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Abstract A Semantic Mediator was conceived in the CRC 637 (The Collaborative
Research Centre 637 “Autonomous Cooperating Logistic Processes” focused on
adaptive logistic processes including autonomous capabilities for the decentralised
coordination of autonomous logistic objects in a heterarchical structure.) to tackle
problems of interoperability of heterogeneous information sources in autonomous
cooperating logistics processes. Since the conclusion of the CRC 637, the Semantic
Mediator has been developed further and successfully transferred to interoperability
problems in different domains, including Industry 4.0, the Internet of Things, and
Product Lifecycle Management. This paper will introduce the Semantic Mediator
and present examples of its successful application.

1 Introduction

Now, more than ever, logistics is a cornerstone of the world’s economy, and its
smooth operation is vital to supplying consumers and businesses around the globe.
Strain is put on logistics networks, for example by global just-in-time supply chains
(Pisch 2020) and the atomization of product-related services by mass customization
and mass personalization (Kumar 2007). Logistics processes are challenged by the
planning and implementation of the transport and storage of goods, considering
time, quality, and costs. Moreover, the growing popularity of online shopping and
the desire of customers for transparency and same-day delivery options challenge
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logistics. For example the number of postal deliveries has increased to over 3.5
billion in 2018—this corresponds to almost 12 million postal deliveries per delivery
day. The vast majority, around 84 percent, are parcels (Infografik: Fast 12 Millionen
Sendungen pro Zustelltag 2019). In today’s world, the pressure of these challenges
on logistics networks has become even more obvious. Solutions are sought for a
more resilient response to supply chain disruptions caused, for example by COVID-
19, the automobile microchip and buildings material shortage, and the Suez Canal
blockage.

Concepts of autonomy and self-organization to improve the resilience of logistics
networks by enabling decentralized decision-making were investigated in the
Collaborative Research Center 637 “Autonomous Cooperating Logistics Processes”
at the University of Bremen (CRC 637)! and are just as relevant to address today’s
challenges to logistics. By distributing decision-making over autonomous logistics
entities throughout a logistics system, an increase in the robustness, flexibility,
adaptability, and reactivity of the overall system was expected (Freitag et al. 2004).

Intelligent logistics objects are a core concept in the realization of autonomous
cooperating logistics systems, in which the logistics objects themselves are endowed
with the capability to “process information, to render and to execute decisions on
their own” (Bose and Windt 2007). This means that each physical logistics entity,
like a truck, a container, or a package, needs to be equipped with a component
capable of processing information, making decisions, and communicating these
decisions to other entities in the system. That is, each physical logistics entity
requires a digital representation.

These digital representations need access to the right information at the right time
to be able to make autonomous decisions towards their logistics goals. They need to
access the many different data sources of the logistics IT ecosystem on demand to
get that information. Today’s logistics IT ecosystem is characterized by countless
communication protocols, standards, data formats and terminologies. This so-called
heterogeneity is the main challenge of interoperability in logistics and one which
needs to be solved for intelligent logistics objects to make autonomous decisions
based on accurate and timely information.

A Semantic Mediator was proposed and developed in CRC 637 as an interoper-
ability approach that can contribute to solving this problem. Subproject C2 “Data
Integration” successfully demonstrated the viability of the approach for achieving
the interoperability of intelligent logistics objects with relevant data sources in the
logistics IT ecosystem.

However, the Semantic Mediator’s journey did not stop there. In the past decade,
similar problems of interoperability have been identified in several different research
areas. The applicability of the Semantic Mediator has been successfully investigated
in several of these.

! The Collaborative Research Centre 637 “Autonomous Cooperating Logistic Processes” focused
on adaptive logistic processes including autonomous capabilities for the decentralised coordination
of autonomous logistic objects in a heterarchical structure.
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For example Industrie 4.0 introduced the concept of Cyber-Physical Systems
(CPS) to manufacturing. As autonomous, cooperative elements interacting in a
system, CPS share many of the characteristics of intelligent logistics objects.
This includes the need to reliably access decision-relevant information from het-
erogeneous information sources throughout, for example a Smart Manufacturing
environment.

Another interoperability problem with similar characteristics can be found in
Closed-loop Product Lifecycle Management (Closed-loop PLM). Closed-loop PLM
posits closing the loops of all information systems throughout the product lifecycle,
bridging the information silos that were previously separated from each other. The
aim is to optimize processes by providing access to information from processes
previously available.

In this article, the background of the interoperability problem in autonomous
cooperating logistics processes is recapitulated. The problem of data heterogeneity
identified there is discussed and updated to capture significant developments of the
past decade, such as Cyber-Physical Systems, the Internet of Things and Digital
Twins. The concept of semantic mediation was introduced as a solution to that
problem. An implementation of the concept is presented, the subsequent evolution
of which is traced through the different use cases beyond logistics the Semantic
Mediator was applied to over the past 10 years. The paper closes with conclusions
and an outlook to future work.

2 Background: The Need for Interoperability in Autonomous
Cooperating Logistics Systems

For autonomous cooperating logistics processes to be realized, intelligent logistics
objects must be able to process the information required to make and execute
decisions towards their logistics objectives. This means that the intelligent logistics
objects need to be able to access the information relevant to their decisions at any
time throughout the logistics processes. Consequently, the objects not only need
to be able to communicate with each other, but they need to be integrated into
the overall logistics ecosystem in such a way that they can interoperate with any
data source required to fulfil their information needs. The following subsections
take a closer look at the characteristics of these data sources and what data
representation, exchange formats and standards are widespread in logistics that need
to be considered to achieve interoperability with those sources. This section attempts
to bring the results of investigations into these issues done in CRC 637 up to date by
reviewing the major developments in IT of the past decade, such as Cyber-Physical
Systems, Digital Twins, and the evolution of the Internet of Things.
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2.1 An Updated Look at Data Sources in Logistics

The major data sources relevant for autonomous cooperating logistics processes
were categorized in CRC 637 as (1) Logistics IT Systems, (2) Intelligent Logistics
Objects, (3) Digital Counterparts and (4) Sensors and Actuators (Hribernik et al.
2010). Whilst the first and last of the four categories are still appropriate today,
the second and third need to be revisited in the light of the development of these
topics over the past 10 years. Table 1 shows a restructured list of relevant data
sources along with their respective interfaces and standards based on (Hribernik
et al. 2011), which has been updated to include Digital Twins, Asset Administration
Shell (AAS), CPS, and developments in the field of the Internet of Things. The
following subsections discuss the individual categories in more detail.

Table 1 Updated table of major relevant data sources

Data sources Type(s) Interface/standard
Logistics IT systems General EDIFACT EANCOM
EANCOM XML
ebXML
SAP compliant SAP RFC (remote function
call)
Other REST
JSON
XML
Bespoke proprietary
Digital counterparts Digital twins RAMI 4.0 AAS, others
Cyber-physical systems RAMI 4.0 AAS

Internet of things

Intelligent products
Software agents

Other
Internet of things

Java-based
OGC compliant
General

Other sensors
Other actuators

Dialog, PMI, EPCIS, OSGi
ACL (agent communication
language)

Agent proxies

Dialog

Bespoke proprietary
OPC-UA

OPC DA

OPC XML DA

MQTT

PMI

OSGi

SensorML

GDI
ORIiN API

Proprietary formats
Proprietary formats
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2.1.1 Logistics IT Systems

With regards to the first category, the IT systems used in the logistics sector
today remain as varied, complex, and heterogeneous as investigated in CRC 637.
Many different systems from different vendors are in use, many with their own
proprietary data representations and interface schemas. To name but a few examples,
they include Enterprise Resource Planning (ERP), Warehouse Management Sys-
tems (WMS), Transport Management Systems (TMS), Supply Chain Management
(SCM), and Disposition Systems (DSS). In addition to solutions developed by
solution providers, proprietary in-house solutions are widespread.

Exchange formats are the primary factors driving standardization in the field of
logistics and the main means of interoperability between the relevant IT systems.
Specific EDIFACT subsets like FORTRAS or the interface languages of popu-
lar ERP (Enterprise Resource Management) systems are predominant examples
(Ballnus 2000). In addition, REST services and micro-service architectures have
established XML and JSON as de facto data formats for sharing data. Moreover,
document-based databases have supported these data formats to reach the persis-
tence layer in legacy systems. Thus, application scenarios related to Industry 4.0
and IoT need to support these data formats.

2.1.2 Digital Counterparts

The second category originally encompassed Intelligent Logistics Objects, which
constituted uniquely and automatically identifiable physical logistics objects. Cate-
gory three included the decision-making components of intelligent logistics objects,
such as software agents or holons. Over the past decade, these concepts have been
consolidated together with similar concepts like Smart and Intelligent Products,
Closed-loop PLM and others into notions such as CPS (Cyber-Physical Systems)
and Digital Twins. For that reason, both have been consolidated here into Digital
Counterparts.

CPS build upon concepts such as autonomous control, holonic manufacturing
systems, intelligent manufacturing, IoT and embedded systems and are thus closely
related to intelligent logistics entities (Lee 2006; Monostori 2014). CPS are
“systems of systems of autonomous and cooperative elements connecting with each
other in situation dependent ways, on and across all levels of production, from
processes to machines up to production and logistics networks, enhancing decision-
making processes in real-time, response to unforeseen conditions and evolution
along time”. (Cardin 2019). Like autonomous control in logistics, CPS systems
promise to improve the adaptability, scalability, resiliency, safety, and security of
industrial systems (Muller 2017), by contributing to making decentralized decisions
(Lu 2017).

Digital Twins can be understood as comprehensive digital representations of
physical assets, comprising their design and configuration, state, and behaviour.
The term Digital Twin is still, however, used inconsistently throughout literature,
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and comprehensive reference models are lacking (Kritzinger et al. 2018; Lu et
al. 2020). The RAMI 4.0 reference architecture now promotes the AAS interface
as a single point of entry to the digital representations of physical assets and has
been put forward as the link to Digital Twins. While more work is required before
this is widely accepted, AAS needs to be taken into consideration when looking at
interoperability with digital representations of physical assets like logistics entities
going forward (Tantik and Anderl 2017; Anderl et al. 2018). Even though Digital
Twins show clear parallels to concepts such as software agents or holons, the
concept of autonomy has not yet been investigated adequately in conjunction with
Digital Twins.

2.1.3 The Internet of Things

The fourth category includes sensors and actuators not covered by the previous
three categories. In the past decade, the success of the Internet of Things has
led to a mushrooming of IoT standards, with many hundreds competing for
primacy in the marketplace. Even though the most recent years have shown a trend
towards consolidation of standards in the industry around OPC-UA and MQTT,
the multitude of implemented proprietary standards have only made the problem
of interoperability more difficult. These changes have been reflected in the list of
relevant data sources shown in Table 1.

2.2  Summarizing the Interoperability Problem in Complex
Logistics Systems

The distributed, heterogeneous IT ecosystems outlined above, which prevail in
complex logistics systems, demand a unique approach to interoperability. The
heterogeneity and distribution of the data sources as well as their syntactic and
semantic representations, pose a significant challenge. In addition to their geograph-
ical distribution, the data sources are distributed across multiple stakeholders in
the logistics value network. Nevertheless, autonomous control cannot be realized
without providing access to the required information in a predictable and reliable
manner, regardless of the formal, structural, and physical properties of the underly-
ing individual systems, standards, and formats (Hans et al. 2008). Some constraints
identified in the CRC 637 no longer pose as much of a challenge as they did
a decade ago. Specifically, concerns about the limited availability of intelligent
logistics objects are almost negligible in today’s world of ubiquitous wireless
internet connectivity. The imminent widespread deployment of 5G networks will
make this issue even less problematic, with the possible exception of logistics
objects moving through remote areas.
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3 The Problem of Data Heterogeneity

This section takes a closer look at the problem of data heterogeneity in distributed
IT ecosystems such as complex logistics networks. It will furthermore introduce
semantic mediation as the solution approach proposed in CRC 637 to achieve
interoperability of intelligent logistics objects under these conditions.

3.1 Heterogeneity Classification

Data is represented using data formats that define the data’s syntax. The syntax
defines how the information has to be represented. The syntactical elements define
which semantics of an item of information can be represented. For example the goal
is to store a family tree in a data format. A representation in the CSV format could
store a person, children, and parents as columns. In this case, additional knowledge
is required to interpret the columns as parents and children. In contrast, XML or
JSON can represent the family tree structure natively. The example demonstrates
that different data formats have different syntax and capabilities. The interoperable
representation of an item of information or the transformation between the data
formats needs to consider the different capabilities of these data formats. Data
integration conflicts may arise due to heterogeneity. A data integration conflict
occurs if an item of information is extracted from one data source and inserted
into another data source (Goh 1996; Wache 2003). For example the transformation
of the family tree from JSON into CSV results in schematic conflicts because the
taxonomy cannot be represented natively. An overview of possible data integration
conflicts is shown in Table 2.

3.2 Interpretation Levels

Semantic mediation focuses on the interoperable representation of heterogonous
data, which stores tuples containing data and meta-information. Using tuples
prevents a false interpretation of data by different stakeholders. Information
can be defined as “...data that has been given meaning by way of relational

Table 2 Types of possible data integration conflicts (Goh 1996)

Schematic Conflicts Semantic Conflicts Intensional Conflicts
Data type Naming Domain

Labelling Scaling Integrity constraint
Aggregation Confounding

Generalization
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Fig. 1 JSON example {
“parcel” :{
ﬂ'tO)’ :{
“name” : “Franke” ,
“street ¥: “Muster str.”
}
}
connection ...” (Bellinger et al. 2011). An unambiguous interpretation of the

information inside each data source is possible on different levels: lexical,
syntactical, morphological, semantic, and pragmatic understanding (Oren et
al. 2007). Interpretation on lexical, syntactic, and morphological levels of
understanding allows the structure of the information to be recognized and relevant
entities to be grouped together. However, the meaning remains unclear. Common
data formats for data exchange in Industrie 4.0 and IoT include CSV, JSON and
XML. These data formats do not include enough meta-information to enable the
false-free interpretation for the semantic understanding. An example of a parcel’s
address in JSON, including the data and its meta-information, is shown in Fig. 1.

The parcel’s address defines on the morphological understanding that an
addressee is defined by two attributes. The meaning of these two attributes is unclear
without any additional meta-information. The reader cannot know that the first
attribute describes the surname of a person and that the string “str.” inside the value
of the second attribute street is an acronym for the street. This meta-information is
not contained in the data. While a human reader immediately correctly interprets
the JSON attributes name and street, this semantic understanding needs to be added
programmatically as part of a data integration solution.

4 Solution Approach: A Semantic Mediator for Complex
Logistics Systems

The goal is to represent the information along with all required meta-information
to facilitate interpretation on the level of semantic understanding, rendering the
information independent of its original data format and neutralizing data format
restrictions with respect to syntax and semantics. To do so, each information needs
to be represented in the interoperability model supporting the appropriate amount
of meta-information.

The proposed approach uses a network of ontologies as an interoperability
model. Ontologies are formal, partial specifications of an agreement over the
description of a domain (Guarino 1998). Specific domains are modelled since
broader ontologies are generally not convincing or feasible (Masolo et al. 2002).

Ontologies are modelled for different levels with specific purposes. Ontologies
that model basic concepts and properties are called upper ontologies and are
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important for integrating heterogeneous knowledge from different sources (Mas-
cardi et al. 2007). Examples of upper ontologies include Basic Formal Ontology
(BFO), Business Objects Reference Ontology (BORO), Conceptual Reference
Model (CIDOC), and Descriptive Ontology for Linguistic or Cognitive Engineering
(DOLCE). Domain ontologies make use of upper ontologies for basic concepts and
properties but describe all specifics with their own concepts. Domain ontologies
in logistics include GenCLOn for urban freight transport (Anand et al. 2012) or
ontologies for logistics services (Scheuermann and Hoxha 2012; Deng et al. 2019).

Whilst the interoperability approach proposed here uses upper and domain
ontologies, it does not use a fixed ontology network or monolithic ontology since
the data sources it needs to support are varied and may change over time. It
proposes a loose coupling of existing domain ontologies to create a network of
ontologies based on data sources such as intelligent logistics objects, 10T, CPS,
and legacy systems. The adaptive ontology network proposed is appropriate for the
movement of objects throughout a complex network and across stakeholder and
process boundaries. Moreover, the approach needs to support a bidirectional flow of
information between systems while allowing each system to access the information
in its own data format. To achieve this, the role of the ontology network is as
an intermediate representation, which is shown in Fig. 2. Each system transforms
its data into the interoperability model. Based on the interoperability model, the
transformation is possible with one further transformation step into each target data
format. This approach guarantees scalability with respect to the number of involved
systems.

Data Data Data

Data
Source 1 -\ Sourcel Source 1 Source 1

r

Intermediate
representation

(ontology
network)

»

D ————————

Data Data Data

Data
Source 1 - Source 4 Source 1 Source 4
Tightly coupled information exchange Loosely coupled information exchange using
between multiple data sources an intermediate representation

Fig. 2 Tight coupling vs. integration approach with an intermediate representation
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4.1 Data Integration Approach

The information gathered from a data source can be mapped onto the interoperabil-
ity model using Global as View (GAV), Local as View (LAV) or hybrid (GLAV)
approaches (Lenzerini 2002). The approach proposed here uses GAV. A data source
schema is mapped onto a global view, which is the interoperability model as a
network of ontologies. Each information query in GAV needs to be formulated based
on the global view based on ontological concepts and properties. This allows a query
to be designed independently of specific data sources. The proposed approach uses
the query language SPARQL to support this.

A virtual data integration approach, which aggregates the data on the fly and does
not store the result, is followed. It is executed each time a SPARQL query is issued.
The SPARQL query defines which amount of information should be requested from
all connected heterogeneous data sources. The query-based data integration uses a
mediator-based approach that collects and aggregates data from heterogeneous data
sources. The approach, shown in Fig. 3, uses the component Semantic Mediator to
aggregate partial results from the data sources. Each data source is connected to the
Semantic Mediator via a wrapper, which translates data from the local view into the
global view. In the following, both components are presented in detail.

Forwarding Service Integration Service
Relational Relational
Table (RDF) Table (RDF)

Semantic Mediator

Abox; (RDF)

Aboxq Abox, Aboxg Abox,

Wrapper 1 Wrapper 2 Wrapper 3 Wrapper n

Fig. 3 The semantic mediator approach
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4.1.1 Semantic Mediator Core Component

The core component implements Semantic Mediator functionality. Its input is
a SPARQL query, and its output is an intermediate representation as ontology.
The data integration starts with the identification of relevant data sources. The
identification process maps the query’s ontological concepts and properties on the
local ontologies provided by the data sources. The Semantic Mediator can thus
derive data source specific queries and issue them to the IT systems in question.
These queries only include the ontological concepts that can be addressed by
the data source. Each data source responds to the respective query by providing
the Semantic Mediator with a set of individuals for the requested concepts. The
semantic mediator collects all individuals and joins them. The resulting single
ontology includes both the individuals and the definition of the concepts. This
ontology can be delivered as a result or used as an intermediate representation for
post-processing.

4.1.2 Wrapper

Wrappers implement the links between data sources and the Semantic Mediator.
These links are based on configurations that map the local views of the data sources
onto the global view of the Semantic Mediator. There is no need to implement
interfaces to bind a data source to a wrapper or implement the data acquisition and
the data transformation for each linked data source. Different kinds of wrappers
are required to bind specific types of data sources. Wrappers have been prepared
to connect to different relevant data sources listed in Table 1, such as EDIFACT
EAONCOM, SQL databases, CSV files, XML files, REST services or streaming
platforms such as Kafka. Each wrapper configuration contains an ontology defining
the content of the data source and a wrapper type-specific mapping file defining the
mapping between the source schema and the ontology schema.

S Data Transformation Examples

The following example shows how a JSON Wrapper transforms JSON data into an
RDF/XML ontology. Figure 4 shows the company name represented in different
data formats. The company’s transformation of all shown data source snippets
would need the application of the EDIFACT, ANSI ASC X12, XML, and JSON
wrappers. The outcome of these wrappers would be four individuals of the concept
Company. The Semantic Mediator receives the four individuals and performs a join.
In this example, all four data snippets contain a similar company name. Thus, the
data integration would result in only one individual inside the ontology (see Fig.
6). The following shows the transformation of a JSON String into an ontological
individual.



120

M. Franke et al.

EDIFACT ANSI ASC X12
NAD+BT+MyCompany: :91 ¢ PER*CR*MyCompany*TE
0O-MI Custom
<omi:msg xmlns="odf.xsd" {
xsi:schemaloca- “company " : {
tion="odf.xsd"> “"name”: "MyCompany"

<Objects> }
<Object> }
<id>My-
Company</id>
</0Object>
</Objects>
</omi:msg>

Fig. 4 Name of a company represented in different data formats

<DatatypePropertyMapping propertyName="Name”
Unit="String”>
<SubClass>Company</SubClass>
<Tag>Root/company/name</Tag>
</DatatypePropertyMapping>

Fig. 5 Transformation rule for the property name

[. Order ] [. Company ] [. Location ]

[. Transport_Order] [. Warehouse_Order] [‘ MyCompany ]

@ Concept ——» Inherits from

‘ Individual —— Instance of

Fig. 6 The result of the transformation into an ontology

The JSON Wrapper follows the configured transformation rules and applies them
to the data. Figure 5 shows a transformation rule that transforms the JSON String of
the example in Fig. 4 into the ontology of Fig. 6.
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For that purpose, the transformation rule defines that the rule is applicable for
the property Name of the concept Company. Subsequently, the rule defines that the
value for property Name is located in the path Root/company/name in the JSON
file. Thus, the wrapper applies all rules sequentially, and the application of each rule
extends the ontology with additional statements.

The presented example for the transformation of data into ontologies works sim-
ilar for all wrappers. The only exception is that the structure of the transformation
rules is dependant on the data source.

6 Evolution of Semantic Mediator

The semantic mediation approach for interoperability in complex logistics systems
was proposed in 2009. Since then, the approach has been successfully applied
to different interoperability problems in various industrial sectors. While the core
design of the approach stood the test of time, and the overall system has evolved.
The following describes a series of select application scenarios along with their
impact on the mediator as a historical outline. Subsequently, the evolution steps are
presented as a timeline.

6.1 Application Scenarios as a Historical Outline

In the subproject C2 of the Collaborative Research Centre SFB 637, research was
carried out between 2008 and 2012 on developing an interoperability approach
for the integration of logistics data to support self-controlling logistics processes.
The main result of the work was a prototypical mediator component called
“Semantic Mediator®. It focused on a virtual data integration approach whereby
the logistics data sources were the primary data sources. This prototype was applied
as preliminary work for later research projects.

6.2 Interoperability for Cyber-Physical Systems

The goal of the research project CyProS was the development of a representative
spectrum of CPS modules for production and logistics systems. For that purpose,
a framework for designing CPS-based solutions in production environments was in
the focus.

The framework emphasized the need for interoperable information exchange
for the seamless collaboration between CPS and legacy systems. The Semantic
Mediator made it possible to transform data from the CPS and the legacy systems
into one ontology to create a common global view (as motivated in Fig. 7) for
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Fig. 7 Enabling interoperability between CPS and legacy systems (adapted from Reinhart et al.
2013)

autonomous and decentral decision-making processes. The dynamic registration and
deregistration of data sources for an open-world application scenario was the focus.
Here, the adaptation of the domain ontology in the role of a shared global view
was developed depending on the connected systems. In addition, wrappers for CPS-
specific interfaces were developed.

6.3 Interoperability of Product Usage Information for
Product-Service-System Improvement and Design

A further interoperability problem was found in the field of Product-Service
Systems (PSS) (Hribernik et al. 2018). These combinations of services and products
are reliant on product usage information (PUI)—information about how a product
is used—to help companies provide services offers for their products throughout
their lifecycles (see Fig. 8). Previously, PUI was collected in processes such as
customer relations management and MRO (maintenance, repair and overhaul) via
repair logs, call centres or helpdesks. The digitalization of the product lifecycle, the
Internet of Things, CPS, and social media have introduced new sources of valuable
PUI which can be used in product and service development systems, e.g. Product
Data Management (PDM), Product Lifecycle Management (PLM), Computer-
Aided Technologies (CAx) and simulation tools, and the related processes and
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Fig. 8 PUI feedback loops in PSS Improvement and Design (adapted from Hribernik et al. 2016)

methodologies to improve current PSS and design new ones. The Semantic Mediator
was consequently extended to efficiently and seamlessly integrate and apply PUI to
PSS (re-)design processes. A major extension in this context was the development of
a wrapper that uses text mining algorithms and NLP (natural language processing)
to extract information from social media and integrate it with other PUI for use in
PSS development and design.

6.4 Sustainable Manufacturing: Extending the Useful Life
of Major Capital Investments and Large Industrial
Equipment

A further use case for the Semantic Mediator was found in the field of sustainability
in manufacturing, more specifically in extending the useful life of major capital
investments and large industrial equipment. Here, a platform is being developed
which offers services, ranging from the Digital Twin’s setup, modernization actions
to diagnose and predict the operation of physical assets to the refurbishment
and remanufacturing activities towards End-of-Life (see Fig. 9). These services
depend heavily on information gathered from machines and legacy systems. The
interoperability challenge here is to achieve a scalable and extendable service
platform. For that purpose, the Semantic Mediator enables the translation of the
streaming data as well as legacy data via specific ontologies into the input data
formats of the service layer. To support this feature, there was a paradigm shift in
the data integration approach. Static data sources were until then the primary goal
for the data integration, which stored the data permanently and can be requested on
the user demand. This assumption changed to support also dynamic data sources
whose data are volatile and must be transformed immediately independently from
the current user demand. Examples of these new types of data sources are comments
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Fig. 9 A platform for extending the useful life of major capital investments and large industrial
equipment (The LEVEL-UP Project 2019)

in social media distributed by websites or sensor values distributed by distributed
event streaming platforms such as Apache Kafka.

The results were new wrapper types, and the support of interoperable information
flows based on streaming data. Moreover, the virtual data integration approach
shifted to hybrid approach that combines the virtual and the physical data integration
approaches. Current research projects suggest another paradigm shift. The focus
of the ontology shifts from the target result to an intermediate representation. The
uses cases need to consume the integrated information not as ontology but rather
requested the translation into the target data formats of the use cases. For example
sensor values should no longer be provided as an ontology but should be uploaded
directly to an influx database for AI methods.

7 Outlook and Conclusion

The original aim of the Semantic Mediator was to solve the interoperability problem
of intelligent logistics objects in autonomous cooperating logistics processes. The
Semantic Mediator was successfully shown to be able to contribute to solving the
problem with its virtual data integration approach, which focuses on providing
exactly the right amount of information required on demand and defined by each
individual query. The Semantic Mediator was shown to be able to provide intelligent
logistics objects with the information required for taking autonomous logistics
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decisions. That information is stored in heterogeneous, highly distributed systems
such as logistics enterprise systems, Internet of Things data sources, sensors, and
embedded systems. It was shown that the chosen interoperability approach was
capable of solving the heterogeneity conflicts that may arise in the heterogeneous
and distributed IT ecosystem found in complex logistics systems. The resulting
software solution, the Semantic Mediator, comprised the core mediator component
along with a number of wrappers focused on the logistics application domain.
These included EDIFACT EANCOM, CSV, and EPCIS wrappers, which were
themselves configurations of generic wrappers developed to handle semi-structured
texts, database management systems, and enterprise systems. In addition, a gateway
module was developed to provide the Semantic Mediator with capabilities to access
the Internet of Things and other embedded devices.

The subsequent research in complementary problem areas and industrial sectors
led to an extension of the capabilities of the Semantic Mediator. These included
wrappers for the connection of SQL and XML data sources which were added up
to 2015. The next evolutionary step was taken in 2017 when data integration was
expanded to support also physical data integration. For this purpose, the possibility
was created to forward data to a data sink. A triple store was selected as a data sink
for this purpose. Furthermore, a new generation of wrappers has been introduced
that significantly improved the capabilities of the mediator to handle dynamic data
sources, such as streaming sensors or social media data. The current expansion stage
supports Kafka as a dynamic data source and provides the feature that transformed
data can also be published on streaming platforms such as Kafka. This enables the
mediator to homogenize and stream data from heterogeneous data sources using a
network of ontologies within the framework of a continuous flow of information.
Possible consumers of these streams are services such as predictive maintenance or
anomaly detection, which rely on data from various sources.

The Semantic Mediator is well prepared for future digitization challenges beyond
Industry 4.0, Autonomous Logistics, Digital Factories and Closed-loop PLM. The
challenging requirements of interoperability for autonomous cooperating logistics
processes on the one hand, and on the other the concept of intelligent logistics
objects which foreshadowed later developments such as CPS, Digital Twins, Smart
and Digital Factories influenced the design of the Semantic Mediator in such a way
that it proved applicable to many novels and challenging interoperability problems,
a selection of which are outlined above. It is a testimony to the research done in
CRC 637 and more broadly in LogDynamics that even after 10 years, the principles
underlying the Semantic Mediator can still be considered novel and relevant to
today’s interoperability problems.

Even though the Semantic Mediator has evolved significantly over the past
decade, there remain research challenges that have not yet been solved. Apart
from tapping additional application scenarios, the capability for the mediator to
(semi-)automatically integrates new and unknown data sources has not yet been
realized. This adaptive, (semi-)automatic approach to semantic data integration
could significantly improve the flexibility of autonomous processes in logistics,
manufacturing, the product lifecycle, and other domains. Starting points for research
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towards adaptive semantic data integration have already been identified and include
applying principles of ontology learning, algorithmic ontology mapping, and meth-
ods of artificial intelligence and software engineering for automatic configuration
and deployment. That means the next 10 years of research into interoperability in
complex industrial systems will remain as exciting and productive as the last decade.
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