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Abstract

In the context of ongoing digitalization, manufacturing companies face new challenges and the need to
expand their portfolios to include new digital services. Enriching their portfolio with digital services can be
an opportunity for manufacturing companies to position themselves in emerging collaborative production
networks and thus make their business model fit for the future. The paper ties in with the activities from the
Product Lifecycle Enrichment as a Service (PLCEaaS) research project. Within this context, use cases for
digital services have already been derived, modelled, and documented in various workshops. The respective
digital services directly address external customers and internal stakeholders from development. The central
enabler for the new digital services is the digital twin based on the asset administration shell, which makes
the necessary data available and thus supports interoperability. The asset administration shell is enriched
with use case-specific submodels. The procedure for structuring these submodels is shown in this paper using
the research project as an example. This includes modelling the digital services with a standardized
modelling language based on the semi-structured use cases described so far. As a result, we obtain an asset
administration shell enriched with several submodels - some of which may be based on standardization
activities already underway or represent proprietary submodels. Likewise, it is considered whether more
submodels are required to implement the domain-specific use cases that are currently not yet addressed in
standardization activities. The paper ends with an outlook on the further research activities that are necessary
to prototype the planned project and describes which criteria can be used to evaluate the defined submodels
in the later course of the project.
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1. Introduction

The ongoing digital transformation is also changing the engineering industry and should be understood as a
process that operates at different levels through the use of various technologies and concepts. New
possibilities are now available for gathering product data along the life cycle of a product. The digital twin
(DT) [1] supports this because it can integrate the physical and virtual data throughout the product lifecycle.
The DT is increasingly emphasized by both academia and industry. The lifecycle data can be used for various
types of analytical methods, for example, to optimize the performance of physical products or processes [2].
The DT can be used to tackle the challenges of information islands and duplicate data between different
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phases of the product lifecycle. Therefore it has high potential in product design, manufacturing, and product
service [3]. Early definitions characterize DT as a set of virtual constructs that describe a product — actual or
virtual — in different levels of detail. It includes the use of operational states from sensor data or from
predicting models for a variety of purposes [4]. The DT therefore ties information of physical and virtual
products together [5]. Since the project described in this paper relies on a digital twin based on the asset
administration shell (AAS), the digital twin is defined as a digital representation sufficient to meet the
requirements of a set of use cases. The AAS, in turn, is the standardized digital representation of an asset
that enables interoperability between applications and the management of manufacturing systems. Assets
represented by it are uniquely identifiable, contain various digital models — called submodels — and describe
the functionality of the assets [6]. It characterizes the technological attributes of an asset, central to the
Reference Architectural Model for Industry 4.0, often referred to as RAMI 4.0 [7].

This paper builds on a functional service model created without a standard modelling method. To obtain this
functional model, we built on an abstract idea for servitising an existing business model of a component
manufacturer. This abstract idea arose from a business opportunity addressed as part of a research project,
which in turn, is exploring new manifestations of everything-as-a-service approaches. To sharpen the
abstract idea of services, the component manufacturer's product life cycle was examined. Subsequently, user
stories were created for the respective stakeholders, who could be external customers or internal employees,
depending on the service. For the user stories, word templates were used for systematic elaboration. To
prioritize the user needs expressed by the user stories and the service functionalities, the quality function
deployment (QFD) method was applied. For this purpose, the user stories were first weighted in a pairwise
comparison. The services’ functionalities were defined as precisely as possible by various domain experts.
Next, the correlation of the customer’s voice in the form of the weighted user story was correlated with
functionality by asking, for each comparison, what effect does the fulfilment of service functionality X have
on user need Y? The result is the prioritization of service functionalities for further elaboration. Afunctional
model was developed with an online tool that enables a collaborative work mode with the simultaneous
participation of each team member.

In this paper, we present a procedure from the defined service idea to the actual data model of the digital
twin. This does not include its validation or implementation in the service, as this represents a later step in
the research project. We thus address the research question: How to model the data model for the digital twin
based on the AAS for a use case-specific service?

2. Need for a procedure for creating a digital twin

According to the aforementioned definition of the DT, meeting the requirements of use cases is a central
point determining its overall quality and meaningfulness. One can proceed by deriving the DT data model
based on an already existing use case or by first deriving a data model and then validating it against the use
case requirements. In this research project, we decided to first model the use cases in digital services in using
an iterative and systematic approach. The Industrial Digital Twin Association e. V. has published a guideline
for creating a submodel template. One of the topics addressed is that different stakeholders and experts
should be involved in creating a submodel template. In this project, research team also consists of experts
from different domains. However, the guideline does not address how to build the AAS with the necessary
submodels for specific use cases - this includes the creation of proprietary submodels or the selection of
existing submodels [8]. Liu et al. also describe the problem that despite the long existence of the DT
terminology, in addition to the lack of a unified definition, there is also no unified creation and deployment
process [9]. Regarding the DT product-service systems, Bertoni indicates that research projects often focus
on the development of standalone applications. Also, the focus is often on the development of frameworks
and methods rather than on models, tools, or algorithms. Bertoni explicitly poses the research question of
how virtual product models and the DT should be developed as a link between the real and virtual worlds to
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support decision-making in the early design stages [10]. There is already work on the automatic generation
of AAS by using neural language models. However, this approach requires that there are already information
sources whose contents can be mapped into standardized submodels of the AAS [11]. Also described is that
there remains a poor understanding of what data should be collected from the usage phase of product-service
systems (PSS) that can be used to design better PSS [12]. Lack of knowledge about the data to be collected
inevitably leads to lack of knowledge about the data structure of a DT and the properties to be contained in
it.

Acatech, the German Academy of Engineering Sciences, addresses further specific research needs. Primary
research needs have been defined, such as knowledge provision based on feedback information from earlier
product generations or approaches to knowledge generation from product usage data for new requirements
specifications [13]. Later, operational data usage was addressed associated with the DT to optimize or
develop systems. It was noted that implementation and use in practice, however, is still very much in its
early stages [14]. In this research project, services are also being worked on to support the data-based
optimization of product sizing and the development of products. For such use cases, it has also already been
described that AAS, in particular, is a possible technology as a manifestation of DT [15].

We present our process to address challenges like the ones mentioned. By presenting our procedure, we want
to share our approach for a systematic derivation of the DT. In our research project, the DT is based on the
AAS. Hence it concludes that this is a matter of systematically deriving the data model and composing it
from different submodels of the AAS. This is also intended to address the gap between the functional view
of'a defined use case and a potentially standardized modelling DT to enable that very use case. As mentioned
before, meeting requirements for a digital representation is central to our used definition of a digital twin.
Therefore, our approach is strongly driven by requirements engineering and by the related aspects to model
a use case as holistically as possible [16]. The modeling of the submodels also depends in particular on the
type of asset, the lifecycle and the deployment scenario [17]. With regard to the metamodel, it should become
clear, among other things, which submodels are necessary, what its properties are or whether the asset is a
type or an instance.

3. Modelling of the use cases

The procedure described in the following is based on functional use case descriptions. However, regarding
data structure and flow, these use case descriptions still represent black boxes. The goal of the modelling
was to move from this black box approach to a detailed view creating a deeper detailed understanding of the
services. The Unified Modelling Language (UML) was chosen because it is internationally established as a
uniform modelling language for information systems and is, thus, considered an adequate tool for the
research group, which consists of experts from different domains [18].

The modelling of the services consists of three parts. First, the system structure is addressed. The system is
modelled together with all components relevant for implementing the use case - corresponding to a Tier 3
architecture. The AAS functions here as an access layer that, for the prototypical implementation, references
the operating data in a separate database and already contains the catalogue data of the components. In the
future, it is also possible to reference data in other data sources or carry additional information. Thus, the
structure and relationships of the components are documented and readable. The component diagram already
contains all components that are important for the project’s various services. Figure 1 shows an illustration
of the component diagram in which the Tier 3 architecture for the services was designed.

The respective services were modelled separately. Only the relevant components were transferred in
sequence diagrams in the next step. The sequence diagrams reveal the mutual interactions between
components and the services’ functionalities. This shows which procedures use the AAS. If applicable, it
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should also be made clear which functions are called up via the AAS or which information is retrieved from

it. Figure 2 illustrates a sequence diagram describing the processes of "Innovation-as.-a-Service".

Last, but not least, the services are modelled in class diagrams. They are particularly valuable for modelling
the objects relevant for the service together with their attributes and for defining the relationships between
the objects. From them, it should be evident which properties must be included in the data model DT. In the
use case considered here, the data relevant for the following evaluations is collected in a targeted manner.
However, a broader database may also be available, and an explorative approach to a project can be pursued.
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Figure 1: Component diagram of the Tier 3 architecture for the service landscape of the research project
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Figure 2: Excerpt from the sequence diagram for "Innovation as a Service"
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In this case, a detailed consideration should clarify whether all properties must be included in the data model.
Figure 3 hows excerpts of the class diagram and indicates the properties that will be processed as part of
"Innovation-as-a-Service".
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Figure 3: Excerpt from the class diagram for "Innovation as a Service"

4. Structuring the data model of the digital twin

The use cases are defined in several stages and modelled from different perspectives, creating a uniform
understanding within the team of the services to be implemented in the research project. The rough idea of
the services as defined at the beginning of the research project served as input for this. This is shown in steps
one and two of Figure 5. The next step is the concrete derivation of the submodels of the AAS. Important
aspects of the AAS are the standardization activities that define submodels. Their reuse and uniform structure
simplify the digital twin’s derivation and foster interoperability in the industrial context. The Industrial
Digital Twin Association (IDTA) publishes these submodels. It is assessed whether there are completed
submodels that have already gone through the standardization process and are suitable for application in the
specific use case. In the same ways, it is assessed whether there are non-standardized proprietary submodels
that may already be used in the company's context. In our case, it is about identifying specific drive systems.
As a result of these steps, the necessity of the standardized submodel “digital nameplate” was determined.
Based on our described data and knowledge of the associated data types, we know the need for a submodel
based on the submodel for time series data that is in the process of standardization. According to Figure 5,
step 3 visualizes this procedure.
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To successively enrich the AAS with further submodels relevant to the use case, steps four and five are
devoted to the created models of the services (see section 3). On the one hand, already specified submodels
can be adapted and enriched with additional properties. On the other hand, it is also intended to develop and
use proprietary submodels that only meet specific requirements. The adapted or proprietary submodels
benefit from the standardized interfaces of the AAS and thus ensure interoperability between AAS and other
systems. Figure 4 shows an example of how the derivation of the submodels, including properties, can occur
based on the previous modeling. To list exemplary structures adopted: assess which components need an
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Figure 5: Process for creating a use case specific DT based on the AAS
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Figure 4: Derivation of specific data structure and properties from previous modelling

AAS based on the component diagram. It is not necessary to assign an AAS to each component. Rather the
communication structure must be considered to see which entities communicate with each other and
exchange data. For this user-specific case, the current strategy and state of the art focuses primarily on
equipping the hardware (gearbox) with the AAS.

The operational data recorded and stored in a CrateDB are all in the form of time series data, so the need for
the time series data submodel can be derived from their nature. The AAS represents an abstract construct
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that enables interoperability and a description with metadata, independent of technologies already in use and
ideal technologies for the use case. In this case, CrateDB was chosen for reasons of performance, the
capabilities of the project partner, and integration into their existing data platform. The service Data Baseline
provides the customer catalogue and test bench data. On the one hand, specific properties for the AAS type
can be derived from this. On the other hand, the properties for the respective AAS instance are also enriched
with instance-specific measurement data.

The sequences of the sequence diagrams determine which data should be retrieved through the AAS or which
functions should be called. It is necessary to consider this in advance so that the exact data required is loaded
with individual commands without redundant data being included or data missing. For example, the get
command is shown, which refers once to multiple AAS and once to an asset with a specific ID. A single
flow in the diagram should usually be considered a single query providing data necessary for the interaction.

The respective properties and parameters can be taken from the class diagram. The example given shows
how the exact data points relevant for the end-of-line test of a drive system and, thus, also for the data
baseline service can be read from the respective class properties in the UML class diagram. The example
shows the service, which processes data not only from the gearbox but also from the engine. The listing of
the parameters can, therefore, not be transferred without further thinking to a model, so the integration of the
parameters must be product-specific. Information and properties may well be provided several times by
different submodels in the AAS to meet the different requirements.

If an asset has been provided with an AAS and its submodels are defined, this does not mean that the data
model is unchangeable. Instead, new requirements imposed on an asset, for example, as a result of ongoing
servitization or changing user needs, should be included. Individual submodels can still be added, removed,
or adapted. Different expert knowledge is required for the respective tasks. While expertise from
requirements engineering and system design is needed, particularly in the beginning, the later phases require
more expertise to model the AAS. In the beginning, it is especially relevant to capture the stakeholders’
needs to define necessary capabilities or systems properties and to transfer these needs, capabilities, or
properties into a documented representation [16]. The latter phases, on the other hand, require much more
knowledge about data, interfaces, and interaction with other systems.

5. Critical reflection

Although the interdisciplinary research team accepted our approach very well and the approach consolidated
the understanding of all participants, it should be further questioned to what extent this elaborate procedure
is justified. There is no comparison to an approach with prior modelling and then testing against the
requirements of a use case. With the presented approach and the effort involved, the detailed conception
should not hinder the implementation. Rather, the aim is to parallelize activities.

There may be several applicable modelling languages for transferring the use cases and, thus, the
requirements into a documented representation. We focused on widely known and widespread tools. This
selection does not imply that only these types of modelling are useful or that one should limit oneself to
them. It is important that all views of the use case are covered, documented, and still practicably adaptable.
It should also be noted that the current state of the use case specifications may be adjusted as the project
progresses.

The submodels’ basic structure and hierarchical order have not yet been worked out. Here, the content has
been derived, but it makes sense and serves a standardized approach if the structure also follows a logic
independent of the different domains in the production context. This general structure provides orientation
and can then be filled with content using the approach shown.
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Sequence diagrams can provide insight into different roles in the distribution of access rights. Currently, the
security aspect is not explicitly considered, and all users have access to all data. For an industrial application,
this aspect needs to be addressed.

6. Outlook

In the project, the prototypical implementation of the services is planned. For this purpose, relevant operating
data must be collected on a test bed, and fault scenarios are to be simulated. The actual implementation will
show to what extent the DT data model meets the requirements and provides all the data necessary for the
services. Based on this, assessing whether the analytical methods chosen achieve the desired results will be
necessary.

The success of AAS will undoubtedly depend on the extent to which it is adopted in industrial practice, the
role of shared data spaces, and the need for operability of a wide range of assets. An idea of how AAS can
be derived can help in the acceptance of the concept. This requires further elaboration to be more generally
applicable and to provide detailed recommendations for action. In the context of the progressing research, it
should be an object of consideration to what extent general statements can be made for deriving the data
model from the models. The goal is a comprehensive chain of methods that accompanies the development
of a digital twin based on the management shell, starting from a functional understanding of the service. For
this purpose, steps 4 to 7 of the presented procedure, in particular, should be generalized for more services
and enriched with more details at the same time. This should also include checking if any aspects are missing
or any blind spots that are fundamental for the implementation.

Currently, the AAS provides a static API built on top of its data structures. A query or search interface is
currently not planned and subject to future development. The mentioned queries of submodels are thus
dependent on the current API specifications. This may result in further input for the standardization activities
regarding the operationalization of the AAS. Thus, we currently have a reactive form of AAS with which
software can interact. A proactive form of AAS, which require peer-to-peer interactions between AAS of
14.0 components and allow the components to communicate with an 14.0 language in order to realize
plug&play scenarios, is not present here [19].

The scalability issue from DT [10,20] is considered because, on the basis of the AAS, we tried to store and
provide data of individual assets as well as aggregated data that is fed from several assets. This consideration
will also be relevant for individual services from the projects - for example, for Optimization-as-a-Service,
the data of a specific product is relevant, and for Innovation-as-a-Service, the aggregated data of several
products.
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