Non-focus

Devices Focus Non-focus Focus

Every system, whether it is real or virtual, has a life cycle. In the classical sense, a life
cycle model represents the abstract and functional description of the conceptualization,
realization, use, further development and decommissioning of a system. A system evolves
because of actions. These actions are carried out and controlled with the use processes by
those responsible for the system [21,25,46]. The SE described is supplemented by the IEEE
15288 standard (2015), which contains all processes of the SE and serves the successful
realization of a system. The standard focusses on the early integration of stakeholder needs
and required system functionalities to secure a problem-oriented solution development
and validation. Thus, the standard provides a comprehensive and structured process for
realizing DTs from conceptualization to decommissioning [22]. The standard contains
four key process groups: agreements and contracts, organization and project enabling, technical
management and engineering, which serve the successful system realization along its life
cycle [22].

3. Development of the Generic Implementation Strategy
3.1. Methodological Fundaments of the Development
3.1.1. Structure and Rationale of the Approach

This work is methodically based on the design science research methodology (DSRM)
for information systems research, as the methodology result—in literary accord—in a
nominal procedure model as well as a mental representation model [47] aimed at successful
development in information systems (see Figure 3). Its application was validated in the
context of DTs, so it provides a suitable basis for the development of GIS for DTs [27].
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Step 1 Step 2 Step 3 Step 4 Step 5
Identification of Definition of the Development of a Implementation of Evaluation of the
research question basics for solution the solution solution
and motivation problem solving approach approach approach
"There is a lack of "Definition of the "Design and "Practical "Evaluation of the
generic procedures theoretical, development of a application and GIS validity as well
for implementing methodological GIS for DTs in evolution of the as generalization
DTs in logistics and practical logistics systems of developed GIS in a of results and
systems of bases for the German rail single case study derivation of
German rail development of an transport based on in logistics systems practical
transport.” appropriate GIS". a qualitative of German rail implications”.
content analysis." transport”.
Problem-centered Goal-oriented Design-oriented Context-oriented Research starting points

Figure 3. Methodical procedure concept of this work; source: own representation based on [30,48].

Following its logic in step two, a qualitative content analysis was conducted to iden-
tify research needs [48]. Based on that, an analysis was executed to provide essential
information regarding existing DT research characteristics and the determination of GIS
requirements. The relevant papers identified were found in-between the research window
from 1 January 2018 to 14 August 2020 using the scientific search engines Google Scholar and
Science Direct as well as the particularly relevant search engine of IEEE Xplore [29]. Papers
published before 1 January 2018 were deliberately excluded due to novelty in the field
of DTs. The scientific publishers were elected due to their reputation and close relation
to the theoretical foundations of a DTs. The search process followed the keywords digital
twin, implementation, application, and strategy using the following search strings: digital twin
and/or implementation and/or strategy and digital twin and/or application and/or strategy. The
selected papers were chosen due to their close relation to the implementation or description
of the implementation of a DT. Hereby, no research papers could be found that focus on
the development of a detailed GIS for DTs nor on the implementation of a DT in logistics
systems of German rail transport (see Figure 4).

Following the logic of the qualitative content analysis, a category system was derived
both deductively and inductively. Based on the research questions of this work, the first
upper and lower categories were formed deductively. Hereby, in the delimitation of the
research project, the real-time monitoring was chosen as the use case and a physical-existing
asset as the application object in the physical space of the DT. Based on this, the further
breakdown and categorization was followed through the theory of Section 2 to build the
non-functional categories. The functional categories are based on the stages and processes
of the SE along its life cycle described in Section 2.3. In summary, twenty categories were
developed deductively.

Due to research quality assurance, these categories were reviewed through examining
the identified papers and supplementing the categories inductively if required. Therefore,
a coding guide was developed and used as the central analytical tool (see Appendix A,
Figure Al). With the exemplary text passages for the respective categories, it could be
determined that, except for one category, corresponding examples exist in the evaluation
units. Since the left-out category is a specific requirement from the research question of
this work, it was retained despite the lack of an anchor example. The existing categories,
therefore, did not need adaption.

Regarding the aspect of whether categories need to be added, it could be stated that
the study by [17] is one of the few studies with a generic approach and the only study with
a complete socio-technical system focus. It is also almost the only study to include the
implementation environment and stakeholders in the process of developing a DT. In this
study, this process is very closely aligned with the life cycle phases of the concept of DTs (i.e.,
design, development, operation, and decommissioning). Since this is in line with the stages
of SE as well as the life cycle of systems mentioned in Section 2, another category, orientation
along the life cycle phases of a digital twin, was introduced. However, it is also apparent
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from this study that, despite an orientation that makes sense for answering the research
questions of this work, there is a lack of details on how the described implementation
strategy of DTs can be implemented [17]. For this reason, a category named sufficient
level of detail of the approach was introduced as well. The upper categories functional and
non-functional proved to be useful due to the orientation of this work, as functional and
non-functional requirements are also spoken of in classical SE. For this reason, they were
retained as central superordinate categories. Through the content delimitation of the
categories, four sub-upper categories were established, which are functionalities, use case,
procedure, and SE.

Category system for the qualitative content analysis
of the GIS of DTs in logistics systems under consideration of the German rail transport.
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Figure 4. Qualitative content analysis of relevant DT research papers.
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The coding and evaluation of the research papers has shown that Zhuang et al. investi-
gate the process of implementing a DT for the management of complex satellite production
processes. In doing so, Zhuang et al. recommend a DT reference model and illustrate its
implementation [49]. Zheng et al. develop a framework for implementing DTs in the use
case of the product life cycle of production lines. They address the interaction of the real
and virtual space as well as the connecting layer of information processing. They function-
ally structure these into data storage, processing and mapping, which forms the core of
their DT framework [28]. Aivaliotis et al. recommend a generic approach to modelling DTs
in the context of a case study on predictive maintenance of industrial robots [50]. Ma et al.
focus on providing a DT approach for optimization and quality control within product
assembly. In doing so, they recommend an implementation strategy for developing a
platform that will serve as the basis for a subsequent DT application [51]. Lin and Low
develop a DT system architecture for the practical implementation of a DT prototype in
surface-oriented assembly. Hereby, the architecture consists of three functional layers:
operation, visualization and information layers [52]. Jiang et al. focus on developing a
framework for implementing DTs that meets the requirements of synchronous operation of
production and logistics. In doing so, Jiang et al. aim at merging the services of DTs and
product service systems, which focus on the manufacturing phase [53]. Bevilacqua et al.
describe current technologies related to DT and recommend a reference model of a DT for
process plants, which should serve the safety and risk management of its operators. In
doing so, Bevilacqua et al. divide the reference model into four layers: industrial process
layer, communication system, DT, and user layer. In their work, it should also be empha-
sized that the reference model developed does not have a socio-technical system focus,
despite the explicit focus on the interaction between people and machines [54]. Barricelli
et al. investigate the development of DTs in the context of manufacturing considering the
socio-technical system focus for the first time and therefore clearly differentiate themselves.
The central statement is that “to [their] knowledge, this aspect, which is crucial for a suc-
cessful DT development, has never been identified and described by any state-of-the-art
work” [17]. Due to the high system complexity of DTs, a socio-technical approach is essen-
tial for its realization. The inclusion of all relevant stakeholders of a DT, from experts to
designers and decision-makers, is indispensable already during the development of the
DT idea. This involvement must be continuous, collaborative and as early as possible in
the design process. Along the life cycle, the process can adapt to changing requirements
in advance, or to integrate aspects that are not yet known at the initial design of the DT
at a later point in time. The socio-technical and collaborative approach can thus meet the
diverse and complex requirements in the realization of DT projects. In this regard, Barricelli
et al. underline: “The need to find new strategies to support such collaboration therefore
becomes an open challenge” [17]. It can be concluded from this that there a current lack of
GIS to realize this.

From this qualitative comparison of the research papers, it could be concluded that all
papers use plan-driven processes of forward engineering to describe or implement a DT
(see Figure 4). All works show similarities and parallels to the SE approach. Within the
functional requirements for the GIS, the works are characterized by a strong focus on the
technical design and development of a DT. Hereby, only one work on the application area
of logistics and a few works on the recording, analysis and inclusion of the implementation
environment and the stakeholders. This leads to the assumption that the existing papers
have a rather specific character, which consider the implementation of a DT as an isolated
technical process, as they do not include the socio-technical implementation environment.
The non-use of socio-technical design can lead to the result of the implementation not
serving the needs of the stakeholders and ultimately the users of the DT. For this reason,
the usage is recommended, as it involves stakeholders along the development process in a
collaborative and iterative way. This implementation aspect is also mentioned in the work
by Sommerville (2018) as well as IEEE (2015). Likewise, the papers show gaps in a possible
procedural alignment of the approach within the (non) functional requirements as well as
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the presence of an iterative and generic approach. Regarding the overall agreement of the
categories of the category system, it can also be seen that a large proportion of the papers
only have an agreement of 40 to 50 percentage points. The minimum is 35 percentage points
and the maximum 53 percentage points. The weightings within the categories should also
be seen as a reference and a benchmark for the development of the GIS. In summary, it can
be emphasized that no approach for a DT GIS was identified, that specializes in logistics
application or the German rail transport. This research need further justifies the relevance
of this work.

To guarantee an accurate GIS development in Step 3 of Figure 3, the functional and
non-functional categories of Figure 4 were evaluated in greater depth since they form the
requirements for the successful GIS development. For this purpose, the following char-
acteristics are considered: adequacy, completeness, consistency, comprehensibility, uniqueness
and testability [55]. The defined requirements from Figure 4 are based on a comprehensive
analysis of existing research on the implementation of a DT, and thus, completeness and
adequacy can be concluded. Consistency is fulfilled by the clear separation into non-
functional and functional as well as the individual description of all requirements. By
embedding the theoretical foundations, and therefore creating necessary foundations for
understanding, comprehensibility is fulfilled as well. The partly detailed description of
the requirements and the theoretical foundations ensure that the requirements are un-
ambiguous. Furthermore, the testability is given based on comprehensive research and
analysis. Looking sorely at the GIS, it must, according to IEEE 2015:15288, give a descrip-
tion of its intended application as well as the processes included accordingly. In addition,
relationships of the processes with their application as well as any secondary processes
included must be described, which is also conducted in Section 4 [22]. In addition, no
further specifications are made within the framework of the GIS with regard to the aspects
of performance and quality of the implemented system, since the requirements focus on
the processual procedure as such and not on the technical system to be implemented [55].

3.1.2. Model Objective and Approach

The objective of the GIS is to provide a targeted procedure for the practical realization
of DTs in logistics systems of German rail transport, which fulfils the independently
defined requirements from. The analysis of papers focusing on the implementation of
DTs has shown that no paper is dedicated to the implementation of DTs in logistics
systems. Furthermore, there is a lack of an implementation strategy that provides a
detailed and generic procedure to support various DT implementation projects. If the
claim of reproducibility is pursued, the strategy must not be limited exclusively to the
documentation of a single DT project, as for example in the research papers by Zheng et al.
(2018) or Jiang et al. (2020), because otherwise it can only be applied to a similarly specific
project and thus lacks genericity. On the other hand, as shown in Section 2.3, DTs can be
widely used in different industries and application fields. However, the value proposition
of DTs varies greatly and results in different characteristics of DTs. The properties of DTs
are therefore application specific. For this reason, the development of a GIS that covers all
application fields and areas is not possible within the scope of this work.

Regarding the primary requirements of the GIS, further orientations as well as derived
benefits of the development can be identified. The GIS should continuously involve relevant
stakeholders at an early stage and thus contribute to a goal-oriented implementation. In a
research paper on barriers to supply chain data analysis in logistics companies, Herden
et al. emphasize the relevance of early integration of business interests and end users [56].
This socio-technical focus thus ensures that the strategy has sufficient stakeholder influence.
Since changes can occur in the context of DT during the design and development process
that are not foreseeable at the beginning of the design, an iterative procedure that also
allows for changes in an already advanced development process is indispensable and a
target component of the strategy [17]. Furthermore, the actual design and development
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of the DTs technical system remains fundamental and essential to the strategy. This was
confirmed by all the papers analyzed.

In addition to the aspects described the orientation of the GIS is also limited by
the non-functional requirements. Since the concept of the DT includes a physical and
virtual space that are connected via IoT sensors and represents an IT system with the
presence of hardware and software, the strategy is aligned with the SE. Furthermore, the
already described socio-technical system focus and forward engineering is aimed at. These
represent, derived from the SE as well as the examined reference works, the following
phases: design, development, operation, and decommissioning. This work examines a DT for a
physically existing asset. Therefore, the life cycle of the asset is relevant and thus justifies
the orientation of the strategy to the DT life cycle phases. This interaction of the life cycle
phases of physical and virtual world, is of crucial relevance for the GIS development. The
GIS aligns itself with plan-driven and dedicated process steps that have the sufficient level
of detail to implement DTs. This means that the processes run as a series of phases and
iterations between the individual processes occur (see Section 2). Conclusively, due to
their relevance, the entirety of the requirements described is examined in combination for
the first time in the context of science by this work and combined into a holistic strategy.
Through it, the development of the GIS is oriented in the best possible way based on science
and practice to logistics systems under consideration of German rail transport and thus
contributes to the further research and development of DTs.

3.1.3. Model Framework and Components

The framework of the GIS (see Figure 5) was derived from the theoretical foundations
of Section 2 as well the qualitative content analysis in Section 3.1.2. Hereby, the reference
process model of the IEEE Standard 15288:2015 was chosen as a fundament [22]. To
apply this standard, it was tailored to the requirements of its application object, i.e., the
research objectives of this work. Therefore, the adaptation measures derived are the
relevant influencing factors, which are represented by the GIS requirements described in
Figure 4. Secondly, relevant decision-makers and experts of the DB were included through
explorative and iterative interviews. Lastly, it was determined that the development of the
GIS, due to the resources available within the scope of this work, focus on the technical
processes of IEEE 15288:2015(E) only [22]. Therefore, non-technical processes were only
marginally dealt with in the context of this work, but their importance is to be noted. To
meet the requirement of completeness, all relevant processes and aspects of the strategy
were included in the GIS.
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Figure 5. Model approach of the GIS.

Conceptually, the GIS is oriented towards the life cycle phases of the DT as well as the
corresponding asset. Within the GIS framework, a distinction is made between a GIS in the
narrower and broader sense (see Section 2.2). Contrary to the existing scientific opinion, the
decommissioning phase is also considered here in the context of GIS in the broader sense,
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since DTs have data and experience at their disposal when they are decommissioned, which
can be relevant for future implementations [17]. Furthermore, the concept of a DT, which
consists of the virtual and physical space as well as the environment of the DT, is crucial for
the modelling approach. This results in three core components within the life cycle phases:
the environment, the virtual and physical space. Derived from this, the framework of Figure 5
results as the model approach of the GIS.

3.2. Generic Implementation Strategy in the Narrower Sense
3.2.1. Phase 1: Design Phase

The life cycle phase of the design is used to design the DT prototype. Contrary to the
use cases of DTs, where assets in the production industry are designed and developed with
the help of DTs, the considered use case focuses on assets that already physically exist. The
design of the asset is therefore neglected in this phase and is not considered further, so that
the focus lies on the DTP and its DTE. Within this phase, the requirements for the DT are
defined at an early stage to enable a targeted implementation.

With reference to Table 1 of the layered structure of socio-technical systems, the design
of the DT begins with an analysis of the entrepreneurial environment in which the DT is to
be implemented. This step serves to understand the entrepreneurial characteristics and is
in line with the socio-technical system focus. In addition to the analysis of regulations and
guidelines as well as the corporate strategy and mission, the focus primarily lies on the
identification of concrete objectives and problems, or ultimately of operational challenges
that serve to characterize the solution. When identifying the solution, it is essential that the
solution is chosen based on the challenges and that the DT is not the predefined solution.
This is important to ensure that the best possible optimizing solution is chosen for the
existing challenges, even if the solution does not include the DT. To ensure the greatest
possible objectivity, alternative solutions are also identified and compared alongside the
characterized solution. This should serve to avoid the phenomenon of overengineering [16],
which causes a non-beneficial technical playfulness due to an intrinsically over-optimal
manner for technical perfection and quality [57]. The operationally optimal solution is then
further specified with an initial operational concept, which provides information about
elementary stakeholders, the expected life cycle, and the operational environment. This
preliminary operational concept serves as the basis for the subsequent processes. Based on
this, it is useful to conduct a risk analysis [54]. This process step could not be identified
in its entirety in any of the research papers analyzed. Only Bevilacqua et al. mentioned
that it is very important to understand the environment in which the DT will be used.
This low occurrence may be related to the fact that the use cases and the environment
in the analyzed works are already fixed, and the works have a very technical focused
character, without the presence of a generic approach. Another important aspect is that
the focus on operational optimization is not firmly anchored in some cases and thus the
dedicated business analysis is not in focus. Nevertheless, the described fields of action and
objectives of this first process are elementary for the implementation of a DT, as they enable
the described operationally optimal solution finding and the identification of company
environment-specific characteristics (see Figure A2).

After defining the business context and the operationally optimal solution, the next
process step includes the identification of stakeholder needs related to the identified DT
and its life cycle, what serves to prepare the DT requirements that will be placed on the
implemented DT by the users and its environment. Regarding the stakeholders, there is
a strong focus on the involvement of end users to ensure a user-centric solution. For this
purpose, the operational system concept is specified, which shows possible interfaces and
interactions between end users and the system to identify necessary needs and require-
ments. In order to overcome possible hurdles, as users do not have sufficient expertise for
the technical design of the DT, methods of end-user development (EUD) design can be ap-
plied [17]. Once all stakeholder needs have been captured, they are translated into concrete
requirements. This means that constraints are identified, and qualitative requirements are
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defined. Aspects of safety, health, insurance, or the environment may be relevant here.
To enable a later verification of the defined requirements, the requirements are checked
for their meaningfulness and specific evaluation criteria are defined. They serve the sub-
sequent validation of the DT. Based on the defined requirements, systems or services are
derived that are necessary for the further implementation process (see Figure A2).

Building on the previous process steps, the third process aims at defining the concrete
requirements for the DT. For this purpose, the requirements defined by the stakeholders
and user-centered approach are translated into technical specifications. This procedure
is performed with the help of the operational concept and context of use defined in
the previous step. Relevant requirements can be interfaces, data, data quality, system
boundaries and components [17,28,49,50,54]. In addition to the requirements, constraints
that could influence or hinder the implementation must also be recorded [17]. To enable
a verification of the implemented DT solution at a later point, the requirements are also
checked for their plausibility and corresponding evaluation criteria are introduced in this
step. After the fields of action have been carried out and final DT requirements have
been defined, an iteration with the identified stakeholders takes place to validate the
requirements and subsequently select necessary systems and services (see Figure A2).

To meet the requirements, the DT architecture must be designed in the following
process. Hereby, it may be necessary to develop different levels of detail regarding the
architecture for different stakeholders [15]. To prepare the architecture design, the first step
is to identify the critical drivers of the architecture, as they have a significant influence
on the architecture itself [54]. This identification can be performed based on internal and
external research and analysis. In addition, it is necessary to capture other constraints
on the architecture. These constraints can be identified through stakeholders. Before the
final architecture is defined, different architecture variants are designed and evaluated
against each other. For this purpose, evaluation criteria are first defined and necessary
systems and services for the design are determined. This process is followed by a design
of different views of the architecture, which are used to identify possible architecture
frameworks and models. These are rationalized and tailored to the context in which
the necessary system context is defined in terms of interfaces and interactions of the DT
with its environment [49]. The defined architecture units are adapted and tailored to the
identified possible architectures. A connection of the architecture with possible DT designs
follows [54]. For this, the final interfaces, and interactions of the DT with its environment
are defined and the DT elements are connected to the architecture units to identify design
characteristics. These characteristics are addressed in the fifth process. After the possible
DT architectures have been designed, they are evaluated against the defined evaluation
criteria to identify the architecture that best meets the requirements already defined. Once
the best possible DT architecture is identified, the final views, models and descriptions of
the architecture are defined. The core components and decisions of this process are recorded
for management of this definition. Based on this, the explicit agreement of the stakeholders
with the architecture is obtained to enable a later valid and verified implementation (see
Figure A2).

In the following, the DT and its elements are further specified, in line with the ar-
chitectural units defined in the previous process. To enable a successful implementation,
design characteristics and enablers of the individual DT elements are identified and defined
what includes the identification of necessary DT technologies and supporting services
or systems. In the subsequent definition of the DT design, the defined requirements are
assigned to the elements of the DT and the architecture characteristics are transferred into
design characteristics. Based on this, design enablers are defined, i.e., aspects such as
models or algorithms that support the definition. After all relevant design characteristics
and enablers have been defined, it is checked which of the corresponding DT elements
do not have to be newly developed but can be provided through reuse or acquisition of
commercial-of-the-shelf (COTS) products. This requires a detailed assessment and evaluation
(see Figure A2).
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In the last process step of the design phase, an analysis of the designed DT is carried
out, which is the basis for the technical understanding of the DT and the subsequent
development of the DT. For this purpose, the objectives of the analysis are defined, a
methodology for the implementation is identified and necessary services and systems
are procured that are required for the implementation. Based on the analysis carried out,
assumptions are made which serve to derive results and recommendations for action for
the further course of DT implementation (see Figure A2).

3.2.2. Phase 2: Development Phase

The second life cycle phase serves to connect the real and virtual space, i.e., the
transition of the DTP into a preliminary DTI. Referring to the concept of DTs presented
in Section 2.3, the development of communication systems and DTIs is necessary for
the connection of the virtual and real world [17,49,54]. To establish this connection, an
implementation of the systems addressed is necessary.

In order for this to take place in a targeted manner, an implementation procedure is
defined in this process step, which is based on the results of the previous processes. As
described in Section 2.2, the strategy includes the decision whether the DT elements are
implemented by means of forward- or re-engineering. Hereby, parts can also be provided
and implemented by the already mentioned COTS products. Before the elements are
implemented, it is advisable to identify any limitations that may occur with the chosen
implementation strategy that may hinder the implementation. After the preparation is
complete and all necessary resources are available, the DT elements and the communication
system are realized in accordance with the implementation strategy. The focus is on the
hardware and software as well as the services of the real and virtual world. Afterwards,
an inventory is made of whether the realized DT meets the defined requirements (see
Figure A2 and Section 2).

The next process step serves to assemble the DT elements into a DT that verifiably
fulfils the previously defined DT requirements, architecture and design [50,54]. Before
the DT elements can be integrated successively, the necessary services and systems for
the process are provided and a procedure is developed. After integration, the interfaces
between the elements, but also the relation to the environment, as well as critical quality
features and functions are checked. This step is followed by a verification based on defined
criteria and a final management of the process, which includes, among other things, the
approval of the stakeholders that DT fulfils the defined requirements (see Figure A2).

Lastly, the developed DT is transitioned to its operational state, in which it can
demonstrably provide the requirements and characteristics placed on it. For this purpose,
the transition is prepared by various systems and services and then carried out. Once the
transition has taken place, a demonstration of the DT’s functionalities follows. These are
then confirmed by specific validation procedures and the stakeholders, so that the DT can
move into its operational phase [54]. This validation and transition build the last process of
the GIS in the narrower sense (see Figure A2).

3.2.3. Derivation in the Narrower Sense

After the components and the model approach have been defined in Section 3.1 and
the individual process steps have been developed and specified, the GIS in the narrower
sense is derived. In addition to the three core components, the essential process steps
are listed in the GIS. Their structure and sequence are based on Section 2 and the results
from Section 3. As mentioned, the supporting processes are not a core component and
are therefore only of subordinate manner for the final GIS. In an implementation project,
they must be considered and affect each lifecycle phase of the DT to be implemented. For
example, the agreement and contract processes for the provision of essential systems and
services and the procurement of COTS products must be reviewed at each stage. Following
the guiding principle of sociotechnical system focus, the first two processes begin in the
environment of the DT and pave the way for the design of the DTP [41], i.e., process steps
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three through six, until the designed DT moves into the development phase. Here, the focus
is no longer on the environment of the DT, but on the interaction of the real and virtual
worlds, i.e., the pre-DTIs and the IoT asset. The asset under consideration transitions into
an [oT asset as the communication system is implemented in addition to the pre-DTI [41].
These systems and elements are assembled into a validated and operational DT later in the
development phase. Within the processes, two to four and six to nine essential iterations
must be performed between the processes to ensure that the ongoing processes meet the
requirements and needs of the DT and its stakeholders as defined at the outset. In addition,
the socio-technical system focus reflected in processes one and two creates the basis for a
collaborative exchange between the system being developed and its environment. This
explicit involvement is becoming increasingly important due to the increasing complexity
of DTs and enables a targeted DT implementation that meets the requirements and needs
of its environment [17]. Furthermore, the socio-technical system approach creates the
opportunity to continuously adapt the DT based on changing user and environmental
requirements. This enabled influence of the environment on the DT is essential not only in
the design phase, but also later in the operational phase. The open and iterative design of
the processes that enables subsequent system adaptations by the environment attempts
to ensure the long-term value proposition of a DT, which ultimately serves the long-term
achievement of operational optimizations and business goals.

3.3. Generic Implementation Strategy in the Broader Sense
3.3.1. Phase 3: Operation Phase

In a broader sense, as already mentioned, the consideration of the life cycle phase of
operation and decommissioning can also be relevant for the GIS. The operational phase of
the DT essentially consists of operation and use as well as maintenance and evolution. After
an operationally optimal and validated state has been established in the previous process
step, this process step serves the operation of the DT, and thus, the provision of the defined
functions and services that serve the use and generation of operational optimization [17,49].
In detail, this means that before the operation starts, an operational procedure is defined
on how the operational operation will be carried out. This can range from the planning
of resources needed for operations to the definition of relevant performance operational
criteria. In the preparation phase, constraints on operations are also captured, appropriate
systems and services are provided, and essential training and operators for operations
are identified and assigned. In the actual operation phase, the performance of the DT is
recorded and monitored, which serves as the basis for any maintenance claims. Here, the
DT, paired with its communication system of the IoT asset, unfolds its full potential and
provides the services requested by it, such as the real-time monitoring of the IoT asset, for
its stakeholders and other systems [54]. In other words, the DT enters into an exchange with
its environment. Depending on the maturity level and use case, interoperable exchange
with other DTIs, the DTA, can take place (see Section 2.3 and Figure A2).

The maintenance and evolution process step serves to maintain and ensure the func-
tionality of the communication system and the DT. Maintenance work is carried out here
based on planned maintenance and servicing measures or due to reduced performance
of the DT identified during operation. For this purpose, a maintenance concept is created
which, among other things, defines planning, preventive measures and necessary resources
that serve the maintenance of the DT and communication system. In addition to classic
maintenance, the evolution of the DT is also of crucial relevance, as it also ensures the con-
tinued operation of the DT. For example, stakeholder exchange or changing environmental
factors can result in an adjustment of requirements, which have direct or indirect effects
on the communication system or the DT [17]. To ensure the continuity of the systems, a
corresponding evolution may be necessary (see Figure A2).
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3.3.2. Phase 4: Decommissioning Phase

In the fourth and final phase, the DT is decommissioned. In addition to the actual
technical decommissioning and the associated implications, other processes are relevant
that legitimize the consideration of this phase within the development of the GIS. For
this reason, the necessary process steps of the decommissioning phase are developed and
specified in more detail below. In the context of the DT, decommissioning can occur when
the IoT asset is no longer used due to its age or for another reason, or when the services
of the DT are no longer needed. In the classical case, it is assumed that the IoT asset is no
longer used what means that decommissioning is first prepared and carried out for the
IoT asset and then for the DT [17]. In detail, this means the definition of a procedure as
well as the identification of constraints and important criteria that fathom and enable the
implementation. An important aspect is that the stored historical data of the DT is secured
and made available to other DTs and stakeholders, as this use of the collected information
and experience can form the basis for the development, use and optimization of future
hardware, software, and DTs (see Figure A2).

3.3.3. Derivation in the Broader Sense

The GIS in the narrower sense is supplemented with the broader sense. For this
purpose, the core results of the research conducted are derived and transferred. Here,
too, the supporting processes of the implementation strategy are not a focal component.
Nevertheless, they play a decisive role in the actual implementation of DTs and must,
therefore, also be considered here. Accordingly, the following can be found on the left-hand
side of Figure 7. In detail, there is a crucial exchange between DTI, IoT asset and DTE
in both the operational and decommissioning phases. Within the operational phase, the
exchange between IoT asset and DT ensures the provision of the services requested by the
DT to its environment. Hereby, the exchange with stakeholders and especially with the
DT users plays a central role, as well as, depending on the use case, the exchange with
other DTs. This results in four process steps, which are marked numerically with ten. If
maintenance or evolution is necessary, the two processes in Step 11 arise, depending on
the system concerned. Due to the lifetime of the DT, this process step of maintenance and
evolution can be carried out repeatedly, so that iterations arise between process Steps 10
and 11. If a need for adaptation is identified in Step 11, further components may need
to be implemented, so that process step seven can be carried out again. If the result
of a maintenance or planned evolution is that it is no longer appropriate to continue
operating the DT for certain reasons, one moves on to process Steps 12 and 13. These two
processes symbolize the respective system decommissioning. After decommissioning, a
new exchange with the environment takes place, which includes the reuse or further use of
(partial) components of the DT as well as the transfer of knowledge with stakeholders [17].
This can have implications for future DTs, which is why there is a link between process
Steps 15 and 2 as well as 14 and 3 (see Section 4.2).

4. Validation in German Rail Transport
4.1. Methodological Principles and Application

The objective of the practical application of the GIS is to validate and correspondingly
readjust the developed model where necessary (see Figure 3). To carry out this validation,
semi-structured expert interviews were conducted in a single case study-based research [58].
Hereby, DT experts and decision-makers from DB were chosen and secondary corporate
data sources from DB were collected. Subsequently, these data were analyzed and evaluated
by means of a qualitative content analysis [48] and are being presented hereafter. The
overall focus lied on the first four process categories of the GIS (see Section 4.2).

Within the German rail transport, DB must act economically and therefore make
investment decisions based on the greatest economic benefit. The operational objective
is to provide a reliable, attractive, and competitive service for its customers. Therefore,
processes and assets must function and be protected, and disturbance variables, e.g.,
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weather or vandalism, must be avoided and eliminated. Availability can also be ensured
by replacement assets, which is financially expensive. Therefore, a solution is required that
ensures that these challenges are met, whereby the planned and unplanned maintenance
of the assets and their operations have the greatest benefit and need. Hereby, DTs provide
the operationally optimal solution for DB, since they enable the provision of information,
e.g., condition, history, inferences for the present and future, about assets and allow to
map the interaction of different components relatively easily. This can optimize operations
as well as planned and unplanned maintenance, what is no longer possible without data.
The DT provides necessary data and, above all, condition data, which is indispensable, for
example, for complex fault analyses as well as the analysis of the performance of assets.
Dependencies of different systems and their mutual influence is very large and complex,
so that it is often necessary to diagnose an entire system, e.g., a train, and not just a single
component. For this purpose, all data of an asset must be brought together in a central
place to carry out various analyses and identify interactions.

Due to the practicability and the relevance of maintenance, the use case of providing
asset condition data from an existing ICE train asset was chosen, which is intended to
optimize maintenance as well as operation. In this context, the DT becomes the hub for
all data analysis and visualization tools through intelligent linking, evaluation and use
of all condition-relevant data from operation and maintenance. The required data can
partly be acquisitioned by the already existing control and monitoring systems (TCMS) of
an ICE train, which connects subsystems with each other and enables the control and
monitoring of these. Within this TCMS, there are nowadays nested bus systems due to
hierarchical control levels, which are very complex, and its data are not fully accessible.
This complexity poses a great challenge, as the bus systems are essential for data acquisition
and processing. For example, the vehicle control unit has a lot of information and operating
records. These data are held by the ICE manufacturers and is currently only partly available
for DB. For these reasons, it is essential to consider from the beginning exactly which data
are needed for the use case of the DT, because not all data can be acquired for economic
reasons. Although it would be possible to obtain the necessary data from the TCMS by
reprogramming the DB internally, this would lead to a comprehensive change at all control
levels of the bus systems due to its complexity, which would entail a very expensive re-
registration of the ICE train. Therefore, the acquisition of this data becomes the central
challenge. Regulatory, organizational, and contractual aspects represent a greater hurdle
than the necessary technology for the implementation, since the TCMS data could simply
be provided via an interface without reprogramming. However, since modifications are
to be made and the data have commercial value, data acquisition must be carried out in
dialog with the manufacturers (see Figure 6).

For the DT to serve its goal of operational optimization of DB’s ICE train operations
and maintenance, the DT solution must provide understandable and comprehensive data
about the ICE asset as well as its environment through collection, storage, and provision.
Hereby, the performance of analysis and linking data enables the provision of information
that the ICE asset does not initially possess. To realize the DT, it is recommended to use
a DT framework, an IoT platform, IoT analytics and systems that serve data processing,
persistence, and provision. In addition, the use of modern and future-oriented system
landscapes is recommended, as well as the integration of subsystems for the collection
of environmental data of the ICE asset. It can also be useful to reuse DTs that already
existed in the environment of the ICE asset or even for the asset itself. The inclusion of
other DTs can be useful in some use cases and should be included in the design phase
of the implementation strategy. However, it is recommended that for the success of the
implementation for the ICE asset, it should primarily be limited to the exact use case.
Hereby, it must be noted that a complete mapping of state data of the environment of
the ICE asset is not realistic, and the generation of an operational added value is the top
priority. The collection of all available data is also not recommended since it is often
the case that data are collected, and it is assumed that it will already find the solution.
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Accordingly, it is important to identify the necessary data based on the defined solution.
Finally, it is important to note that a central building block for the implementation of DT
is the availability of expert knowledge and technical expertise. Particularly regarding the
intelligent and standardized interfaces mentioned, the exchange with experts from industry
is essential, as the interfaces require intensive specialist knowledge on the one hand and
the desired establishment of standards cannot take place in isolation within a company on
the other hand, as the claim and added value of DTs is the cross-organizational exchange
in perspective (see Figures 2 and 6).

DT requirements

Functional Non-functional

Creation of operational added value
Operational optimization (reliability,
availability), economic efficiency

Provision of data
Acquisition, storage and provision of the data
of the ICE asset and its environment.

Generation of information
Data analysis and linking for insights that the
ICE asset does not have

Problem-solving power
Solution of a concrete use case from an
operational challenge

Fidelity of reproduction
Level of detail according to use case;
Validated and verified data

Evolution
Functionalities can be added, adapted and
further developed

Information Security
Compliance with data protection,
cybersecurity and manipulation

Interoperability
Access by other instances in the ecosystem
possible (cross-organizational)

Ease of use
Simple and end-user friendly design

Regulatory
Compliance with regulatory requirements
(ordinances and laws)

Technologies
Cloud services; visualization software;
loT platform and analytics

Time response
Data transmission in near- and/or real-time
(component dependent)

Reusability
The DT can be reused for new loT assets or
integrate them

Reliability
Data consistency and quality, connection of
other data sources and synchronization

Context integration
Context- and situation-related preparation of
data

Flexibility
Ambition of use and establishment of
standards

Figure 6. Core results of the DT requirements.

4.2. Supplementation and Validation of the GIS

It was determined that the most important foundation of a successful GIS is the
existence of a use case for DT. Hereby, the DT must represent the most operationally
optimal solution after an objective evaluation of all alternative solutions, otherwise the
implementation will lead to the effect of over-engineering. Furthermore, data plays a central
role in the concept of DT and can lead to lengthy and cost-intensive processes in the context
of German rail transport due to regulatory and contractual aspects. It is, therefore, essential
for a timely efficient implementation to identify and characterize the necessary restrictions
in the acquisition of data at an early stage to be able to initiate countermeasures within the
agreeing and contractual processes at an early stage. As a result, the early identification
and specification of necessary and relevant data are included as a field of action in the
first and second processes. Furthermore, existing, or decommissioned DTs can provide
useful insights that can be of value for the further course of implementation. The described
practical complexity due to the already existing strategic projects can nevertheless be
mapped by the GIS, as it represents a process model that shows relevant fields of action and
process steps but does not call for a compulsory run-through of already existing content.
The validation of the developed system was carried out by comparing the requirements
defined in Section 3.1 and the evaluation of whether the GIS can be used in the practice
of German rail transport. This assessment shows that the developed solution approach
has an overall compliance with the defined requirements from Figure A3 of 91 percentage
points. The lack of complete requirements fulfilment is because supporting processes,
which reflect requirements seven to nine (see Figure A3), are addressed in the GIS, but due
to the scope of the work no detailed inclusion has been made at this point. In addition to
the content adjustments, the practical relevance and fit was also directly validated through
the conducted expert interviews (see Figure 7).
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Figure 7. Validated GIS of DTs in German rail transport.

5. Discussion
5.1. Implementation of Digital Twins Using the Generic Strategy

Through the review and evolution of the GIS, it was shown that the GIS can be applied
in the context of a single case study. With reference to the theoretical foundations, it
could be determined that the definition of DT necessary for the framework of this work
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is appropriate and corresponds to the practical understanding. The adoption of the SE
approach and the IEEE Standard 2015:15288 as a reference basis for the development of the
GIS seem to be proven as valid and practical based on the results. Through the additional
combination with the socio-technical system focus, it was possible to develop a strategy
that includes the environment of a DT early in the design phase to enable a targeted
implementation. With reference to the SE and its process steps it has been shown that the
inclusion of the decommissioning life cycle phase is not part of any existing research (see
Section 3.1). Nevertheless, it was included in the context of GIS in a broader sense. The use
of the term GIS, in the narrower and broader sense, was also addressed for the first time in
the context of this work. The basis for this decision was the theory presented in Section 2
as well as the derived model approach in Figure 5. Due to the interoperable claim of the
DTs as well as the requirement mentioned within the interviews that a DT needs to be
able to evolve and adapt in an evolutionary manner, it became apparent that the inclusion
of the operational phase within the GIS should be considered reasonable. It also became
clear during the interviews that a DT should pursue the requirement of reusability for new
IoT assets even after the corresponding IoT asset has been decommissioned. The DT can
thus influence the design phase of new DT projects. Therefore, it can be concluded that it
is of added value to consider all lifecycle phases from design to decommissioning when
implementing a DT to enable a targeted and operationally optimal solution.

Based on the interviews conducted, it became apparent that it appears difficult to
define clear boundaries between the individual processes, since aspects could already
arise in the implementation of the first process that are only relevant in later process steps.
In order not to lose sight of these aspects, but to still ensure a planned approach, early
documentation can be useful. Since the interview guide was drawn up based on the
objectives of the GIS, and can therefore, be assumed to be representative, one possible cause
for this phenomenon could be that the content of the other processes was not sufficiently
recognizable due to the isolated and independent questioning of the experts. Therefore,
two recommendations for action can be useful for the practical application of GIS. Firstly, it
is recommended that all stakeholders have the same level of information about what has
been decided within the framework of the GIS, so that they can continue the strategy in a
targeted and collaborative manner. This was not possible due to the research framework.
On the other hand, it may be useful to store all information in a central place so that
information can be shifted and maintained across processes what would also solve the
question of the necessary documentation and make it possible for notes to be included. In
this way, a uniform and plan-driven procedure can still be ensured.

In particular, the use of the socio-technical system has led to the analysis of the
initial operational situation as well as the relevant national regulations and laws in the
first step of the process. This seems to be of crucial importance, especially in relation to
DB and ICE assets, as all interviewed experts have described regulatory constraints in
the implementation of DTs. In addition, the early identification of stakeholders as well
as the characterization of data requirements show that challenges can arise during the
implementation strategy, which need to be identified and addressed at an early stage. This
need was illustrated, for example, by the fact that the central challenge in the collection of
relevant status data of an ICE asset in operation is not the technical feasibility per se. Rather,
the central challenge is the acquisition of the data, since the necessary sensor technology
exists, but it is not accessible to DB without costly reprogramming, since it is the property of
the manufacturer. Moreover, the existence of a business outcome was identified as essential
for the implementation of DTs. This can be attributed to the fact that the evaluation of DTs
as a trend [12] can lead to an implementation in use cases where DTs are not necessarily
the operationally optimal solution. This was also confirmed by the interviews and justifies
the inclusion of the critical evaluation of alternative solutions in the first process step of
GIS to avoid over-engineering and high data volumes. It can thus be concluded that in
the application of GIS, contrary to its focus on DTs, it is first essential to critically question
the actual use of a DT for the concrete application. Thus, it can be assumed that if a more
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suitable alternative solution than a DT exists, it is necessary to stop the implementation
process to ensure an operationally optimal solution. In addition to the critical accuracy
evaluation of fit of a DT, the data represents the central challenge. Based on various results,
it can be concluded that the acquisition of status data of an ICE asset can only be conducted
through a dialogue with the manufacturer due to contractual and technical constructs. For
this reason, simultaneously with the initial use of a DT, it is important to question which
data are needed and whether it can also be acquired indirectly via other components or
systems than the sensor technology, which is difficult to access (see Figure 6).

With reference to the comprehensive research and analysis of practice-based research
papers and activities in Section 3.1, it was found that Barricelli et al. are the first to address
the relevance of the socio-technical system focus in the context of a DT implementation [17].
However, the analysis found that his work does not have the necessary level of detail to
use the strategy as a reference model for actual implementation. Furthermore, no specific
area of application, such as a focus on logistics systems or German rail transport, could
be identified in the identified papers. It can, therefore, be concluded that this work has
developed a strategy that has the necessary level of detail for the implementation of a DT
in logistics systems of German rail transport for the first time.

5.2. Relevance for Science and Practice
5.2.1. Limitation and Need for Further Research

The GIS presented is used for the implementation of DTs, which represent assets
in operation within logistics systems of German rail transport. Thus, the application is
limited to assets that have already been developed and therefore physically exist. In the
context of German rail transport and DB, for example, this means an operating signal box
or an operating ICE train. Consequently, regarding Section 2.3, the GIS is limited to the
implementation of DTPs and DTIs for existing assets. Thus, future research could focus
on the development of a GIS for DTs used in the development of assets in production.
The potential of doing so is also confirmed in the other papers [17]. In addition, the
aforementioned work by Tao et al. provides a detailed overview of existing theories and
research on the topic of DT use for product development [18].

Despite the necessary consideration of the described aspects, the research has shown
that the implementation of a DT is elementary for the perspective interoperable exchange
with other (sub-) systems. The work of Bevilacqua et al. confirms that and outlines further
that to ensure interoperability between the DTs, several standardization issues, such as
the synchronization of the physical asset and its DT, syntax and semantic interoperability
needs to be addressed [54]. It has become clear that further research and development of
standards is required and that this can only be conducted in dialogue with stakeholders
and the industry. This dialogue is also of essential importance regarding the acquisition
of data. Therefore, it could be concluded that in the considered use case, it is necessary
to enter negotiating and contractual processes with the manufacturer at an early stage
to obtain access to the relevant status data through a software update. However, due to
the research framework, this was not explored in further detail and represents a starting
point for further research work (see Sections 4.1 and 5.1). In addition to the establishment
of these standards and data property, there is also a need for organizational research
and development at DB, as regulatory framework conditions prevent the free exchange
of data between subsidiaries of DB. With a view to the technological results, it has also
been shown that the use of individual technologies is shaped by and depends on the use
case. Nevertheless, the use of cloud services, also with a view to interoperability, is to
be considered elementary. Based on the results analysis, it was also possible to develop
functional and non-functional requirements as well as a reference architecture for the DT
of an ICE asset. In particular, the requirements obtained represent new findings for science
and practice, as no suitable references could be found. These must be further researched
and developed in the future.
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Looking into the application of the GIS, it has been shown that the data collected
during the research validates the solution approach. Still, the focus was on the first three
technical processes of the GIS (see Figure 7). The processes four to fifteen as well as the
supporting processes were not an active target component of the implementation and
validation. Based on the results, it could be concluded that the interaction of technical and
supporting processes during the implementation of DTs is essential, because as mentioned,
such as the restriction of data acquisition and the contractual dialogue with manufacturers
to be aimed for, are essential for the future implementation of DTs. Their application and
investigation in further research, are therefore, recommended. This could lead to new
insights into implementation inhibiting and facilitating factors that support the further
establishment of DTs. With a view to practice, potentials were identified in which DT is
promising in solving operational challenges. The existence of a comprehensive infrastruc-
ture within German rail transport as well as capital- and maintenance-intensive assets of
DB reveal fields of application for DTs. Despite the identified euphoria for this promising
concept, critical analyses are needed in the practical application to prove the actual clear
solution power of DT and to ensure an operationally optimal solution. Rail transport has a
lot of catching up required, compared to other industries such as the automotive or aviation
industry, which already use DT successfully. Especially regarding the use of DT for the
simulation-driven development of assets, there are many potentials. This is addressed
in the context of DB with reference to the tendering procedures for new ICE trains (see
Table 2).

In these procedures, requirements engineering for the tender is done by DB, as it
sets the requirements for the asset to be developed. Within an interview, the relevance
of simulation-driven and iterative exchange between manufacturers and operators was
outlined, as this enables targeted development on the one hand and efficient matching
of requirements on the other. It is, furthermore, a concept that is already a standard in
other industries. The rail transport lags behind here, as requirement documents are only a
written representation and it is difficult to ensure this atomicity, when each requirement is
checked for fulfilment manually. This leads to ineffectiveness and room for interpretation,
which results in high resource costs and project delays. Therefore, a logical conclusion is
to check whether, in future, tendering procedures of cost-intensive assets, a kind of DTP
exists between manufacturer and operator, which makes the design and development
more attractive by creating a win—win situation for both parties. One possibility for DB
would be to include an initial DTP in the award procedure when the asset is put out to
tender, which on the one hand receives the necessary requirements that correspond to
the operationally optimal and desired parameters of future rail operations based on the
simulation and on the other hand already contains standardized interfaces and parameters.
The aim of this procedure for all manufacturers would be to submit their offer including the
further developed DTP, which would reflect the iterative further development of the asset
on the one hand and the basis for a DT1 in the operational phase of the asset on the other.
The standards defined at the beginning would ensure interoperability and reusability for
DB. This possible solution represents a set screw for a more efficient and operationally
optimized award process for DB as well as a more digital railway operation in the future.
Its further investigation in practice is therefore recommended (see Table 2).

5.2.2. Generalization of the Core Results

The generalization of the results serves to theoretically abstract the findings and give
readers of this work the opportunity to critically engage with the results. The goal of
generalization is to formulate hypotheses that can be tested by subsequent studies [59].
Thus, the working hypotheses for German rail transport, based on the analyzed results of
the DB AG single-case study, are reflected in Table 2.
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Table 2. Generalized working hypotheses of this work.

No. Working Hypotheses

Conclusions on the developed GIS:

VALIDITY
WH 1 L] “The developed GIS is practical and suitable for the implementation of DTs, which are to digitally represent assets

of German rail transport that are in operation.”

APPLICATION

. “No separable boundaries can be drawn in the practical application of the developed GIS. Thus, it may be useful
to keep a list including all processes, which will enable the cross-process storage of relevant information at an
early stage.”

. “The GIS can serve to create empirical values in the implementation of DTs. Based on these empirical values,
representative GIS versions for individual asset groups can be established (i.e., DTs of ICE trains, DTs of railway
infrastructure), which enable a standardized and targeted-oriented implementation of several DTs of the same
asset group.”

Conclusions on the DT in German rail transport:

WH 2

USE CASE
WH 3 ] “For the implementation of a DT, there must be a specific use case for which the DT represents the operationally
optimal solution. Otherwise, the implementation must be refrained from.”

DATA

. “Data represents a central role in the implementation of a DT in German rail transport. Their requirements must
be defined in an application-oriented manner, i.e., based on the concrete operational challenge.”

. “Transmission of real-time rail traffic data is not necessary in normal operations. They are limited to irregular

WH 4 cases such as fault clearance. Thus, some care is needed when using the term real-time with reference to DT.

. “Acquiring condition data of a train asset enables condition-based maintenance and forms the foundation for
predictive maintenance.”

. “Acquiring data from a train’s TCMS is only accessible through dialog with the manufacturer, otherwise the train
operator will face resource-intensive reprogramming and re-registration. Here, the creation of a win-win situation
is necessary. In the future, this data access will be facilitated by a simplified ethernet-based TCMS.”

DT LIFE CYCLE

. “From a current perspective, along the value chain of an asset, multiple DTs will exist.”

. “The introduction of DTPs in train tender processes simplifies the reconciliation of requirements immensely and

WH 5 has the potential to serve as the basis for the DTT of the developed train within its operational phase. Furthermore,

the inclusion of DT standards within tender procedures creates the potential to establish generally applicable
standards in rail transport. With a view to other industries, there is a need for action in this regard.”

. “The use of DTPs, which were used for the design and development of a train, can be profitable for the
implementation of a DTL.”

INTEROPERABILITY and STANDARDS
. “The interoperable operation of DTs (DTAs) requires not only technical standards but also a situationally adapted
organizational structure, since the regulatory framework of German rail transport makes interoperable exchange
WH 6 difficult.”
. “Within the implementation of DTs, a bundling of activities is needed to ensure a common thrust. This is
indispensable for the ability to operate interoperable.”
. “Establishing DT standards can only be done in dialogue with stakeholders as well as industry.”

PARTNERSHIPS

. “In the context of DT research and development, participation of (inter-)national rail transport companies in
WH7 consortia are recommended. Here, the initiation of a rail transport-specific consortium can be useful.”

n “In the context of digitalization, rail transport can use empirical values from other industries, for example with

reference to the simulation of capital-intensive assets.”

DT VISION

. “Achieving the goals of a digital rail system requires modern systems and approaches. In this context the DT, due
WH 8 to its intended interoperability, provides a unique opportunity for data management as well as the connection of

promising services, such as the creation of networked and complex analyses and simulations of different (sub-)
systems. These serve to increase the reliability and availability of rail transport fundamentally.”
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5.2.3. Importance of Strategic Partnerships

Due to the interoperable claim of DT, the existence of standards is indispensable
for technical feasibility. For this reason, many industry partners, and companies within
consortia such as the digital twin association or the digital twin consortium are focusing on
bundling research activities and establishing standards. Through the results of this work,
the acquisition of data and the establishment of standards was identified as a central
challenge in the implementation of DTs within DB. For this reason, it seems to be a logical
conclusion that companies from the German rail transport participate in the described
initiatives to represent interests and possibly establish standards. The initiation of an
own consortium with supra-national rail transport partners could also be a solution to
jointly research DT and create an industry-specific platform to investigate specifics such
as regulatory restrictions in rail transport companies regarding DT. By joining forces,
the consortium would potentially combine its bargaining power with manufacturers to
enforce standards within rail transport. In addition, the promotion of the DT-based tenders
described above could be a strategic field of action for the consortium. It could also
make sense to make use of the experience of the aviation industry, which is playing a
pioneering role in the use of DTs. Moreover, a corresponding consortium could serve in the
discussion of new developments, such as the train-as-a-service business model introduced
by Hitachi Rail for the first time in rail transport [60]. The described cooperation of different
stakeholders is becoming increasingly important, especially regarding the interoperability
of DTs. The aforementioned vision of DB, to be able to digitally represent the entire railway
world in order to enable simulations and experiments [12], requires cross-organizational
DTAs (see Figure 2) and further research into organizational and technical aspects in order
to overcome regulatory restrictions and establish standards.

In addition to these aspects, a uniform procedure is also highly relevant to enable
the targeted establishment of DTs and not to have several individual DTs that have been
developed based on diverse interfaces and can thus only be assembled through resource-
intensive reprogramming.

5.2.4. Significance of Data Sovereignty

In the context of the implications described, the commercial value of data and its
relevance in optimizing operations and maintenance was described (see Table 2). It was
shown that in the context of German rail transport, the legal legitimization of the use of
data often lies with the manufacturers (see Sections 3.2 and 5.1). Due to currently valid
contracts, it is difficult for DB to change this fact without creating a positive situation for all
parties. This phenomenon of data sovereignty can also be observed in agriculture, where,
for example, farmers are restricted in the use of the data of the agricultural machines they
operate. The machines they have purchased collect a lot of data. However, this data is
not accessible to them, as its use is in the custody of the manufacturers of the machines.
Within their business models, the data becomes a central component, as it has immense
economic value. With reference to the presented problem of DB and its ICE assets, the
same problem arises for farmers [61]. Data sovereignty thus seems to be a central challenge
not only for rail transport. For this reason, it is recommended for operators to include the
legal use of the data collected by the acquired and operated asset as a central element in
future contractual negotiations.

6. Conclusions
6.1. Summary of the Results

In the context of the logistical management of the sparing use of resources and the
increased transport and traffic volume, the need for coupling real and virtual worlds
has increased in recent years, as this interaction promises new business innovations and
the optimization potential. In addition to the virtualization of realities, rail transport is
becoming increasingly important as it enables resource-saving transport and traffic. To
successfully meet the challenges described regarding German rail transport, the federally
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owned railway group DB has adopted the group strategy strong rail. For this strategy,
digitalization and technology have become the decisive key, which justifies the relevance of
DB’s digital and technology strategy. In the context of science and practice, the potential of
the DT concept was recognized, which should help to solve operational challenges. As this
is a new concept, there are many challenges, such as the way in which DT is implemented,
which need to be solved to realize its full potential. Therefore, the goal and research
question of this work was to develop a strategy that would serve as a reference for the
future implementation of DTs.

The systematics of this work was based on the DSRM research methodology shown
in Figure 3, which serves the successful development of representation models in infor-
mation systems. As a result of the work, the following aspects can be summarized, which
furthermore fathom the answer to the research question:

e  GIS: target-oriented behavior and combination of measures for the generally valid
implementation of DTs; focus on forward engineering as well as plan-controlled
process steps.

o DT understanding: the virtual system platform is a physically correct digital represen-
tation with very high fidelity of the physical system platform; the overarching goal is
the concrete provision of services in the DT environment which serve the operational
optimization of the asset under consideration along its life cycle.

o Theoretical foundations: use of the SE approach and its life cycle processes according to
IEEE Standard 2015:15288; integration of a socio-technical systems focus.

o  Validation of the GIS: conducting qualitative expert interviews in a single-case study de-
sign on the application of the GIS; reviewing the specially developed GIS requirements
and evolution based on the findings

e  Model approach: inclusion of four life cycle phases within the GIS; in the narrower sense
the inclusion of design and development and in the broader sense the operation and
decommissioning; focus on assets that already exist and the DT and its environment
in the context of the socio-technical system focus.

o  Components: 15 dedicated technical process steps in the process model; nine in the
narrower and six in the broader sense of GIS; plan-driven relationships and coupling
of real and virtual (environment) world.

The results obtained demonstrate the validity of the assumptions made as well as
the practical applicability of the developed GIS. Furthermore, this work has provided
important and novel insights as well as practical implications for the promising use of DTs
(e.g., see Figures 6 and 7 and Table 2). In this context, for the practical success of DTs, it is
particularly important to emphasize that the DT must solve a specific use case for which it
represents the operationally optimal solution. The definition of data requirements must be
application-oriented and pragmatic, as data are a key challenge in the implementation of
DTs. For example, indiscriminately collecting data in real time to optimize operations and
maintenance was identified to be not goal-oriented or operationally optimal (see Table 2).
Furthermore, it can be generally stated that the interoperable exchange of different DTIs
requires a cross-company approach to develop and establish standardized or self-learning
interfaces as well as open organizational structures. The technological maturity as well
as organizational and regulatory frameworks hereby determine the progress of DTs. To
achieve this, participation in consortia and the possible initiation of partnerships and
working groups between national and international stakeholders is considered essential
(see Section 5.2.3).

The research objective of developing a GIS in logistics systems of German rail transport
was fulfilled within the framework of the qualitative-explorative research design (see
Sections 3-5 and Figure 3). Based on the single case study design at DB, concrete results
were obtained for the implementation of a DT for the transmission of timely status data of
an ICE asset. The findings provide information about relevant requirements for the DT as
well as its architecture and design, which form the basis for defining an implementation
strategy for the considered use case (see Figure 7 and Table 2).
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Concluding it can be stated, based on science and practice, that the developed solution
approach represents a first-time and novel scientific result for implementing DTs in logistics
systems of the German rail transport.

6.2. Outlook

DTs offer diverse and novel fields of application in logistics systems of German rail
transport, whereby their relevance has been confirmed in other industries already (see
Section 2.2). Since DTs pave the way to the vision of a digitally networked rail transport
operation that enables complex analyses and simulations of interactions and effects of
decisions, further research and application is needed (see Sections 5.2.3 and 5.2.4 and
Table 2).

In this context, finding regulatory frameworks and technical standards that enable
interoperable operation of DTs in a DT network (DTA) are a major implementation hurdle of
DTs (see Figure 2). Due to the sheer complexity and necessary consent of many stakeholders,
the exploration within strategic partnerships of sufficient size that have the power to
establish standards, is highly recommended (see Section 5.2.3).

In addition, data are an increasing challenge in the realization of DTs. Current regu-
latory and contractual frameworks make data sovereignty difficult for system operators.
Corresponding parallels were shown in other industries (see Section 5.2.4), leading to a
potential conflict in the use of operational data. This area of conflict must therefore be
addressed by for instance changing historical contractual structures (see Table 2).

Regarding the developed GIS (see Figure 7), further research is recommended as well.
The GIS can be applied to already existing and operating assets. Hereby, the extension
to assets that are still under development (DTP) was identified as promising (e.g., in the
inclusion in tenders and developments of ICE trains) should therefore, be pursued (see
Section 5.2.1). In addition to the described strategic bundling of DT activities (see Table 2),
which enable a standardized and future-oriented GIS application, subsequent research
should focus on validating and evolving the developed GIS in a multiple case study design.
It can serve to identify correlations between technical and supporting processes as well as
to create empirical values in the implementation of DTs. Based on these empirical values,
a GIS of individual asset groups, such as ICE trains, can be enabled. In the long term, it
thus, contributes to the standardized and targeted evolution of DTs and the operational
and environmental improvement of the German rail transport.
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Appendix A

Coding guide for the qualitative content analysis
of the GIS of DTs in logistics systems under consideration of the German rail transport.

>
S No
i

8
Functional

Lower category

Recording, analysis and
inclusion of the
implementation environment

Definition

A strategy is described and how

Anchor examples

See Figure 3 from paper of

something can
is shown.

The environment of the
implementation object is
identified and included in the
procedure.

etal. paper
etal. 2020, 5.10)

varioly complexiy and the
increasing scale of DT desigi

projects require all end to act in
concert and collaborate in teams, by
applying the respective knowledge
to extend or modify the system.*
(Barricelli et al. 2019, S.167664)

In particular, we first illustrate the
need of a sociotechnical and.
collaborative approach to the design
process [...J* (Barricelli et al. 2019,
5.167664)

See Figure 1, 2 and 3 of Zheng et al.
paper (Zheng et al. 2019, S.1144 ff.)

. The construction phase contains
two parts, i.e., the construction of
shop-floor IoT networks and the
construction of a shop-floor digital
twin.* (Zhuang et al. 2018, S.1159)
See Figure 4 of Zheng et al. paper
(Zheng et al. 2019, 5.1148)

ol...] the risk is measured or
estimated for the operators involved
in the maintenance and

3. Ea = Identified influence
collaborative involvement of  the design process and are
stakeholders in the design _ Invoived colaboratively.
process.

The DT is designed using all

b (EnmeincEel relevant design characteristics.
architecture, components and
Dev ,:)p,,. The DT is developed and

e DT is developed an

S| mchnla:lllm aysiSof | o olyzed based on all relevant

2 development characteristics.

g

2

2 6. Posshiltytoadsptthe Adaptations are possible and

= in case sk fndje

e P e development of the DT.

Changing circumstances can
thus be taken into account in the
procedure.
The following processes are

O e e considered: Project planning,

assessment and control,
decision, risk, configuration and
measurement, quality
assurance.

s and The following processes are

csos considered: acquisition,
provision.

9. Organizational and project  The following processes are
enabling processes considered: Management of life

cycle model, infrastructure,
portfolio, personnel, quality and
knowledge.

Non-functional
The focus of the implementation

10. :;grp!umnullon objectis a isonaDT.

Logistics The area of the

ik 8188 implementation is in the field of

logistics.
» |12, Consideration of the German  The implementation environment
§ rail transport is German rail transport.
2
=)

ol (U e et The use case of the DT is real-
monitorkng time monitoring.

The focus of the DT application

1 mwe;:m':,; is on a physical-existing object.

el [Cora apreacn The described procedure is not

- solely specific, but also
generalized.

16. Case study based research on A case study is used to validate
e e i the described approach.
validation.

17. Plan-controlled processes The procedure consists of plan-

controlled processes.
Dedicated process steps are
18 m‘:‘mﬁmumn' SIEPSUP 1 own which enable

. implementation.

s

i s The procedure provides for and

g allows iterations.

e The DT to be implemented is

20 coy"'n;, ,,.,,;‘;:‘?,’,‘2',‘;; ffe based on the lifecycle phases of

aDT.

21, | Sufficient leve of detail of the . Sufficient explanations are
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reproduction of the procedure.

2. SE The DT is seen as a system that

consists of more than just
software. Development
accordingly follows the systems
engineering approach.

>

£

! BT The lows

s forward englneering.

&

T e The DT to be implemented has a
focus ssociotechnical system focus.

management of the process
industry.* (Bevil etal. 2020,
$.10)

. The second step is to evaluate if
there are available hardware slots
on the system controller, in order to

add acquisition modules into which a

new set of sensors can be plugged.”
(Bevilacqua et al. 2020, S.11)

See Figure 3 of Barri

(Barricelli et al. 2019, S.167665)

[.J] a case of DT system for real-
time monitoring is built based on a
welding production line.* (Zheng et
al. 2019, $.1152)

. This study proposes a digital-twin-
based implementation framework of
production service system (DTIF-
PnSS) for highly dynamic production
logistics operations.” (Jiang et al.
2019, S.74)

No anchor example identified.

[.] a case of DT system for real-
time monitoring is built based on a
welding production line.* (Zheng et
al. 2019, $.1152)

In the case where the tool works
on-line it must be able to receive
information from the sensors on the
physical asset and it modifies its
parameters when the asset changes
its conditions.” (Bevilacqua et al.
2020, S.8)

See Figure 3 of Barricelli et al. paper

(Barricelli et al. 2019, S.167665)

.[.--] a case of DT system for real-
time monitoring is built based on a
welding production line.“(Zheng et
al. 2019, 8.1152)

See Figure 3 of Bevilacqua et al.
paper (Bevilacqua et al. 2020, S.10)

See Figure 2, 3 and 4 of Aivaliotis et
al. paper (Aivaliots et al. 2019,
S.41811)

See Figure 3 of Barricelli et al. paper

(Barricelli et al. 2019, S.167665)

The design implications derived
from the study are then presented:
they focus on socio-technical design
aspects and DT lifecycle.” (Barricelli
etal. 2019, S.167653)

,To elaborate how to apply the
proposed approach to reality, we
present detailed implementation
process of the proposed digital twin-
based smart production
‘management and control approach
in a satellite assembly shop-floor
scenario.* (Zhuang et al. 2018,
$.1149)

JItis necessary to develop open-
ended software environments that
can be evolved and tailored in
opportunistic ways to tackle the co-
evolution of users and systems. [...]
A sociotechnical design approach is
needed [...].“ (Barricelli et al. 2019,
$.167664)

See Figure 3 of Barricelli et al. paper

(Barricelli et al. 2019, S.167665)

,The design implications derived
from the study are then presented:
they focus on socio-technical design
aspects and DT lifecycle. (Barricelli
etal. 2019, S.167653)

rricelli et al. paper

Coding rules

Definition of the lower
category...

.rather applies

applies

e

.partly does not apply
..rather does not apply

loes not apply

Definition of the lower
category...

. applies
‘ ..rather applies

0-

\

partly does not apply

rather does not apply

...does not apply

Figure A1. Coding guide of the functional and non-functional categories.
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No Process Fields of action
Phase 1: design of the DT
1. Analysis of * Review of relevant pollcles and as well as
the strategy, in light of and objectit
entrepreneur + Analysis and of the mission or problem
ial context + Characterization of the solution and ition of a preliminary i
DT concept
« Early identification and ification of y and relevant data
. ion of i to avoid gil ing
* Analysis of opportunities and risks
. and systems and services
+ Management of the anaIyS|s (documentation and provision of the
approach to enable process traceability)
25 of - ing of all relevant
o ion and of needs definition.
needs and O Incluslon of DT end users lying EUD to lack of

requirements

3. Definition of

the DT

requirements

expertise, if necessary)
Development of operational concept and lifecycle to specify interaction of
users and system

+ Further specification of necessary data

. T of needs into requi and analysis,
pnontlzauon and defnmon of evaluahon criteria
. and systems and services

. Management of the def inition (stakeholder approval of defined
, tracking of the process)

. Prepare and perform definition of functional and non-functional DT
and interface p data transfer rate,

quallty and security, uptime/reliability, asse! context, system behavior,
environmental impact).

+ Definition of key implementation constraints

+ Analysis of DT requirements and derived evaluation criteria

+  Alignment of defined DT requirements with relevant stakeholders

. ification and of systems and servnces

. of DT requi provisi
tracking of the process)

Objectives

« Defined operational starting position and
challenges

« DT as the operationally optimal solution

Identified and alternative solutions

Preliminarily defined operational DT

concept

Specified necessary data

+ Supporting and enabling systems and
services

+ Traceable analysis process

Identified stakeholders along the DT

lifecycle.

« Verified, prioritized and transparent

needs and i its

* Identified constraints on \he Digital Twin

« Defined operational DT concept

+ Defined evaluation criteria for
subsequent verification of defined
requirements

+  Supporting and enabling systems and
services

+ Traceable definition process

« Description of DT as a solution

« Supporting and enabling systems and
services

 Defined and validated functional and

non-functional DT requirements (e.g.,

value propositions, processes,

interfaces, data, system boundaries and

components)

Defined evaluation criteria

+ Defined constraints

« Traceable definition process

of - ion and i ification of the main drivers as well as stakeholder + Identified key drivers and stakeholder
the DT requlrements for the architecture. requirements for the architecture
+ D and ion of possible DT architeclures + Possible architectures, viewpoints and
O and of viewpoints their evaluation
+  Definition of system context and boundaries (interactions, + Developed, adequate and confirmed
interfaces, system entities and elements, relatlonshlps) system architecture
« Assignment of concepts, properties, istics, . supporting and enabling
functions, and constraints to architectural units systems and services
+ Alignment, selection, and alignment with DT and stakeholder + Traceable definition process
requirements and the design process
. ification and ion of ing systems and services
. of DT
ibiliti approval, ir delivery,
process)
5. o F ion and i if ion of y and design « Identified necessary technologies for DT
the DT types elements
design + Identification and planning of suppor(mg systems and services « Selected design characteristics and
* D of design ct bl and artifacts enablers
. ification of system not to be ped (COTS, reuse, or « Developed DT design artifacts
acquisition) + Identified DT elements that do not need
. of the design of design istics into to be developed

6.  Analysis of

the DT

DT elements, traceability process)

+ Identification of the analysis objectives and method (technical, functional
and non-functional).
. Preparatlon and execution of the DT analysis

+ D ion of results and for action
« Identification and planning of supporting systems and services for the
process

+ Management of the DT analysis (provision of information, tracing of the
process)

Phase 2: development of the DT

o D of the preliminary DTI as well as (further) development of the
on ofthe DT  communication system.
. Deﬁnmon of an |mplemen(auon strategy and derivation of constraints for
the design)
. Idennﬂcahon and plannlng of supporllng systems and services
. fty , services,
techniques and methods for use, managemenl)
-+ Target ison of DT requi
o ofi results
provision, traceability process)
8. of DT
and . ion of the i ion (pt ) y systems and
verification services, restnctlons)
o of the DT
. i ion of interfaces, and critical quality characteristics
. of the i (doct ion and information provision,
traceability of the process)
Verification of the DT
< F ion of verif bj , methods, i pp

9.  Transition
and
validation

Figure A2. Descriptive processes of GIS in a narrower sense; source:

J
required systems and services)

Definition and of
results, techniques, enablers)

. of ion and i ion provision,
stakeholder buy-in, traceability of the process)

Transition of the DT

of the

e criteria,

o [f y systems and services,
constraints)

+ Training of stakeholders and users for DT operational phase

+ Execution of the transition and deployment of the DT

+ Demonstration of the DT's functions and verification of operational
readiness

. of the tation and it ion provision,
traceability of the process)

Validation of the DT

o F ion of the pp
required systems and serwoes)

« Definition and of ion p (results,
enablers, conditions)

. of the (doct and information provision,

of the p

Supporting and enabling systems and

services

« Traceable definition process

+ Identified analysis targets and
stakeholders

+ Analyzed and validated DT

+ Validated assumptions and results to

inform implementation decisions

Supporting and enabling systems and

services

+ Traceable analysis process

+ Developed implementation strategy
+ Identified implementation constraints
+ Supporting and enabling systems and
services
. ited and validated DT
and their management
« Traceable implementation process

* Synthesized DT elements into a DT
+ Integration of the DT into the operational
environment
 Verified interfaces between DT elements
as well as DT and its environment
= Proof that DT or DT elements meet their
specific requirements and characteristics
Identified anomalies (errors, defects or
deficiencies)
< T ble i ion and
process

Demonstration and assurance of the
operational readiness of the DT

+ Transfer of the DT to the operational
state

Validated performance with respect to
defined DT requirements and
characteristics

Identified anomalies (errors, defects or
deficiencies)

« Traceable transition and validation
process

see Sections 3.1 and 3.2; [22].
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Fullfilment of requirements
of the GIS of DTs in logistics systems under consideration of the German rail transport.

Upper category No  Lower Category Comment Rating
Functional
1. Demonstration of an implementation strategy Met: demonstration of necessary processes
in the narrower and broader sense.
2. Recording, analysis and inclusion of the implementation Met: use of a sociotechnical systems focus.
environment
& Early, continuous and collaborative involvement of Met: interaction of the DT environment in the
stakeholders in the design process design, operation, and decommissioning
phases.
4. Design of the technical system (requirements, architecture, Met: definition of essential system
components and design) characteristics (processes 3-6).
Functionalities 5. Development and analysis of the technical system Met: design and analysis (processes 6-9) of
the system (DTl and loT asset).
6. Possibility to adapt the technical system in case of Met: process iterations as well as possibility
changing circumstances of evolution
7. Technical management processes Partially met: consideration, but not a
component of the study
8. Agreement and contractual processes Partially met: consideration, but not a
component of the study
9. Organizational and project enabling processes Partially met: consideration, but not a
component of the study
Non-functional
10. Implementation object is a DT Met: implementation object is a DTl of an loT
asset
11. Logistics application area Met: application in long-distance logistics
12. Consideration of the German rail transport Met: application in DB of German rail
Use case
transport
13. Use case is real-time monitoring Met: investigate the transmission and
monitoring of state data.
14. Application object is a physical existing asset Met: DT of an ICE asset in operation.
15.  Generic approach Met: generic approach for assets in operation
16. Case study based research on implementation strategy Met: application of a single-case study design
validation according to Yin (2018).
17.  Plan-controlled processes Met: use of a plan-driven procedure (waterfall
model)
P d 18. Dedicated process steps up to implementation Met: assignment of clear objectives for the
ECCECUIE respective process steps.
19. lterative procedure Met: inclusion of iterations within the process
steps.
20. Orientation along the life cycle phases of a DT Met: consideration of the phases of the DTP
and DTl along the system life cycle.
21. Sufficient level of detail of the procedure Met: formulated action areas and objectives
of each process step.
22. SE Met: using the fundamentals of the IEEE
2015:15288 standard.
. . 23. Forward-engineering Met: DT is (further) developed or newly
Bzl created on the basis of the design phase.
24. Socio-technocal system focus Accomplished: inclusion and interaction of
the DT's environment
Overall compliance with GIS requirements: 91 %
Figure A3. Assessment of the fulfilment of the GIS requirements.
References

1. BMBF Industrie 4.0. Available online: https://www.bmbf.de/de/zukunftsprojekt-industrie-4-0-848.html (accessed on 16 April 2020).

2. BMVI Verkehrsverlagerungspotenzial Auf Den Schienenverkehr in Deutschland Unter Beachtung Infrastruktureller Restriktionen.

Available online: https:/ /www.bmvi.de/SharedDocs/DE/ Artikel/G/MKS/verkehrsverlagerungspotential-schienenverkehr.

html (accessed on 30 January 2021).

DB AG. Deutschland Braucht Eine Starke Schiene 2020; DB AG: Berlin, Germany, 2020.

4. DB AG. StarkeSchiene—86 Milliarden Euro Fiir Erhalt Und Modernisierung: Bund Und DB Unterzeichnen Grifstes Modernisierungspro-
gramm Fiir das Schienennetz 2020; DB AG: Berlin, Germany, 2020.

5. DB AG Konzernunternehmen Der DB AG: Uberblick Der Tochtergesellschaften. Available online: https://www.deutschebahn.c
om/de/konzern/konzernprofil/Konzernunternehmen (accessed on 7 January 2020).

6.  Koether, R. Taschenbuch Der Logistik, 5th ed.; Carl Hanser Verlag: Munich, Germany, 2018; ISBN 978-3-446-45767-6.

S


https://www.bmbf.de/de/zukunftsprojekt-industrie-4-0-848.html
https://www.bmvi.de/SharedDocs/DE/Artikel/G/MKS/verkehrsverlagerungspotential-schienenverkehr.html
https://www.bmvi.de/SharedDocs/DE/Artikel/G/MKS/verkehrsverlagerungspotential-schienenverkehr.html
https://www.deutschebahn.com/de/konzern/konzernprofil/Konzernunternehmen
https://www.deutschebahn.com/de/konzern/konzernprofil/Konzernunternehmen

Appl. Sci. 2021, 11, 10289 32 0f33

10.
11.
12.
13.

14.
15.

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

30.

31.

32.

33.
34.
35.
36.
37.
38.
39.
40.

41.

Schlesiger, C.; Boll, S. Fast Alle ICEs Haben Probleme. Available online: https:/ /www.wiwo.de/unternehmen/dienstleister/kris
enkonzern-deutsche-bahn-fast-alle-ices-haben-probleme /24102552 html (accessed on 17 April 2020).

DB Systemtechnik. DB Systemtechnik Leistungsbericht 2018/2019; DB Systemtechnik: Minden, Germany, 2019.

Grieves, M. Origins of the Digital Twin Concept. Available online: http://rgdoi.net/10.13140/RG.2.2.26367.61609 (accessed on
1 October 2020).

Singh, S.; Shehab, E.; Higgins, N.; Fowler, K.; Tomiyama, T.; Fowler, C. Challenges of Digital Twin in High Value Manufacturing; SAE
Tech. Pap. 2018-01-1928; SAE International: Warrendale, PA, USA, 2018.

Wortmann, D. Digital Twin in the Cloud—The Results of the EU Research Project “Optimised”; SimPlan AG: Hanau, Germany, 2019.
DB Systel GmbH. Digital Trend Studie Digital Twin—Zwischen den Welten; DB Systel: Frankfurt, Germany, 2020; p. 46.

Velosa, A.; Kutnick, D.; Lheureux, B.; Williams, R. Hype Cycle for the Internet of Things, 2020; Gartner, Inc.: Stamford, CT, USA,
2020; p. 62.

DHL. DHL Trend-Report: Einsatz von Digitalen Zwillingen Verbessert Logistikabliufe Deutlich 2019; DHL: Bonn, Germany, 2019.
Minerva, R.; Lee, G.M.; Crespi, N. Digital Twin in the IoT Context: A Survey on Technical Features, Scenarios, and Architectural
Models. Proc. IEEE 2020, 108, 1785-1824. [CrossRef]

Fuller, A; Fan, Z.; Day, C.; Barlow, C. Digital Twin: Enabling Technologies, Challenges and Open Research. IEEE Access 2020, §,
108952-108971. [CrossRef]

Barricelli, B.R.; Casiraghi, E.; Fogli, D. A Survey on Digital Twin: Definitions, Characteristics, Applications, and Design
Implications. IEEE Access 2019, 7, 167653-167671. [CrossRef]

Tao, F; Zhang, H.; Liu, A.; Nee, A.Y.C. Digital Twin in Industry: State-of-the-Art. IEEE Trans. Ind. Inf. 2019, 15, 2405-2415.
[CrossRef]

Daniel, A. Implementierungsmanagement; Deutscher Universitatsverlag: Wiesbaden, Germany, 2001; ISBN 978-3-8244-7420-2.
Chandler, A.D. Strategy and Structure: Chapters in the History of the Industrial Enterprise; MIT Press: London, UK, 1990; Volume 120.
IEEE Std. IEEE Standard Glossary of Software Engineering Terminology 1990; IEEE Std: Piscataway, NJ, USA, 1990.

ISO/IEC/IEEE 15288:2015(E): Systems and Software Engineering—System Life Cycle Processes; ISO: Vernier, Switzerland, 2015.
Hoch, T. Einsatz Der Informationsverarbeitung Bei Business Process Reengineering; Deutscher Universitatsverlag: Wiesbaden, Germany,
1996; ISBN 978-3-663-08448-8.

Chikofsky, E.J.; Cross, ].H. Reverse Engineering and Design Recovery: A Taxonomy. IEEE Softw. 1990, 7, 13-17. [CrossRef]
Sommerville, I. Software Engineering, 10th ed.; Pearson Studium: Hallbergmoos, Germany, 2018; ISBN 978-3-86894-344-3.
Duden Online. Generisch; Bibliographisches Institut: Leipzig, Germany, 2020.

Hafe, H.; Li, B.; Weilenberg, N.; Cirullies, J.; Otto, B. Digital twin for real-time data processing in logistics. In Proceedings of the
Hamburg International Conference of Logistics (HICL), Hamburg, Germany, 26-27 September 2019. [CrossRef]

Zheng, Y; Yang, S.; Cheng, H. An Application Framework of Digital Twin and Its Case Study. . Ambient. Intell. Hum. Comput.
2019, 10, 1141-1153. [CrossRef]

Lim, K.Y.H.; Zheng, P.; Chen, C.-H. A state-of-the-art survey of digital twin: Techniques, engineering product lifecycle manage-
ment and business innovation perspectives. J. Intell. Manuf. 2020, 31, 1313-1337. [CrossRef]

Josifovska, K.; Yigitbas, E.; Engels, G. Reference framework for digital twins within cyber-physical systems. In Proceedings of the
2019 IEEE/ACM 5th International Workshop on Software Engineering for Smart Cyber-Physical Systems (SEsCPS), Montreal,
QC, Canada, 28 May 2019; pp. 25-31.

Uhlenkamp, J.-F,; Hribernik, K.; Wellsandt, S.; Thoben, K.-D. Digital twin applications: A first systemization of their dimensions.
In Proceedings of the 2019 IEEE International Conference on Engineering, Technology and Innovation (ICE/ITMC), Valbonne
Sophia-Antipolis, France, 17-19 June 2019; pp. 1-8.

Klein, M.; Maschler, B.; Zeller, A.; Talkhestani, B.A.; Jazdi, N.; Weyrich, M.; Rosen, R. Architektur und technologiekomponenten
eines digitalen zwillings. In Automation 2019; VDI Wissensforum, Ed.; VDI Verlag: Diisseldorf, Germany, 2019; pp. 89-102,
ISBN 978-3-18-102351-8.

Tao, F.; Zhang, M. Digital twin shop-floor: A new shop-floor paradigm towards smart manufacturing. IEEE Access 2017, 5,
20418-20427. [CrossRef]

Tao, F; Qi, Q.; Wang, L.; Nee, A.Y.C. Digital Twins and Cyber—Physical Systems toward Smart Manufacturing and Industry 4.0:
Correlation and Comparison. Engineering 2019, 5, 653-661. [CrossRef]

Gartner Digital Twin. Available online: https://www.gartner.com/en/information-technology/glossary/digital-twin (accessed
on 12 September 2020).

Capgemini Nederland, B.V. The European Railways of the Future 2018; Capgemini: Amsterdam, The Netherlands, 2018.

Mikell, M. Immersive Analytics: The Reality of IoT and Digital Twin; IBM: Endicott, NY, USA, 2017.

Parris, C. What Is a Digital Twin? GE Digital: San Ramon, CA, USA, 2020.

Weber, U.; Grosser, H. Digitale Zwillinge Wegbereiter Fiir Okosysteme von Morgen; Detecon International GmbH: Cologne, Ger-
many, 2019.

VDI VDI-Statusreport Industrie 4.0 Begriffe/Terms 2019. Available online: https://www.vdi.de/ueber-uns/presse/publikatione
n/details/industrie-40-begriffeterms-2019 (accessed on 11 November 2020).

Jones, D.; Snider, C.; Nassehi, A.; Yon, J.; Hicks, B. Characterising the Digital Twin: A Systematic Literature Review. CIRP ].
Manuf. Sci. Technol. 2020, 29, 36-52. [CrossRef]


https://www.wiwo.de/unternehmen/dienstleister/krisenkonzern-deutsche-bahn-fast-alle-ices-haben-probleme/24102552.html
https://www.wiwo.de/unternehmen/dienstleister/krisenkonzern-deutsche-bahn-fast-alle-ices-haben-probleme/24102552.html
http://rgdoi.net/10.13140/RG.2.2.26367.61609
http://doi.org/10.1109/JPROC.2020.2998530
http://doi.org/10.1109/ACCESS.2020.2998358
http://doi.org/10.1109/ACCESS.2019.2953499
http://doi.org/10.1109/TII.2018.2873186
http://doi.org/10.1109/52.43044
http://doi.org/10.15480/882.2462
http://doi.org/10.1007/s12652-018-0911-3
http://doi.org/10.1007/s10845-019-01512-w
http://doi.org/10.1109/ACCESS.2017.2756069
http://doi.org/10.1016/j.eng.2019.01.014
https://www.gartner.com/en/information-technology/glossary/digital-twin
https://www.vdi.de/ueber-uns/presse/publikationen/details/industrie-40-begriffeterms-2019
https://www.vdi.de/ueber-uns/presse/publikationen/details/industrie-40-begriffeterms-2019
http://doi.org/10.1016/j.cirpj.2020.02.002

Appl. Sci. 2021, 11, 10289 330f33

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Grieves, M.; Vickers, J. Digital twin: Mitigating unpredictable, undesirable emergent behavior in complex systems. In Trans-
disciplinary Perspectives on Complex Systems: New Findings and Approaches; Kahlen, F.-J., Flumerfelt, S., Alves, A., Eds.; Springer
International Publishing: Cham, Switzerland, 2017; ISBN 978-3-319-38754-3.

Soziotechnisches System. Mensch-Maschine-Interaktion: Handbuch zu Geschichte—Kultur—Ethik; Karafyllis, N.C., Ed.; ].B. Metzler:
Stuttgart, Germany, 2019; ISBN 978-3-476-02680-4.

DB AG. Zugbeeinflussungssysteme Bei Der Bahn 2020; DB AG: Berlin, Germany, 2020.

Kossiakoff, A.; Sweet, W.N.; Seymour, S.].; Biemer, S.M. Systems Engineering Principles and Practice; John Wiley & Sons: Hoboken,
NJ, USA, 2016; p. 559.

ISO/IEC/IEEE 24748-4:2016(E): Systems and Software Engineering—Life Cycle Management—~Part 4: Systems Engineering Planning;
ISO: Geneva, Switzerland, 2016.

Peffers, K,; Tuunanen, T.; Rothenberger, M.A.; Chatterjee, S. A Design Science Research Methodology for Information Systems
Research. J. Manag. Inf. Syst. 2007, 24, 45-77. [CrossRef]

Mayring, P; Fenzl, E. Qualitative Inhaltsanalyse. In Handbuch Methoden der empirischen Sozialforschung; Baur, N., Blasius, J., Eds.;
Springer Fachmedien Wiesbaden: Wiesbaden, Germany, 2014; pp. 543-558, ISBN 978-3-531-17809-7.

Zhuang, C.; Liu, J.; Xiong, H. Digital Twin-Based Smart Production Management and Control Framework for the Complex
Product Assembly Shop-Floor. Int. |. Adv. Manuf. Technol. 2018, 96, 1149-1163. [CrossRef]

Aivaliotis, P.; Georgoulias, K.; Arkouli, Z.; Makris, S. Methodology for Enabling Digital Twin Using Advanced Physics-Based
Modelling in Predictive Maintenance. Procedia CIRP 2019, 81, 417-422. [CrossRef]

Ma, Y.; Zhou, H.; He, H,; Jiao, G.; Wei, S. A digital twin-based approach for quality control and optimization of complex product
assembly. In Proceedings of the 2019 International Conference on Artificial Intelligence and Advanced Manufacturing (AIAM),
Dublin, Ireland, 17-19 October 2019; pp. 762-767.

Lin, W.D.; Low, M.Y.H. Concept and implementation of a cyber-physical digital twin for a SMT line. In Proceedings of the 2019
IEEE International Conference on Industrial Engineering and Engineering Management (IEEM), Macao, China, 15-19 December
2019; p. 5.

Jiang, H.; Qu, T.; Wan, M.; Tang, L.; Huang, G.Q. Digital-twin-based implementation framework of production service system for
highly dynamic production logistics operation. IET Collab. Intell. Manuf. 2020, 2, 74-80. [CrossRef]

Bevilacqua, M.; Bottani, E.; Ciarapica, F.E.; Costantino, F.; Di Donato, L.; Ferraro, A.; Mazzuto, G.; Monterit, A.; Nardini, G.;
Ortenzi, M.; et al. Digital Twin Reference Model Development to Prevent Operators’ Risk in Process Plants. Sustainability 2020,
12,1088. [CrossRef]

Glinz, M. Software Engineering; Vorlesungsskript; Universitit Ziirich: Ziirich, Switzerland, 2001.

Herden, T.T.; Nitsche, B.; Gerlach, B. Overcoming Barriers in Supply Chain Analytics—Investigating Measures in LSCM
Organizations. Logistics 2020, 4, 5. [CrossRef]

Reifl, M. Implementierung integrierter gruppenkonzepte—Ein kritischer erfolgsfaktor des lean management. In Lean Production;
Corsten, H., Ed.; Kohlhammer: Stuttgart, Germany, 1993; pp. 108-134, ISBN 3-17-012734-9.

Yin, RK. Case Study Research and Applications: Design and Methods, 6th ed.; SAGE: Los Angeles, CA, USA, 2018; ISBN 978-1-5063-3616-9.
Mayring, P. Generalisierung in qualitativer forschung. Forum Qual. Sozial. 2007, 8, 26.

Hitachi Data Systems. England Kommt Der ICE Kiinftig Als “Train as a Service” 2016; Hitachi Data Systems: Santa Clara, CA,
USA, 2016.

Kalmar, R.; Rauch, B. Wie Schafft man Datensouverdinitit in der Landwirtschaft? Blog Fraunhofer-Institut fiir Experimentelles
Software Engineering: Kaiserslautern, Germany, 2020.


http://doi.org/10.2753/MIS0742-1222240302
http://doi.org/10.1007/s00170-018-1617-6
http://doi.org/10.1016/j.procir.2019.03.072
http://doi.org/10.1049/iet-cim.2019.0065
http://doi.org/10.3390/su12031088
http://doi.org/10.3390/logistics4010005

	Introduction 
	Research Background 
	Understanding of the Generic Implementation Strategy 
	Understanding of the Digital Twin 
	Definition of the Concept 
	Application along the Asset Life Cycle 

	Development of Systems 

	Development of the Generic Implementation Strategy 
	Methodological Fundaments of the Development 
	Structure and Rationale of the Approach 
	Model Objective and Approach 
	Model Framework and Components 

	Generic Implementation Strategy in the Narrower Sense 
	Phase 1: Design Phase 
	Phase 2: Development Phase 
	Derivation in the Narrower Sense 

	Generic Implementation Strategy in the Broader Sense 
	Phase 3: Operation Phase 
	Phase 4: Decommissioning Phase 
	Derivation in the Broader Sense 


	Validation in German Rail Transport 
	Methodological Principles and Application 
	Supplementation and Validation of the GIS 

	Discussion 
	Implementation of Digital Twins Using the Generic Strategy 
	Relevance for Science and Practice 
	Limitation and Need for Further Research 
	Generalization of the Core Results 
	Importance of Strategic Partnerships 
	Significance of Data Sovereignty 


	Conclusions 
	Summary of the Results 
	Outlook 

	
	References

