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Abstract: A trend from centralized to decentralized production is emerging in the manufactur-
ing domain leading to new and innovative approaches for long-established production methods.
A technology supporting this trend is Cloud Manufacturing, which adapts technologies and
concepts known from cloud computing to the manufacturing domain. A core aspect of Cloud
Manufacturing is representing knowledge about manufacturing, e.g., machine capabilities, in
a suitable form. This knowledge representation should be flexible and adaptable so that it
fits across various manufacturing domains, but, at the same time, should also be specific and
exhaustive. We identify three core capabilities that such a platform has to support, i.e., the
product, the process and the production. We propose representing this knowledge in semantically
specified knowledge graphs, essentially creating three through features interconnected ontologies
each representing a facet of manufacturing. Finally, we present an exemplary implementation
of a Cloud Manufacturing platform using this representation and its advantages.
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1. INTRODUCTION

Decentralized production will be of great interest for man-
ufacturers in the future, with increasing costs of logistics,
mass customization and other aspects being major factors
for this trend (Matt et al., 2015). This will not just affect
physically distributing manufacturing efforts, but will also
require new coordination efforts between manufacturing
locations. To achieve the shift from centralized produc-
tion to a distributed and possibly flexible manufactur-
ing network, technologies and concepts supporting such
a paradigm have to be explored. In recent years research
efforts for distributed manufacturing drew inspiration from
the emergence of cloud technologies (Xu, 2012) and intro-
duced Cloud Manufacturing (CMfg) as a possible solution
for the challenges of distributed manufacturing.

The main objective of a platform realizing CMfg is to con-
nect parties wanting to manufacture a given product, with
parties capable of doing so. The parties involved in this
process can be categorized into three groups: Customers,
Manufacturers and Cloud Providers. Customers are inter-
ested in finding a way to manufacture their product and
manufacturers provide manufacturing means, while cloud
providers contribute the environment in which customers
and manufacturers are brought together. Each of the in-
volved parties, or stakeholders, is interested in different
aspects of the CMfg platform.

Such a CMfg platform requires an appropriate representa-
tion of knowledge and information regarding manufactur-
ing in order to facilitate connecting the stakeholders. We
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argue that this representation has to follow the three facets
(1) Product, (2) Process and (3) Production, emerging from
the underlying manufacturing nature. Hence, we propose
using complementary ontologies for knowledge representa-
tion in a CMfg platform, with each ontology representing
a specific facet of the overall manufacturing procedure. To
bring the involved stakeholders, e.g., customers and man-
ufacturers, together, appropriate interfaces are required
for information exchange. These interfaces are built upon
digital representations of physical manufacturing resources
and products represented by the two facets Production
and Product. As with representations in the classical man-
ufacturing domain, these two fields can come together
in the description of the production process – the third
facet Process. Using these facets enables decoupling knowl-
edge representations for each stakeholder while providing
the means for connecting them through defined concepts.
Through these common concepts abstraction of complex-
ity, e.g., customized specifications for domains, becomes
possible. Furthermore, it facilitates ontological reasoning
for deriving knowledge, e.g., automatically linking prod-
ucts and fitting processes. We present an implementation
of a CMfg platform that builds upon ontological knowledge
representation using these three facets.

The paper is organized in the following manner. First,
we discuss related literature and give some background
information for making the paper self-contained. Section
3 develops the core capabilities expected by a CMfg
system by exploring it’s parts and stakeholders. Section
4 describes an ontological approach of modelling such
a knowledge representation. Section 5 demonstrates an
exemplary implementation of a CMfg system based on the
knowledge representation described in Section 4. Finally,
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a specific facet of the overall manufacturing procedure. To
bring the involved stakeholders, e.g., customers and man-
ufacturers, together, appropriate interfaces are required
for information exchange. These interfaces are built upon
digital representations of physical manufacturing resources
and products represented by the two facets Production
and Product. As with representations in the classical man-
ufacturing domain, these two fields can come together
in the description of the production process – the third
facet Process. Using these facets enables decoupling knowl-
edge representations for each stakeholder while providing
the means for connecting them through defined concepts.
Through these common concepts abstraction of complex-
ity, e.g., customized specifications for domains, becomes
possible. Furthermore, it facilitates ontological reasoning
for deriving knowledge, e.g., automatically linking prod-
ucts and fitting processes. We present an implementation
of a CMfg platform that builds upon ontological knowledge
representation using these three facets.

The paper is organized in the following manner. First,
we discuss related literature and give some background
information for making the paper self-contained. Section
3 develops the core capabilities expected by a CMfg
system by exploring it’s parts and stakeholders. Section
4 describes an ontological approach of modelling such
a knowledge representation. Section 5 demonstrates an
exemplary implementation of a CMfg system based on the
knowledge representation described in Section 4. Finally,

we reflect on our work, discuss open research directions
and conclude.

2. BACKGROUND AND RELATED WORK

The paradigm of CMfg with it’s various research directions
received significant interest during the last decade (Liu
et al., 2018). CMfg draws inspiration from cloud com-
puting as it aims at providing manufacturing means as
services, in a highly dynamic and demand oriented way
(Xu, 2012).

An aspect often discussed is the architecture of such a
cloud based manufacturing system with various research
suggesting a layer based architecture. Xu (2012) separates
the system into application, global service, virtual service,
and manufacturing resource layer. Tao et al. (2011) pro-
pose a 10 layer model and integrate security as well as
knowledge into their view on the system. Liu et al. (2017)
propose a four layer architecture similar to Xu (2012).Ding
et al. (2016) also presents a four layered manufacturing
scenario. Fei Tao et al. (2014) three layers. We also use a
layered architecture for the implementation of the CMfg
platform.

To virtualise manufacturing resources for using them as
services in CMfg, Xu (2012) proposes description lan-
guages, i.e., ontologies. Ontologies enable a machine in-
terpretable representation of not only manufacturing re-
sources, but also other manufacturing related knowledge
required by CMfg. For these languages Web Ontology
Language (OWL) is a possible candidate (Tao et al.,
2015). Similarly, Lu et al. (2014) states that an ontology is
required not only for the virtualisation of manufacturing
resources, but also to enable interoperability. Wu et al.
(2013) mentions OWL as well as other technologies being
suitable for composing services in CMfg.

Järvenpää et al. (2018) propose to use an ontology for
representing capabilities of manufacturing resources fa-
cilitating their reuse. Similar to the approach presented
in our work, they identify different views within their
ontology. They introduce an ontology for products as well
as an ontology for manufacturing resources. To connect
these two ontologies a capability ontology, describing what
manufacturing resources can do, is introduced and used
with the process taxonomy.

We propose using Description Logics (DL) for knowledge
representation. DL describe a family of logics for knowl-
edge modeling that are essentially fragments of first order
predicate logic (Hitzler et al., 2008). In ontology languages
based on DL, semantics are expressed with rules, which
relate to a semantically predefined vocabulary. For build-
ing an ontology based on description logics, concepts, sets
of objects, and roles, denoting binary relations between
instances of those concepts, are used as semantic entities,
which can be atomic or complex. Complex concepts and
roles are created using constructors.

OWL, a standard from the World Wide Web Consortium
(W3C), is a language for representing an ontology. Cur-
rently there are OWL 1, where OWL 1 DL is the language
based on Description Logics, and OWL 2, which is an
extension of OWL 1 DL. For a detailed description of
the extended features of OWL 2 as compared to OWL 1

see OWL2Features 1 . The language builds upon Extensi-
ble Markup Language (XML) and Resource Description
Framework (RDF) and uses a triple structure where a
triple consists of subject, predicate and object. Such a
triple can be seen as a Node-Edge-Node construct, and
a set of triples builds an RDF graph (Klyne and Carroll,
2004).

3. KNOWLEDGE REPRESENTATION FOR CLOUD
MANUFACTURING

CMfg adapts concepts from cloud computing and tries to
offer manufacturing capabilities as services. Furthermore,
CMfg employs architectures similar to the ones seen in
cloud computing. Commonly used architectures divide the
cloud system into layers. Each of these layers has it’s
tasks and responsibilities, like providing a way to connect
physical manufacturing resources to the digital cloud. In
this section we identify stake holders of a CMfg platform
and their requirements. Furthermore, we investigate the
layers of CMfg platforms and their tasks, required to fulfill
the stake holder’s requirements. This analysis supports the
definition of the three main facets of CMfg, inherited from
it’s manufacturing nature, which are the foundation of the
knowledge representation, presented in this paper.

Since knowledge representation is only feasible for defined
concepts, we first have to identify the requirements a CMfg
has to fulfill. For identifying these requirements we analyze
the interests of each stakeholder and derive requirements
and successively knowledge concepts.

A customer requires a way to state their wish for a product
to be manufactured. This can be achieved via various in-
teraction possibilities for humans, like web or mobile fron-
tends, as well as interfaces for programmatic interaction
with the cloud. Besides the product itself, a customer may
have additional constraints on the manufacturing process,
like cost, quality, or time constraints.

Manufacturers are providing their manufacturing re-
sources to the platform. They can be added and removed
depending on factors like utilization and availability. This
leads to a highly dynamic and constantly changing man-
ufacturing environment. Offering manufacturing resources
in such a way is only viable if the process is highly auto-
mated. Furthermore, additional interests of manufacturers
have to be considered when digitising manufacturing re-
sources and connecting them to the cloud. Exact machine
configurations may be considered as highly sensitive data
and, therefore, may not be published to the cloud. Further-
more, the manufacturers have to decide about the degree
of control over the published manufacturing resources they
want to share with the cloud. This can range from only
receiving orders which have to be manually checked by
humans to automatically producing an order received from
the cloud. A further complication is that various domains
are served by different manufactures, each with their spe-
cial needs and specifications.

Bringing together customers and manufacturers, the cloud
provider contributes the actual platform. This comprises
services for the various tasks to be performed, the knowl-
edge required by these tasks, as well as interfaces to in-
1 https://www.w3.org/TR/owl2-new-features/
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the stake holder’s requirements. This analysis supports the
definition of the three main facets of CMfg, inherited from
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knowledge representation, presented in this paper.

Since knowledge representation is only feasible for defined
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and successively knowledge concepts.

A customer requires a way to state their wish for a product
to be manufactured. This can be achieved via various in-
teraction possibilities for humans, like web or mobile fron-
tends, as well as interfaces for programmatic interaction
with the cloud. Besides the product itself, a customer may
have additional constraints on the manufacturing process,
like cost, quality, or time constraints.

Manufacturers are providing their manufacturing re-
sources to the platform. They can be added and removed
depending on factors like utilization and availability. This
leads to a highly dynamic and constantly changing man-
ufacturing environment. Offering manufacturing resources
in such a way is only viable if the process is highly auto-
mated. Furthermore, additional interests of manufacturers
have to be considered when digitising manufacturing re-
sources and connecting them to the cloud. Exact machine
configurations may be considered as highly sensitive data
and, therefore, may not be published to the cloud. Further-
more, the manufacturers have to decide about the degree
of control over the published manufacturing resources they
want to share with the cloud. This can range from only
receiving orders which have to be manually checked by
humans to automatically producing an order received from
the cloud. A further complication is that various domains
are served by different manufactures, each with their spe-
cial needs and specifications.

Bringing together customers and manufacturers, the cloud
provider contributes the actual platform. This comprises
services for the various tasks to be performed, the knowl-
edge required by these tasks, as well as interfaces to in-
1 https://www.w3.org/TR/owl2-new-features/
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Fig. 1. The layers of a CMfg platform

teract with the CMfg platform. These three aspects are
the core of the system. Some of these interfaces are to
be used to enable the interaction of humans, especially
customers, with the platform. Others have to enable the
virtualisation of manufacturing resources and the commu-
nication between them and the CMfg system. According to
the previous observations, a CMfg system can be divided
into layers, with each layer fulfilling tasks to meet the
requirements identified before.

The three layers of a CMfg platform, depicted in figure
1, are the Cloud Core Layer, the Human Facing Layer
and the Cloud Core Layer. The services of the Cloud
Core Layer, for tasks like scheduling, process coordination,
or resource management, provide the functionalities of
the CMfg system. This layer and especially it’s services
builds on a well defined knowledge representation. The
Human Facing Layer allows interactions with the system
to create orders and interact with the cloud. It contains
human oriented interfaces to the CMfg platform, like web
shops. While customers are the main interested parties,
these interfaces can be of use for manufacturers, too.
The third layer, the Manufacturer Facing Layer, consists
of digital as well as physical parts. The virtualisation
of manufacturing capabilities, for example machines on
the shopfloor, comprises a major part of the knowledge
in the Cloud Core Layer. It describes the abilities of
manufacturing resources as well as interfaces to them.
Furthermore, ways to enable communication between the
cloud and the shopfloor have to be established at this layer.

The tasks linked to these layers serve towards three core
capabilities a CMfg platform has to provide in order to
fulfill the interests of the three main stakeholders: The (1)
creation of a request for manufacturing a product, the (2)
creation of a manufacturing process to fulfill this request,
and the (3) coordinated execution of this manufacturing
process. These core capabilities require knowledge about
the product, the process, as well as the manufacturing
means. Knowledge about the product includes the descrip-
tion of it’s parts and their variations (product configura-
tion), as well as the information for the manufacturing
process to be defined by the customer (manufacturing
step configuration). In order to create the manufacturing
process, knowledge about the manufacturing steps capable
of producing a (part of a) product is needed. Furthermore,
information about the availability of manufacturing re-
sources has to be made available to the CMfg platform. For
the system to be able to execute the manufacturing process
and to coordinate between the involved manufacturing
resources, interfaces for the communication have to be
known. The status of a single step in the execution of the
manufacturing process, as well as an overall status are of
importance to the system, as well.

While the knowledge required on the shopfloor has to be
of great detail, as seen in Lemaignan et al. (2006), the
CMfg platform’s requirements for the knowledge provided
allow a more abstract view. There is no need to know the
exact configuration of a manufacturing resource, as long
as the platform knows whether or not the resource can be
utilized for a specific manufacturing step.

These considerations and the identification of the three
core capabilities of a CMfg platform allow us to specify
the knowledge needed in such a system.

Building upon the three core capabilities of a CMfg plat-
form we can define the knowledge required by it. Fur-
thermore, we can categorize this knowledge into the three
facets (1) product, (2) process, and (3) production knowl-
edge. As with the layers of a CMfg system, these categories
of knowledge serve specific aspects of the overall system,
but they cannot be seen independently. They overlap,
share information required by their associated tasks, and
have to be seen as linked to each other to form a knowledge
base suitable for a CMfg environment.

To represent this knowledge we propose the utilization of
ontologies and associated technologies to build the CMfg
knowledge base. A common terminology builds the basis
for such an ontology. For each of the identified categories
of knowledge, namely product, process and production,
specialized ontologies refine the concepts from this upper
ontology where required and can still operate on more
abstract terms where possible. This decoupling of each
field of knowledge not only conforms with the findings from
the previous section, but also supports the modular and
service oriented architecture inherent to cloud systems in
general and CMfg systems in particular.

4. MANAGING COMPLEXITY THROUGH
ABSTRACTIONS IN KNOWLEDGE-BASES

Based on the findings above we developed ontologies for
capturing knowledge required by a CMfg platform. We

propose using separate ontologies instead of a holistic one,
with each part representing a facet of the overall CMfg
platform. The ontologies are an Upper Ontology, a Product
Ontology, a Process Ontology, and a Production Ontology.

The upper ontology defines concepts and relations between
them. These concepts are of interest for one or multiple of
the specialized ontologies. It, therefore, connects the three
areas of a CMfg platform and allows interactions between
them. For example, a Product is used by both, the product
and the process ontology. Figure 2 shows an excerpt of
these common concepts.

Fig. 2. Upper ontology

While the process ontology uses the Product defined in the
upper ontology, the product ontology, shown in figure 3,
refines this concept. The ontology differentiates between a
Configurable Product and a Configured Product. A Config-
urable Product describes possible variations of a product,
as well as other aspects that have to be configured by the
customer. The result of this configuration process is the
Configured Product. While this distinction and additional
details about the Configured Product are of importance for
the Human Facing Layer, for the creation and execution of
the manufacturing process solely the Product to be man-
ufactured, with a fixed subset of all options, is relevant.

Fig. 3. Product ontology

Therefore, an order by the customer, as defined by the pro-
cess ontology, shown in Figure 4, only contains Products.
Furthermore, it requires knowledge about the manufactur-
ing steps to be executed, which combined with the order,
are the basis for the manufacturing process.

The execution of the manufacturing process itself requires
communication and interaction with the involved manu-
facturing resources. The ontology defining the types of

Fig. 4. Process ontology

these resources, like machines, humans, and others, is
shown in figure 5. Human resources, for example are re-
quired for manual tasks. Additionally, this ontology de-
scribes the interface available to interact with the re-
sources. As a result, this ontology is an integral part of
the virtualisation of the available resources.

Fig. 5. Production ontology

Compared to ontologies from the ’classical’ manufacturing
domain, like MASON (Lemaignan et al., 2006), the ontolo-
gies described here are on a higher level of abstraction.
The CMfg platform cannot replace manufacturing control
on site. Rather, the platform acts as an intermediary,
only having an overview of possible ways to manufacture
a specific part. It does not distinguish between a single
machine or a combination of machines. To fulfill it’s core
capabilities a much higher level of abstraction suffices.

Furthermore, having three distinct ontologies representing
facets of the overall manufacturing, allows customization
through specialisation. For example, if a product has
specific constraints or requires specific specifications, the
existing ontology can be extended without breaking the
overall system or making rebuilding the knowledge base
necessary. This is due to the common concepts of the
upper ontology that facilitate the interaction decoupled of
specialized concepts. If specialized concepts are necessary
for performing a more efficient linking then all involved
ontologies can be specialized without the need for changing
the existing ontologies and, hence, breaking the current
model building. Similarly, the production ontology can be
extended without interfering with the other ontologies.
New kinds of resources can be added and interfaces to
them can be defined, without having to change how process
or product related parts of the system use this knowledge.



 Damian Drexel  et al. / IFAC PapersOnLine 55-10 (2022) 2950–2955 2953

propose using separate ontologies instead of a holistic one,
with each part representing a facet of the overall CMfg
platform. The ontologies are an Upper Ontology, a Product
Ontology, a Process Ontology, and a Production Ontology.

The upper ontology defines concepts and relations between
them. These concepts are of interest for one or multiple of
the specialized ontologies. It, therefore, connects the three
areas of a CMfg platform and allows interactions between
them. For example, a Product is used by both, the product
and the process ontology. Figure 2 shows an excerpt of
these common concepts.

Fig. 2. Upper ontology

While the process ontology uses the Product defined in the
upper ontology, the product ontology, shown in figure 3,
refines this concept. The ontology differentiates between a
Configurable Product and a Configured Product. A Config-
urable Product describes possible variations of a product,
as well as other aspects that have to be configured by the
customer. The result of this configuration process is the
Configured Product. While this distinction and additional
details about the Configured Product are of importance for
the Human Facing Layer, for the creation and execution of
the manufacturing process solely the Product to be man-
ufactured, with a fixed subset of all options, is relevant.

Fig. 3. Product ontology

Therefore, an order by the customer, as defined by the pro-
cess ontology, shown in Figure 4, only contains Products.
Furthermore, it requires knowledge about the manufactur-
ing steps to be executed, which combined with the order,
are the basis for the manufacturing process.

The execution of the manufacturing process itself requires
communication and interaction with the involved manu-
facturing resources. The ontology defining the types of

Fig. 4. Process ontology

these resources, like machines, humans, and others, is
shown in figure 5. Human resources, for example are re-
quired for manual tasks. Additionally, this ontology de-
scribes the interface available to interact with the re-
sources. As a result, this ontology is an integral part of
the virtualisation of the available resources.

Fig. 5. Production ontology

Compared to ontologies from the ’classical’ manufacturing
domain, like MASON (Lemaignan et al., 2006), the ontolo-
gies described here are on a higher level of abstraction.
The CMfg platform cannot replace manufacturing control
on site. Rather, the platform acts as an intermediary,
only having an overview of possible ways to manufacture
a specific part. It does not distinguish between a single
machine or a combination of machines. To fulfill it’s core
capabilities a much higher level of abstraction suffices.

Furthermore, having three distinct ontologies representing
facets of the overall manufacturing, allows customization
through specialisation. For example, if a product has
specific constraints or requires specific specifications, the
existing ontology can be extended without breaking the
overall system or making rebuilding the knowledge base
necessary. This is due to the common concepts of the
upper ontology that facilitate the interaction decoupled of
specialized concepts. If specialized concepts are necessary
for performing a more efficient linking then all involved
ontologies can be specialized without the need for changing
the existing ontologies and, hence, breaking the current
model building. Similarly, the production ontology can be
extended without interfering with the other ontologies.
New kinds of resources can be added and interfaces to
them can be defined, without having to change how process
or product related parts of the system use this knowledge.



2954 Damian Drexel  et al. / IFAC PapersOnLine 55-10 (2022) 2950–2955

Another advantage of using description logic for knowledge
representation is the possibility for automatic reasoning.
Concepts can be linked by means of inference and, e.g.,
subsumption reasoning.

5. REFERENCE IMPLEMENTATION

According to the concepts discussed before and based on
the knowledge representation described in this work, we
developed an implementation of a CMfg platform. Figure
6 shows an overview of the parts of this platform. At the
core lies a knowledge base, mainly comprised by ontologies
with additional databases enhancing them.

Fig. 6. CIDOP CMfg platform

Together with various services this knowledge base builds
the core of the cloud layer of the CMfg platform. APIs,
message brokers, and authentication services offer inter-
faces for the other two layers to interact with it. A web
based interface allows customers to configure products
and create orders. Additionally, manufacturers can query
information about their provided manufacturing resources.
Manual tasks, like design tasks, can also be offered via a
web based application.

To automate the virtualisation process as much as possible
and simplify the connection process of shopfloor resources
to the cloud a gateway can be setup on-site. It defines
the interface to the manufacturing resource for the CMfg
platform and acts as intermediary between the shopfloor
and the cloud.

In figure 6 the CMfg platform is visualised. The area
labeled Cloud corresponds to the cloud core layer. Var-
ious services provide the functionalities to fulfill the re-
quirements of this layer. For example, the order man-
ager is essential for defining the manufacturing process.
Nevertheless, the depicted services are only part of the
required functionality and additional services, not listed
here, are part of the implementation. Communication be-
tween the services uses different concepts, like the publish-
subscribe pattern and Representational State Transfer
(REST) paradigm, found in cloud computing systems,

too. The knowledge required by the services is represented
using the ontologies described previously in this paper.

The knowledge manager serves as interface to this knowl-
edge, which is stored in a GraphDB 2 instance. The knowl-
edge base is enhanced by additional database systems, like
relational databases and object stores. The data stored in
these databases is used to provide additional features to
the users of the cloud platform, such as push notifications.

The cloud core layer defines interfaces, i.e., the Web API.
These interfaces are used to develop web applications, like
web shops and product configurators. These applications
form the human facing layer of the CMfg platform.

Other interfaces, such as the Thing Registry, are used
for connecting the cloud core layer to the manufacturer
facing layer. On this layer a Gateway is located. It’s
initial task is the virtualisation, especially the semantic
description, of the manufacturing resources connected to
it. Furthermore, it enables the communication between
these manufacturing resources and the cloud system.

6. CONCLUSION

In this paper, we identified requirements that a CMfg plat-
form has to fulfill by analyzing the involved stakeholders
and their needs. Successively, we used these requirements
for formalizing fitting knowledge representations so that
manufacturing can be supported in a cloud environment.
We organized this knowledge in complementary ontologies
with each representing a specific facet of the overall man-
ufacturing. In contrast to previous works, we argue that
knowledge representations in CMfg should abstract away
details, e.g., the exact configuration of a manufacturing
resource, and that it is of higher importance to determine
whether a product can be produced by a production step.
In an implementation of a CMfg platform we demonstrate
how such knowledge representations can be included for
providing services to connected stakeholders. Technically
speaking, we use a combination of OWL 2 and GraphDB
for knowledge representation.

Since CMfg has a highly dynamic nature and resources,
e.g., products or machines, are constantly added and
removed, it is necessary to constantly adapt the knowledge
base. To minimize manual effort future work will have
to investigate the possibilities of an automatic linking of
concepts across the different facets by means of, e.g., graph
learning through embeddings.
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