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Abstract

Data-driven applications are the key technology within Industry 4.0 to tackle today’s most
imminent challenges in manufacturing and production, such as sustainable production, mas-
sive automation, and resilience against disruptions. The challenges mentioned require an
extended usage horizon of the sensor data to months or years, while acquired data is al-
most immediately consumed in current scenarios. This implies additional complexity to the
documentation and management of acquired data because metainformation about the data
provenance must be comprehensibly retained to be (re-)usable at a later point in time (by
third parties). Due to insufficient data management, these requirements are currently not
matched in manufacturing, so sensor data has a large unused value-creation potential.

To leverage the value-creation potential, this thesis proposes FAIR Sensor Services: a cyber-
physical measuring system that adopts the FAIR Guiding Principles for data management,
facilitating findable, accessible, interoperable, and reusable sensor data. FAIR Sensor Services
measure and provide richly and comprehensively described measurement data, boosting long-
term reusability and significantly increasing the value-creation potential. Furthermore, this
thesis introduces the Sensor Interfacing Language (SOIL) to streamline the implementation of
a FAIR Sensor Service and bridge the gap to the required methods from computer science.

The course of research follows Design Science Research in a three-step approach. First, the
requirements promoted by the FAIR Guiding Principles are interpreted for the application
domain and translated into 17 specific FAIRness criteria for that domain. Moreover, a data
life-cycle is derived as a reference frame for implementing the defined criteria. Based on these
criteria, object-oriented, syntactic data structures and graph-based, semantic data models
are developed in the second step to represent sensor data and preserve their provenance.
The semantic data model ensures full compliance with FAIR Guiding Principles and machine-
actionability but bears high complexity. In contrast, the syntactic data structure trades in
expressiveness with simplicity but enables low-barrier usage for non-data stewards. The
latter is exploited in the third step of research, where a novel domain-specific modeling
language - called the Sensor Interfacing Language - is proposed to simplify, operationalize,
and streamline the definition of the (FAIR) semantic data models and development of FAIRSensor Services based on model-driven software engineering.

To validate the developed artifacts, simulated and physical measuring systems at the WZL
are modeled with SOIL and implemented as FAIR Sensor Service. The acquired data is evalu-
ated for their FAIRness using available, automated assessment tools and reveals significant
improvement compared to the state-of-the-art. The demonstration in a close-to-industry
scenario proves applicability for the manufacturing domain.

iii



Datengetriebene Anwendungen sind die Schlüsseltechnologie von Industrie 4.0, um die
anstehenden Herausforderungen, wie beispielsweise nachhaltige Produktion, umfassende
Automatisierung und Resilienz gegen Störungen, in der Fertigung und Produktion zu bewälti-
gen. Während erfasste Daten in aktuellen Szenarien fast unmittelbar verarbeitet und genutzt
werden, verschiebt sich der Nutzungshorizont der Daten zur Bewältigung der genannten
Herausforderungen auf Monate oder Jahre. Dies führt zu einer zusätzlichen Komplexität
bei der Dokumentation und Verwaltung der erfassten Daten, da Metainformationen über die
Datenherkunft nachvollziehbar aufbewahrt werden müssen, um zu einem späteren Zeitpunkt
(durch Dritte) (wieder) nutzbar zu sein. Da diese Anforderungen in der Fertigung aufgrund
eines unzureichenden Datenmanagements derzeit nicht erfüllt werden, weisen Sensordaten
ein großes ungenutztes Wertschöpfungspotenzial auf.

Um dieses Wertschöpfungspotenzial zu heben, führt diese Arbeit FAIR Sensor Services ein:
ein cyber-physikalisches Messsystem, welches die FAIR Guiding Principles aufgreift und
auffindbare, zugängliche, interoperable und nachnutzbare Sensordaten bereitstellt. FAIRSensor Services messen und liefern reichhaltig und umfassend beschriebene Messdaten, was
die langfristige Nachnutzbarkeit fördert und das Wertschöpfungspotenzial deutlich erhöht.
Darüber hinaus wird in dieser Arbeit die Sensor Interfacing Language (SOIL) eingeführt, um die
Implementierung eines FAIR Sensor Services zu vereinfachen und die Lücke zur Anwendung
der erforderlichen Methoden aus der Informatik zu schließen.

Die Forschung folgt Design Science Research in einem dreistufigen Ansatz. Zunächst werden
die von den FAIR Guiding Principles propagierten Anforderungen im Kontext der Anwen-
dungsdomäne interpretiert und in 17 spezifische FAIRness-Kriterien für diese Domäne über-
setzt. Darüber hinaus wird ein Datenlebenszyklus als Referenzrahmen für die Umsetzung der
definierten Kriterien abgeleitet. Basierend auf diesen Kriterien werden im zweiten Schritt ob-
jektorientierte, syntaktische Datenstrukturen und Graph-basierte, semantische Datenmodelle
entwickelt, um Sensordaten zu repräsentieren und ihre Provenienz zu erhalten. Das semantis-
che Datenmodell gewährleistet die vollständige Einhaltung von der FAIR Guiding Principles und
Maschinenlesbarkeit, ist aber mit hoher Komplexität verbunden. Im Gegensatz dazu bietet die
syntaktische Datenstruktur eine hohe Ausdruckskraft bei gleichzeitiger Einfachheit, wodurch
sie auch für Nicht-Data-Stewards nutzbar ist. Letzteres wird im dritten Forschungsschritt aus-
genutzt, in dem eine neuartige Domänen-spezifische Beschreibungssprache - genannt SensorInterfacing Language - vorgeschlagen wird, um die Definition der (FAIRen) semantischen
Datenmodelle und die Entwicklung von FAIR Sensor Services basierend auf Modell-basierter
Softwareentwicklung zu vereinfachen, zu operationalisieren und zu vereinfachen.

Um die entwickelten Artefakte zu validieren, werden simulierte und physikalische Messsysteme
am WZL mit SOIL modelliert und als FAIR Sensor Service implementiert. Die gewonnenen
Daten werden mit verfügbarer, automatisierter Evaluierungssoftware auf ihre FAIRness hin
bewertet und zeigen eine deutliche Verbesserung gegenüber dem Stand der Technik. Die
Demonstration in einem industrienahen Szenario beweist die Anwendbarkeit in der Produktion
und Fertigung.
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1Introduction to FAIR manufacturingsensor data
Sensors and measuring systems are one of the most important data sources for optimizing
manufacturing and assembly processes [Owai31; John06; Pand19]. Analysis and utilization of
this sensor data in data-driven applications form the foundation for all knowledge generation
and exploration activities of the fourth industrial revolution Industry 4.0 [Sagg18]. Therefore,
data-driven applications based on sensor data are the key technology to tackle today’s most
imminent challenges in manufacturing, such as sustainable production to fight harm of the
environment [Ma20; Maje21; Kuma21], massive automation to cope with demographical
changes [Hild20; Acem22; Göpp23; Horv19], and to achieve resilience against (market)
disruptions [Cava19; Bech22; Sark20]. Considering the rapidly growing market of data-driven
applications and services [Owai31; Senn23] and their significance for manufacturing [Li20;
Colu14; Libe15; Forr24], sensor data can be considered the root and most valuable resource
of Industry 4.0 [Owai31; John06; Pand19].

But the data-driven applications targeting the mentioned challenges extend the time horizon
for sensor data (re-)use from (milli-)seconds and minutes for process control, system moni-
toring, or quality control to months or even years, e.g., for life-cycle assessments [Schm23].
This extended usage time and that (sensor) data needs to be understood by others than the
initial creators impose high standards on the management, documentation, and description
of data [Owai31]. As these requirements are usually not matched in industry, the portion of
data used beyond immediate process control is small [Kusi19; Li22]. Consequently, there is
a large unused value-creation potential due to insufficient data management and a missing
long-term usage perspective beyond the initial scope of the application of data. However, to
prevent increased resource consumptions (such as energy and hardware) for long-term data
management from becoming a limiting factor on its own, the data management itself must be
sustainable, resilient, and automatable [Schm23]. This motivates the establishment of data
management as a discipline on its own in Industry 4.0 and underlines the need for low-barrier
tools streamlining data acquisition and management processes.

To address the core problems of insufficient and inefficient data management and missing
description of sensor data, this thesis proposes FAIR Sensor Services, cyber-physical measur-
ing systems (CPMSs) that adopt the FAIR Guiding Principles [Wilk16] for data management.FAIR Sensor Services measure and provide richly and comprehensively described measure-
ment data, leveraging long-term reusability and significantly increasing the value-creation
potential of the measurement data. Furthermore, this thesis introduces the Sensor InterfacingLanguage (SOIL) to streamline the implementation of a FAIR Sensor Service and bridge the
gap to the required methods from computer science. These two central software artifacts
significantly lower the barrier to applying and deploying FAIR data management in the manu-
facturing industry, thereby delivering a significant contribution to sustainable, resilient, and
automated manufacturing.
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1.1 Motivation of data management for manufacturing
based on the FAIR Guiding Principles
The manufacturing sector faces several challenges in data management, which stem from
technological advancements, increased complexity, and the volume and diversity of sensor
data being generated. Despite the large amount of data collected, only a small portion of the
data is (re-)used [Kusi19; Beck23; Laba20] as illustrated in Figure 1.1. Data security and
privacy concerns often lead to isolated data storage, which is only accessible locally, even
within companies [Zhen20a]. Thus, most of the data sinks into data silos which lack accessi-
bility so that the data can hardly be retrieved and (re-)used [Gao20; Khan16]. Moreover, the
industry lacks appropriate data management systems that can handle highly heterogeneous
data. In particular, brownfield plants are constituted of systems that were not designed to be
interconnected but need to be integrated into a unified data infrastructure [Nils18], which is
hampered by diverse interfaces, communication protocols, and data formats of the individual
devices in place [Libe15]. In addition, if the acquired data can be technically exchanged by
common communication protocols in a standardized format, the description of the data does
not follow a common standard or is not present at all [Glei20; Gao20; Li22; Khan16]. To
unlock the full value-creation potential of sensor data, it is required to make isolated data silos
accessible and preserve the provenance and context in which the data was created [Glei20;
Gao20; Tanh19; Isel16]. Standardization of these data models and the data exchange is
needed to leverage the data (re-)use [Ye18; Kess20; Bosc16; Sawa21].
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16%
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Available Data Collected Data Stored Data Processed Data (Re-)used Data

Figure 1.1: Relative amount of data usage in the industry in the DACH region obtained by an interview
study by Beckschulte et al. [Beck23]. According to the authors, only 15% of the acquired data is used
to carry out actions or make decisions.

Data that is insufficiently described and might be inherently but undiscoverably inconsistent
can be considered lost [Tanh19] and can lead to incorrect decisions [Khan16], which motivates
the establishment of a dedicated sensor data management for manufacturing. The extended
usage horizon and the segregated creation and usage of sensor data require the data to
be amply described and documented to persist the information of the context in which the
data was created [Kess20; Miel15]. This provenance information is required to understand
the data, evaluate if data can be (re-)used for a certain application, and implement the data
(re-)use [Grot20; Muse22]. The presence of meaningful metadata and context information
contributes significantly to the data quality [Even06; Bert11], required for the implementation
of data-driven solutions, such as machine learning approaches [Kess20; Miel15; Gao20]. The
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extensive documentation and description of sensor data are also required to enable data
sharing. Sharing data across company borders is not only needed to establish an Industrial
Internet of Things (IIoT) or World-Wide Lab (WWL) [Glei20; Zhen20b; Jesc18], in which
companies work jointly together on (foreign) data but also to solve the big challenges of
the industry today and in future [Forr24; Otto20]. Some consider sharing data as important
as producing it [Nase13; Rodr16]. Moreover, the availability of high-quality and machine-
actionable sensor data is a prerequisite for enabling automation [Eich23]. Otherwise, the
data can not be processed and analyzed effectively and efficiently [Wang18b], which lowers
the automation potential.

The FAIR Guiding Principles [Wilk16] have gained increased attention in the scientific commu-
nity in the last years and have been proven effective in facilitating the machine-actionability
and reuse potential of data [Thom21; Sust20; Loga23; Pete22; Jaco20b]. Fostering the
findability, accessibility, interoperability, and reusability of data the FAIR Guiding Principles
leverage sustainable, responsible data management and promote machine-actionable data.
The in-depth introduction of the FAIR Guiding Principles and discussion of their interpretation
in the context of manufacturing is given in Section 2.1

Following the literature, many benefits arise from adhering to the FAIR Guiding Principles and
designing and implementing the data management accordingly, c.f. Figure 1.2. On a global
scale, it is expected that FAIR data has significantly increased value-adding potential due to its
boosted reusability [Jaco20a] and will thereby reduce costs and save time [Rych18]. Because
well-documented and richly described sensor data is more comprehensible [Wang18b; Gao20]
it enables data sharing and joint data usage [Wise19; Penn19a; Cui20]. Highly interoperable
data widen the scope of application of data analysis and processing tools [Cui20]. More-
over, machine-actionable sensor data based on Semantic Web technologies and controlled
vocabularies are considered enablers for digital measurement traceability [Eich23].
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Figure 1.2: Major benefits achievable through data management adhering to the FAIR Guiding Principles
and intensified data sharing across company boarders according to Tanhua et al. [Tanh19], Pennekamp
et al. [Penn19a], Zheng and Cai [Zhen20b], and Jacobsen et al. [Jaco20a]

Consequently, data management adhering to the FAIR Guiding Principles is more than benefi-
cial - it is required to solve the predominant challenges of the manufacturing industry. The
key to this FAIR data management is the provision of high-quality and FAIR sensor data from
the beginning. For that, it is required to implement measuring systems as cyber-physical
measuring systems that can be easily integrated: the FAIR Sensor Services producing widely
available and reusable FAIR sensor data.
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1.2 Introduction to FAIR Sensor Services and the Sensor
Interfacing Language
The infrastructure of fully interconnected factories, tailored to maximize data-based value-
creation, is backed by cyber-physical systems (CPSs), joining hardware and software in a single
system for providing computational intelligence at all places [Sous22b; Ribe17; Give17]. CPS
are essential elements of the future industrial IT-infrastructure [Gao20; Geis12] as they are
equipped with high-level communication interfaces facilitating a service-oriented architecture
(SOA) breaking up monolithic infrastructures. Compared to a monolithic infrastructure, SOAs
provide higher flexibility, adaptability, maintainability, and resilience because singular failures
do not affect the overall system [Mont23]. These trends and benefits have been adopted by
Schmitt and Voigtmann [Schm18a] proposing “Sensor Information as Service” transforming
measuring systems to CPMSs as characterized in Definition 1.1 based on the CPS’s definition
by Geisberger and Broy [Geis12] and Ribeiro [Ribe17].

Definition 1.1: Cyber-physical measuring system

A cyber-physical measuring system (CPMS) unites software and hardware within a single
measuring system for the physical acquisition and provision of digitized measurements.
It couples physically sensed data and execution of measuring routines with computing
resources (pre-)processing the sensed data and controlling the measuring routines.
[Geis12; Ribe17]

Due to this servitization, many challenges are shifted from hardware to software. On the
one hand, this makes it possible to develop solutions to previously unsolved problems;
on the other hand, existing solutions for processes and systems must be remodeled to
enable the integration and interaction of modern systems, leading to an interdisciplinarization
of manufacturing. Overcoming the identified deficits requires knowledge and skills that
go beyond the core competencies of traditional production engineering and measurement
technology. Current developments clearly show that foundational computer science and
software development concepts are important building blocks for digitalization in general and
the implementation of the FAIR Guiding Principles, summarized in Figure 1.3.
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Figure 1.3: An overview of the FAIR Guiding Principles proposed by Wilkinson et al. [Wilk16] to facilitate
sustainable data management, increasing the value and long-term reusability of data.
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Figure 1.4: The knowledge pyramid models knowledge creation as the reference frame for data
management. Illustration based on Schmitt et al. [Schm23; Schm24].

The core of these information technologies is a representation of data in appropriate ways,
lifting it to information and knowledge to lastly be turned into action as formalized by the
knowledge pyramid [Made23; Schm23; Schm24] depicted in Figure 1.4. The methods for
data representation based on formal syntax and semantics are data structures and models,
as defined in Definition 1.2 and Definition 1.3.

Definition 1.2: Data Structure

The data structure specifies the syntax for representing data about things. A data
structure defines the attributes of represented things by keys naming the attributes
and values mapped to these keys.

Definition 1.3: Data Model

The data model specifies the syntactic and semantic rules for representing data about
things. A data model defines the meaning, attributes, and relations of represented
things.

In summary, CPMSs must be enabled to yield richly described data using unified data models
in standardized formats via standardized communication interfaces and protocols. Such a
measuring system shall further be denoted FAIR Sensor Service, as specified in Definition 1.4,
which is built upon a standardized, interoperable data model and uses controlled vocabulary
providing the unambiguous meaning of all terms and keys used (see in-depth introduction in
Section 2.4.1).

Definition 1.4: FAIR Sensor Service

A FAIR Sensor Service is a CPMS that yields the FAIR manufacturing sensor data. It
provides measurement data to clients using unified data models covering a plurality
of relevant attributes. The models are based on controlled vocabularies, transmitted
using open and standardized communication protocols, and serialized in open and
standardized data formats to maximize the reusability of the produced data.
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Developing such a FAIR Sensor Service requires the modeling mentioned above and expertise
from computer science, which is usually not part of the core competencies of production
engineers. Therefore, this thesis proposes the Sensor Interfacing Language (SOIL) abstracting
and encapsulating the required technologies, i.e., standardized communication protocols,
data formats, and controlled vocabulary, and making them usable for production engineers
and developers of measuring systems. Following the research methodology Design Science
Research (DSR) [Hevn10] (cf. Section 1.4), FAIR Sensor Services, SOIL and software tools
for the light-weight development and implementation of such are the core artifacts of this
research. The envisaged main benefits and contributions of these artifacts are illustrated by
Figure 1.5. Ultimately, FAIR Sensor Services will acquire measurement data of high FAIRness
for the provision of FAIR manufacturing sensor data (cf. Definitions 1.5 to 1.6).
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Figure 1.5: The envisaged contribution of FAIR Sensor Services and the Sensor Interfacing Language
(SOIL) for the low-effort provision of FAIR manufacturing sensor data. The effortful status quo of
developing and deploying measuring systems in manufacturing is shown on the left. The right half
shows the provision of FAIR manufacturing sensor data and the (partially) automated deployment of a
CPMS due to standardized data modeling based on the SOIL.

Definition 1.5: FAIRness

The FAIRness describes the degree of compliance of a digital object, such as a data set,
with the FAIR Guiding Principles.

Definition 1.6: FAIR manufacturing sensor data

Data represented by a data model adhering to the FAIR Guiding Principles and therefore
has a high FAIRness is denoted as FAIR data. FAIR data measured and provided byFAIR Sensor Service deployed in manufacturing or production is further denoted byFAIR manufacturing sensor data.
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1.3 Formulation of the research objectives and questions

The main objective of this thesis is to leverage the value-creation potential of manufacturing
sensor data by enabling the acquisition and exchange of interpretable data and ensuring
its long-term reusability. The FAIR Guiding Principles provide guidelines for the design and
development of data management facilitating this objective. However, the implementation of
the FAIR Guiding Principles suffers from the high expertise and effort required to define the
complex, interoperable data models [Altu23; Fahe19] and the diversity of measuring systems
to be considered. Thus, operationalizing the FAIR Guiding Principles in the manufacturing
industry requires scalable tools and automation frameworks to implement measuring systems
accordingly with low effort [Laba20]. To lower the overall effort required for implementing FAIRSensor Services for the manufacturing industry, this thesis primarily aims for two achievements:
(i) the abstraction of the highly sophisticated semantic, interoperable data models to be
easily definable (ii) the automated generation of software for running a CPMS reducing
the implementation effort. The principal hypothesis to be investigated in the thesis is that
these achievements can be reached under the given circumstances by adopting the high
abstraction power and the automation potential of model-driven software engineering (MDSE)
based on domain-specific languages (DSLs) tailored to this very problem. The conjunction
of the FAIRification objective using DSLs culminates in the principal research question (PRQ)
investigated within this thesis:

Principal Research Question

Can manufacturing sensor data be made FAIR, i.e., findable, accessible, interoperable,
and reusable, by using domain-specific modeling languages?

Three research guiding questions (RGQs) narrow down the scope and the direction of the
research to answer the PRQ. First, the FAIR Guiding Principles do not specify definite and
measurable criteria that data (sets) must fulfill to be considered compliant with the FAIRGuiding Principles [Dors23; Bahi20; Muse22]. Moreover, the FAIR Guiding Principles are
primed to research data, so the suitability to manufacturing data from industry must be
investigated, and adaptions must be made if required. The detailed examination of the FAIRGuiding Principles, their interpretation in the context of manufacturing, and the definition of
specific criteria are summarized by the first research guiding question (RGQ):

Research Guiding Question 1

What are the criteria manufacturing sensor data must meet to satisfy the requirements
defined by the FAIR Guiding Principles?

Next, measurement data must be represented by data models that are compliant with theseFAIRness criteria to leverage the reusability of the data. The data must be stored while
preserving its context and provenance to allow reuse after a long time. Considering the large
amount of heterogeneous data acquired and also stored during this period, the findability
of the particular data of interest (among all the other data) must be guaranteed. It must
be ensured that all data still can be understood and interpreted correctly. Thus, the data
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model must provide an exhaustive and comprehensible description and documentation of the
measurement. These challenges are addressed by the second RGQ:

Research Guiding Question 2

How can manufacturing sensor data be described to be findable and interpretable in
the applications’ context?

Last, the measuring systems must be enabled to produce and provide the sensor data repre-
sented as defined by the interoperable data models based on controlled vocabularies. Thus,
the CPMS must transform the data accordingly and provide an interface that is seamlessly
accessible using a standardized and open communication protocol and data format. However,
this task is associated with two main challenges. First, implementing these for each measure-
ment device requires high effort. So, automation of the generalizable implementation of the
communication protocol and data serialization is favorable. Second, developing the CPMS
based on the device-specific data models as of RGQ 2 requires an interdisciplinary approach
with advanced knowledge of semantic modeling, measuring systems, and metrology [Altu23;
Voge20; Otto14]. However, the typical skill set of employees and developers in this field
reveals a gap in this interdisciplinary knowledge [Li21; Sani23]. For the specific case studied
in this thesis, this means that engineers, being experts in metrology and measuring systems,
are usually non-experts in semantic modeling and not familiar with controlled vocabularies.
In contrast, information scientists - or data stewards in particular - are experts in semantic
modeling and controlled vocabularies. However, they typically lack the process and domain
knowledge of metrology, so they cannot define the models for specific measuring systems.

Following the principal hypothesis of this work, these two challenges are tackled using
domain-specific modeling languages (DSMLs), which effectively decouples the formal semantic
modeling process and the definition of a particular sensor model. Moreover, the abstraction
power of DSMLs allows to fully generate the source code of the communication interface
and data serialization from the models defined for RGQ 2. Consequently, RGQ 3 specifies the
investigation of this hypothesis as follows:

Research Guiding Question 3

How can controlled vocabularies be reused systematically by domain-specific modeling
languages to provision accessible and interoperable manufacturing sensor data?

Besides the formulated objectives and questions, the following list explicitly defines the
aspects that are considered out of scope for this thesis:

• different data (sources) than manufacturing sensor data

• organizational aspects

• addressing legal aspects of data reuse (e.g., which license is appropriate)

• implementation of data security and safety measures (i.e., authorization and authenti-
cation)
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1.4 Research methodology and structure of this thesis
Research in engineering and production technology is located at the edge of industrial ap-
plicability. The motivation and objectives of this thesis originate in the deficits and needs of
the manufacturing industry and, therefore, strive for timely adoption. Thus, Design Science
Research (DSR) [Hevn07] is employed as research methodology reflecting the application-
oriented focus of this thesis. Summarized in Figure 1.6 research according to DSR is embedded
into the environment, i.e., the domain of application thoroughly capturing all relevant informa-
tion, and the knowledge base of applicable methods and the scientific state of the art related
to the considered problem. DSR is an iterative approach centered around developing specific
artifacts and carried out in three cycles, ensuring proper consideration of the environment
and knowledge base.

Ch. 1 Introduction
• Deficits & needs of 

industrial data 
management

• Research objectives
• Thesis’ scope

Ch. 6 Implementation
• Sec. 6.3 Demonstration
• Sec. 6.4 FAIRness 

assessment

Ch. 7: Conclusion & PRQ
• Discussion
• Critical reflection
• Outlook

Environment

Ch. 3: RGQ 1
Requirements for FAIR 
manufacturing sensor data
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Models for FAIR 
manufacturing sensor data
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The Sensor Interfacing 
Language

Ch. 6 Implementation
• Sec. 6.2 Verification tests

Design Science Research

Ch. 2: State of the Art

• Foundations of FAIR data 
management

• Digital industrial 
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Knowledge Base
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Figure 1.6: The structure and methodology of this research and thesis based on DSR [Hevn07] showing
its three cycles and their roles within this thesis.

Design Cylce is the core of DSR. Within this cycle, specific artifacts are implemented to solve
open problems and questions about the environment. The artifacts of this scientific work,
i.e., the concept and implementation of FAIR Sensor Services and SOIL, are iteratively
developed, implemented, and evaluated to ensure their envisaged functionality and
contribution to the research objectives.

Relevance Cycle ensures the interaction with the environment of the research. The research
shall be based on the deficits, needs, and requirements of the application domain to
ensure the developed artifacts meet these. Review of the current state of data manage-
ment for manufacturing in Chapter 1 ensures FAIR Sensor Services and SOIL developed
in the Design Cycle target the current deficits and finally provide FAIR manufacturingsensor data to meet the needs.
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Rigor Cycle grounds the DSR on the knowledge base, ensuring the current state of the art
and best practices are considered. It provides the (scientific) methods and approaches
for developing FAIR Sensor Services and SOIL in the Design Cycle. Furthermore, theRigor Cycle should ensure the newly developed methods and tools are fed back and
extend the knowledge base for subsequent research. The Rigor Cycle of this work is
mainly formed by Chapter 2 reviewing the interdisciplinary state of the art in industrial
data management and foundational modeling techniques from computer science and
dedicated sections in the Chapters 3 to 5 reviewing the specific state of the art for each
RGQ, including FAIRness metrics, existing ontologies, and modeling frameworks.

Based on the DSR research methodology and the formulated research objectives and questions,
this thesis is structured as summarized in Table 1.1. After the introduction to the topic,
the motivation and derivation of the research gap, objectives, and questions in this first
chapter, Chapter 2 reviews the interdisciplinary state of the art as the knowledge base of this
research. First, the FAIR Guiding Principles and their current adoption and importance in the
manufacturing domain; second, the status quo of data management in production; and third,
the required foundations and methods of computer and information science to implement theFAIR Guiding Principles. The Chapters 3 to 5 address the three RGQs one after another. Based
on the specific criteria for FAIR manufacturing sensor data analyzed and defined in Chapter 3,
an interoperable data model is developed in Chapter 4 representing manufacturing sensor
data compliant with the FAIR Guiding Principles. Chapter 5 describes the development of SOIL
for operationalizing the data models derived before and the automation of the implementation
procedure. Each RGQ leads to findings and methods that populate the knowledge base
for subsequent RGQ and related work. The implementation of FAIR Sensor Services as the
primary research artifact for the prototypical validation in a close-to-industry scenario is
described in Chapter 6. Lastly, this validation serves as the base for evaluating the PRQ in the
final Chapter 7, in which the conducted research and the results are critically reflected and
summarized in the application’s context. It also provides an outlook to subsequent and open
research and questions.

The scope and focus of the work are further defined with the help of the heuristic framework by
Kubicek [Kubi77]. Therefore, the scope is framed by the reference architecture of the Internet
of Production (IoP) [Schu17] as shown in Figure 1.7. The architecture can be simplified to
three layers. First, the data acquisition and provision (Sense); second, the data structuring,
transformation, and processing to gain insights (Think); and third, the data used to derive
decisions and execute actions (Act). This thesis focuses on providing FAIR manufacturingsensor data on the level of Sense delimited by the interface providing the data to data-driven
applications located in the Think layer. Assumptions about the design and characteristics
of these data-driven applications are deliberately omitted in favor of the broadest possible
applicability of the methods and artifacts developed.
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Table 1.1: Overview of the structure of this thesis and mapping to the research objectives and questions,
the research methodology, and the FAIR Guiding Principles.
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Figure 1.7: The scope and focus of this research within the reference architecture of the Internet of
Production [Schu17]. As marked in red, the focus is the acquisition of sensor data and the provision via
an appropriate middleware at the edge. The investigation of other types of data (sources) and specific
applications based on the FAIR manufacturing sensor data are out of the scope of this research.
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2Interdisciplinary state of the art

Prior to the primary research activities and the design cycles, this chapter reflects the rigor
cycle of the conducted research by reviewing the interdisciplinary state of the art and re-
lated scientific work. Thus, this chapter populates the knowledge base of both domains.FAIRification of manufacturing sensor data is a highly interdisciplinary activity of production
engineering and computer science so the required foundations in both domains must be
investigated. The research deficits in industrial data management and objectives proclaimed
in Section 1.1 and Section 1.3 are underpinned by a detailed review of digital industrial
infrastructures and scientific approaches to extend these. In the second part of this chapter,
the technologies and methods from the computer science domain are introduced, namely theSemantic Web and model-driven software engineering (MDSE), that have been adopted in the
developed artifacts of this work.

2.1 The FAIR Guiding Principles in the context of
manufacturing

The FAIR Guiding Principles [Wilk16] are designed to guide data producers and publishers
in creating an infrastructure that supports the maximum use of data. The origins of these
principles were driven by the recognition that large amounts of data were being under-utilized
due to the lack of standards that could enable easy sharing and manipulation. The primary
purpose of the FAIR Guiding Principles is to ensure that data and metadata are well organized
and robust enough to facilitate discovery and reuse by humans and machines, thereby fostering
scientific innovation and collaboration. Implementing these principles helps overcome barriers
to data use, such as inconsistent data formats, limited data access, and poor data integration
capabilities. As a result, the adoption of the FAIR Guiding Principles is being advocated across
scientific disciplines to ensure that data generated by research investments remain accessible
and valuable over time, promoting the sustainability of scientific research and increasing the
efficiency of scientific inquiry [Loga23]. An overview of the FAIR Guiding Principles is given in
Figure 1.3. In the following, the FAIR Guiding Principles are introduced in detail, and their
meaning and implications are investigated for the manufacturing domain.

2.1.1 Findability

The findability of measurement data supports the process of “figuring out what data exists
and where it exists.” [Laba20, p. 202]. Thus, one can consider findability as the first condition
data must be fulfilled because otherwise, it does not matter whether the data is accessible,
interoperable, or (re-)usable. Wilkinson et al. [Wilk16] define four guidelines for the findability
of data, which are mainly technical (except for guideline F2) to circumvent data loss.
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Findability guidelines

F1 (meta)data are assigned a globally unique and persistent identifier

F2 data are described with rich metadata (defined by R1 below)

F3 metadata clearly and explicitly include the identifier of the data it describes

F4 (meta)data are registered or indexed in a searchable resource

Findability requires appropriate data infrastructures, supporting efficient discoverability and
searchability [Kali17]. Findability can not be treated as isolated from other aspects of theFAIR Guiding Principles. In guideline F2 Wilkinson et al. [Wilk16] explicitly refer to the
requirements of reusability, which is also underlined by others [Altu23; Řezn22]. Moreover,
findability relies on a consistent and common language of the data description because
inconsistently or ambiguously described data is hard to find, as it might not match executed
search queries [Řezn22]. In particular, the language used to describe and search for data
must match. As the usage of a common language is demanded by guideline I1, it can
be concluded that data that is not interoperable is also complex to find [Altu23; Řezn22].
Considering the findability of a CPMS and its produced data, respectively, the description
of the interface of the CPMS according to F2 and the unique identification demanded by F1
must be machine-interpretable, standardized and provide additional information about the
measurements it conducts [Weig20; Laba20]. Summarizing these requirements, the findability
of manufacturing sensor data is defined by:

Definition 2.1: Findability

The findability of data produced or stored by a system is given if the data can be
effectively searched - using expressive metadata (F2) -, identified (F1) and located (F3,
F4) by humans and machines. [Altu23; Wilk16]

2.1.2 Accessibility

According to Wilkinson et al. [Wilk16], the accessibility of data is majorly a technical concern
of data provision using tools and approaches that lower the barrier for data access:

Accessibility guidelines

A1 (meta)data are retrievable by their identifier using a standardized communications
protocol

A1.1 the protocol is open, free, and universally implementable

A1.2 the protocol allows for an authentication and authorization procedure, where
necessary

A2 metadata are accessible, even when the data are no longer available

First, it must be underlined that accessible data does not require the data to be open. The
latter implies a loss of data sovereignty and security, which is usually not feasible in industry.
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The FAIR Guiding Principles explicitly suggest implementing a mechanism for authentication
and authorization, if the data should or must not be openly shared, cf. guideline A1.2. The
only thing demanded by the FAIR Guiding Principles to that regard is that the conditions under
which the data can be retrieved are transparently communicated [Land20]. Nevertheless,
the more open data is, the more accessible it is, as it can be indexed and thus found more
easily. In an industrial context, establishing accessible data is mainly hindered by missing
incentives for data creators to share their data [Laba20] and the concern that data might
be (miss-)used by competitors. Moreover, the strict regulations and often complex decision
hierarchies significantly increase the effort to provide data in an accessible way, such that
data is stored locally and isolated. Concluding, the accessibility of manufacturing sensor data
can be defined by:

Definition 2.2: Accessibility

Data is considered to be accessible if the possibilities to reach and retrieve the data are
transparently defined, communicated, and implemented.

2.1.3 Interoperability

Over the past decades, a multitude of definitions for interoperability have been specified.
Sixteen years ago Ford et al. [Ford07] collected 34 distinct definitions for interoperability and
identified 64 different types of interoperability [Gürd18]. It can be expected that since then,
many new definitions have been published. The definitions vary between domains, depending
on the context and the details. Wilkinson et al. define interoperability as the “the ability of
data or tools from non-cooperating resources to integrate or work together with minimal
effort” [Wilk16] and formulate three guidelines for achieving interoperability:

Interoperability guidelines

I1 (meta)data use a formal, accessible, shared, and broadly applicable language for
knowledge representation.

I2 (meta)data use vocabularies that follow FAIR principles

I3 (meta)data include qualified references to other (meta)data

Narrowing down the technical aspects of interoperability considering the guidelines I1 and I2,
three levels of interoperability of services or systems communicating with one another can
be distinguished on a coarse scale and located in the knowledge pyramid Figure 2.1. At the
lowest level of interoperability, systems can communicate and transfer values from one system
to another:

Definition 2.3: Technical Interoperability

Technical interoperability is the ability of systems to exchange data using a
(common) communication protocol. [Wang09; Turn06; Tolk03]
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Figure 2.1: The three levels of interoperability mapped to the knowledge pyramid (cf. Figure 1.4).

Precise knowledge of these values is required to process values exchanged by technically
interoperable systems. The receiver must know the message structure in advance to use
the received values. Otherwise, it must be accessibly documented somewhere. High effort
is required to use the exchanged values, which contradicts the interoperability definition by
Wilkinson et al. [Wilk16]. They consider this characteristic of data, i.e., the ability of a system
offering this data, as accessibility instead. Efforts can be lowered by a common structure
serializable to open and standard formats being syntactically interoperable.

Definition 2.4: Syntactic Interoperability

Syntactic interoperability is the ability of systems to exchange data in a com-
patible format using a common structure. [Maci17; Turn06; Tolk03]

Syntactically interoperable data can be processed by machines due to the defined data
structure. Such a common structure usually consists of individual elements representing a
specific aspect or property stored as key-value pairs. When exchanging such data, the keys
and values exchanged must be syntactically interoperable. There must also be an agreement
on the meaning of the keys to process the data. However, interpretation can only be done
by experts who have domain knowledge of the individual elements of the data structure and
are aware of the meaning of the keys within a specific context or application. Therefore,
these structures do not adhere to the guideline I2. The keys must be taken from a controlled
vocabulary to allow application-agnostic and inter-domain interpretation of the exchanged
data, which leads to semantic interoperability.

Definition 2.5: Semantic Interoperability

Semantic interoperability is the ability of systems to exchange data with an
unambiguous and comprehensible meaning using a common description
language. [Maci17; Nils18; Tolk03]

16 Chapter 2 Interdisciplinary state of the art



Semantically interoperable data can be interpreted by machines. Thus, semantically interoper-
able data complies with the guideline I1. To specify exchanged information utilizing a common
description language, definitions of the Semantic Web community are usually used [Nils18]
following guideline I2. Thus, the terms used as keys to identify and describe exchanged
values are taken from openly accessible vocabularies or ontologies, although their actualFAIRness is currently hard to assess. In addition, information can always only be uniquely
and unambiguously interpreted within a given context. That means I3 must also be fulfilled
to ensure semantic interoperability. A summary of the three levels of interoperability and
comparison with related work is given in Table 2.1.

2.1.4 Reusability
Following the relevant literature on the FAIR Guiding Principles and their implementation,
achieving high reusability is the main objective of all data management efforts [Wilk16;
Hart24], as the reusability can be directly related to the value-creation potential of the data.
In the introductory publication [Wilk16], the reusability of data is characterized by only one
primary guideline, which is further detailed by three sub-guidelines:

Reusability guidelines

R1 meta(data) are richly described with a plurality of accurate and relevant attributes

R1.1 (meta)data are released with a clear and accessible data usage license

R1.2 (meta)data are associated with detailed provenance

R1.3 (meta)data meet domain-relevant community standards

The guidelines for reusability imply the most issues to the industrial implementation of theFAIR Guiding Principles. First, data licensing, as required by guideline R1.1, is uncommon
and hardly applicable in the industry due to strong concerns regarding the loss of data
sovereignty and intellectual property. The typical way to share data in an industrial context
is via negotiating individual access and reuse conditions and contracts [Penn24], as they
pretend to maintain better control over the release and use of data [Grab19]. Second, the
domain-relevant community standards as of guideline R1.3 do not exist in a usable fashion for
the manufacturing domain, cf. Section 2.2.1. Nonetheless, the reusability of (manufacturing
sensor) data can be defined as:

Definition 2.6: Reusability

Data is called reusable if all information is available, that is required for deciding
whether the data can (re-)used (R1, R1.2, R1.3), and the conditions under which the
data (re-)use is permitted are defined clearly (R1.1).

In summary, the FAIR Guiding Principles can be utilized to improve the value of data in general
and not of scientific data only. In particular, the described challenges in the production
industry can be addressed by adopting the FAIR Guiding Principles for this domain. Related
work on implementing the FAIR Guiding Principles in an industrial environment is compared in
the next section.
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Table 2.1: Mapping and comparison of the three levels of interoperability defined by Definitions 2.3
to 2.5 to related work and definitions of interoperable (sensor) data.

Technical
interoperability

Syntactic
interoperability

Semantic
interoperability

[Cui20] Non-modeled data Data modeled without
using ontologies

Data modeled using
ontologies

[Eich23]
Level 1: Manual
metadata management
for digital sensor data

Level 2: Structured,
machine-readable
metadata about the
sensor network with
modeling languages
and SOA considered

Level 4: Structured,
machine-readable
metadata with content
that can be
semantically
interpreted by software.
Implementation of theFAIR Guiding Principles
for data structures and
metrological data

[Czar21] Level 1: Digital
document

Level 2:
Machine-readable
document

Level 4:
Machine-interpretable
content

[Wang09]

Level 1: one can
observe symbols of
communication
through a common
communication
protocol.

Level 2: the structure
of data is defined, but
not the meaning of the
data elements.

Level 3: common
reference model allows
interacting systems to
exchange terms that
they can semantically
parse.

[Turn06]

Level 1: Technical
interoperability: a
communication
protocol exists

Level 2: Syntactic
Interoperability level
introduces a common
structure to exchange
information

Level 3: semantic
interoperability: a
common information
exchange reference
model is used

[Tolk03]

Protocol
Interoperability:
communication
protocols are
supported

Data/Object Model
Interoperability:
standardized data
element used for the
data/information

Information
Interoperability:
procedures and models
used to represent
information are
mapped

[Ford07] 1) Unstructured data
exchange

2) Structured data
exchange

4) Seamless sharing of
information
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2.1.5 FAIRification approaches for industrial data
Approaches and literature on FAIRification of industrial data are sparse, and a comprehensive
solution was not found [vReis20]. A generic FAIRification workflow has been proposed by
Jacobsen et al. [Jaco20b]. It suggests a general procedure for making existing data FAIR
by applying tools for assessing the FAIRness of existing data, defining metadata models,
collecting metadata, and linking those with the data itself. Although this procedure generally
applies to all kinds of data, no tools are implemented for the most cumbersome steps. Moreover,
the applicability for FAIRification-by-design, i.e., the process of making data FAIR GuidingPrinciples at the point of creation, is yet unclear. Prominent tools for FAIRification, like FAIRifier
[Thom20], are only applicable for the FAIRification of previously collected data. The open web
service FAIR Data Point [Kuzn20] provides a server and an API for storing metadata sets. The
tool is already widely applied in the Netherlands for storing COVID-19-related data. At the
same time, the implemented data storage addresses findability and reusability; regulations
on the data models are not defined. Thus, the interoperability of the data is not facilitated
and is still a concern of the user.

Gleim et al. [Glei20] proposed FactDAG, an approach fully dedicated to the FAIR GuidingPrinciples for describing production data and its provenance. To persistently identify data,
keep track of changes, and preserve provenance, each data point is considered an immutableFact, identified by a triple called FactID and stored in a directed acyclic graph. Further, the
authors did a reference implementation called FactStack [Glei21] build upon standardized
protocols and data formats following the FAIR Guiding Principles. However, the approach
lacks a dedicated way of filtering and searching the data by custom domain-specific keys and
attributes. This diminishes findability and challenges the retrieval of manufacturing sensor
data in practice.

Dorst et al. [Dors23] investigated integrating metrological criteria and the FAIR GuidingPrinciples based on the Hierarchical Data Format (Version 5). The authors used terms provided
in ontologies to describe the measurement data and prove notable FAIRness assessed using
the FAIR Data Maturity Model (FAIR DMM) [Bahi20] (see Section 3.2.1). However, whether an
automated or manual evaluation has been carried out is not evident. Due to the low ripeness of
the FAIR DMM and the assessment itself, it can be assumed that the evaluation has been done
manually by the authors, which tends to yield better results than computationally assessed
ones, as already recognized earlier [Bode23]. Thus, the author can not objectively verify
the results. Moreover, Dorst et al. describe their individual decisions and do not describe a
generalizable or even automatable procedure required to perform FAIRification of continuously
acquired process data in manufacturing.

2.2 Status quo of data management for manufacturing
Justification for implementing the FAIR Guiding Principles for manufacturing requires investi-
gating the current data management practice in the production industry. The reasons for the
lack of holistic data life-cycle management [Wang18a] need to be understood precisely to
derive specific actions compensating current deficits. Moreover, the challenges that compli-
cate the FAIRification process of manufacturing sensor data need to be anticipated as well as
possible to avoid shortcomings in the research conducted.
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2.2.1 Deficits of industrial data management

In contrast to end-consumer technology, such as USB- or mobile hard drives, which allow
“Plug & Play” usage due to technically interoperable and standardized drivers, allowing
immediate access and usage of the stored data, these solutions are missing for industrially
deployed equipment, such as measuring systems and infrastructure [Drat23; Jirk17]. This lack
of interoperability, and ultimately FAIRness, is caused by model-related, technical, and legal
concerns and limits the value creation potential of manufacturing sensor data as summarized
in Figure 2.2. In the following, four deficits are presented, which turned out to be most
significant during the conducted studies on the implementation of FAIRification processes in
manufacturing and have also been reported in the related work.

D3 - Absence of specific criteria for 
FAIR data management

• No specific guidelines existing

• Quantifiable metrics targeting 
industrial data are missing

• No specification of documentation 
criteria

D4 - Isolated data silos

• Data is mostly stored locally

• Stored data can only be found 
and accessed locally

• Connected storage resources 
miss defined access rules

D1 - Missing interoperability

• Inconsistent terms, formats and 
protocols

• Device and company specific data 
description, storage and transmission

• No technical, syntactic, and semantic 
interoperability

D2 - Poor contextual embedding

• Data misses detailed descriptions 
of context

• Provenance is not preserved

• Crucial information for reusability 
is missing

Exchange and value creation potential of manufacturing sensor data is very limited

D1

D4

D3

D2

Figure 2.2: Significant deficits of industrial data management inhibiting joint data usage and limiting
data-driven value-creation [Glei20; Guiz20; Thom20; vReis20; Zhen20a].

D1 Missing interoperability Manufacturing (sensor) data lacks consistent, agreed terms,
formats, and protocols [Penn19b; Huba13]. The data description, storage, and trans-
mission techniques depend on the sensors’ manufacturer and the company that uses
them. Thus, data can often not be shared with and understood by a third party [Glei20].
The technical and syntactic interoperability (cf. Definition 2.3 and Definition 2.4) is
largely hampered due to proprietary and individual solutions [Eich23; Li24], as devices
and systems that have originally not been intended to work together need to be inter-
connected [Nils18]. The semantic interoperability (cf. Definition 2.5) lacks a controlled
vocabulary for the description and documentation of acquired sensor data [Otto17b;
Zhan23].

D2 Poor contextual embedding In data-driven and particularly machine learning applica-
tions, algorithms initially do not know in advance which data is required to solve the
considered problem [Libe15]. If the context information is missing, it can not be evalu-
ated in advance to see if data could be used or if the data was suitable in retrospect.
However, collected data usually misses a detailed description of the context within
which the data has been created, i.e., the documentation of related entities, such as
the process the sensor is integrated into or involved tools and stakeholders [vReis20].
Thus, crucial provenance information regarding the reusability of the data is missing.
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D3 Absence of specific criteria for FAIR data management The FAIR Guiding Principles are
abstract design guidelines only [Dors23] . To implement the FAIR Guiding Principles for
manufacturing sensor data, specific criteria must be defined to evaluate the FAIRness
objectively. It must be clarified which exact information is required to make data findable,
interoperable, and reusable [Thom20] in manufacturing.

D4 Isolated data silos Data is mostly acquired by and stored on local measuring systems
and machines with restricted connectivity so that data can only be found and accessed
locally [Laba20; Glei20]. If these devices are connected to a (company-internal) network,
such that this data can theoretically be accessed remotely, access rules defining who is
permitted to interact with the data are usually not defined [Zhen20a]. Consequently, this
isolated data can not be accessed and, therefore, not (re-)used, imposing limitations on
the effectiveness of the data-driven manufacturing and decision processes [Li22].

2.2.2 Challenges of the FAIRification of manufacturing sensor data
This thesis aims to overcome the abovementioned deficits using the FAIR Guiding Principles,
cf. Section 1.3. However, efforts to remedy these deficits are hampered by the current hetero-
geneous circumstances of digital manufacturing [Schl24; Jirk17]. Put simply, heterogeneity
can be understood as the counterpart to interoperability and is, therefore, both a cause and
an obstacle to suboptimal data usage. The resulting challenges for the FAIRification process
are summarized in Figure 2.3 and discussed in the following.

FAIRification of manufacturing sensor data is hampered by heterogeneity

C1 - Data heterogeneity

• Hinders creation of uniform data models

• Challenges generalization

C3 - Unknown (heterogeneous) applications

• Unknown needs for data models & formats

• Extended time span of data usage

C4 - System heterogeneity

• Diverse needs on data format and protocols

• Increases effort to achieve interoperability

C5 - Interdisciplinary deployment

• Required knowledge not hold by single experts

• High documentation & transfer overhead

C6 – Distributed data

• Measured data can be transmitted anywhere

• Metadata annotation must happen immediately

C2 - Stakeholder heterogeneity

• Large number of requirements

• Hard to maximize findability in general

Figure 2.3: Six challenges hamper the FAIRification of manufacturing sensor data and impose increased
complexity to the tools and solutions for providing FAIR manufacturing sensor data.

C1 Data heterogeneity Industrial (sensor) data is characterized by high quantity and high
heterogeneity. Thus, the metadata associated with the data also has high heterogeneity.
The high data heterogeneity significantly increases the complexity of standardizing the
data underlying models [Liu14; Maci17; Baum17] and makes it practically impossible
to define one standardized model covering all aspects of the data, which are required
to achieve a detailed description as demanded by the FAIR Guiding Principles [Glei20].
Beyond that, the standardization of the data transmission and exchange is complex be-
cause of the different companies’ proprietary data formats and communication protocols
for their individual devices and systems [Schl24; Cui20]. Ergo, the developed methods
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and tools for FAIRification of manufacturing sensor data must be flexible, adaptable,
and interoperable with existing standards.

C2 Stakeholder heterogeneity The group of stakeholders of manufacturing (sensor) data is
manifold [Stea96]. To maximize findability for all of these stakeholders, the metadata
must contain appropriate information in an indexable format, which they (or algorithms)
will most probably use when searching for the data [Azzo13]. Moreover, the requirements
for reusability differ between use cases and, therefore, between different stakeholders,
which means the metadata collected and stored must be sufficiently broad to address
distinct stakeholders but also specific enough so that a stakeholder can evaluate the
reusability in their situation.

C3 Unknown (heterogeneous) applications At the time of data creation, i.e., when the mea-
surement is taken, the group of applications potentially reusing the data is unknown
in its entirety. Generally, one has applications in mind for which to use data, but one
cannot imagine every possible application the measured data might be used for in the
future. For example, activities such as the maintenance or disassembly of products
after potentially years of usage require data about the production and usage of that
product, which are currently either not available or not usable, as this usage of the data
has not been anticipated at the time of production. Hence, the metadata and the format
required for such applications are also unknown and demand the collection of all related
metadata in standardized and open formats.

C4 System heterogeneity The information model, system architecture, and network setup
differ from company to company and often even from site to site [Glei20; Schl24; Cui20].
Hence, the models and tools developed for a sensor will require manual adaptation at
each deployment to be technically, syntactically, and semantically interoperable with
the existing architectures and models. Moreover, technologies and systems deployed in
manufacturing infrastructures tend to have extended lifetimes [Saut10]. So, one has to
deal with many legacy systems, which will probably also (co-)exist with novel systems
in the future. This implies costly, time-consuming, and error-prone adaptations. Thus,
the FAIRification procedure must be system agnostic.

C5 Interdisciplinary deployment Deployment requires different expertise and knowledge
from at least two domains [Jaco20b]: One has to be familiar with the sensor and the pro-
cess, which should be FAIRified, and with the requirements and process of FAIRification
itself. Because the expertise in FAIRification is usually not the core business of pro-
duction companies, external experts must be consulted [Baum17]. This becomes even
more complex when the deployment covers more issues than FAIRification. Therefore,
the development, implementation, and deployment processes of FAIR Sensor Service
must decouple these adverse activities.

C6 Distributed data In Industry 4.0 scenarios, a freshly acquired measurement might be
untraceably distributed within an interconnected network and to innumerable consumers
or storages [Pete20]. Furthermore, data consumption might occur immediately, e.g.,
within control loops, or later (up to several months or years). Thus, the FAIRification of
the measurement must happen at the edge level before any transmission into a network
takes place. Consequently, manual curation and FAIRification of data is not applicable
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due to the high effort associated with the manual process [vVlij20]. Consequently, theFAIRification of sensor data must be automatable.

2.3 Digital manufacturing infrastructure
A plethora of technologies exist for handling, representing, storing, and exchanging data in
digital infrastructures. Based on the three aspects of interoperability defined in Section 2.1.3,
the technological solutions currently implemented or developed in manufacturing are reviewed.
By analyzing existing (i) data models, addressing semantic interoperability, (ii) data formats,
addressing syntactic interoperability, and (iii) communication protocols, addressing technical
interoperability, the current state-of-the-art in digital industrial manufacturing is investigated
to substantiate the deficits and challenges identified in Section 2.2. Moreover, related scientific
work aiming at standardizing the digital infrastructure for measuring systems is reviewed.

2.3.1 Industrially used technologies

Figure 2.4 gives an overview of technologies and related work considered and indicates their
classification regarding the coverage of the three interoperability aspects. The details of each
depicted approach are summarized and discussed in the following.

Data format
Communication

protocol

Data model

S O

I L

AAS

5

MDF

D-SI

protobuf

*

Figure 2.4: Classificiation of IIoT frameworks and technologies in the categories data model, dataformat, and communication protocol. The frameworks marked with a red circle do not define a custom
data format but enforce the usage of XML only. *Although strictly REST is a design pattern and not
communication protocol, it is often considered as such because REST describes how the communication
interface should be designed. The classification of SOIL and the underlying data model developed in
Chapters 4 to 5 is anticipated here.
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Asset Administration Shell

Some consider the Asset Administration Shell (AAS) a fundamental pillar in the Industry 4.0
landscape. The AAS enables digitally and dynamically representing physical and non-physical
entities. Therefore, Drath et al. [Drat23] even proclaim the AAS the technical realization of the
Digital Twin (DT). The AAS encapsulates the vendor-specific interface of an asset employing
a vendor- and protocol-independent model of the asset, which contains all information about
the asset, e.g., properties, capabilities, measurements, parameters, status, and condition.
The model has a hierarchical structure that can be easily extended and combined with other
AASs. To be interoperable, the AAS defines a domain-agnostic base model of which domain-,
company-, use-case- or even device-specific submodels can and have been derived [Heid19].
Several open protocols and data formats are proposed and recommended for the implemen-
tation of the AAS, but in principle, the AAS can be implemented with any format and protocol.
In addition, all information contained in a device’s AAS can be serialized and thus easily
exchanged between different partners. The AAS is also intended to uniquely identify the asset
and its data in the digital world [Schl24]. Thus, the AAS significantly covers the FAIR GuidingPrinciples. Moreover, the lifetime of a specific AAS exceeds the lifetime of the asset it repre-
sents, requiring long-term usability of the contained data. However, the long-term validity and
usability of the (sub-)models created are not explicitly addressed. In addition, the applicability
of the AAS is not unlimited, which requires it to be accompanied by other technologies and
frameworks for addressing all relevant use cases in manufacturing [Drat23].

Open Platform Communications Unified Architecture

One standard for a general data model and system architecture is Open Platform Communi-
cations Unified Architecture (OPC UA) [Damm09]. The strengths of OPC UA are the service-
oriented architecture (SOA), which makes it possible to integrate previously independent,
isolated parts of OPC into a framework, and the platform independence of the implementation.
The SOA also makes it possible to break up monolithic structures, as independent modules
can be implemented as individual services, and the coupling of the individual services can
be minimized. This makes the system easier to expand, increases flexibility, and reduces
maintenance costs [Schl24]. The versatile and flexible architecture of OPC UA is shown in
Figure 2.5 and ensures interoperability but also specificity of devices. The core information
model, i.e., the OPC UA metamodel, is generic and can be used for all devices and sensors. It
is supplemented by Companion Specifications (CSs) which define specific nodes for certain
domains, device groups (such as machine tools, robots, ...) [VDW22; Fieb19], or use-cases,
e.g. Machine Vision from the German Mechanical Engineering Industry Association (German:Verband Deutscher Maschinen- und Anlagenbau e.V. (VDMA)) [VDMA19; VDMA24a]. Whereas
the metamodel mainly defines the syntax of OPC UA, the CSs provide the semantics of con-
cepts [Drat23]. Over 100 CSs have been published in recent years or are still in the draft
phase [OPC 24]. CSs are either developed directly by the OPC Foundation, in cooperation
with the OPC Foundation, or by external working groups.

An OPC UA-based information model of a measuring system consists of nodes representing
the system’s components, methods, variables, and edges connecting these nodes. To ensure
interoperability, each node and edge should follow standardized definitions in the CSs. Thus,
OPC UA explicitly contributes to the interoperability of manufacturing sensor data. Moreover,
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the CSs can be considered the establishment of the domain-relevant community standards
demanded by guideline R1.3. Nevertheless, they are only valid and applicable within the
OPC UA framework. All nodes are uniquely identified within the address space of the OPC UA
server implementing the OPC UA-based CPMS [Ye18], which implicitly adheres to guideline
F1. OPC UA has already been widely adopted in industry [Li24; Coit20; Eich20]. Nevertheless,
developing an OPC UA model for a specific device requires high effort and expertise [Li24],
which makes retrofitting legacy systems costly.

Information Model Building Blocks 
(Meta Model)

Information Model Access

Core Information Models
(e.g., Analog Data, Alarms, State Machines, File Transfer)

Companion Information Models
(e.g., Robots, CNC Machines, Wind Power, P&ID exchange)

Vendor Specific Extensions

Client Server Publish / Subscribe

Use-Case specific Protocol Mappings

Browse and Access Data and Semantics
Execute Methods, Configure

Data and Event
Notifications

Figure 2.5: The software architecture of OPC UA as depicted at the webpage of the Open Platform
Communications (OPC) Foundation [OPC 19]. The architecture ensures high flexibility and interoper-
ability by definition of a generic metamodel as the core of the specification and is complemented by
domain- or use-case-specific companion models. The extendible and versatile structure promotes the
SOA of OPC UA and captures all three levels of interoperability.

MTConnect

Another standard for digital modeling and interfacing devices and sensors is MTConnect,
primarily used in the USA. Like OPC UA, MTConnect relies on standardized data formats
(Extensible Markup Language (XML)) and transport protocols (Hypertext Transfer Protocol
(HTTP), Transmission Control Protocol (TCP)). This contributes to guideline A1. MTConnect
is proven to provide real-time data acquisition [Shar22; Nguy22]. In contrast to OPC UA, the
MTConnect information model contains building blocks for specific machine components,
such as “LINEAR” for linear axes or “PNEUMATIC” for pneumatic systems [AMT 23]. This
makes it easier to create a model using MTConnect for machine tools, as many components
are already provided and do not have to be created manually by the model developer based on
the metamodel. Thus, the standard also adheres to guideline I1 because it ensures that two
components of the same type have the same meaning [Shar22], even if they are contained
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in different models. With OPC UA, this cannot generally be guaranteed, as the type for a
node in the OPC UA model can be defined by the model developer. However, this means that
MTConnect is less flexible compared to OPC UA in terms of interaction [Push20] and domain
coverage because the standard cannot be used in domains whose concepts are missing from
the MTConnect information model. MTConnect even lacks full support for all types of data
relevant for machine tools [Libe15]. Another significant difference is that MTConnect only
allows read-only access to the encapsulated device. It is impossible to control or configure a
device using MTConnect, which can also be considered a security feature [Shar22]. To ensure
interoperability there is an OPC UA CS for MTConnect [Liu19; Sobe19].

Inspection Plus Plus Dimensional Measurement Equipment

Inspection Plus Plus Dimensional Measurement Equipment (I++ DME) was initially developed
around 2000 by an initiative of several car manufacturers to overcome the burden of highly
individual and proprietary interfaces of coordinate-measuring machines (CMMs) requiring
costly modifications if the same measuring routine needs to be executed on machines from
different CMM providers [Töpf07]. I++ DME defines a standardized data structure for the
components of a CMM and a set of manufacturer-agnostic commands for executing measuring
procedures and retrieving the results [Proc07]. Moreover, I++ DME defines a line-based
communication protocol for a server-client architecture. Over the years, I++ DME has emerged
as the de-facto standard for interfacing CMMs [Sous22a], but was also not updated for several
years and is not compatible with IIoT protocols. Lately, the development of I++ DME has
been reignited by a VDMA working group mainly consisting of CMM manufacturers and led to
the publication of the new version 2.5 of the standard [VDMA24b]. Nevertheless, the data
structure, data format, and communication protocol are technically outdated, inefficient, and
error-prone compared to more actively maintained or recent frameworks, such as OPC UA or
RESTful application programming interfaces (APIs).

The Digital Calibration Certificate

The measuring system or sensor’s calibration status and documentation is an essential part
of recording measurement data. This documentation can be done using the Digital Calibration
Certificate (DCC) [Wied19; Must20]. The DCC is divided into four layers, see Figure 2.6.
The top mandatory layer contains administrative information, such as unique identifiers.
The results of the calibration are recorded in the second layer. To maintain interoperability,
the Digital System of Units (D-SI) [Hutz20] is prescribed for specifying the measurement
results of the calibration. Individual information about the calibration can be specified in the
non-regulated part of the second layer. Layers three and four are used to store additional
information. The third layer can be interpreted as a kind of commentary layer in which
additional tables and graphics can be stored in freely selectable data formats. The customer’s
wishes for the calibration can be incorporated here. The bottom layer is optional and can
contain a human-readable version of the information from layers one to three.

The DCC is stored and exchanged using the XML-based Calibration Data Exchange Format
(CDE) [VDI22]. As the XML format is an open standard and can be signed using cryptographic
algorithms, the FAIR Guiding Principles a are partially fulfilled for the implementation of the
DCC by the CDE. Due to a mandatory, fixed representation required for unique identification in
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the first layer of the DCC, the data can be found more easily. By using the open XML format for
storage in the CDE, a significant part of the accessibility requirements is fulfilled. Even if no
protocol is proposed for data exchange, using XML means that almost any common Internet
protocol, such as HTTP, can be used. The data is, therefore, also technically interoperable.
However, there is no semantic description of the individual fields of the DCC. The DCC is
reusable because legal requirements relating to the DCC are taken into account [Nika20], and
the origin and authenticity of the data can be ensured by signing the CDE [Must20].

Administrative information (mandatory)

Calibration results (partially regulated)

Individual information (unregulated)

Optional Appendix 
"Human-readable document" (e.g.: PDF)

SI - Units

ISO 17025

GUM

VIM

CODATA

…
+ Generic requirements
+ legal requirementsStandards

Figure 2.6: Overview of the structure of the Digital Calibration Certificate (DCC). Figure adapted
from Montavon and Bodenbenner [Mont23]

Message Queuing Telemetry Transport

Message Queuing Telemetry Transport (MQTT) has been under development since 1999 and
was standardized in 2013. MQTT implements the publish/subscribe principle for devices and
applications using a broker as middleware [Al-F15], whereby the messages are organized into
topics. The protocol enables one-to-one, many-to-one, and many-to-many communication
with three levels of quality of service. It is based on TCP and its security mechanisms and has
a low overhead, as the message header size is limited to two bytes. The (de-)serialization of
messages is not part of the definition of MQTT and, thus, is agnostic of the data models and
formats used. For networks that are not based on TCP/IP, such as for devices with limited
resources, a variant of the protocol known as MQTT-SN (Sensor Networks) can be used.

Hypertext Transfer Protocol and Representational State Transfer

The origin of Representational State Transfer (REST) is usually attributed to Fielding’s dis-
sertation in 2000 but goes back to the HTTP Object Model of 1994. REST can be seen as an
architectural design pattern for client-server systems that communicate using the request/re-
sponse scheme via HTTP. Apart from representing the system state of the individual resources
in the transmitted messages, the state is not saved within the system [Fiel00]. This favors
horizontal scalability, tolerance of errors, multi-tenancy, portability, and the ability to cache
results. Resources are organized and addressed using Uniform Resource Locators (URLs), but
the messages sent are self-describing. A fixed set of HTTP verbs is used to specify the inter-
action, defined fields in the HTTP header, and typed message content, for example, serialized
in JavaScript Object Notation (JSON) or XML. RFC 7252 defines the Constrained Application
Protocol (CoAP) as a subset of REST, which was specially developed for embedded systems
with low memory capacity and low computing power in restricted networks [Shel16].
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Quality Information Framework

The Quality Information Framework (QIF) provides metamodels for measurement and quality
data related to a product and its relevant features over the complete product life-cycle [Zhao12;
Ram21]. The Digital Metrology Standards Consortium (DMSC) that maintains and standardizes
QIF aims at providing neutral, vendor-independent solutions for handling measurement and
quality data with QIF [Sous22b]. The models define the semantics of product characteristics,
attributes of measurement data, and relations between those. Thus, QIF provides a standard-
ized way to define sensor data models. Moreover, QIF explicitly considers the metrological
traceability [Sous22b]. The metamodels are based on XML-schema so that the XML data
format is used for storing and exchanging the measurement data. QIF has been standardized
by the International Organization for Standardization (ISO) [ISO20]. Software libraries for
creating and interacting with QIF models for measuring systems and measurement data are
provided open-source [Zhao12; Camp24]. So, QIF implicitly adheres to guidelines I1, and R1.
However, the measurement data is product-related, so that QIF can not link it to a process,
measuring system, or manufacturing resource, e.g., a machine tool.

Measurement Data Format

The Measurement Data Format (MDF) defines a binary format for storing and exchanging
measurement and calibration information. It has been developed for and is widely adopted
in the automotive sector [Paul14]. In 2009, MDF became a standard of the Association for
Standardization of Automation and Measuring Systems (ASAM). The underlying model allows
for storage of the measurement data, including the corresponding metainformation. Due to
its binary format, the storage and data exchange are efficient and support hardware with
minimal transmission, storage, and computing resources. The specification of the standard is
freely available up to Version 3.3 [Vect24]. Since the specification became an ASAM standard
in 2009, the specification is only accessible to members of ASAM, which requires an annual
fee [Vect24; Asso19]. Thus, the most current version of the standard is not freely and openly
accessible, contradicting the FAIR Guiding Principles A1.1 and I1.

Hierarchical Data Format (Version 5)

The Hierarchical Data Format (Version 5) (HDF5) is a format for storing highly dimensional
and complex data [Häne20]. It is primarily applied in the scientific domain, as it natively
stores the measurement data and its metadata in a single file. HDF5 is well suited for coherent
data storage and exchange but less for large data analysis such as processing using Machine
Learning [Magu22]. HDF5 can handle data of arbitrary types and dimensions and is therefore
widely adopted such that standard libraries for many programming languages exist, making
the format easy to use [Pelo23]. Dorst et al. [Dors23] already illustrated the usefulness of
HDF5 for storing data and its metainformation in a FAIR manner. However, HDF5 is a file
format and, thus, naturally splits data into batches. On the one hand, the format supports
timely bound data acquisition, such as in most scientific experiments. On the other hand,
the format is less suitable for continuous data streaming, e.g., in assembly or manufacturing
processes, where the continuously acquired sensor data can not easily be split into logical
batches. Moreover, the redundantly stored metainformation, which only changes occasionally,
significantly increases the overhead.
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Table 2.2: The characteristics of industrial technologies for data modeling, serialization, and transmis-
sion about the deficits and challenges identified in Section 2.2. The Harvey balls indicate how much
the individual technology addresses or resolves the deficits and challenges.

Technology D1 D2 D3 D4 C1 C2 C3 C4 C5 C6

AAS

OPC UA

MTConnect

I++ DME

DCC

MQTT

HTTP

QIF

MDF

HDF5

Summarized in Table 2.2, none of the reviewed technologies or frameworks alone can deal with
all deficits and challenges identified in Section 2.2. The most significant gap is the long-term
reusability of acquired manufacturing sensor data, namely D3 Absence of specific criteria for
FAIR data management. The technologies mostly have a system-centric viewpoint, i.e., the
requirements and the viewpoint from the data usage perspective are insufficiently considered,
leading to significant deficits regarding C2 Stakeholder heterogeneity and C3 Unknown
(heterogeneous) applications. Missing tools supporting the implementation and deployment
of measuring systems reveal gaps about C5 Interdisciplinary deployment. The isolated data
silos are caused by the absence of clearly defined access rules and the missing support to
implement these in some of the technologies. The “all-in-one” technologies defining the
data model, format, and communication protocol, such as AAS, OPC UA, and MTConnect,
already address most deficits and challenges at least partially. The technologies, providing
either a data model, format, or communication protocol, only partially address the deficits
and challenges. Thus, the solution for achieving FAIRness of manufacturing sensor data will
require a combination of different standards and technologies to handle the diverse use cases
and systems of today’s production industry [Drat23]. Hence, it will be required to provide
manufacturing sensor data compliant with different (and partially competing or conflicting)
standards and data models, such as OPC UA and AAS [Neub23].

2.3.2 Related scientific work

First approaches to resolve these compatibility conflicts exist [Weis23; Cava20]. Still, they
usually focus on either making OPC UA compliant with AAS or vice-versa. They do not
widen the scope for finding the smallest common core, enabling interoperability with other
technologies and frameworks. In addition, the explicit consideration of long-term reusability
is mainly at the back of interoperability concerns.
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In the advent of International Data Spaces (IDS) (formerly Industrial Data Spaces) [Otto17b;
Otto17a], the interest in the development of connectors for devices and micro-services
securely providing data has been aroused. Nast et al. [Nast20] proposed a connector based
on the OGC SensorThings API and a RESTful API using HTTP and MQTT. Another tool is
the Eclipse Data Space Connector (EDSC) [Ecli22] for the connectivity of systems compliant
with the regulations of Gaia-X. Neubauer et al. [Neub23] investigated the combination of
AAS, OPC UA and EDSC and proposed a general-purpose architecture based on these three
technologies. However, the authors highlight limitations due to the conceptual differences of
OPC UA and AAS. This small subset of tools in development shows a fundamental issue of
current developments: The representation of data according to standardized data models
differs between different approaches. Thus, the interoperability between these technologies
is still limited and requires a manual mapping between these models.

Sousa et al. [Sous22b; Sous22a] propose an architecture of CPSs based on OPC UA and QIF for
the standardized provision of measurement data and vertical integration of measuring systems
into an IIoT. Zhang et al. [Zhan23] developed a wireless machine-to-machine data exchange
system based on OPC UA and 5G. Their prototype has proven the envisaged functionality, and
the authors plan to extend their system by an AAS-compliant interface.

2.4 Modeling techniques and methods from computer
science
Representing manufacturing sensor data in a machine-actionable way and compliant with
the FAIR Guiding Principles requires a deep understanding of data modeling techniques and
methods. This section introduces the basics of the Semantic Web and model-driven software
engineering (MDSE) as knowledge base from computer science for the conducted research.

2.4.1 The Semantic Web
Semantic Web technologies and standards were ideated by Berners-Lee et al. [Bern01]
to enable computers and machines to work with and understand data effectively. Three
concepts and methods form the base for the Semantic Web: (i) the Resource Description
Framework (RDF) [Cyga14] to structure information, (ii) persistent and unique identification
and localization of resources via persistent URLs (PURLs) [Weib95], and (iii) a controlled
vocabulary for consistent data description based on ontologies [Shad06].

Using RDF, a graph is constructed, where each object or concept of interest is stored as a node,
and the relations are encoded as directed edges between these nodes. RDF organizes the
modeled information in triples, where the source node of an edge is called the subject, the edge
itself is called the predicate, and the target node is called the object. This simple but powerful
approach allows for the management and representation of data in machine-actionable
models. The unique and persistent identification and localization of resources, i.e., the nodes
and edges of the RDF triple-graph, guarantees that a concept is always retrievable under the
same address - however, the actual location might change. Persistency is usually technically
realized using dedicated platforms that maintain look-up and routing tables pointing from a
persistent URL to the resource’s current location.
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According to Semantic Web standards, the terms and keywords for data description in the
IIoT must be formally defined to ensure data is interoperable and universally understand-
able [Schl24]. For that, a group of domain experts must agree on the meaning of these terms.
One speaks of controlled vocabulary if such an agreement and formalization of the definitions
exist [Harp13]. According to the Oxford English Dictionary, the term controlled vocabulary is
in the domain of information science defined as:

Definition 2.7: Controlled Vocabulary

A controlled vocabulary is “a prescribed set of terms which may be used in abstracting,
indexing, etc., and which is recognized within that system as having a predetermined
set of meanings.” [Oxfo23a]

Definition 2.8: Controlled Term

A controlled term is a term of which the meaning (in a specific context) is formally
defined as part of a controlled vocabulary.

In the Semantic Web context, formalization requires the controlled term to be retrievable
by a unique resource identifier and locator and represented using machine-actionable data
formats. This formalization is usually done and documented by ontologies using RDF. A key
feature of controlled terminology is the unique identification and accessibility via PURL.

While the technical requirements are comparably easy to realize, achieving an agreement on a
term’s meaning is complex, making developing a formal ontology tedious. This is also because
the sense of a term might differ between the domains or even specific applications within
a domain. Moreover, if very specific terms are formally defined as a controlled vocabulary,
the interoperability is often limited as their scope of usage is too specific [Berm06]. One can
avoid introducing new terms by formulating constraints on the relationships and properties
of (meta-)data sets to address this lack of specific terms.

2.4.2 Model-driven software engineering

Developing and implementing software (for running production systems) is complex and
requires advanced software engineering and programming skills and expertise. To ensure
the developed software meets the expectations of all stakeholders, the software is usually
abstracted to descriptive models for capturing the software’s purpose or structure more
conveniently for non-software engineers [Bram12]. MDSE is a sub-discipline of software
engineering that makes maximal use of such models by directly translating these models into
software source code. Among others, the benefits of software developed with MDSE are higher
maintainability, increased modularity, and reduced complexity [Mern05]. The foundation of
MDSE is the definition of metamodels for describing the application domain and models for
representing individual applications or use cases. The relation between metamodels and
models and the resulting metamodel hierarchy is shown in Figure 2.7.
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Figure 2.7: The hierarchy of metamodeling as defined by Fettke [Fett05] and the OCUP 2 Examination
Team [OCUP17]. Each layer is an instance of the layer above, i.e., a model is an instance of a metamodel.

The central aspect of MDSE is the definition of models for automatic source code generation,
called domain-specific language (DSL) [Fowl11], cf. Figure 2.8. Such languages are charac-
terized by high expressiveness and concise applicability. These languages have a high level of
abstraction and reduced complexity compared to general-purpose languages (GPLs), such as
C++, Python, or Java, which results in increased productivity and reduced maintenance costs
for the applications based on these DSLs [Mern05]. DSLs usually define a specific syntax and
semantics derived from the application domain [Rodr15]. The concepts and relations of the
application domain are picked up by the abstract syntax of a DSL. The abstract syntax speci-
fies how these concepts are captured and thus forms the metamodel (M2) for the definition
of a specific application model (M1) using the DSL. The abstract syntax is formalized by the
grammar of the DSL. Based on the abstract syntax, the concrete syntax of a DSL defines how
these captured concepts are represented and notated. The concrete syntax mainly determines
how easily the DSL can be learned and used [Rodr15]. Thus, the concrete syntax should be
tailored to the domain experts, i.e., the users of the DSL, and mirror familiar terms and ways
of representation. The concrete syntax can be of different shapes, such as textual, visual,
tabular, or a combination of them. To address experts from domains other than software
engineering, it is advantageous to design a visual representation that reduces perceived
complexity and simplifies usage [Rodr19]. It is also possible to define more than one concretesyntax for representing models based on the abstract syntax. Compared to GPLs, DSL usually
do not have compilers for direct translation into machine-actionable commands. Instead,
a model based on DSL is translated to a GPL relying on existing compilers and software
ecosystems. Lastly, the semantics of a DSL define the rules for the validity and correctness
of the models, which can not be expressed by the concrete syntax. The semantics encode
the logic of a well-defined model [Kirc22], which is usually defined using natural language in
terms of additional explanations to the DSL’s users. Several specialized software tools exist
to support developers and users of DSLs. These tools are usually referred to as languageframeworks or language workbenches. Examples of such tools are JetBrains MPS [JetB24],Xtext [Ecli24], the Eclipse Modeling Framework [Stei08], or MontiCore [Rump21].
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Figure 2.8: Overview over the software development employing model-driven software engineering.
Figure has been adopted from Brambilla et al. [Bram12].

DSLs can further be divided into subclasses. The subclasses relevant to this thesis are:

Domain-specific programming languages (DSPLs) are used to develop executable source
code for a dedicated purpose with a high level of abstraction. DSPLs contain syntax
and semantics for defining processes, tasks, or actions translated into algorithms. A
popular example of a DSPL is Simulink [The 24].

Domain-specific modeling languages (DSMLs) are primarily intended to define the struc-
tures or models. In contrast to DSPLs, they do not provide an executable logic of
procedures. The Unified Modeling Languages (UMLs) are examples of such DSMLs.

Data definition or data description languages (DDLs) are designed to represent data struc-
tures, tables, or databases efficiently. Examples for DDLs are SQL, XML, and JSON.

Interface description languages (IDLs) provide concepts for the definition of the function-
ality, inputs, and outputs of the interface of (micro-)services. IDLs provide translation
mechanisms for generating data serialization and transmission routines such that the
service developer must not implement the communication interface and logic itself.
IDLs are widely used for the development of distributed systems and SOAs, such as
FlatBuffers, OpenAPI, Protocol Buffers (protobuf), and the Web Services Description
Language (WSDL) [Chin07].

All the mentioned examples belong to category M2 of the metamodel hierarchy, cf. Figure 2.7,
and are used to define an application- or device-specific model. Among all these, IDLs promise
the functionality required to solve the formulated research questions.

2.5 Intermediate summary

The role of the FAIR Guiding Principles for the long-term management of manufacturing sensor
data has been analyzed, and four significant deficits of industrial data management have
been identified, which underpin the need to implement the FAIR Guiding Principles for the
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manufacturing domain and justify the research objectives and questions formulated in Chap-
ter 1. Moreover, six challenges have been determined that impose hurdles to implementing
the FAIR Guiding Principles for manufacturing. The current state-of-the-art industrially used
data models, data formats, and communication protocols have been reviewed to prepare
for developing methods to provide FAIR manufacturing sensor data and implement research
artifacts, particularly the FAIR Sensor Service. The advantages and disadvantages of these
frameworks and related scientific approaches have been analyzed concerning implementing
the FAIR Guiding Principles. To overcome the identified shortcomings, based on Semantic Web
technologies and MDSE, the foundations of these topics from the computer science discipline
have been shortly introduced and reviewed. The reviewed technologies from the production
industry and methods from computer science lay the foundation for the investigation of the
formulated research question in the remainder of this thesis.
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3FAIRness requirements and criteria for
manufacturing sensor data

This chapter is dedicated to the first research guiding question, which deals with transferring
and concretizing the FAIR Guiding Principles for the manufacturing domain. The FAIR GuidingPrinciples in their pure form are very generic. This has the advantage that the principles
are broadly applicable to data from various domains. However, the principles themselves
are vague, so the realization requires a further definition of specific criteria, which data
has to fulfill to be compliant with the FAIR Guiding Principles [Dors23; Bahi20; Muse22].
Such specifications have already been proposed and published (e.g., [Wilk18b; Rese20;
Deva21]), of which some are available as ready-to-use tools already. But the FAIR GuidingPrinciples and the specifications published so far originate from science and research and,
thus, are primarily tailored to scientific data and workflows, which requires a detailed review
of published approaches and their applicability to manufacturing sensor data as characterized
in Section 3.1. Based on this review, requirements and criteria are defined specifically for
measurement data from manufacturing, which must be fulfilled by such to be considered FAIR,
to answer the first research guiding question:

Research Guiding Question 1

What are the criteria manufacturing sensor data must meet to satisfy the requirements
defined by the FAIR Guiding Principles?

3.1 Characterization of manufacturing sensor data
Two aspects need to be addressed to characterize sensor data from manufacturing. First,
the term sensor data needs to be defined; second, the unique features of manufacturing
sensor data need to be identified. According to the International vocabulary of metrology
(VIM) [BIPM12], a sensor is a piece of hardware capable of perceiving changes in physical
quantities. The extent of these changes can be quantified by a measuring instrument. This
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perception and quantification procedure is called measuring. A device inheriting multiple
measuring instruments is called a measuring system, which also consists of one of multiple
sensor(s). However, thinking application-oriented, it is often not only the bare physical
quantity technically measured, which is of interest, but an aggregated property. Considering
a barcode reader, one is not interested in the differences in brightness of the reflected light
but in the extracted string, which is a non-quantifiable, nominal property. This functional,
application-oriented, instead of physical perspective on sensors, is required for achieving
interoperability [Mont21]. From the user’s perspective, the sensor is not only the hardware but
also includes its software digitizing the measurement result, i.e., the CPMS. This perspective
leads to Definition 3.1 of sensor data used in this thesis.

Definition 3.1: Sensor data

The digitized values and related metadata produced by a CPMS based on measurements
of observed physical quantities of observable properties are further called sensor data.

As for almost all industries, the manufacturing sensor data can be considered as Big Data.
In the literature, Big Data is often characterized by what is commonly known as the “V’s”
of Big Data. These characterizations describe Big Data with different terms, all starting
with “V”, such as Volume, Velocity, Veracity, Value, Variety, and others [Lomo14]. In the
considered literature, the number of terms and characteristics vary strongly between different
frameworks from initially three [Ziko12] up to 17 [Kapi16]. Among all these aspects, the most
prominent ones are the mentioned five: Volume, Velocity, Veracity, Value, Variety [Lomo14].
In the following, the aspects of Big Data are generally analyzed considering the “5 V’s” in the
context of manufacturing sensor data. Their impact on the deficits and challenges identified
in Section 2.2 is summarized in Figure 3.1 and underlined further to tailor the FAIR GuidingPrinciples to the needs of manufacturing sensor data later.

Value Veracity Volume Variety Velocity

Figure 3.1: The influence of the “V’s” characteristics of Big Data considerung manufacturing sensor
data to the deficits and challenges identified in Section 2.2 (cf. Figure 2.2 and Figure 2.3). Volume andVariety contribute most to the identified challenges.
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Volume

The Volume of Big Data refers to the exponentially increasing amount of data generated,
processed, and stored [Sadi23; Stav23; Moor15]. Statista estimates the globally createdVolume for 2026 to 230 Zettabytes [Stat23], which is almost one thousand times the overall
existing Volume estimated for 2016. The increasing Volume of manufacturing sensor data
imposes data handling, storing, and processing challenges. In particular, the issues induced
by other Big Data characteristics, such as Variety, Veracity, and Value, are intensified with
increasing Volume, e.g., decreasing Value of individual data sets,[Kais13]. In addition, a high
amount of manufacturing sensor data forms a continuous data stream with no beginning and
no end in contrast to an enclosed data set [Kais13] and, therefore, heavily impacts all data
management and FAIRification measures (cf. Figure 3.1). Consequently, handling the largeVolume of generated data can only be carried out automatically.

Velocity

The Velocity refers to the high and unpredictable speed of data generation, transmission, and
processing [Sadi23; Owai31; Kais13; Li15]. Increasingly powerful transmission hard- and
software (such as fibers and 5G) enable the dissemination of large amounts of sensor data in
a short amount of time, causing the communications middleware to be the bottleneck of the
data transmission [Kais13], which favors the creation of data silos to reduce the amount of
potentially unnecessarily transmitted data. Moreover, the Velocity can be associated with the
need for immediate data consumption to enable real-time applications [Moor15] which highly
impacts C6 Distributed data. Thus, handling the highly and largely generated amount of data
requires large computation power. Pulling computationally cheap operations, such as the
accumulation of metadata and context information to the edge or even into the CPMS could
relieve the central computation middlewares as the comparably small and slowly changing
amount of metainformation only slightly increases the amount of transmitted data.

Veracity

The Veracity is influenced by the varying quality, trustfulness, and authenticity of Big Data
[Sadi23; Krot15; Moor15]. To ensure authenticity and trustfulness, the preservation of data
provenance is crucial [Kais13], implying the need for data documentation and contextual-
ization. The harsh environment of manufacturing yields noisy values and often decreased
accuracy and correctness [Wang22; Li15]. Moreover, biased and imbalanced data influence
the Veracity [Owai31], Consequently, the quantification of the reusability in terms of the
measurement uncertainty [Luko13] and the completeness [Reim19] is crucial to indicate the
sensor data quality. However, the first is restrained due to missing or not integrated methods
and tools for uncertainty determination [Jin15; Gao20]. Thus, the Veracity of manufacturing
sensor data strongly influences the reusability. Nevertheless, automation of the data acquisi-
tion, i.e., of the measurement processes and data transmission, increases the authenticity of
the data and thus positively influences the Veracity [Moor15].

Variety

The Variety describes the heterogeneity of Big Data, which includes highly varying kinds,
sources, types, descriptions, and representation of the data and is the dominant aspect of
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manufacturing sensor data [Gao20; Wang22; Stav23; Li22; Kess20]. Many approaches distin-
guish between structured, semi-structured and unstructured data [Cui20; Gao20; Moor15;
Stav23] (cf. Section 2.1.3). Manufacturing sensor data can be considered unstructured, as
they often do not explicitly include the structure within the transmitted data packages or
sets. Moreover, the structures or models of proprietary data are not always provided by the
manufacturers [Libe15], or the structures differ from manufacturer to manufacturer [Sadi23],
and sometimes even from device to device as there are often no standards even within com-
panies [Khan16]. This causes significant challenges to the data management and process-
ing [Kais13] and requires specific interoperability criteria to unify structures and terminology.
The multitude of different signals sensed and quantified results in a wide plethora of indi-
vidual measuring systems, which constitute a highly heterogeneous set of data sources and
consequently data formats [Sadi23; Wang22; Wang18a]. Also the processes or systems, this
data originates from are highly diverse [Libe15; Wang22; Li15]. Lastly, the Variety of BigData can also be associated with a variance within the data itself, yielding the information
content [Moor15], making the data valuable in the first place.

Value

The Value of Big Data denotes the worth and profit that can be generated out of the data
acquired, stored, and analyzed [Sadi23; Stav23; Kais13]. In contrast to the other characteris-
tics described, the Value of data is hard to quantify and depends on multiple factors [Stav23].
Due to the imbalance of data generated in manufacturing (or industrial processes in gen-
eral) [Wang22], only a smart part of the generated data can be reasonably used [Li20]. Next,
long-term applications are often out of focus at the time of data generation. The Value of the
data for stakeholders interested in long-term applications, such as global optimization, predic-
tive maintenance or quality, or recyclability assessments, is often not considered because the
return of investment by the primary short-term usage is considered more important [Moor15].
Thus, usability beyond short-term usage is not often considered, and the acquired data is
neither documented nor contextualized. Therefore, it can be regarded as lost [Tanh19]. Last,
the Value of data is compromised by the high economic and ecologic cost of storing enormous
amounts of data [Thiy15].

Conclusion

Several challenges arise when analyzing the “5 V” of manufacturing sensor data concerning
the FAIR Guiding Principles. The Volume of data complicates both findability and accessibility,
as massive datasets require robust indexing and efficient retrieval systems. The high Velocity
of data generation hinders real-time interoperability unless data processing can be stream-
lined (cf. challenge C6 Distributed data). Ensuring sensor data’s Veracity, especially under
uncertain conditions, affects its reusability since poor data quality can lead to misleading
insights. With its diverse formats and structures, the Variety of sensor data poses a major
obstacle to interoperability without standardized approaches. Finally, data’s Value is often
underutilized, especially for long-term purposes, because insufficient documentation and
contextualization limit its future reusability. Thus, manufacturing sensor data characterized
as Big Data requires domain-specific criteria for standardized data management seamlessly
integrating with the data life-cycle to ensure high quality and valuable data.
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3.2 Criteria for FAIR manufacturing sensor data
This section defines domain-specific criteria for the FAIRness of manufacturing sensor data,
based on the characterization of manufacturing sensor data to complement and extend
domain-agnostic requirements and metrics reviewed [Wilk18b]. The main motivation for
these criteria is to define how the information and data quality must be preserved to allow for
the reusability which must be evaluated for each application individually [Kess20]. Enabling
comprehensible and traceable data (re-)use requires the identification and coordinated,
known, accessible and unambiguous description of all information sources [Miel15] based on
these specific criteria.

3.2.1 Available metrics to quantify the FAIRness of data and
metadata
In the scientific domain, the FAIR Guiding Principles are turned into objectively measurable
metrics. These are often based on intermediate concretization into dedicated requirements
[Deva21]. Thus, metrics represent even more specific requirements, which are investigated to
derive the domain-specific FAIRness criteria of manufacturing sensor data.

Since the publication of the FAIR Guiding Principles, many projects have been conducted and
working groups or organizations have been formed in order to foster the aggregation and
management of data compliant with the FAIR Guiding Principles. Some of these resulted in the
specification of explicit rules and metrics for assessment of the FAIRness of data. When writing,
the author is unaware of any publication of domain-specific FAIRness metrics or criteria for the
manufacturing domain. Published generic requirements have been reviewed to define specificFAIRness requirements for the manufacturing domain. All metrics designed for a dedicated
domain unrelated to production are not included in the evaluation, as those approaches are
not expected to be suitable for the considered domain. Four different approaches have been
investigated and compared in detail: (i) the FAIR Metrics first introduced by Wilkinson et al.
[Wilk18b] and later extended in [Wilk19b], (ii) the FAIR Data Maturity Model (FAIR DMM)
developed by the Research Data Alliance (RDA) [Rese20], (iii) the FAIRsFAIR metrics proposed
by Devaraju and Huber [Deva21], and (iv) the metrics from the base rubrics of FAIRshake
[Clar19].

Putting together all four frameworks in Table 3.1, 147 metrics are defined (42 targeting
findability, 31 targeting accessibility, 35 targeting interoperability, and 39 targeting reusabil-
ity). The approaches have been compared and the individual metrics have been mapped
to retrieve a set of distinct metrics and criteria. 61 metrics remained after this step (15
targeting findability, 12 targeting accessibility, 14 targeting interoperability, and 20 targeting
reusability). In the third step, 15 metrics specific to different domains are excluded to finalize
the basis for the definition of the domain-specific FAIRness criteria in Section 3.2.2. The four
reviewed frameworks are analyzed in detail in the following.
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Table 3.1: Overview of the number of metrics identified in the state-of-the-art scientific literature
[Wilk19a; Deva22; Rese20; Clar19]. The *x rows contain the number of metrics for each of the four base
principles, which have not been assigned to a dedicated guideline. From left to right the columns show
the number of metrics, before any filtering and mapping, after mapping an elimination of redundant
metrics, and after the filtering of unsuitable ones. The summary of all 46 distinct, applicable metrics is
given in Appendix A, namely Tables A.1 to A.4.

Unfiltered metrics Distinct metrics Applicable metrics

F1 14 4 4

F2 8 3 3

F3 7 2 2

F4 6 2 1

Fx 7 4 1

Sum for F 42 15 11

A1 11 6 6

A1.1 7 2 2

A1.2 6 2 2

A2 5 1 1

Ax 2 1 0

Sum or A 31 12 11

I1 15 4 4

I2 9 3 3

I3 10 6 6

Ix 1 1 0

Sum for I 35 14 13

R1 6 1 1

R1.1 6 3 3

R1.2 3 2 2

R1.3 7 4 4

Rx 17 10 1

Sum for R 39 20 11

Overall Sum 147 61 46
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FAIR Metrics Framework

One problem when evaluating FAIRness of data is that it might differ between different
communities or domains. The FAIR metrics framework by Wilkinson et al. [Wilk18b] provides
domain-agnostic metrics that can be used by a semi-automated process to evaluate any
digital resource. These metrics can also be used as templates by communities to derive new
metrics that are tailored specifically to the community’s domain [Wilk18b]. The first version
of the framework provided 14 universal metrics, which have later been extended to 22 metrics
[Wilk19b] and published on GitHub [Wilk19a]. To fully utilize the results of the framework, allFAIRness evaluation results also adhere to the FAIR Guiding Principles.

Research Data Alliance FAIR Data Maturity Model

The FAIR Data Maturity Model (FAIR DMM) framework [Rese20] developed by the Research
Data Alliance (RDA) provides a checklist-like approach to evaluate the FAIRness of data
manually. Manual evaluation enables the evaluator to take the individual requirements and
needs for the FAIR evaluation into account [Rese20]. However, a fully objective assessment
can not be guaranteed if the FAIRness can not be accessed autonomously. For the evaluation
process, the FAIR DMM framework provides a set of indicators, each measuring a specific
aspect of the FAIR Guiding Principles. Thus there can be multiple indicators for a single
guideline. The FAIR DMM defines separate metrics and indicators for the data and metadata
if a FAIR Guiding Principles addresses both.

Additionally, the indicators are prioritized on a three-level scale representing the indicator’s
importance for achieving FAIRness. Without fulfilling essential indicators (meta-)data can
not be considered FAIR. Important indicators are not as crucial but substantially increase
the FAIRness. Useful indicators are not strictly required to achieve high FAIRness but help
achieve the highest compliance with the FAIR Guiding Principles.

The FAIR DMM defines 41 indicators of which 19 are duplicates of metrics of the FAIR Metrics
Framework. These duplicate metrics are mostly categorized as essential or important. 14
indicators do not share strong similarities with metrics from other approaches because of the
high degree of granularity of these indicators.

FAIRsFAIR Metrics

Based on early versions of FAIR Metrics and FAIR DMM the FAIRsFAIR Metrics have been
developed by Devaraju and Huber [Deva21]. The most current version 0.5 of the FAIRsFAIRs
Metrics was published in 2022 [Deva22] and consists of 17 domain-agnostic metrics for
evaluation of the FAIRness. To evaluate the metrics they are split into multiple practical
tests for evaluation which can also be executed autonomously. The FAIRsFAIR Metrics do
not add any distinct metrics on top of the FAIR Metrics and the FAIR DMM and is thus fully
interoperable and compliant with the other approaches. The main contribution of Devaraju and
Huber [Deva21] is the development and proposal of the F-UJI tool for autonomous evaluation
of data FAIRness.
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FAIRshake Metrics

Clarke et al. [Clar19] introduced the FAIRshake toolkit for facilitating the community-specific
development of FAIRness metrics, and for assessing the FAIRness of digital resources based
on these community-specific metrics. This section focuses on the first, while the latter is
elaborated in detail in Chapter 6. Clarke et al. [Clar19] describe how to define metrics using
their toolkit and associating a metric with the FAIR Guiding Principles. Moreover, FAIRness
metrics can be assigned to rubrics that should represent a set of metrics suitable for a
dedicated domain or project. Thus, single metrics can be easily and individually reused by
others. Metrics created and added to the FAIRshake toolkit are evaluated manually using an
ordinal scale, which is quantified to a numerical scale from zero to one, where one corresponds
to the complete fulfillment of a metric.

The developers of FAIRshake specify three rubrics for assessing the FAIRness of datasets1,
repositories2, and tools3. The metrics of these three rubrics are more specific compared to
the three domain-agnostic approaches described above. Therefore, some of the metrics are
too specific to be reused for deriving FAIRness criteria of FAIR manufacturing sensor data.

Conclusion

The majority of tools for FAIRness assessment originate from the life sciences. Moreover, the
tools are dedicated to evaluating research data and rely on common tools, repositories, and
data descriptions used in research. Thus, some specific criteria of the measurable metrics are
not suited for assessing the FAIRness of sensor data from industrial production. The majority
of metrics and frameworks published so far are domain-agnostic, such as the approaches
reviewed above. This becomes evident by considering that only the FAIRsFAIR Metrics and the
Research Data Alliance FAIR Data Maturity Model formulate metrics or indicators, respectively,
for guideline R1.3 demanding “domain-relevant community standards” [Wilk16]. However,
due to the domain-independence, the metrics are not more specific on how these community
standards need to be expressed. Moreover, many of the metrics are hardly more specific than
the FAIR Guiding Principles themselves in terms of guiding the data stewards in creating FAIR
data. Thus, to provide FAIR manufacturing sensor data the domain-agnostic metrics need to
be checked for applicability in the manufacturing domain. Moreover, these metrics must be
extended by related domain-specific requirements. Furthermore, specific requirements must
be defined addressing R1.3 in particular.

Nonetheless, the formal establishment of widely applicable community or domain standards
is out of the scope of this dissertation. Within this work, it is investigated how widely known
standards and those that are already formally defined can be implemented to acquire FAIRmanufacturing sensor data. For that, some of the reviewed metrics, indicators, or practical
tests need to be relaxed into less strict criteria as illustated in the following: Many met-
rics measure the fulfillment of the FAIR Guiding Principles by looking for specific controlled
terms from selected vocabularies or ontologies (cf. metric “Data identifier explicitly in meta-
data” [Emon20]) in the assessed dataset. On the one hand, this fosters interoperability by

1https://fairshake.cloud/rubric/8/
2https://fairshake.cloud/rubric/9/
3https://fairshake.cloud/rubric/7/
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forcing to use of a small set of terms only, which are then reused on a large scale instead
of having everyone using different terms. On the other hand, this limits flexibility and probi-
hits the usage of other, but fitting terms. Finally, the 46 distinct, suitable metrics identified
in related work are used as basis for the derivation of specific FAIRness criteria for FAIRmanufacturing sensor data.

3.2.2 Derivation of FAIRness criteria for manufacturing

The domain-specific criteria of FAIR for the manufacturing domain do not necessarily need
to be based on measurable metrics, which allow automatic and objective evaluation of theFAIRness of manufacturing sensor data. Nevertheless, defining criteria that can be turned
into metrics is favorable for developing automatable compliance tests later. For the design ofFAIRness metrics, Wilkinson et al. [Wilk18b] defined five criteria a “good metric” [Wilk18b,
p. 2] should fulfill: clear, realistic, discriminating, measurable, and universal. A clear metric is
easy to understand, and the purpose of the metrics is comprehensible. A metric is realistic if
a digital resource can fulfill it without overly complex overheads. A metric is discriminating
when the degree of fulfillment can be quantified and if it can provide information and hints on
how to increase the degree of fulfillment. Machines can objectively and autonomously quantify
measurable metrics. A universal metric can be applied to all types of digital resources.

This dissertation defines criteria that set the bounding conditions for the model for FAIRmanufacturing sensor data. The summary of all 17 criteria defined is depicted in Figure 3.2.
Some criteria target the data management system instead of the data itself. The criteria follow
the requirements proposed by Wilkinson et al. [Wilk18b]. Only the need to be measurable
has not been considered, as the purpose of the criteria is not to provide a framework for
objectively quantifying the FAIRness of manufacturing sensor data.

CI.3 – Information Model

CI.2 – Standardized Format

CI.1 – Controlled Terms

CI.5 – Linked Data

CI.4 – Consistency

CF.3 – Persistency

CF.2 – Searchability 

CF.1 – No Limitations

CR.3 – Metrological Information

CR.2 – Provenance

CR.1 – Domain-Specific Terms

CR.4 – Reuse Conditions

CA.2 – Multi-Protocol

CA.3 –  Protocol-Agnostic Modeling

CA.1 – Standard Protocols 

CA.4 – Authorization and Authentication

CA.5 – Versioning

Figure 3.2: Summary of the 17 FAIRness criteria defined in this thesis focusing on accessibility and
interoperability. The mapping of the individual criteria to the FAIR Guiding Principles is done in Table 3.2.
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Findability

CF.1 No Limitations According to guideline F2 data must be “richly” [Wilk16] described with
metadata. Whereas the notion of “richness” in this context is hard to quantify [Muse22],
it does imply that there should be no limits for the metadata used to describe the data.
Thus, instead of requiring a certain amount of metadata to be provided, this criterion
enforces that no conceptual and technological limits are introduced. This concerns the
amount, type, and kind of metadata. Besides that, data and metadata must be modeled
and described according to criteria CI.1 Controlled Terms, CI.3 Information Model,
and CR.1 Domain-Specific Terms; there should be no further restrictions.

CF.2 Searchability of stored data is critical to ensure the retrievability of the data [Muse22].
To fulfill guideline F4, data must be stored in a way so that it can be filtered by any field.
This search procedure must allow using any key from ontologies or terminologies as the
search query term. Thus, the search must also include the metadata fields, which can
store any type as per criteria CF.1 No Limitations and CI.4 Consistency. This criterion
is required to cope with C2 Stakeholder heterogeneity.

CF.3 Persistency Upon the guidelines F1 and F3, in case the configuration, setup, or relations
between objects change, the identifiers of data must be persisted. Thus, the assignment
of an identifier should be decoupled from its name and description, which might change
over time.

Accessibility

CA.1 Standard Protocols To disseminate the data from one participant to another and unlock
data silos (see D4 Isolated data silos), standardized - and ideally open - communication
protocols must be used. These protocols must be suitable for use in the considered
manufacturing domain and should also have notable recognition.

CA.2 Multi-Protocol To be accessible across all layers of the automation pyramid and by
different systems or applications, data provision via one fixed protocol is not suffi-
cient [Derh17a; Când10]. The high fluctuation and velocity of communication and data
management technology developments will yield new standards that need to be adopted.
So, multiple different protocols must be supported to ensure the accessibility of the
sensor data across various systems (cf. C4 System heterogeneity).

CA.3 Protocol-Agnostic Modeling To assure accessibility, the description, and annotation
of data and metadata according to interoperability criteria must be agnostic of the
protocols used to provide and distribute the data. Although not explicitly stated by
the FAIR Guiding Principles and the reviewed metrics (see Section 3.2.1), a coupling of
description and communication limits the accessibility and impedes C5 Interdisciplinary
deployment. Primarily, if clients try to access the data but cannot implement the
intended communication protocol due to technological restrictions, this is a direct
requirement for CA.2 Multi-Protocol.

CA.4 Authorization and authentication Preserving the sovereignty of acquired data is es-
sential in industrial data management. Thus, the used communication protocols must
implement proper authentication and authorization mechanisms to overcome D4 Iso-
lated data silos.
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CA.5 Versioning To fulfill guideline A2 metadata must not be deletable. Instead, a new
metadata revision should be linked to the older version. Thus, the data management
system must implement a versioning mechanism for metadata.

Interoperability

CI.1 Controlled Terms Terms used as keywords and field descriptors in the data model must
be thoroughly defined by available and accessible vocabularies or ontologies usingSemantic Web standards to fulfill guideline I1 and diminish C1 Data heterogeneity.

CI.2 Standardized Format For representing the data, a standardized, open data format must
be used to mitigate C1 Data heterogeneity.

CI.3 Information Model Data must be defined using a common, accessible information model
so that data can be easily exchanged and unambiguously interpreted [Otto17b]. This
information must be defined according to criterion CI.1 Controlled Terms and exchanged
according to criteria CA.1 Standard Protocols and CI.2 Standardized Format.

CI.4 Consistency Data of the same type must always be modeled equally to prevent ambiguity
and preserve interoperability, i.e., two models describing the same thing must have the
exact attributes and use the same terms for describing these attributes. The definition
of consistent models allows the implementation of automated compliance checks to
guarantee interoperability [Miel15]. Consistency is particularly relevant to face C1
Data heterogeneity, C2 Stakeholder heterogeneity, and C3 Unknown (heterogeneous)
applications.

CI.5 Linked Data Data must refer to other data or metadata that are related to it. This related
(meta-)data can be data about individual components of an assembled product, data
from suppliers, or context data about the process or used resources [Otto17b]. Following
guideline I3, these references must be qualified, i.e., the reference must be defined
appropriately using terms, usually verbs, for relations from ontologies or vocabularies.
Linking data with other data effectively tackles D2 Poor contextual embedding.

Reusability

CR.1 Domain-Specific Terms According to criterion CI.1 Controlled Terms, the definition
of terms must originate in the domain in question [Muse22], i.e., the manufacturing
domain, to meet guideline R1.3. Even more precise, terms related to measurements and
their characteristics must originate in production metrology.

CR.2 Provenance To ensure an unambiguous interpretation of the data and tackle D2 Poor
contextual embedding, the provenance and context of the data must be captured
[Kess20]. For manufacturing sensor data, this context can be given by the product
produced, the processes executed, and the resources used when the measurement took
place [Pint13; Schl09]. This criterion is closely related to CI.5 Linked Data.

CR.3 Metrological Information Domain-specific FAIRness requirements from metrology are
required to ensure reusability from a quality management perspective. Measurement
uncertainty is one of the most important quality criteria for measured values. Thus, to
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ensure conformance with metrological standards and evaluate measured values regard-
ing their reuse potential, measured values must always have a quantified specification
of their uncertainty [Eich23; Libe15; BIPM12]. Further information required are the
physical unit and the type of the quantity observed (cf. [Ever15; BIPM12; Hutz20]).
This criterion formalizes the most important domain-specific requirement concerning
D2 Poor contextual embedding and D3 Absence of specific criteria for FAIR data
management.

CR.4 Reuse Conditions Data must be annotated with reuse conditions to enable reuse and
ensure data sovereignty [Kess20]. Expressing a usage license and usage conditions is
required to establish International Data Spaces [Otto17b].

These 17 criteria for FAIR manufacturing sensor data cover all aspects of the FAIR GuidingPrinciples and formulate further requirements not directly implied by the FAIR Guiding Prin-ciples as summarized in Table 3.2. The criteria substantiate the FAIR Guiding Principles by
considering specific aspects relevant to the implementation and their interpretation in the
manufacturing domain. In particular, the accessibility guidelines are extended by defining
concrete criteria for implementing the communication interface to exchange manufacturing
sensor data, namely CA.2 Multi-Protocol and CA.3 Protocol-Agnostic Modeling. Criterion
CR.3 Metrological Information defines “domain-relevant community standards” [Wilk16]
as required by R1.3 for the domain of production metrology. Moreover, the derived criteria
address the deficits and challenges identified in Section 2.2 and, therefore, guide the sub-
sequent course of research to implement the FAIR Guiding Principles for the manufacturing
domain and lift the value-creation potential of manufacturing sensor data. Next, a harmonized
data life-cycle for managing manufacturing sensor data is introduced to set up a reference
frame for the implementation of the defined FAIRness criteria.

3.3 A harmonized data life-cycle for managing FAIR
manufacturing sensor data
Data life-cycles (DLCs) serve as a conceptual model to structure the handling and management
of data [Pouc16]. However, the design and the steps of DLCs depend on various factors.
First, the design depends on the domain, such as research and science, compared to industry.
Second, the applications of the data in question and the purpose of the DLC itself impact
the DLC’s design, i.e., which overarching use-case motivated the definition of the DLC, such
as data curation, usage of machine-learning, long-term reusability of the data. Third, the
perspective, e.g., organizational, conceptual, or technological, influences the DLC’s layout. To
ensure the provision of FAIR manufacturing sensor data from the beginning, the FAIRification
steps and procedures must be embedded into the industrial data flow. Even more, FAIRification
must be an integral part of the life-cycle of manufacturing sensor data [Jaco20b]. Therefore,
17 published DLCs have been reviewed to identify the steps that must be included in the
harmonized DLC for managing FAIR manufacturing sensor data.

46 Chapter 3 FAIRness requirements and criteria for manufacturing sensor data



Table 3.2: Systematic mapping of the derived FAIRness criteria for FAIR manufacturing sensor data
to the FAIR Guiding Principles showing full coverage. Whereas most criteria are directly related to
the FAIR Guiding Principles (indicated using checkmarks), some define additional requirements in the
context of manufacturing that are not formulated by the FAIR Guiding Principles (marked with the plus
sign).

Findability Accessibility Interoperability Reusability
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3.3.1 Review of existing data life-cycles

The individual steps of all reviewed DLCs have been compared and mapped to mitigate conflicts
and ensure consistent definition and naming. Based on the explanations of the steps, the set
of steps has been reduced to twelve activities, which cover almost all steps defined by the
reviewed publications. Steps only described by a singular DLC having no relation to the steps
of any other DLC have been removed as they are considered irrelevant. Table 3.3 maps the
steps of all reviewed DLCs to the twelve identified data-centered activities. The definitions of
the twelve activities are as follows.

Table 3.3: Mapping and coverage analysis of the reviewed DLC models. Checkmark means at least
one dedicated step primarily addresses this topic in this framework. Nevertheless, this step might
secondarily also cover other steps. Tilde means this topic is addressed, but not at least one step is
primarily attributed to this topic alone. Cross means the respective DLC does not explicitly address this
topic. The number of mentions of the individual activities is given, excluding the life-cycle proposed by
Bodenbenner et al. [Bode22a], which is also part of this doctoral thesis.
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Planning In the planning phase, the intended usage, application, and management of the
data are designed. The requirements of data and their annotation are determined, and
the bounding conditions are examined. It is primarily included in research DLCs and
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less often in industrial ones, which mainly focus on the actual data flow, which starts
with data creation. If planning is included in a DLC, it is always the first step.

Creation The creation process covers all activities which produce data. Sensor data creation
represents the measurement process. The step usually contains the digitization of the
measured values and sometimes includes a first description with metadata [Schm18b].

Analysis is included in most of the DLCs. Within the analysis step, the data is processed
(either manually or with software), and knowledge is derived, or accumulated data
is created. Those DLCs that do not include the analysis focus on the curation and
maintenance of the data and not on its usage. However, the position within the DLC
differs and is not always clearly separated from data reuse, particularly in the industrial
DLCs. Moreover, it is not always clearly separated from data preprocessing.

Description of the collected data with metainformation for increasing findability, interpretabil-
ity, and reusability. This step is one of the crucial activities for achieving FAIRness of
the collected data [Wilk16]. However, approximately only half of the DLCs mentioning
this activity do have dedicated steps for this. On the one hand, the description with
appropriate metadata should be tightly coupled with the Creation, Analysis, and Access,
making the description activity indistinguishable from the others. On the other hand,
the core activity, naming a step composed of multiple activities, tends to be interpreted
as the most critical activity. Thus, omitting a dedicated description step in a DLC might
cause it to be skipped or ignored.

Storage deals with the persistent preservation of the data in repositories and databases.
It also often called “Archiving” [Ball12; Möll13] or “Preservation” [Mich12; ELIX21;
McKe12; Glei21; Berm18]. If there is no dedicated step for data Description with context
and metainformation, storage sometimes implicitly covers this. However, storage is not
consistently located. Most industrial DLCs consider storage prior to Analysis [Seba22;
Ma22; Zhan22]. Also, some of the research DLCs consider storage prior to Analysis
[Wing19; Mich12], but some do not [ELIX21; Schm18b; Berm18; McKe12].

Access always takes place after Storage and includes all activities of sharing and publication,
i.e., enabling others to access the stored (meta-)data. According to the FAIR GuidingPrinciples, it does not enforce openly available data. Access can briefly be summarized
as making others aware of the data and providing an endpoint to retrieve it directly or
request retrieval. While almost all scientific DLCs separate access from Storage (except
for [Higg08]), industrial DLCs are less strict [Zhan22; Seba22].

Reuse of data might be carried out by the original data creator or by others. In most DLCs,
reuse builds upon accessing the stored data without direct temporal relation to the
original creation. Moreover, the data might be reused for a different purpose than initially
created. Not all DLCs separate reuse from Analysis [Zhan22; Higg08; Ma22].

Integration includes the alignment of differently formatted or structured data. In contrast
to Description, this activity does not operate on the conceptual and terminology level
but on the technological level. The activity also includes the transformation of data
from one data format to another or the integration into a different storage or data
management system (such as Enterprise Resource Planning (ERP) or Manufacturing
Execution System (MES)). In particular, it does not cover the data models’ extension,
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modification, or mapping, i.e., it does not touch the terms used to describe the data.
The activity is rarely included in the reviewed DLCs.

Preprocessing covers multiple different activities, which can broadly be summarized under
this term, such as data filtering, cleaning, or quality checking.

Visualization of the data to be human-actionable is mostly not considered as an individual
activity of the DLC. Nevertheless, those DLCs with a solid technological focus [Tao18;
Ma22; Wing19] distinguish the visualization from the Analysis and Reuse, implicitly
introducing a separation of manual and automatic data processing.

Application is a dedicated step of a few DLCs only. It covers the usage or interpretation of
analyzed data. Within the application activity, explicit actions are derived and executed
based on the data, such as discarding defective parts. Although it can not always be
sharply distinguished from Reuse, the application of analyzed data usually has a direct
temporal relation to the Creation and Analysis of the data.

Feedback Only two of the reviewed DLCs consider collecting feedback on the data itself
[Möll13; Seba22] to improve the description and thus, the FAIRness of the data.

The identified activities describe distinguishable steps of a harmonized DLC (cf. Schmitt
et al. [Schm24]) and depicted in Figure 3.3. The steps Integration and Visualization are
often coupled with the steps Storage and Application, respectively. At least two-thirds of
the reviewed models mention six of these activities, namely Creation, Analysis, Description,
Storage, Access, and Reuse. In the following, these six are considered the core activities and
form the base of the life-cycle of FAIR manufacturing sensor data (FAIR DLC). However, the
activities Description and Reuse dealing with crucial principles of the FAIR Guiding Principles
are often not explicitly considered (cf. Table 3.3). Significantly, the need to extend the
description of the data provenance when fed back into Storage is often neglected. Moreover,
the reviewed DLCs usually lack the technological perspective of data management following
the data flow. They do not consider the boundaries of the individual services producing,
processing, storing, or consuming the data, e.g., the step Creation where the sensor data is
acquired is usually carried out with CPMS inline or at the edge, while Storage is handled by
a cloud-based middleware. Thus, the Access must already be considered at edge level, i.e.,
between these two steps. Finally, the complexity of the harmonized DLC lifts the barrier for
operationalization of the FAIR Guiding Principles. The DLC must focus on the aspects of theFAIR Guiding Principles and the FAIRness criteria and reflect the actual data flow, considering
the interfaces of the individual software modules to facilitate implementation.

Planning Creation

Analysis

Storage
(Integration)

Description Access Reuse

Pre-processing

Application
(Visualization)

Feedback

Figure 3.3: A harmonized data life-cycle as proposed by the author in Schmitt et al. [Schm24]. The
life-cycle resembles the twelve steps identified. The color scheme maps each step to the life-cycle ofFAIR manufacturing sensor data proposed in Section 3.3.2 and depicted in Figure 3.4.
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3.3.2 The life-cycle of FAIR manufacturing sensor data
The life-cycle of FAIR manufacturing sensor data (FAIR DLC) consists of the six core activities
of DLCs identified in the literature and adopts a technological perspective to facilitate opera-
tionalization and interconnection of the tools supporting the individual steps. As depicted in
Figure 3.4, the FAIR DLC is split into two parts to distinguish between the steps that can or
must be executed decentralized, by or close to the CPMS, and the steps executed centralized
by a middleware at edge or cloud layer. The FAIR DLC focuses on the initial data creation
and transmission up to the ingestion and preservation in a storage system. Because the
Description step is divided into one decentralized and one centralized step, the FAIR DLC
consists of seven steps, described in the following.

FAIR Sensor EcosystemFAIR Sensor Service

Data

acquisition

Data

distribution 
Storage

Short-term

usage

Long-term

usage

Correctness Unique identification
Rich description

Interoperable &
standardized interface

Persistency
Retrievability

Full description

Cross
company 
collaboration

Cyber-physical
measuring system

Centralized
middleware

Metadata

accumulation

Contextua-
lization

Figure 3.4: The life-cycle of FAIR manufacturing sensor data. The relevant data management concerns
are stated below each step. The main FAIR Guiding Principles (cf. Figure 1.3) and the levels of
interoperability (cf. Definitions 2.3 to 2.5) are mapped to each step. The steps at the device and edge
level are covered by the FAIR Sensor Services and FAIR Sensor Ecosystem, respectively.

Data acquisition The life-cycle starts with the Creation, called Acquisition, focusing on the
physical measurement and digitization of observable properties and quantities.

Metadata accumulation Following the servitization principle and C6 Distributed data, the
Description with metainformation of the measuring system itself must be carried out
by the CPMS itself to ensure findability and reusability. This metainformation also
includes the parametrization of the device. The measurement value’s metainformation
is accumulated and attached to the measured value. A standardized data description
model based on controlled terms must be employed to ensure interoperability. Most
importantly, provenance information must be collected to foster reusability.

Data distribution targets the Access activity in the decentralized part of the FAIR DLC. In this
step, richly described measurement data is provided via an interoperable communication
interface using standardized and open data format and communication protocols so that
accessibility can be guaranteed. The destination of provided data can not be determined
beforehand. The data could be directly used in arbitrary applications or transferred into
the centralized middleware.

Short-term usage of acquired, described, and distributed data can not be comprehensively
classified or determined beforehand. The data can be used to control a process, check
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the quality of a produced part, monitor a system or process, or do other things. It can
be seen as part of the Analysis activity but does not solely represent it.

Contextualization completes the Description activity at the centralized middleware layer by
linking the distributed (and already used) measurement data to the metainformation
of the entities related to the measuring system. The entirety of related entities can
hardly be covered in general, but examples of major entities of the context are (i) the
product the measured quantity is associated with, (ii) a tool or resource that interacts
with the product directly before or at the time of the measurement, (iii) the overall
process, the sensor, product, and tool are integrated in, and (iv) if the process is not
fully automated, workers either operate the sensor, perform the measuring process, or
perform a production step. This context data enhances the findability and reusability of
the measurement data. As for Metadata accumulation, controlled terms are required to
ensure interoperability of the context data.

Storage All measurement and context data is ingested into a persistent database. The data
is appropriately registered to be findable and accessible for Long-term usage. The step
also includes the Access activity of the centralized middleware by employing proper
communication protocols and data formats. Assigning unique and persistent identifiers
is required to assure findability.

Long-term usage corresponds to the Reuse activity. It covers all data usages that do not
necessarily have a direct temporal relation with the initial data Data acquisition, Data
distribution, and Short-term usage. The wholeness of long-term applications is not
known at the time of Data acquisition (c.f. C3 Unknown (heterogeneous) applications).
Thus, the contextualization of the measurement data is crucial. Consequently, long-term
applications only retrieve data from the central storage system. Before computed results
of long-term usage are fed back into the storage system, it is again contextualized
to ensure the provenance is preserved and the traceability of the data is guaranteed.
Long-term usage includes the Application as defined above, i.e., the interpretation
of the data, derivation decisions, and the execution of actions accordingly. Moreover,
Long-term usage usually includes Visualization enabling these applications.

The Planning stage is excluded, as this takes part once before the deployment of a sensor
and is thus not part of the data flow itself. Nevertheless, proper planning, i.e., definition
and maintenance of the sensor and contextualization models, is required to enable correct
and FAIR Metadata accumulation and Contextualization. In some sense, the research and
developments for this doctoral thesis can be considered part of the Planning activity. The
specific execution of the Integration activity depends on the storage systems chosen and the
applications in which the data is used. Specialized analysis software might require individual
data structures to which FAIR manufacturing sensor data must be transformed. Analogously,
the data Preprocessing depends on the applications and, therefore, must not be carried out
generically in beforehand. Any modification before the data Storage of the measurement
data is a kind of Short-term usage and might affect or restrict Long-term usage. The
Contextualization and Storage of results of Long-term usage could be seen as Feedback but
does not fully align with a definition from the literature.
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3.4 Intermediate summary
For adopting the FAIR Guiding Principles for the manufacturing domain, sensor data from that
domain has been defined and characterized. By that, the need to adapt some specific require-
ments and formulate additional ones has been emphasized. Based on a review of existing
domain-agnostic approaches for measuring the FAIRness of scientific data, 17 criteria have
been derived for manufacturing by considering the particular characteristics of sensor data
and data management systems of this domain. Moreover, the FAIR DLC has been developed
to provide a reference frame for implementing the FAIR Guiding Principles for manufacturing.
These two research artifacts concerning RGQ 1 shown in Figure 3.5 lead to the preliminary
response of this RGQ. The two steps Metadata accumulation and Contextualization of theFAIR DLC serve as entry points for the definition of standardized, interoperable data models
for FAIR manufacturing sensor data in the next chapter.

Preliminary answer to the Research Guiding Question 1

What are the criteria manufacturing sensor data must meet to satisfy the requirements
defined by the FAIR Guiding Principles?

Definite and universal criteria all manufacturing sensor data must fulfill to be FAIR
are hard to define. In Section 3.2.2, a set of FAIRness criteria for the data it-
self but also for the data management system has been introduced. To objec-
tively evaluate the applicability and validity of these criteria, data models that re-
flect these criteria need to be defined first, which can then be used to represent
acquired manufacturing sensor data accordingly. The concluding validation of the
complete artifacts in Section 6.2 and the FAIRness assessment of the acquired
measurement data in Section 6.4 will reveal the validity of the defined criteria.

Artifact 1.2
Life cycle of FAIR manufacturing sensor data

FAIR Sensor EcosystemFAIR Sensor Service

Cyber-physical
measuring system

Centralized
middleware

Artifact 1.1
Criteria for FAIR manufacturing sensor data

Figure 3.5: 17 defined FAIRness criteria and the FAIR DLC are the main research artifacts of the
research activities to answer the first research guiding question, culminating in a preliminary
positive response to that question.
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4Data models for FAIR manufacturingsensor data

Interoperable, standardized data models are required for the exchange and joint usage of
manufacturing sensor data [Otto17b; Neub23]. The primary concern of the data models is to
ensure the interoperability of data from different data sources, i.e., measuring systems, usingSemantic Web technologies and controlled vocabulary provided by ontologies [Cui20; Eich23;
Glei20; Wang18b]. The definition of these models is challenging. On the one hand, the models
must achieve high specificity to adequately describe the sensor (meta-)data of a specific
measuring system. Still, on the other hand, the models must be sufficiently generic to preserve
interoperability with other models [Libe15; Muse22; Dors23]. Thus, a suitable approach is to
define highly abstract metamodels leveraging the interoperability of specific data models for
individual measuring systems, which are created based on the metamodels [Schl24; Muse22].
All these boundary conditions must be considered to define proper data models ensuring
comprehensibility and unambiguous interpretability [Libe15] of FAIR manufacturing sensordata as summarized in the second RGQ.

Research Guiding Question 2

How can manufacturing sensor data be described to be findable and interpretable in
the applications’ context?

As depicted in Figure 4.1, two separate metamodels are developed to tackle the steps Metadata
accumulation and Contextualization, as defined by the FAIR DLC. First, available ontologies
are investigated for proper domain-relevant controlled terminology to ensure the compliance
of the data models with criterion CR.1 Domain-Specific Terms. Second, the sensor data
model is developed. In preparation for the definition and implementation of SOIL in Chapter 5,
a syntactic data structure is defined, which is then extended to a full semantic data model.
This later allows the automatic generation of the model from the structure. The semantic data
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models are built upon the ontologies reviewed before. Third and last, the contextualization
model is developed to link manufacturing sensor data represented with the sensor data model
to related entities and assets to address criterion CI.5 Linked Data.
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Figure 4.1: The data models developed with respect to RGQ 2 provide the methodological realization
of the steps Metadata accumulation and Contextualization of the FAIR DLC defined in Section 3.3.

4.1 Review of available data models for sensor data

The defined models must be applicable in the manufacturing industry, meaning they must be
aligned with industrially used data models. On the one hand, this covers standardized and
widely applied models such as OPC UA. The data models used in the manufacturing industry
have already been reviewed in Section 2.3. On the other hand, it includes data models most
recently developed in research targeting industrial applications, such as the Protocol AgnosticDevice Interface [Mont21]. To comply with the FAIR Guiding Principles and the criteria forFAIR manufacturing sensor data defined in Section 3.2.2, the data models must use controlled
vocabulary that is available via ontologies using Semantic Web standards (cf. CI.1 Controlled
Terms). The terms and ontologies used for modeling should be widely known and applied to
ensure interoperability. So, a thorough review of existing ontologies for modeling sensor data
is carried out in Section 4.2.2 to identify the terms for the semantic sensor data model.

Data structures and models already used in industry for capturing the characteristics of man-
ufacturing data and its relation to relevant assets or processes have already been investigated
in Section 2.3. A small set of the closest related scientific approaches recently published are
reviewed here.

Cramer et al. [Cram21] propose a comprehensive object-oriented Meta-Model for ProductionData (MMPD) which can capture the context in which a measurement is acquired. The authors
propose a step-by-step procedure for deriving specific data structures for individual use cases
and applications from the MMPD. However, the MMPD does not build on controlled vocabulary
and Semantic Web technologies. Thus, the relations between the concepts described are not
compliant to CI.1 Controlled Terms. Moreover, crucial criteria for reusability, such as CR.4
Reuse Conditions, are not covered.
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Another model for industrial data and so-called Digital Shadow (DS) has been published
by Becker et al. [Beck21]. The model is well formalized by qualifying and quantifying the
relations between the modeled entities. But as with the FactDAG model (cf. Section 2.1)
and the MMPD, the conceptual model for DSs is missing an investigation on a minimal set of
measurement-related metadata, which is required in any case to ensure interoperability. In
particular, specific metadata and terminology as required by CR.1 Domain-Specific Terms and
CR.3 Metrological Information are missing, and reuse conditions (cf. CR.4 Reuse Conditions)
are not considered.

Mayer et al. [Maye17] propose the Open Semantic Framework (OSF) which combines domain-
agnostic ontologies with domain-specific “knowledge packs” to provide semantic models for
dedicated use-cases. By that, the OSF is a knowledge management tool with a simplified user
interface (UI) leveraging the usability of semantic modeling approaches for engineers. The
aim of the OSF is to provide machine-actionable information to improve machine-to-machine
communication with a focus on ensuring safety regulations in the industry. The approach
focuses on interoperability but neglects the other aspects of the FAIR Guiding Principles.
Criteria, such as CA.5 Versioning in case of changing configurations or situations, CF.3
Persistency, CR.3 Metrological Information, and CR.4 Reuse Conditions are not considered.
Lastly, the primary use case for the OSF is engineering complete plants instead of single
systems.

To dismantle the monolithic architecture of industrial data infrastructures, Schmitt and Voigt-
mann [Schm18a] proposed Sensor Information as a Service, where each measuring system
is realized as an application-independent micro-service. Montavon [Mont21] extended this
concept by Coordinates as a Service and defined a data model for the protocol-agnostic
definition of the data structure and communication interface of a measuring system with a
focus on large-scale metrology (LSM) systems. The model has strong concordance to OPC UA.
However, the structure misses controlled terminology and is therefore not machine-actionable,
as required by CI.1 Controlled Terms and CR.1 Domain-Specific Terms. In addition, the CI.5
Linked Data and CR.4 Reuse Conditions are not addressed.

In summary, the most recent related work mainly focuses on domain-agnostic and syntac-
tic interoperability only. Additionally, they often lack explicit reusability measures, so the
value of the manufacturing sensor data tends to degree rapidly. Therefore, the sensor and
contextualization models must account for that.

4.2 A data structure and a data model for manufacturing
sensor data
The sensor model is the base for the unambiguous and interpretable representation of the
information a sensor or measuring system acquires and provides the main contribution to
criterion CI.3 Information Model. Thus, the model must cover all relevant attributes for
the data’s long-term reusability. Moreover, the model serves as the base for the definition
of SOIL in Chapter 5 and the subsequent generation of the interoperable communication
interface. Therefore, the model must reflect all characteristics required for interaction with
the measuring system. For maximizing the abstraction power of SOIL, first, a syntactic data
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structure is defined as the groundline for SOIL. Second, the semantic data model is derived
based on existing ontologies and fully aligned with the requirements for FAIR manufacturingsensor data as defined in Section 3.2.2.

4.2.1 Syntactic data structure for sensors

The syntactic sensor data structure builds upon the Protocol Agnostic Device Interface pro-
posed by Montavon (et al.) [Mont19; Mont21] and facilitates a functional viewpoint for enabling
interoperability. Standardization and reusability can be amplified by modeling the sensor’s
capabilities as a set of resources with defined actions encapsulated as service embracing a
functional rather than a physical point of view. The description of different measuring systems
must rely on a common meta structure to ensure their interoperability and consistency (cf.
criterion CI.4 Consistency). This standardized, generalized meta structure is then the base
for specific sensor data structures containing all information for one specific device as shown
in Figure 4.2. The meta structure (an M2 metamodel) originates from a functional perspective
for sensor services and consists of four basic building Elements: Components, Functions,Parameters, and Measurements. A device-specific structure (an M1 user model) defined using
the meta structure forms the sensor service’s static description and has a tree-like shape due
to a recursive composition scheme. Figure 4.3 illustrates the object-oriented data structure.
The definition and attributes of the four Elements are introduced in the following.

Meta-metamodel
Defines a language for specifying metamodelsM3

M2

M1

M0

Metamodel
Defines a language for specifying models

User model
Defines a language that describe semantic domains

Instance model
Contains run-time instances of the model elements defined in a model

Specific
dataset

Device
model

UML / RDF

Generic sensor 
structure/model

Figure 4.2: Localisation of the developed data structure and model in the model hierarchy (cf. Figure 2.7)
highlighted in red color.

Element

Each Element has a unique identifier, a human-readable name, and a short description of
its meaning to lay the base for the fulfillment of criterion CR.2 Provenance. Identifiers are
locally unique and become globally unique by prepending the parents’ identifiers successively,
as introduced by Montavon [Mont21]. In addition to these three mandatory fields, the field
“ControlledTerm” is introduced, extending the optional “Ontology” field of the model of
Montavon [Mont21] addressing criteria CI.1 Controlled Terms and CR.1 Domain-Specific
Terms. This controlled term allows the structure to be mapped to a full semantic sensor model
based on the semantic sensor data metamodel described in Section 4.2.3.
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+ Components: [Component]

+ Functions: [Function]

+ Measurements: [Measurement]
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+ Datatype: DataType
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+ Uncertainty: [float]

+ Timestamp: Time

+ Label: string

Figure 4.3: UML diagram of the objected-oriented, syntactic data structure for sensors and measuring
systems. The colors and icons indicate the four types of Elements. All properties in italics are relevant
at runtime only and are not specified in the static model definition. By selecting a controlled term
for each Element, which refers to some object or concept restricted by the model, a device-specific
sensor data structure can automatically be translated into a semantic sensor data model based on the
semantic sensor metamodel depicted in Figure 4.6.

Measurement

The sensor structure must represent and include all values produced and measured by the
measuring system. These Measurements are formally defined in Definition 4.1.1

Definition 4.1: Measurement

Measurements are observed, captured, and digitized expressions of certain character-
istics of the real world. Measurements represent all characteristics physically sensed
by the sensors of the measuring system, i.e., all data generated by and originating from
the measuring system. The value of a measurement can be nominal or quantifiable.

These characteristics include the intended purpose, like temperature or distances, and at-
tributes, like battery level or signal strength. In contrast to the VIM [BIPM12], the definition
also allows Measurements to be nominal properties. In the context of metrology, measurement
results, i.e., values of a Measurement, always require the measurement uncertainty to be
quantified [BIPM12] (cf. criterion CR.3 Metrological Information). Data integrity and trace-
ability are promoted by specifying a label and a timestamp [Eich23; Wang18b]. A manually
specified value of a Measurement has no meaning, as it does not capture an expression of
real-world characteristics. Thus, the inherited value cannot be altered externally compared
to Parameters. The Measurement shares all other relevant attributes with Parameters and,
therefore, are encapsulated in the common base class Variable.

1Measurements correspond to the Variables of the model proposed by Montavon [Mont21]. The renaming
facilitates clear semantic distinction between Parameters and Measurements. To emphasize the similarities
and adhere to best practice modeling techniques, Variables within this thesis refer to both Measurements andParameters.
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Parameter

Parameters cover all data not directly measured by the device but required for operation or
user interaction, as specified by Definition 4.2. Examples are generic settings, addresses
for internal communication, or metainformation. Measurements and Parameters share many
attributes [Mont21]. Therefore, Variables are introduced, including all attributes required to
describe Measurements and Parameters.

Definition 4.2: Parameter

Parameters express properties of the measuring system. The value of a parameter can
be nominal or quantifiable.

Variable

The Variable is realized as an abstract base class for Measurements and Parameters that
defines all attributes that these two Elements have in common and are required to adequately
characterize all values of or produced by the measuring system. Following Evertz and Epple
[Ever15], the physical meaning of the values is persisted by defining the datatype, the allowed
range, the mathematical dimension, and the physical unit (cf. Figure 4.3). Each Variable is of
one of the following primitive datatypes: Boolean, Integer, Double, String, Enum, or Time. The
physical unit is specified using controlled terminology to ensure interoperability, i.e., selecting
the Uniform Resource Identifier (URI) of a term defined by an ontology, such as QUDT (see
Section 4.2.2). Dorst et al. [Dors23] emphasize the importance of specifying the physical
quantity. The field controlledTerm is intended to hold the URI of the controlled term defining
a physical quantity. However, from the functional modeling perspective, the Variable might
also describe a nominal value. Thus, the field might also contain a URI to another term than a
physical quantity.

Definition 4.3: Variable

A variable characterizes any nominal or quantifiable value through the metainformation
describing this value.

Function

Functions trigger complex tasks or change the inner state of the sensor. A Function generally
accepts an ordered set of argument Variables and returns an ordered set of return Variables.
The logic of the tasks executed is not further specified in the model. This highly abstracted
and simplified representation of an executable procedure is required to fulfill the criteria CA.1
Standard Protocols and CA.3 Protocol-Agnostic Modeling.

Definition 4.4: Function

A function of a measuring system executes a non-atomic procedure that might consist
of multiple tasks. A function might change the inner state of the measuring system,
modify Parameters, or capture Measurements.
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Component

Components are structural Elements of the sensor data structure. Each Component contains
an arbitrary number of children Elements, so the overall model has a tree-like shape. CyclicComponent relationships are forbidden to avoid infinite composition cycles. Semantically, theComponent of a measuring system is defined in Definition 4.5. Components group logically or
functionally coherent characteristics, as Parameters and Measurements, or subsystems repre-
sented by Components of the measuring systems to obtain a browsable and understandable
structure.

Definition 4.5: Component

A component is a distinguishable part of a measuring system that has properties, offers
specific Functions, and might contain sensors. A component can be constituted of other
components, itself.

Overall Structure

In the following, the device-specific M2 data structure (cf. Figure 4.2) of an OptiTrack™
motion capture system (MCS)2 is illustrated to explain the usage of this device-agnostic
M1 meta structure (see Figure 4.3). An excerpt of the complete data structure is given
in Figure 4.4, showing the core Elements of the model. The OptiTrack™ MCS can detect
reflective spherical markers attached to physical assets (for more details on the OptiTrack™
MCS see Section 6.1). Multiple markers attached to the same asset are grouped to rigid bodies
(Component RigidBody) so that the MCS can localize the ridig body, i.e., the physical asset, if it
is reliably tracked (Parameter TrackingState). The systems use multiple distributed cameras
(Component Camera) with overlapping fields of view for that. For reconstructing the three-
dimensional position and orientation of the ridig body, the exact knowledge of the position
(Measurement Position) and orientation of the individual cameras are crucial. Moreover, the
camera’s name (Parameter Name) is required to allow users to interact with individual cameras
precisely. The complete structure with 30 Elements is available online [Bode24e].

This model can be mapped to other models such as OPC UA and a RESTful HTTP interface as
already proven by Montavon [Mont21] and, therefore, adheres to the criteria CA.1 Standard
Protocols, CA.2 Multi-Protocol, and CA.3 Protocol-Agnostic Modeling. The relatively simple
structure and minimal set of Elements suffice to represent the functionality of sensor and
measuring systems [Mont21]. Due to the very few concepts that need to be understood,
it is easy to learn and use. Providing a short introduction and explanation complemented
with real examples, people who are no data stewards or information scientists can define
data structures for measuring systems using this model. Nevertheless, this structure only
fulfills Definition 2.4 of syntactic interoperability. Moreover, the keys of all attributes are no
controlled terms, which do not comply with the criteria CI.1 Controlled Terms and CR.1
Domain-Specific Terms defined in Section 3.2.2. Hence, based on a review in the next section
of existing ontologies providing controlled terms, an extension of the data structure to a
semantically interoperable data model (see Definition 2.5) is defined in Section 4.2.3.

2A detailed introduction to the system is given in Section 6.1.
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+ Name: “OptiTrack”
+ Description: “OptiTrack motion capture system”

ID: OptiTrackSystem

+ Name: “Name”
+ Description: “Name of the camera”
+ ControlledTerm: 

http://schema.org/name
+ Datatype: String
+ Dimension: []
+ Range: (NULL, NULL)
+ Unit: “UNITLESS”

ID: Name

+ Name: “Position”
+ Description: “Most recently dispatched measured position.”
+ ControlledTerm: 

https://qudt.org/vocab/quantitykind/CartesianCoordinates
+ Datatype: Float
+ Dimension: [3]
+ Range: (-100,100)
+ unit: http://qudt.org/vocab/unit/M

ID: Position

+ Name: “Camera”
+ Description: “Connected Camera”
+ ControlledTerm: 

http://dbpedia.org/ontology/Camera

ID: Camera

+ Name: “Rigid Body”
+ Description: “Tracked Rigid Body”

ID: RigidBody

+ Name: “TrackingState”
+ Description: “State of the rigid body”
+ ControlledTerm: 

http://dbpedia.org/ontology/status 
+ Datatype: Enum
+ Dimension: []
+ Range: [„VALID“, „INVALID“]
+ Unit: “UNITLESS”

ID: TrackingState

Figure 4.4: Visualization of six Elements of the data structure of an OptiTrack™ MCS. The overall
structure contains 30 Elements and cannot be fully shown. The serialization of the complete structure
in JSON is published online [Bode24e].

4.2.2 Discussion of existing ontologies and controlled vocabularies

The reuse of widely applied and acknowledged controlled vocabularies, e.g., provided by
ontologies, is required to ensure interoperability [Eich23]. Therefore, existing ontologies have
been reviewed to evaluate their reuse potential for describing manufacturing sensor data.
The selection of appropriate ontologies and terms within the ontologies can hardly be based
on measurable and fully objective criteria and is therefore carried out based on the following
four qualitative criteria:

Specificity According to the Oxford English Dictionary, specificity is “[t]he quality or fact
of being specific in operation or effect.”[Oxfo23c], whereas specific is defined as: “Of
qualities, properties, effects, etc.: Specially or peculiarly pertaining to a certain thing or
class of things and constituting one of the characteristic features of this.”[Oxfo23b]. In
other words, a controlled term is specific if it describes the thing of interest, excluding
non-similar things, without additions restricting the correct usage. A term is a littlespecific if a very broad range of concepts are described and highly specific if the range
of concepts described is strongly restricted.

Documentation To be interpretable by humans, the controlled terms must have a human-
readable definition and description. Ideally, the definition of the term is completed
with intuitive usage examples. Consequently, ontologies that only define the relations
between the terms but do not provide a textual definition are excluded, as the Specificity
can hardly be evaluated.
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Persistency The ontology should be persistent with regard to the technical identification
of the terms included, e.g., using PURLs, but also concerning the permanence of the
defined meaning of the terms. So, the definitions should only be slightly adapted over
time, if at all. Renaming or removing the controlled terms should be avoided. Otherwise,
data models built on these terms are no longer machine-actionable.

Dissemination The amount of reuse by other ontologies is an implicit quality characteristic. If
two ontologies are equally applicable, the ontology being reused more often is adopted.
The amount of reuse has been taken from Linked Open Vocabularies [Onto24]3 and is
summarized in Table 4.1.

For building the semantic models domain-agnostic, general-purpose ontologies such as
RDF [Cyga14], the XML Schema Definition Language (XSD) [Fall04], the Shapes Constraint
Language (SHACL) [Knub17], and the Web Ontology Language (OWL) [W3C 12], are reused
for generic attributes, such as identifiers, descriptions, and license information and the
structure of the model itself. In the following, the specialized ontologies building the core
structure and most relevant attributes of the sensor and contextualization model are briefly
introduced. It is described how these are used to describe manufacturing sensor data in a
machine-actionable and FAIR way. Those reviewed ontologies that have not been used are
summarized in Appendix B.

Table 4.1: Number of reuses of the inspected ontologies according to Linked Open Vocabular-
ies [Onto24]. The ontologies used for the data models in this thesis are bold.

Name Acronym Common prefix Reuses

Sensor, Observation, Sample, and Actuator SOSA sosa 14

Semantic Sensor Network Ontology SSN ssn 9

DCMI Metadata Terms DC-Terms dcterms 730

Quantities, Units, Dimensions and Types QUDT qudt 18

Metadata4Ing M4I m4i 1

Provenance Ontology PROV-O prov 80

Records in Contexts-Ontology RiC-O rico 0

Schema.org - schema 99

IoT-Lite Ontology - iot-lite 2

Ontology of units of Measure OM oum 0

Thing Description Ontology TD td 0

Digital System of Units D-SI si not listed

3Numbers extracted from website on 2024-01-20
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Sensor, Observation, Sample, and Actuator and Semantic Sensor Network Ontology

Sensor, Observation, Sample, and Actuator (SOSA) forms the core module of an ontology pair
completed by Semantic Sensor Network Ontology (SSN) [Comp12; Hall18]. SOSA defines
the relations between measurements, the measuring system, the observed property, and the
measurement procedure in detail. That facilitates the interoperability of measuring systems,
sensors, and measurements. To reduce the complexity and foster reuse, the developers of
SOSA avoided using subclasses and subproperties. On the one hand, the simple structure
makes the ontology easier to understand. On the other hand, the expressiveness is limited.
Complete axiomatization is added by SSN to overcome the latter. By defining a common
vocabulary and structure for modeling measurement data, the combination of SOSA and SSN
enables the combination, reuse, and exchange of measurement data from multiple sources.
In the FAIR manufacturing sensor data model, the classes and properties defined in SOSA
and SSN are used to capture the four elements (i.e., Measurement, Parameter, Function, andComponent) of the data structure and their relationships machine-actionably. Thus, the data
represented using this model are interoperable with foreign measurement data that also rely
on these two ontologies. Next, the attributes of the elements must be semantically defined.
For the generic information of all elements DCMI Metadata Terms is used.

DCMI Metadata Terms

First introduced in 2000 as Dublin Core, DCMI Metadata Terms (DC-Terms) emerged as the
most reused vocabulary according to Linked Open Vocabulary (LOV) [Onto24], setting the
base for defining essential meta attributes of any resource [DCMI20]. In total, 87% of
the vocabularies indexed by LOV reuse DC-Terms. The core of DC-Terms consists of fifteen
properties defining attributes such as description, identifiers, or title. These properties are
supplemented by properties and classes specifying them further by restricting the range,
domain, and other attributes. Because DC-Terms can be considered the de facto standard
for modeling essential attributes of resources, the sensor and contextualization models
introduced in this dissertation reuse definitions from DC-Terms for capturing basic attributes,
such as the description, identifier, and title of data points. For the representation of the
metrological information and attributes, the specialized QUDT ontology is used.

Quantities, Units, Dimensions and Data Types Ontologies

Quantities, Units, Dimensions and Data Types Ontologies (QUDT) [QUDT23] provides a set of
vocabularies to describe physical quantities, units, dimensions, and datatypes. QUDT defines
950 physical quantities and 1711 physical units, which allows semantically describing almost
every common measurement. The physical relations between quantities and units, such as the
velocity dependency on distance and time, are fully described. The units and quantities are
detailed, and additional informative resources are provided. Mappings to other unit encoding
schemes, such as UNECE [UNEC21], are included, ensuring maximum interoperability of
QUDT. Beyond classes for these, QUDT defines a large set of relations to associate a physical
quantity to applicable units. Therefore, QUDT is employed for describing all attributes of
variables. But, QUDT misses concepts for modeling the uncertainty of a measurement result.
This gap is closed by combining QUDT with the Metadata4Ing ontology.
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Metadata4Ing

A special interest group has developed the Metadata4Ing (M4I) ontology [Igle24] within the
consortium National Research Data Infrastructure for the Engineering Sciences (NFDI4Ing).
The ontology defines how scientific experiments create datasets and links these datasets to
the responsible authors, the applied methods, and the tools used. It details the attributes
associated with a measurement value, its physical quantity, and its unit for which QUDT is
used. Moreover, M4I defines the measurement uncertainty of a measured value using D-SI
(cf. Appendix B). This modeling of measurements has been reused by the author but slightly
adapted for developing the sensor metamodel described in Section 4.2. M4I provides a
sophisticated controlled vocabulary for representing measurement uncertainty and linking
this information to the actual measurement value based on the D-SI, which is used for that
purpose in the models developed in this thesis (cf. Figure 4.6, soil:MeasurementResult).

Records in Contexts-Ontology

An expert group of the International Council on Archives (ICA) has developed the Records
in Contexts Conceptual Model (RiC-CM) [Clau21] to describe (archived) records. The model
defines relations between different records and their contexts, i.e., interactions and people
dealing with records. Because the metainformation of measurement data, such as records,
should also be long-term reusable and findable, the model is well suitable for the contextual-
ization model. The model defines dedicated relations for composition, which can be used to
model hierarchical structures between things. This feature has been exploited to construct
the relations between measuring systems and related assets (e.g., machines, processes,
tools). The expert group defined the Records in Contexts-Ontology (RiC-O) as a semantic
representation of the model, making it suitable for the definition of FAIR data models.

Provenance Ontology

The Provenance Ontology (PROV-O) [Lebo13] is the OWL-compliant representation of the
Provenance Data Model (PROV-DM) [More13] describing the provenance and origin of things in
a generic, domain-independent manner [Butt20]. The description model defines how entities,
e.g., measured data or written documents, were generated by an activity attributed to anagent. Moreover, the model specifies terms to handle revisions of entities, which enables
describing and linking metadata sets. PROV-O is used in the contextualization model described
in Section 4.3 to address CA.5 Versioning and ensures that revisions of metadata sets are
linked, browsable, and must not be deleted.

Schema.org Vocabulary

In contrast to most other ontologies, Schema.org [Sche23] is a community project. The
community approach reduces the effort to adapt and extend the vocabulary. Based on the
definition of a generic Thing, the scope of the 805 defined types with over one thousand
properties can hardly be described concisely. Examples of more specific Things according
to Schema.org are Events, Persons, Organizations, or CreativeWork. The properties defined
by Schema.org include name, description, and identifier. Due to their generality, the terms
defined by Schema.org are widely reused to define semantic data models. Schema.org is used
to model generic attributes and time-related information of the contextualization model.
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4.2.3 Semantic data model for measuring system interfaces
Achieving FAIR manufacturing sensor data requires the definition of a sensor model fully
relying on controlled terminology and Semantic Web standards, cf. criterion CI.1 Controlled
Terms. Thus, a model is defined using RDF and suitable ontologies, reviewed in Section 4.2.2.
However, one issue is the lack of specific terms precisely describing the meaning of the
concepts and data points of the sensor data model [Grön23]. To overcome this issue and also
not introduce new semantic definitions, restrictions on the properties and relations between
the different nodes of a sensor data model have been defined as metadata profiles (MPs). MPs,
often also called Application Profiles [Coyl17], can achieve high specificity while maintaining
interoperability, modularity, and reusability [Berm06]. With MPs, specific restrictions are
defined based on a generic controlled term broadly describing the thing in question. For
example, instead of defining a new specific controlled term, “temperature sensor”, one
defines a generic “sensor”, which is restricted to measure a value having the physical quantity
“temperature”. This MP can entirely rely on existing generic controlled vocabularies, as
illustrated in Figure 4.5.

_:Temperature
SensorProfile

quantitykind:
Temperature

qudt:QuantityKind

qudt:hasQuantityKindqudt:hasQuantityKind

owl:imports

rdfs:subClassOf

qudt:hasQuantityKind

sh:targetClass
_:SensorProfilesosa:Sensor

quantityKind:
Temperature

Successfully validated by

Figure 4.5: Illustration of a metadata profile (blue bordered boxes) based on available domain-agnostic
vocabularies and the metadata set (blue filled boxes), which is validated by this MP. The metadata set
does not need additional specialized terminology for “temperature sensor”, as the metadata profile
defines restrictions accordingly.

SHACL has been used to define MPs for all nodes of a sensor model. For the type of all
nodes available, controlled terms have been used only. For the definition of the metadata
profiles, the namespace soil has been introduced, for which a PURL has been claimed, namely
http://purl.org/soil/ to ensure CF.3 Persistency is fulfilled.

The core of the MP, i.e., the semantically interoperable sensor metamodel, is shown in Fig-
ure 4.6. As the complexity of the sensor model is much higher compared to the sensor
structure, a mapping between the semantic model and the syntactic structure, as defined in
Section 4.2.1, must be possible to allow the automatic derivation of the sensor model from the
sensor structure using the IDL to be developed in the next chapter. Thus, the model needs to
reflect the Elements of the sensor structure. To ensure interoperability, all specific metadata
and data graphs of sensors need to be compliant with this MP. Even more specific MPs are
automatically generated for a specific sensor based on a specific sensor structure based on
the meta structure defined in Section 4.2.1. All nodes of a sensor model are identified and
linked to each other using SSN and SOSA. The properties of the nodes are majorly modeled
using QUDT and DC-Terms. In the following, the parts or sub-profiles of the generic sensor
MP are explained.
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Figure 4.6: The semantically interoperable sensor model for the provision of FAIR manufacturingsensor data. The mapping to the syntactic data structure, as depicted in Figure 4.3, is indicated using
the same colors and icons. The identifiers of the SHACL shapes defining the restrictions according to
the data model are written in italics, while the target classes are in normal font. Equally dashed arrows
state exclusive alternatives, e.g., a soil:Measurable is either a property of a soil:Component or of a
soil:Thing. (i) The value type is one of the six base types, as described for Variables (ii) The value is
restricted to fit the value type, either as a scalar or a list. (iii) The range is either given by an (infinite)
interval with minimal and maximum inclusive numbers or as a set of allowed strings.
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Element

To adequately cover the sensor structure in the model and retain maximum modularity and
reusability, an MP for Elements is introduced. A soil:Element has two mandatory properties:
dcterms:title and dcterms:description. The identifier of an Element is given by the RDF
node name. The profile does not target a dedicated class to retain interoperability.

Variable

For maximum interoperability of Measurements and Parameters of Components, as well as
arguments and returns of Functions of the semantic sensor model, a common base profile
soil:Variable is introduced, which semantically defines the restrictions for the properties.
To cover all attributes of a Variable according to the description in Section 4.2.1, at least the
following properties are expected for a Variable:

1. A Variable may have one or multiple qudt:value which type is one of xsd:boolean,
xsd:integer, xsd:float, xsd:dateTime, or xsd:string. Whereof the value of a Variable
of datatype enum also has the type xsd:string.

2. The range of permissible values is given using ssn-system:hasSystemProperty, which
points to a dedicate node soil:Range as defined by Definition 4.6.

3. A Variable requires at exactly one qudt:applicableUnit, which defines the physical
unit in case the value is a quantity, i.e., the datatype of the Variable is xsd:integer or
xsd:float. The unit must be given using QUDT. Thus, it must be a qudt:Unit.

4. Same as with the unit, a Variable can have at most one qudt:hasQuantityKind property
pointing to a qudt:QuantityKind specifying the physical quantity of the Variable.

5. The specification of the Variable’s qudt:dimensionVector by a list of integer values is
mandatory.

Definition 4.6: soil:Range

The range restricts permissible values either by specifying an interval based on op-
tional, inclusive lower and upper limits or a set of explicitly defined values using an
enumeration.

The profiles of Measurements, Parameters, arguments and returns import the Variable profile
to restrict their properties and introduce new restrictions to link the profiles to the other parts
of the sensor model.

Parameter

Parameters are represented using ssn:Property. To reflect its definition in the sensor model,
a ssn:Property is restricted to be a property of a Component of the sensor model. This
relation is modeled with the property ssn:isPropertyOf.
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Measurement

For a Measurement of the data structure, the metainformation and measurement value must be
handled separately to accurately model it following the SOSA ontology. The metainformation of
the Measurement is modeled using sosa:ObservableProperty. A sosa:ObservableProperty
inherits all restrictions of a Variable but does not allow the property qudt:value to be present.
Thus, it only covers the static metainformation of the Measurement and not the dynamic data.
The MP soil:Measurable defining these attributes and restrictions is depicted in Listing 4.1.

The dynamic measurement data itself is represented using sosa:Result, where the result
carries the actual measured value, with quantification of its uncertainty, the physical unit, and
the time of acquisition of the value, as shown in Figure 4.6. While the VIM [BIPM12] defines
terminology for unambiguously describing measurement uncertainty, devices, and methods
in detail, it does not comply with Semantic Web standards [Eich22]. Thus, the VIM can not be
used for modeling the measurement uncertainty. Nevertheless, the VIM has influenced the
development of ontologies and semantic vocabulary for the definition of the measurement
uncertainty, such as Metadata4Ing [Igle24] and Digital System of Units [Hutz20]. Thus, these
two ontologies are used to describe the measurement uncertainty compliant with the criteria
for FAIR manufacturing sensor data. Following SOSA, the link between the measured data
and the metainformation, i.e., the observed property and the sensor that acquired the result,
is established using sosa:Observation.

Function

Functions are realized using sosa:Procedure, for which the property ssn:hasInput is re-
stricted to relate to a node of class ssn:Input used for all arguments of the Function.
Analogously, ssn:hasOutput and ssn:Output are used for the returns of Functions. The
MPs soil:Argument and soil:Return which target these inputs and outputs import the MP
soil:Variable defining restrictions for Variables.

Component

Three core classes of the SOSA and SSN ontologies are used to model the complete charac-
teristics of a Component. First, a Component with a Parameter or Function has characteristics
of an ssn:System which has ssn:Property or implements a sosa:Procedure, respectively.
Second, if a Component contains another Component, it is also a sosa:Platfrom which hosts
another ssn:System. Third, if a Component has a Measurement, it must fulfill all restrictions
of a sosa:Sensor, which observes a sosa:Observation. If a controlled term is specified for aComponent, the term is used as the type of the metadata node.

More detailed examples and a proof-of-concept of the semantic data model are given in
Section 4.4. The relation between the syntactic data structure and the semantic data model
is also illustrated there based on a specific example.
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1 @prefix sh: <http :// www.w3.org/ns/shacl#> .
2 @prefix xsd: <http :// www.w3.org /2001/ XMLSchema #> .
3 @prefix dcterms : <http :// purl.org/dc/terms/> .
4 @prefix owl: <http :// www.w3.org /2002/07/ owl#> .
5 @prefix ssn: <http :// www.w3.org/ns/ssn/> .
6 @prefix sosa: <http :// www.w3.org/ns/sosa/> .
7 @prefix qudt: <http :// qudt.org/ schema /qudt/> .
8
9 @prefix soil: <https :// purl.org/soil/> .

10
11 soil: Measurable
12 a sh: NodeShape ;
13 dcterms :title " Measurable Property " ;
14 sh: targetClass sosa: ObservableProperty ;
15 dcterms : description "A property observed by a sensor , i.e. the sensor

measures values which quantify this property . Hold the static
metainformation of a SOIL measurement ." ;

16 dcterms : creator <https :// orcid.org /0000 -0002 -9413 -1874 > ;
17 dcterms : license <https :// spdx.org/ licenses /CC0 -1.0. html > ;
18 dcterms : created "2023 -12 -04"^^ xsd:date ;
19
20 owl: imports soil: Variable ;
21 sh:node soil: Variable ;
22
23 sh: property [ sh:path qudt:value ;
24 sh: maxCount 0 ; # a static default value of a measured

property does not have any meaning , so static values are forbidden
25 ] ;
26
27 sh: property [ sh:path sosa: isObservedBy ;
28 sh:name "is observed by" ;
29 sh: description " Component being the sensor observing this

property ." ;
30 sh: minCount 1;
31 sh: maxCount 1;
32 sh:class sosa: Sensor ;
33 ] ;
34
35 sh: property [ sh:name "is property of"@en ;
36 sh: description " Relation between the measured property and

the entity it belongs to."@en ;
37 sh:path ssn: isPropertyOf ;
38 sh: minCount 1 ;
39 sh: maxCount 1 ;
40 sh:node soil:Thing ;
41 ] ;
42 .

Listing 4.1: Metadata profile “Measurable” of a Measurement of the semantic sensor data model
restricting the expected attributes of the observed property of some assets. The definition of the MP
can be roughly divided into four parts. First, the used prefixes, i.e., namespaces, are defined (lines
1-9). After that, the definition of the MP starts with the metadata of the MP itself, such as the creator
and the usage license (lines 13-18). Third, the MP soil:Measurable extends the soil:Variable and
applies all restrictions of this MP and restricts one property even further (lines 20-25). Last, the
MP soil:Measurable defines two restrictions on the metadata of the observed property. Namely, it
enforces the existence of exactly one link to the sensor observing the property and another link to the
asset of which it is a property (lines 27-41).
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4.3 Contextualization model

Based on the device-specific metainformation represented using the data model proposed
in Section 4.2.3, the relation of measurement and sensor data to relevant assets4 must be
captured to address CI.5 Linked Data, CR.2 Provenance, and CF.1 No Limitations. This
contextualization of the manufacturing sensor data is crucial to find, interpret, and decide
on the reuse of existing data in the scope of a specific use-case or application [Gao20]. The
definition of a widely applicable contextualization model is particularly complex due to the
high application heterogeneity (see C3 Unknown (heterogeneous) applications).

Because of that and criteria CF.1 No Limitations, the author proposes a simple but generic
contextualization model shown in Figure 4.7, which defines relations between measurement
data and relevant assets simplified to a generic composition scheme, where each relation
is associated with an interval of temporal validity to ensure CF.3 Persistency. Each asset of
the physical world is modeled as a component, which can have arbitrarily many subcompo-
nents but only one parent component that matches the structure of the sensor data model.
The resulting hierarchical tree-like structure might not fully express the usually complex
connections of assets in production but gives a basic structure that allows to flexibly relate
measurement data to superordinate assets. The assumption that the relationships between
the assets change frequently over time is reflected in the model by storing a validity interval
for all relations defined by timestamps of each relation’s beginning and end.

The configuration or parametrization of a single device, i.e., component, might change,
whereas the component itself does not change. This information must be decoupled in the
data model. To store the metadata, the entity ComponentInformation is introduced, which
is linked to the component it describes and to its preceding and following versions of the
metadata record by using PROV-O [Lebo13] fulfilling CA.5 Versioning. The structure of the
metadata itself is not further restricted except for being serializable to JSON (and JavaScript
Object Notation for Linked Data (JSON-LD)). Thus, users can store theoretically arbitrary
(semi) structured data compliant to CF.1 No Limitations.

Ingested measurement data is always (indirectly) linked to at least two components to fulfill
guideline I3. First, to the ComponentInformation (and vice versa) of the component of the
measuring system. Thus, the metadata includes a reference to the data they describe so that
guideline F3 is satisfied. Second, to the component representing the asset of which a property
is measured. Both together fulfill CI.5 Linked Data. Considering that the asset of interest is not
necessarily the parent component of the measuring system (e.g., with large-scale metrology
devices), measurements are explicitly linked via a dedicated relation to the component of
interest. All data points are identified by using an identifier according to UUID4. Because the
identifier will never change, CF.3 Persistency is fulfilled. Lastly, to fulfill CI.4 Consistency, all
component information and all measurements must conform to a specific type definition to
which the data is linked. In general, all relations are bidirectional for easy browsability and
discoverability. By adding a mandatory license field to each entity of the model, criteria CR.4
Reuse Conditions is addressed.

4In the following, the term “asset” refers to both a full physical object and physically inseparable, but logically
distinguishable, sub-parts of this object.
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Figure 4.7: The contextualization model linking assets, represented by Components, their metadata,
represented by ComponentInformation, and measurement data, represented by Measurements. All
the data and metadata are always associated with a TypeDefinition. Measurements are linked to the
system they have been measured with, the component of interest, and the configuration of both at the
time of measuring. For increased findability, all relations are bidirectional.
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4.4 Proof-of-concept
To demonstrate the applicability of the developed data structures and models, three simulated
measuring systems, called Dummies, have been defined for a proof-of-concept. For this
artificial validation scenario, a laser tracker is considered, which tracks the position of a
mobile robot located on some shopfloor. A distributed sensor system monitors the shopfloor’s
environmental conditions (temperature, pressure, humidity). The laser tracker Dummy uses
the same SOIL model as an actual device and stresses the modularity of SOIL, the context-
sensitive override of names, descriptions, and default values, and the streaming and event
features. The mobile robot Dummy is a simplified and fully artificial SOIL model to test the
correctness of the extension feature for Components. The environmental monitoring Dummy
consists of an arbitrary number of identical, distributed sensors and verifies the correct
implementation of dynamic Components.

All three systems have later been implemented as FAIR Sensor Services based on a SOIL model
(see Section 6.2). The three Dummies are designed to capture all features and aspects of the
defined meta structure and metamodel. While the complete data structures and models of all
three Dummies can be viewed in Bodenbenner [Bode24c], this description of the proof-of-
concept focuses on the mobile robot to illustrate the mapping between the data structure
and the data model.

The elements of the data structure (cf. Section 4.2.1) of the simulated mobile robot are shown
in Figure 4.8 and the serialization of the measurement TCP with all attributes as required by
the meta structure is shown in Listing 4.2. The complete data structure has been published
at [Bode24c]. The core nodes of the RDF metadata graph compliant with the metamodel
(cf. Section 4.2.3) are depicted in Figure 4.9. The mapping between the data structure and
the data model becomes visible when comparing Figures 4.8 to 4.9.

MobileRobot

Robot

autoMovement 

BatteryLevel

Position

TCP

Position 

Open Gripper

Step

GoTo

Figure 4.8: Overview of the data structure of the mobile robot that consists of the mobile platform and
the six-axis robot on top modeled as individual components. The lines to the components of the Robot
and MobileRobot are differently dashed to be distinguishable.

The creation of the data structure and model has been done in synergy with the validation
and verification described in Chapter 6. The reason for that is the immense complexity and
size of the entire data structure and data model. The serialization of complete static metadata
graph to RDF-Turtle consists of fifteen nodes split into fifteen files and over 400 lines of
code, of which many appear repeatedly. For comparison, the SOIL model consists of only one
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1 {
2 "uuid": "MEA -Tcp",
3 "name": "Tool Center Point",
4 " description ": "Tool center point of a six -joint robot .",
5 " profile ": " RobotTcp ",
6 " datatype ": "float",
7 "unit": "unit:M",
8 " dimension ": [3],
9 "range": [-0.5, 0.5] ,

10 "value": [0, 0, 0]
11 }

Listing 4.2: The data structure of the variable “TCP” of the simulated mobile robot serialized to JSON.
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Figure 4.9: Overview of the core nodes of the RDF metadata graph of the mobile robot. For the sake
of readability, the bidirectional relations are omitted. The automatically derived names of the nodes
ensure uniqueness yet reflect the IDs of the data structure shown in Figure 4.8.

file with 112 lines. This complexity introduces manifold potential sources for mistakes and
errors in the manual definition. Creating the bidirectional relations of the data model by hand
is error-prone, as one direction might be easily forgotten. Moreover, the manual definition
of the model and structure is tedious and repetitive. As can be seen in the data model in
Figure 4.9, the variable Position is required five times with minor differences only. While most
attributes, such as the dimension or datatype, are identical, the name and description might
differ slightly. Thus, the manual creation might be subject to “copy-paste errors”.

Therefore, the structures and models here have not been created by hand. Following the DSR
methodology, a SOIL model has been designed for each Dummy using the syntax and semantics
later described in Section 5.4.1. The implemented SOIL Workbench, see Section 5.4.2 has
been executed to generate the data structure and model shown here. Errors and insufficiencies
of the generated models have been mitigated by fixing errors in the implementation, correcting
mistakes in the meta structure and model, and extending the capabilities of SOIL. Thus, this
proof-of-concept does not only prove the suitability of the meta structure and metamodel. It
is also directly embedded in the Design Cycle of SOIL described in the next chapter.
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4.5 Intermediate summary
The definition of FAIR data models for manufacturing sensor data has been initialized by an
in-depth investigation of available ontologies providing the controlled terminology required for
adequate machine-actionable and interoperable representation of manufacturing sensor data.
Domain-relevant controlled terminology has been identified and used to define metamodels
based on RDF and Semantic Web technologies for the semantic sensor data and contextual-
ization models. These two models are the main research artifacts (shown in Figure 4.10) of
the design cycle of the second RGQ and lead to the preliminary answer to that question.

Preliminary answer to the Research Guiding Question 2

How can manufacturing sensor data be described to be findable and interpretable in
the applications’ context?

To provide FAIR manufacturing sensor data, the sensor data itself and its context are
generally defined by dedicated metamodels. The sensor model describes the measure-
ment data and all characteristics of its origin in a unified way. The contextualization
model describes the relation to relevant assets (process, resource, product) and their
metadata. This preserves the measurement data’s provenance, ensuring their com-
patibility and linking between measurement data from different sources. To achieve aFAIR data description according to the previously defined FAIRness criteria, controlled
terms from available ontologies are used and slightly extended if insufficiently defined.

Artifact 2.1 Sensor model for 
FAIR manufacturing sensor data

Artifact 2.2 Context model for 
FAIR manufacturing sensor data

Figure 4.10: The data and contextualization model form the two research artifacts of the
second research guiding question. Based on Semantic Web technologies, such as ontologies
and controlled vocabulary, the data models provide findable and interpretable manufacturing
sensor data.

In addition, a lightweight data structure based on key-value pairs has been developed for
each model, simplifying the representation of the sensor and context data. On the one hand,
these data structures can be serialized to plain JSON and XML format and are therefore easily
deployable to industrial infrastructures. On the other hand, the structure for sensor data
serves as the foundation of the IDL for the low-effort definition of interoperable interfaces
for measuring systems developed in the next chapter, which is then used to generate the
communication interface and the full semantic data model of the measuring system.
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5The Sensor Interfacing Language for the
development of FAIR Sensor Services

The FAIR Sensor Service integrated into an ecosystem must realize diametrically opposed
actions: On the one hand, highly device-specific but ecosystem-agnostic tasks, such as exe-
cution of measurement routines, and on the other hand, tasks which are device-agnostic but
ecosystem-specific, like providing its data in an appropriate format and transmitting it with a
defined protocol to other entities in the ecosystem. This imposes high complexity on the FAIRSensor Service and bears the risk of an entangled, highly coupled, but hardly maintainable
implementation. Therefore, implementing these two aspects (device-logic and communication
interface) should be decoupled to tackle this risk. While implementing the device-specific
logic requires individual work for each measuring system due to the very high heterogeneity,
the communication interface can be generalized by using standardized protocols (such as
HTTP, MQTT, or OPC UA) and open-source libraries for the implementation. These two inde-
pendent tasks of which one can be automated (the implementation of the communication
interface), while the other remains manual and individual work (the implementation of the
device-specific logic), motivating the usage of model-driven software engineering (MDSE)
and domain-specific languages (DSLs). Moreover, according to CA.2 Multi-Protocol, it is
not sufficient to choose a single communication protocol and data format for the CPMS for
targeting all use-cases of the IIoT [Derh17a; Când10]. Because every single protocol required
significantly increases the implementation effort, employing MDSE is crucial to automate the
implementation of the communication interface. A third aspect of implementing a FAIR SensorService is the device-specific instantiation of the FAIR data models developed in Chapter 4
to acquire uniformly described and structured sensor data. However, the knowledge base of
information science to create semantic data models as of Section 4.2.3, network expertise
of the communication protocols, and production engineering familiar with the measurement
routines usually do not overlap. Thus, joining these competencies is required for this highly
interdisciplinary development of CPMS [Ye18; Gürd16]. Finally, how these three aspects can

The author has published intermediate parts of the work described in this chapter in
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be jointly addressed by MDSE and DSMLs is formulated as the third research guiding question
and investigated in this chapter to deliver step three of the FAIR DLC as shown in Figure 5.1.

Research Guiding Question 3

How can controlled vocabularies be reused systematically by domain-specific modeling
languages to provision accessible and interoperable manufacturing sensor data?

FAIR Sensor EcosystemFAIR Sensor Service

Data

acquisition
Storage

Short-term

usage

Long-term

usage

Correctness Unique identification
Rich description

Interoperable &
standardized interface

Persistency
Retrievability

Full description

Cross
company 
collaboration

Cyber-physical
measuring system

Centralized
middleware

Metadata

accumulation

Contextua-
lization

Data

distribution 

Agnostic
interface
definition

Sensor 
structure

Figure 5.1: The approach and results described in this chapter towards answering the third RGQ
delivers the realization of the third step of the FAIR DLC: The interoperable communication interface
for providing accessible, and ultimately FAIR, manufacturing sensor data.

The basic idea of the solution of this third RGQ is depicted in Figure 5.2, which is first grounded
to the knowledge base by a review of the specific state-of-the-art of the development of inter-
faces for CPMS and scientific approaches. After that, the envisaged development procedure
using SOIL is explained, and the features of this IDL are defined. After the syntax and seman-
tics of SOIL have been developed, SOIL is validated by implementing the SOIL Workbench
and SOIL Editor and executing translation tests. This chapter closes with an intermediate
conclusion of the third RGQ.

Automatic 
generation

S O

I L

=

Syntactic 
Sensor 
Model

+X
FAIR, Semantic 

Sensor Model

Interface of the CPMS

Figure 5.2: The basic idea of the answer to the third RGQ is the definition of the syntax and semantics
of a IDL, namely SOIL, based on the sensor meta structure (cf. Section 4.2.1). Based on the specific
SOIL model of a particular CPMS, the semantic data model and the communication interface can be
automatically generated.
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5.1 Development workflow of a FAIR Sensor Service using
the Sensor Interfacing Language
The central hypothesis of this doctoral thesis is that the implementation of the FAIR GuidingPrinciples for manufacturing sensor data can be operationalized using MDSE and a IDL,
namely the Sensor Interfacing Language. Therefore, this section will detailly motivate SOIL
and illustrate this approach’s benefits by analyzing the development and implementation
process of a CPMS. For the provision of FAIR manufacturing sensor data, the SOIL-based CPMS
is implemented by a three-layer software architecture depicted in Figure 5.3 conceptualizing
the FAIR Sensor Service with the following layers:

1. The execution of the inner device logic, acquisition, and digitization of measurements
based on physical principles using the sensor hardware.

2. The FAIR representation of the measurement data and annotation with metainformation
according to the data model described in Section 4.2.3 to fulfill the FAIRness criteria
CF.2 Searchability, CI.1 Controlled Terms, CI.3 Information Model, CI.4 Consistency,
CR.1 Domain-Specific Terms, and CR.3 Metrological Information.

3. The provision and transmission of the annotated measurement data in interoperable
data formats using a standardized communication protocol, addressing CA.1 Standard
Protocols, CA.4 Authorization and authentication, and CI.2 Standardized Format.
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Figure 5.3: Three-layer architecture of a FAIR Sensor Service. The envisaged capabilities of the system
are mapped to each layer together with the responsible stakeholders. The stakeholders might also be
one or different persons in the same company. Furthermore, it is shown how the layers address the
challenges of the FAIRification process, cf. Figure 2.3.

The development of these layers can be decoupled by employing MDSE and SOIL, see Fig-
ure 5.4. Based on the meta structure defined in Section 4.2.1, SOIL is used to define a
device-specific data model of the CPMS. After checking this device-specific SOIL model for
correctness, the generalizable layers are automatically translated to:

1. A template for implementing the inner device logic (Layer 1).

2. The full semantic data model, for providing the FAIR measurement data (Layer 2).

3. A mapping to endpoints of the network interface for request/response and publish/
subscribe interaction with the CPMS (Layer 3).
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Loading pre-implemented libraries for providing specific protocols and data formats, the
third layer is fully implemented based on the protocol-agnostic second layer as required by
CA.3 Protocol-Agnostic Modeling equally supporting CA.2 Multi-Protocol (cf. Section 6.2.2).
The second layer has also already been completed by the automatic generation of the full
semantic data model. The first layer must be finished by hand as the device-specific logic and
measurement procedures can hardly be generalized due to the immense heterogeneity.
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• SOIL Generator Template for
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@prefix schema: <http://schema.org/> .

radian:TargetPosition
    a sosa:ObservableProperty ;
    schema:name “Position“ ;
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quantitykind:CartesianCoordinates ;
    qudt:applicableUnit  unit:M ;
    qudt:dimensionVector ( 3 ) ;
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Implementation template

@prefix schema: <http://schema.org/> ;

@prefix unit: <http://qudt.org/vocab/unit/> ;

import mobile_entities;

import utils;

import base_stations;

variable Time defines <schema:DateTime> {

name: "Time"

description: "Current system time."

datatype: time

dimension: []

}

variable Version defines <schema:version> {

name: "Version"

description: "Incremental API-Version."

datatype: int

range: (0, 100)

dimension: []

unit: <unit:UNITLESS>

}

variable Manufacturer defines 

<schema:manufacturer> {

    name: "Manufacturer"

    description: "Name of manufacturing 

company."

    datatype: string

    dimension: []

}

function Reset {

    name: "Reset"

    description: "Resets the device into the 

state like directly after start-up."

}

Figure 5.4: Development workflow of a FAIR Sensor Service using SOIL. Based on a SOIL model, theSOIL Workbench implemented in Section 6.2 parses and validates the model and then translates it into
the semantic data model and a template for implementing the sensor logic. The network interface is
completed by importing pre-implemented libraries, see Section 6.2.

Thus, the purpose and contribution of SOIL is to streamline the development process of
CPMS, providing long-term reusable sensor data by decoupling the implementation of the
individual layers of the CPMS’ software and leaving only the device-specific non-generalizable
implementation of the CPMS’ measurement logic to the domain-expert. In particular, SOIL
should meet the following functional and non-functional requirements to facilitate adoption
in an industrial application:

• As fewer individual and distinct elements as possible to minimize the learning effort,

• compatibility with state-of-the-art data models (e.g., OPC UA, AAS), so that such that
these models can be generated based on a SOIL model,

• textual and visual representation to address programmers and non-programmers,

• capable of modeling the characteristics and features of sensors and CPMSs,

• translatable to a full semantic data model, but hide semantic concepts to be usable by
developers, which are no data stewards,

• serializable using open data formats for high FAIRness of the SOIL models itself,

• modularity and flexibility to allow reuse of (foreign) SOIL models or parts of these,

• the textual version should have minimal validation and translation overhead, i.e., only
the SOIL Workbench (and the SOIL Editor) (see Section 5.4.2) should be required, and

• the language itself must be FAIR, i.e., all terms and keywords must be defined properly.
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5.2 IIoT communication protocols and data formats

To provide an interoperable and accessible interface for FAIR Sensor Services, the service
must implement standardized and commonly used communication protocols and data formats.
An initial review of technologies currently used in the manufacturing domain has already
been done in Section 2.3 with a focus on the identified deficits of industrial data management
and the challenges of the FAIRification process. This section highlights the capabilities of
communication protocols and data formats by briefly recapitulating the studies of Montavon
[Mont21] as the foundation of this thesis.

Montavon [Mont21, p. 48ff] identified eight capabilities communication protocols must have
to provide all the ways of interaction with a CPMS required from the client’s perspective.
Table 5.1 reviews the findings of Montavon and extends it by an evaluation of I++ DME. Based
on these findings, this thesis implements FAIR Sensor Services with an OPC UA interface and
a combination of an HTTP and MQTT interface. Besides data serialization, all capabilities
are provided by combining HTTP and MQTT. This combination provides higher flexibility and
maintainability, easing the development process compared to OPC UA as they focus on the
communication aspect only and are agnostic of the data model and format (cf. Section 2.3).
The data serialization can be seamlessly integrated using additional open-source libraries. XML
and JSON are widely used data formats for serializing data structures and exchanging them
via HTTP and MQTT (cf. Section 2.3). Both are natively designed to represent syntactically
interoperable data by key-value pairs. In addition, extensions exist for both formats to
represent semantically interoperable graph data based on RDF, namely JSON-LD [Kell20] and
RDF/XML [Gand14]. Thus, JSON and XML are best suited for implementing the serialization
of (FAIR) manufacturing sensor data. OPC UA enforces the usage of XML.

Table 5.1: Evaluation of the capabilities of IIoT protocols as identified by Montavon [Mont21, Table
4.1, p. 49]. In this thesis I++ DME has been added. The evaluation is done on the following scale:

not implementable, must be manually realized with high effort, can be manually implemented
with medium effort, implementable with low overhead effort, natively included in the standard.

Pu
bl

is
h/

Su
bs

cr
ib

e

Re
qu

es
t/

Re
sp

on
se

Se
ria

liz
at

io
n

M
od

el

Au
th

en
tic

at
io

n/
Au

th
or

iz
at

io
n

St
ru

ct
ur

ed
Id

en
tifi

er
s

M
od

el
Br

ow
si

ng

CR
U

D
Da

ta
Vi

ew

Fu
nc

tio
n

In
vo

ci
at

io
n

OPC UA

MQTT

REST via HTTP

gRPC

MTConnect

I++ DME

5.2 IIoT communication protocols and data formats 81



5.3 Tools and languages for the model-based definition
and generation of communication interfaces

This section investigates state-of-the-art approaches and methods for developing and gener-
ating service and system interfaces using MDSE and the definition of semantic data models.
The tools reviewed cover a wide range of applications, from industrial infrastructures to
research data management.

gRPC Remote Procedure Calls and Protocol Buffers

gRPC Remote Procedure Calls (gRPC) is a framework developed and maintained by Google
that implements the communication protocol Remote Procedure Call (RPC). The protocol is
mainly used to establish connections and communication between microservices based on
a minimal description of its interface, based on executable functions [Goog24a]. Based on
Google’s IDL, called protobuf, the exchangeable messages, callable functions, and all their
arguments and returns (expressed as messages) can be defined [Goog24b]. The description
of the interface using protobuf is independent of the programming language for implement-
ing the microservice. Based on an interface definition in Protocol Buffers (protobuf), the
interface implementation can be generated for multiple GPLs, e.g., Python, C++, Java, C#,
and JavaScript [Goog24a]. gRPC implements the Request/Response communication pattern
via HTTP and does not support Publish/Subsribe. Thus, gRPC and protobuf do not provide
syntax and semantics to represent Components. Moreover, protobuf misses the possibility of
integrating Semantic Web technologies and controlled vocabularies.

Web Services Description Language

The Web Services Description Language (WSDL) is an IDL based on XML and XSD to define the
interface of web services [Chin07]. The concepts are comparable to protobuf and, therefore,
come with the same deficits. There exists an extension of WSDL, called Web Service Semantics
(WSDL-S) [Akki05] that introduces semantics for WSDL so that controlled vocabularies can
be used. WSDL-based services have been majorly replaced by RESTful services, as they are
easier to maintain and decoupled from the client interacting with the service [Ahma23].

MontiThings and MontiGem

Another approach for developing Internet of Things (IoT) applications to handle measurement
data has been published by Kirchhof et al. [Kirc22]. The MontiThings modeling infrastructure
enables the definition of IoT devices, the parameters and data they provide, and how the
data is processed. The authors apply MDSE and generative software implementation for that.
However, the approach focuses on the data flow between distributed data processing entities.
Suitability for long-term storage and data management following the FAIR Guiding Principles
is not considered. Service interfaces developed with MontiThings can be easily integrated
into a larger Digital Twin (DT) of a process or product using MontiGem [Mich21]. MontiGem is
another DSL for the definition of DTs and the specification of UI elements providing a graphical
representation of the DT.
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NFDI4Ing Metadata Profile Service

The NFDI4Ing Metadata Profile Service (MPS) is a visual web application for the definition
of MPs [Fuhr24], see Figure 5.5. The application targets researchers with no data mod-
eling experience and supports them by providing building blocks for MPs defined by the
community [Grön23]. The creation effort and complexity of an MP compliant with SemanticWeb standards and the FAIR Guiding Principles is significantly lowered using the MPS. But,
the UI still contains many features only relevant to advanced users, so beginners might be
overwhelmed by the possibilities, making it hard to identify and concentrate on the basics.
Moreover, the generated MPs need to be manually integrated into data generation and pro-
cessing software, leaving significant effort to the researcher, i.e., the implementation of the
communication interface and the internal systems logic of the CPMS.

Figure 5.5: Screenshot of the NFDI4Ing Metadata Profile Service showing the MP of the target of an
API Radian™ Lasertracker created by the author.

CEDAR Workbench

The CEDAR Workbench is a web application for managing MPs and creating these for scientific
datasets [Muse15]. The tool is also designed as a library for metadata sets based on the MPs
created with CEDAR. The tool explicitly addresses the FAIR Guiding Principles and evaluates
the FAIRness of created MPs and metadata sets [Muse22]. To strictly follow guideline I1,
CEDAR automatically searches for matching controlled terms if the user does not provide
such and suggests found terms for replacing the non-controlled term. The tool is comparable
with the MPS of NFDI4Ing and also relies on a community-driven approach for the creation,
share, and reuse of MPs. However, the integration of the MPs created with CEDAR into data
acquisition and processing workflows is not addressed.

Related scientific work and approaches

Besides all these frameworks and tools, several other approaches can be found in scientific
literature. DSLs for interfacing and interconnecting devices in industrial context have been
published under the names IoTDSL [Amra17] and GIMLE [Toml17]. While the physical
capabilities of the considered devices can be modeled in greater detail, metrological concerns
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are not covered. Generally, most approaches, such as SEAL [Elst13], GIMLE, or Midgar, have
a strong focus on usability and reduction of complexity but missing central concepts for
ensuring data integrity and traceability, which are essential for metrological applications
[Hack18]. Thus, criteria CR.3 Metrological Information and CR.1 Domain-Specific Terms
remain open. The generation of OPC UA models has also been investigated in general [Gold12;
Busb24] and in particular based on UML diagrams [Pauk18] or using the Eclipse ModelingFramework [Frie20]. However, OPC UA lacks the integration of controlled terminology based
on semantic-web standards, which can not be compensated by the CSs, so that criterion CI.1
Controlled Terms is unfulfilled. Moreover, focusing on OPC UA only means that criteria CA.2
Multi-Protocol and CA.3 Protocol-Agnostic Modeling are not addressed. To compensate for
the lack of knowledge in implementing CPS Francalanza et al. [Fran17] introduced a software
tool assisting developers with an intuitive UI. The tool should help the authors to understand
the consequences of design decisions and mitigate potential issues based on the decision.
However, the tool does not provide any automation mechanism.

5.4 The Sensor Interfacing Language
Based on the protocol-agnostic interface by Montavon [Mont21], the author developed an
early visual version of an IDL [Bode21b]. SOIL has then been strongly formalized as a textual
IDL using the concepts of this early visual representation as described in Section 5.4.1. TheSOIL Workbench has been implemented for parsing, validating, and translating textual SOIL
models according to the defined syntax and semantics. The SOIL Editor has been implemented
in the second step, providing a visual representation using standard UI elements. Both tools
are described in Section 5.4.2. The correctness and functionality of SOIL have been validated
by unit tests and the development of models for the three simulated measuring systems,
called Dummies (cf. Section 4.4), covering all features of SOIL in Section 5.4.3.

5.4.1 Syntax and semantics of the Sensor Interfacing Language
The basic syntax of the textual language is inspired by JSON, Python, and Turtle to mirror
familiar syntax patterns, increasing usability and reducing learning effort. SOIL builds upon
the syntactic data structure for sensors defined in Section 4.2.1. Thus, the language formal-
izes the definition of Components, Functions, Parameters, and Measurements. Beyond the
static metainformation specification of the four Elements, the language provides dedicated
mechanisms to maximize modularity and reusability of already defined Elements. For that, the
language distinguishes between types and instances. To specify the attributes of an Element,
a dedicated type is declared and defined, e.g., specifying the attributes, like name, description,
datatype, etc., of a Variable type “Temperature”, as shown in lines 4-11 of Listing 5.1. The
definition of an element starts with a dedicated keyword for each of the for Elements followed
by a locally unique name, which can be used to refer to that specific Element type at other
positions in the model. An Element type can be instantiated as the child of a Component by
using this unique name as the reference to the type (see line 17 of Listing 5.1). By this decou-
pling of type definition and type instantiation, a high degree of modularity can be achieved
because types can be easily reused and updated. The instantiation syntax and mechanism
are reused from common GPLs.
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1 @prefix quantitykind : <https :// qudt.org/vocab/ quantitykind />;
2 @prefix unit: <https :// qudt.org/vocab/unit/>;
3
4 variable Temperature defines <quantitykind : Temperature > {
5 name: " Temperature "
6 description : "The current temperature ."
7 datatype : float
8 range: (-20, 50)
9 dimension : []

10 unit: <unit:DEG_C >
11 }
12
13 component TemperatureSensor {
14 name: " Temperature sensor "
15 description : "A simple temperature sensor measuring ambient temperature ."
16 measurements :
17 Temperature temperature
18
19 streams :
20 temperature : fixed (5)
21
22 if temperature < 0: warning ("The ambient temperature is low.")
23 }
24
25 interface TemperatureSensor SensorOne {}

Listing 5.1: Exemplary definition (lines 4-11) and instantiation (line 17) of a Variable type
“Temperature”. It is a floating point with a scalar value of -20 to 50 °C. Using the keyword defines,
the type is mapped to a term defined in a semantic namespace provided by an available ontology. The
same mechanism is used to define the physical unit unambiguously.

A SOIL model can be split into multiple files, of which each file starts with importing other
files and defining the prefixes of controlled vocabularies to be used throughout the file.
Because the model can be split into multiple files, a high degree of modularity and flexibility,
improved readability, and high reusability are achieved. After that, the types of all Parts of the
SOIL model are defined. The five different definable Part types are summarized in Table 5.2.
The order of definition does not matter, i.e., Part types can be instantiated before they are
defined. Because SOIL only defines the static metainformation of the measuring system, the
actual measurement value of Variables, their uncertainty, and timestamp are not part of the
syntax and semantics of SOIL. All attributes of the three Element types are listed in Table 5.3.
Moreover, SOIL implements all six datatypes of Variables as summarized in Table 5.4

Modifiers

SOIL defines four modifiers for assigning specific meaning or behaviour to children of Compo-nents. There is one modifier for each of the four Elements of SOIL, namely:

1. Measurements can be marked as internal. With this modifier, the developer can indicate
that this Measurement is a characteristic of the CPMS itself, such as a mobile unit’s
battery level or signal strength. The modifier adjusts the value of the ssn:isPropertyOf
attribute of the soil:MeasuredProperty in the generated semantic data model. Thismodifier directly targets CI.5 Linked Data.
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Table 5.2: All five different Part types of a SOIL model, directly mapping the syntactic data structure
defined in Section 4.2.1.

Part Description

variable Defines the Variables of a SOIL model according to Section 4.2.1.

function Defines the Functions of a SOIL model according to Section 4.2.1.

component
Defines the Components of a SOIL model according to Section 4.2.1. Also, implements an
inheritance mechanism. If a Component type extends another Component type, it contains all
children as its own (in contrast to composition).

enum
An enum contains a list of names which restrict the permissible values of a Variable referencing
this enum datatype.

interface

Instantiates and specifies the root Component of the tree-shape model. It is handled as the
declaration of the main method in Python. To generate the semantic model, metadata profiles,
and the interface of a FAIR Sensor Service, the model must contain exactly one interface in the
primary file. Interface definitions in imported files are ignored.

Table 5.3: Attributes of the individual Element types of a SOIL model. Legend: mandatory, optional,
forbidden.

Attribute Component Function Variable Description

name Human-readable short title of the Element.
description

Human-readable description of the Element. Can
be extensive and context-sensitive.

components List of all child Components.

functions List of all child Functions.

parameters List of all child Parameters.

measurements List of all child Measurements.

arguments List of all arguments of the Function.

returns List of all returns of the Function.

datatype
Datatype of the value of the Variable (cf. Ta-
ble 5.4).

dimension
Mathematical dimension of the value of the Vari-able.

range \ \ Range of permissible values. Specification and
necessity depends on the datatype (cf. Table 5.4)

unit \ Physical unit of the value of the Variable. Necessity
depends on the datatype (cf. Table 5.4)

streams List of all streams for child Measurements.

events List of all events. Keyword not part of the syntax.

overrides
List of all context-sensitive overrides of names and
descriptions of child Elements. Keyword not part
of the syntax.
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Table 5.4: Specification of the six datatypes for Variables in SOIL. For each datatype, whether the unit
and range attributes are mandatory is specified. Legend: mandatory, optional, forbidden. A
string’s range refers to the string’s allowed length with the natural lower limit of zero. The range of an
enum value is defined by referencing an enum type. The datatype in the SOIL model does not imply a
specific accuracy or implementation, e.g., in terms of the number of digits for int or float.

Datatype Description Unit Range Examples

bool
A Boolean Variable distinguishes be-
tween true and false. powered on/off, open/closed

int An integer value. signal strength, counter, version num-
ber

float A floating point number. temperature, position, length

string An unregulated string of characters. manufacturer, tags, addresses

enum
If a Variable has datatype enum, the
range of this Variable defines a fixed
set of permissible values.

state, type, selections

time

Time consists of date, time of day, and
time zone information. The precision
should be as high as possible (ideally
up to milliseconds or nanoseconds).
A time value is specified according to
RFC9557 [Shar24].

uptime, system time

2. Parameters can be defined to be constant so that the default value provided in the SOIL
model can not be changed by the client during runtime.

3. Functions can have streaming behavior, which is particularly useful for complex mea-
surement routines where the same outputs are measured multiple times. A streamingFunction transmits its outputs via a publish/subscribe protocol, i.e., usually split into
multiple consecutive messages. In contrast, a Function without this modifier provides
the outputs once as the direct response to the request triggering the Function.

4. Components can be modified to be dynamic. If a Component is dynamic, instances of
these Components can be created and removed during runtime of the CPMS. For example,
this is required by LSM-Systems, such as a motion capture system tracking a varying
number of rigid bodies or a laser tracker measuring multiple different targets. The
behavior is implemented by generating additional endpoints for the request/response
interface to create and remove the child Components.

Data streaming and event handling

SOIL includes syntax and semantics to abstract the publish/subscribe communication pattern
so that the developer of the measuring system does not need to deal with the protocols
explicitly. Another benefit of this abstraction is that the model and implementation are
independent of a specific protocol or library. A Component type can have streams to sendMeasurement values. The three different stream types of SOIL are explained in Table 5.5.
Moreover, a Component type can have events to send dedicated messages in case a Variable’s
value fulfills a defined condition. Analogously to OPC UA, SOIL distinguishes different levels of
severity of events, defined in Table 5.6. Examples of both features are given in Listing 5.1.
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Table 5.5: Definition of three stream types in SOIL for automated transmission of Measurements.

Stream Argument Description & Example

fixed float value The Measurement (including the measured value) is published at the fixed
interval specified in seconds in the SOIL model.

Example: pos: fixed(10)

dynamic sibling Parameter The measurement value is regularly published at a given interval. The interval
is specified by a sibling Parameter of the published Measurement. Thus, it
can be updated during runtime of the FAIR Sensor Service. The Parameter
must be a scalar of datatype int or float and greater than zero.

Example: pos: dynamic(interval)

update n.a. If the measured value changes, the Measurement is published immediately.

Example: pos: update

Table 5.6: Definition of different severity levels for SOIL events. The severity levels are linearly mapped
to OPC Severity as suggested by the OPC information model [OPC 21].

Severity Description OPC UA severity

debug
Should only be given to events used to monitor the behavior during develop-
ment. 200

info
Used to give the client feedback that something has changed, but this change
has no major implication to the device’s functioning. 400

warning
Something has happened that should grab the operators’ attention, but an
intervention of the operator is not necessarily required. 600

error Something went wrong. The intervention of the operator is required. 800

critical
Something happened that imposes a severe serious to the system. The
operator’s intervention is required as soon as possible. 1000

Integration of controlled terminology

As described, SOIL shall reduce the modeling effort and the developers’ expertise for creating
data models based on Semantic Web standards to ensure criterion CI.1 Controlled Terms
and support criterion CR.1 Domain-Specific Terms. However, automatically determining
appropriate controlled terms based on uncontrolled strings is error-prone and often not
unambiguously possible as it depends on the information provided by the user and can usually
only be done syntactically [Hein24; Fang06]. The syntax of Turtle is employed to incorporate
controlled terminology in SOIL. At the beginning of the document, one defines the prefixes
used throughout the current file. A defined Element type can associated with a controlled
term based on the prefixes defined by using the keyword defines. Moreover, the unit ofVariables can be specified using controlled terms. Examples of both are given in Listing 5.1
and Listing 5.2. By that, the required expertise on Semantic Web technologies is reduced to
be able to search for appropriate controlled terminology using specialized search engines,
such as Zazuko1, LOV2, or the Terminology Service3.

1https://prefix.zazuko.com/
2https://lov.linkeddata.es/dataset/lov/
3https://terminology.tib.eu/ts
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Context-sensitive metainformation

The mandatory attributes name and description of an Element type store crucial information
for the unambiguous interpretation of the Element and are essential to ensure criterion CR.2
Provenance is met. Thus, this information must be adaptable depending on the Element’s
context. Listing 5.2 illustrates such a case, where a Variable “Position” is once used to
provide the coordinate of the platform of a mobile robot and once to give the position of
the end effector of the robotic arm mounted on the mobile platform. Similarly, the default
values of Parameters may be context-sensitive. So, a default value of a Parameter can be
overwritten when the Component type is instantiated employing the Python syntax for calling
the constructor method of a class, as shown in line 27 of Listing 5.2.

1 @prefix quantitykind : <https :// qudt.org/vocab/ quantitykind />;
2 @prefix unit: <https :// qudt.org/vocab/unit/>;
3
4 variable Position defines <quantitykind : CartesianCoordinates > {
5 name: " Position "
6 description : "A 3D position characterized by three axes (abscissa , ordinate

, and applicate ) and usually denoted by (x,y,z)."
7 datatype : float
8 dimension : [3]
9 range: (-100, 100)

10 unit: <unit:M>
11 }
12
13 component Robot {
14 name: "Robot"
15 description : "A six -axis robotic arm."
16 parameters :
17 Position end_effector_position = (0 ,0 ,0)
18
19 end_effector_position .name = "End effector position "
20 end_effector_position . description = "The 3D position of the end effector of

the robot , denoted by (x,y,z)."
21 }
22
23 component MobileRobot {
24 name: " Mobile Robot"
25 description : "An automated guided vehicle with a robotic arm attached ."
26 components :
27 Robot robot_arm ( end_effector_position =(0 ,0 ,0.5))
28 parameters :
29 Position coordinate
30
31 coordinate .name = " Coordinate "
32 coordinate . description = "The 3D position of the mobile platform , denoted

by (x,y,z), with respect to a fixed global reference point."
33 }

Listing 5.2: Definition of a generic Variable to provide a Cartesian coordinate and instantiation of thisVariable twice in different contexts with individual name and description of the Measurement.
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Complete examples employing all features of SOIL have been created for validation (cf. Chap-
ter 6) and can be found in the Appendix: a complete SOIL model for an API Radian™ laser
tracker (cf. Appendix D), a partial model of a Leitz PMM-C Precision™ encapsulated by an
I++ DME server (cf. Appendix E), and an OptiTrack™ MCS (cf. Appendix F).

5.4.2 Implementation of the SOIL Workbench and SOIL Editor
For operationalization, the SOIL Workbench has been implemented. The purpose of this
software is to (i) parse SOIL models using the syntax explained in Section 5.4, (ii) verify the
model by checking if the model is valid considering the defined semantics and (iii) translate
the model into a full semantic data model and an implementation template for the FAIR SensorService if the model could be parsed and validated successfully. The SOIL Workbench has been
implemented using MDSE based on the MontiCore Language Workbench provided by Rumpe
et al. [Rump21] and is therefore written in Java. An overview of the software architecture of
the SOIL Workbench is given in Figure 5.6.
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Figure 5.6: The software architecture and execution workflow of the SOIL Workbench for the devel-
opment of FAIR Sensor Services. Based on the MontiCore Language Workbench (blue), the grammar
of SOIL and the SOIL-specific validation and generation logic has been implemented by the author
(green). When implementing a FAIR Sensor Service, the user defines the device-specific SOIL model
(grey), which is parsed, validated, and translated into the base implementation of the FAIR SensorService using the SOIL Workbench. Illustration based on Rumpe [Rump].

The grammar and syntax for SOIL have been defined using the MontiCore grammar for lan-
guage definition. This definition is automatically translated into the core software modules of
the SOIL Workbench using MontiCore, which provides a fully implemented parser for SOIL mod-
els and templates to implement the validation of the model’s semantic, the model translation
and source code generation. Using the generation-gap pattern [Fowl11, p. 571ff] for software
development and MontiCore’s TOP-mechanism [Rump21, p. 96f], additional functionality has
been added to the classes of the Abstract Syntax Tree (AST) and the rules for checking the
semantic validity of the model has been implemented, called context conditions (CoCos).
Among others, these CoCos check if all instantiated element types have also been defined,
whether the Component structure is cycle-free, and if the defined prefixes and used controlled
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terminology exist (by querying the online resources referenced via the prefix URL). Suppose
the model parsing and validation checks have been executed without errors. In that case,
the model is translated into source code and/or a full semantic data model, depending on
the choice of the developer. For the transformation, MontiCore uses Freemarker so thatFreemarker templates have been created accordingly by the author.

The translation into implementation templates for the CPMS has been developed for Python
and C++, covering widely used programming languages [Stac23] relevant for the implemen-
tation of CPSs. Given a SOIL model, the translation into a Python implementation template as
shown in Listing 5.3 is defined as follows:

• every Component is translated into a Python class,

• every Function is translated into a method of a class,

• every Measurement of a Component is translated into an attribute of a Python class and
a method for retrieving the value of this attribute, and

• every Parameter of a Component is translated into an attribute of a Python class and a
getter method for retrieving the value of this attribute. If the Parameter is not modified
to be constant, a method for writing the value is also generated.

16 class COMTemperatureSensor ( object ):
17 def __init__ (self , device : Device ):
18 self. _device = device
19 self. _mea_temperature = 0
20
21 def get_mea_temperature (self) -> Tuple[float , Any ]:
22 return self. _mea_temperature , None
23
24 def streams (self , fqid: str) -> List[Job ]:
25 schedule = []
26 schedule += [ AdvertisementJob (fqid)]
27 schedule += [ FixedJob (f"{fqid }/MEA - Temperature ", 5, self.

get_mea_temperature )]
28 schedule += [ EventJob (f"{fqid }/MEA - Temperature ", 10, self.

get_mea_temperature , Event( EventSeverity .WARNING , EventTrigger .SMALLER , "
float", 0, "The ambient temperature is low."))]

29 return schedule

Listing 5.3: The Python class is generated from the SOIL model in Listing 5.1. This class serves as
template for implementing retrieval of the physically measured temperature data which is then provided
together with the measurement uncertainty via the getter method get_mea_temperature.

A dedicated class exists for each stream type and events (cf. Figure 6.5), so that for each stream
and event defined for a Component an object of the particular class is created, instantiated in
the Python class of the Component. If a Component is modified to be dynamic, methods for
creating and deleting objects of the corresponding class during runtime are generated for the
composite class (of the parent Component).
The translation to C++ is based on the libraries developed by Montavon [Mont21] and has
been implemented for the basic Component structure of SOIL. At the time of writing, events
and streams are not automatically translated to C++ but can be implemented manually.
Besides, the translation is similar to Python. Still, each method, Measurement, and Parameter
is additionally encapsulated by a class, which is then instantiated as an attribute of the C++
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class of the parent Component. The translation to other models has been prototypically
developed for OPC UA and a generation of an OPC UA server in Python:

• every Component is translated into a component node,

• every Function is translated into a function node,

• every Measurement of a Component is translated into a read-only variable node, and

• every Parameter of a Component is translated into a variable node, which can be read
and written. Parameters marked as constant can not be written.

To provide the (meta) data compliant with the semantic data model described in Chapter 4,
the soil model is translated into an RDF-based metadata graph and a MP. While the first
provides semantically interoperable sensor data, the latter restricts the provided data sets
and can be used to parametrize algorithms processing the sensor data or validate or filter a
data set. All partial MPs of the measuring system are extensions of the generic MPs defined in
Chapter 4. All RDF-based metadata graphs are compliant to the specific MP of that element
of the SOIL and, thus, also compliant to the generic MPS. An example of such a generated
RDF-based metadata graph is shown in Listing 5.4.

17 sensorone : SensoroneTemperature
18 a sosa: ObservableProperty ;
19 ssn: isPropertyOf schema :Thing ;
20 dcterms :title " Temperature " ;
21 dcterms : description "The current temperature ." ;
22 dcterms : identifier sensorone : SensoroneTemperature ;
23 qudt: hasDimensionVector () ;
24 qudt: dataType xsd:float ;
25 sosa: isObservedBy sensorone : Sensorone ;
26 ssn - system : hasSystemProperty sensorone : SensoroneTemperatureRange ;
27 qudt: hasQuantityKind quantitykind : Temperature ;
28 qudt: applicableUnit unit:DEG_C ; .
29
30 sensorone : SensoroneTemperatureRange
31 schema : minValue " -20"^^ xsd:float ;
32 schema : maxValue "50"^^ xsd:float ; .

Listing 5.4: The node of the RDF-based metadata graph serialized to the Turtle format representing
the static metainformation of temperature measurement as defined in the SOIL model in Listing 5.1.
The definitions of the required prefixes have been omitted for the sake of brevity.

The SOIL Workbench provides a command line interface for parsing, validating, and translating
SOIL models in a textual representation according to the syntax described. A web-based
editor has been implemented to lower the usage barrier even further, the SOIL Editor shown
in Figure 5.7. The SOIL Editor allows to organize multiple SOIL models and provides the
explained textual representation and an additional visualization using typical UI elements.
The two kinds of representations are fully equivalent so that the users can switch between
both representations easily. The web-based frontend is publicly hosted and can be used from
any client device without needing to install any software, mainly because the SOIL Editor
communicates with a backend server encapsulating the SOIL Workbench. The command line
interface of the SOIL Workbench is wrapped by a RESTful API of the server backend. The REST
endpoints for parsing, validating, and translating SOIL models created with the SOIL Editor
can be easily queried using dedicated buttons in the fronted.
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Figure 5.7: Web-based user interface of the SOIL Editor showing a mash-up of the textual and visual
representation. The textual representation implements syntax highlighting, also used throughout this
thesis to increase the readability and comprehensibility of the models. The visual representation uses
common UI elements, such as text fields, drop-down lists, switches, and checkboxes, providing strong
guidance to the users in creating the model. Thereby, possible sources of errors - usually detected in
the validation of the textual representation - can already be prevented during the model definition
using the visual representation.

5.4.3 Verification of the functional correctness of the Sensor
Interfacing Language
Based on the source code generation features of SOIL based on MDSE, a template for imple-
menting FAIR Sensor Service can be generated only. The provision of FAIR manufacturingsensor data requires full implementation of all required artifacts. Thus, the full evaluation and
verification of the effectiveness of SOIL for providing accessible and interoperable data can
only be done together with all other developed and implemented artifacts in Chapter 6. Thus,
in the first step, the correctness of the semantic validation (i.e., the CoCos) and generation
features of the implemented SOIL Workbench have been verified to give a preliminary answer
to the third RGQ. The validation of the developed IDL has been conducted in two steps:
(i) unit tests have been implemented to test the parsing and semantic validation of SOIL and
(ii) models of three simulated measuring systems have been defined to check the correctness
of the translation and source code generation.

The unit tests for the CoCos have been implemented in Java using the JUnit test-suite [JUni24].
An exemplary CoCo and JUnit tests for a CoCo are shown in Figure 5.8. At least two test cases
are defined for every non-trivial CoCo to identify false positives and false negatives of the
semantic validation and fix these issues in case a false positive or negative is detected. Each
unit test consists of a minimal SOIL model containing only the features validated by the tested
CoCo. To verify the correct validation of a well-defined model, the test case parses the model,
executes the tested CoCo only, and checks if the list of caught exceptions is empty. The unit
test checks the list of caught exceptions for the expected errors to verify that erroneous SOIL
models are correctly validated. The unit test succeeds if and only if all expected exceptions
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and no additional exceptions have been caught. 176 unit tests have been defined for the
CoCos, of which 53 test for correct validation of valid SOIL models and 123 test for the correct
validation of invalid SOIL models. After iteratively fixing detected issues, all unit tests were
executed successfully.

JUnit tests for verification of valid SOIL models

variable Open {
  name: "Open"
  description: "..."
  datatype: boolean
  dimension: []
    range: (10,20)
}

Context Condition: IsRangeDefinedCoCo
Ensures the attribute range is present, if the variable is of datatype float, int or enum, 

and not present if the datatype is Boolean.

JUnit tests for verification of invalid SOIL models

variable Open {
  name: "Open"
  description: "..."
  datatype: boolean
  dimension: []
}

variable Temperature {
  name: "Temperature"
  description: "..."
  datatype: int
  dimension: []
    range: (-100,100)
    unit: CEL
}

variable Temperature {
  name: "Temperature"
  description: "..."
  datatype: int
  dimension: []
    unit: CEL
}

Expected Error Log:
empty

Expected Error Log:
Variable Temperature 

has datatype int but does 
not define the attribute 

"range", which is 
mandatory in this case.

Resulting Error Log: 
Variable Open has 

datatype boolean but 
also defines the attribute 
"range", which must not 
be defined in this case.

Expected Error Log:
Variable Open has 

datatype boolean but 
also defines the attribute 
"range", which must not 
be defined in this case.

Resulting Error Log:
Variable Temperature 

has datatype int but does 
not define the attribute 

"range", which is 
mandatory in this case.

Resulting Error Log:
empty

Resulting Error Log:
empty

Expected Error Log:
empty

Context Condition is correctly implemented

Figure 5.8: JUnit tests for the context condition (CoCo) “IsRangeDefinedCoCo” to check whether the
range attribute of a Variable is defined depending on the datatype of this Variable. The CoCo specifies
exceptions to be thrown in case the range is not defined, although it should and vice versa. The JUnit
tests verify the correct behavior by checking if expected exceptions are thrown (or not).

The manual definition of all the SOIL models and errors to be caught for the validation required
high effort but is necessary to ensure even rare corner cases are correctly handled. The
manual definition of SOIL models and their corresponding translation and generation steps
results require even more effort, as a SOIL model consisting of very few elements only already
produces multiple source files for the Python or C++ implementation. Thus, a more pragmatic
approach has been chosen. The implementation of the translation and generation is tested
based on fully defined SOIL models of the three Dummies (see Section 4.4). These models
are parsed, validated, and translated into the implementation template of the FAIR SensorService in Python, which are executable when importing the libraries developed in Chapter 6.
The successful execution of the generated source code verifies the correct translation and
generation.
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5.5 Intermediate summary
To answer the third RGQ, the development and implementation process of a FAIR Sensor Ser-vice has been investigated. MDSE has been employed to streamline the process and achieve a
scalable and flexible approach, enabling engineers without deep knowledge of data modeling
to define semantic data models. Generating interfaces for different communication proto-
cols and data formats significantly increases the accessibility of the provided measurement
data [Derh17b]. Moreover, developers of CPMS do not need to deal with the complexity of the
semantic sensor model, as they never are in direct contact with it [Muse22].

Preliminary answer to the Research Guiding Question 3

How can controlled vocabularies be reused systematically by domain-specific modeling
languages to provision accessible and interoperable manufacturing sensor data?

The Sensor Interfacing Language (SOIL) has been defined as IDL - a specialized type
of DSMLs for defining interfaces - for the development of interfaces of FAIR SensorServices. SOIL supports the inclusion of controlled vocabularies by design yet abstracts
the complexity of the definition of full semantic data models. It has been explained in
detail how the FAIRness criteria specified in Chapter 3 as the answer to RGQ 1 have
been considered in the development process of SOIL. Because the underlying data
structure can be mapped to IIoT protocols and data formats SOIL can be used to
generate implementations accordingly as explained in Section 5.4.2. Based on the
theoretical evaluation in Section 5.4.3, the third RGQ can be positively confirmed with
SOIL, the SOIL Workbench, and the SOIL Editor as primary artifacts of the design cycle
with regard to RGQ 3 (see Figure 5.9).

Textual 
representation

Visual 
representation

Artifact 3.1 Sensor Interfacing Language & Workbench
Grammar, Parser, Validator & Generator

Artifact 3.2 SOIL Editor

1 @prefix quantitykind: <http://qudt.org/vocab/quantitykind/> ;

2 @prefix unit: <http://qudt.org/vocab/unit/> ;

3 import utils ;

4

5 variable Time {

6     name : "Time"

7     description : "Current system time."

8     datatype : time

9     dimension : []

10 }

11

12 variable Position defines <quantitykind:CartesianCoordinate> {

13    name : "Position"

14    description : "Most recently dispatched measured position."

15    datatype : float

16    range : (-50, 50)

Figure 5.9: The first research artifact of the third research guiding question are the SensorInterfacing Language, namely its syntax and semantics, and the implemented software tool, theSOIL Workbench, for validating a SOIL model and translating it into source code. The second
artifact is the SOIL Web Editor complementing the SOIL Workbench with a user-friendly UI for
the textual and visual definition of SOIL models.

This answer finalizes the investigation of all three RGQs. While all three have been positively
confirmed based on a preliminary qualitative evaluation, the implementation of the complete
framework and the verification and validation are yet to be done and described in the following
Chapter 6.
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6Implementation and validation in a
close-to-industry scenario

The implementation and validation of all methods developed in Chapters 3 to 5 is executed
following the V-Model [Rook86], shown in Figure 6.1. The research on the RGQ described in
the Chapters 3 to 5 form the requirements, design, and development phases of the left, down-
stream side of the V-Model. The implementation and unit tests of SOIL in Sections 5.4.2 to 5.4.3
initialized the right, upstream side of the V-Model verifying and validating the correctness of all
artifacts of the down-stream side. In this chapter, three industrially used measuring systems
are described and implemented as FAIR Sensor Service to demonstrate the applicability of
SOIL. The integration tests are performed by implementing the FAIR Sensor Services andFAIR Sensor Ecosystem and using the SOIL in a machine tool calibration use case. Finally, the
acceptance test is conducted in Section 6.4 by qualitative and quantitative evaluations of theFAIRness of the data acquired with the FAIR Sensor Services of the three simulated measuring
systems described in Section 4.4.

Requirements

FAIRness criteria

Acceptance Tests

FAIRness assessment 

Framework

Sensor structure & model
Contextualization model

Modules

Sensor Interfacing Language
Software Architecture

Unit Tests

Unit tests for testing correctness & 
modeling and generation tests
with simulated measuring systems

Integration Tests

Modeling, generation & acquisition 
tests with real measuring systems

Verification

Verification

Validation
Ch. 3

Ch. 4

Ch. 5 & 6

Sec. 5.4
Sec. 6.2

Sec. 5.4.3

Sec. 6.2.4 & 6.3

Sec. 6.4

Sec. 4.2
Sec. 4.3

Implementation

SOIL Workbench & Editor
FAIR Sensor Service
FAIR Sensor Ecosystem

Sec. 5.4.2
Sec. 6.2.2
Sec. 6.2.3

Sec. 3.2

Figure 6.1: The prototypical implementation and its validation of the methods and the framework
developed in this thesis is based on the V-Model [Rook86] consisting of three individual steps.
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6.1 Description of the close-to-industry validation
scenario
The suitability and effectiveness of the developed data models, SOIL, and the implemented
software tools are validated in a close-to-industry scenario. The laboratory of WZL possesses
state-of-the-art and industrially used LSM equipment that is very well suited to validate the
developed artifacts. Three-dimensional measuring systems for acquiring cartesian coordinates
have been implemented as FAIR Sensor Services using SOIL and the implemented libraries:
(i) an API Radian™ laser tracker, (ii) a Leitz PMM-C Precision™ coordinate-measuring machine,
encapsulated by an I++ DME interface, and (iii) an OptiTrack™ photogrammetry-based motion
capture system.The combination of these three measuring systems covers the whole range of
measurement accuracy and range of LSM-systems (cf. Figure 6.2). The definition of a SOIL
model and the development of FAIR Sensor Services for these three measuring systems will
reveal the applicability of the overall approach.

CMM
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Figure 6.2: Overview over the measuring range and accuracy of LSM measuring systems adopted from
Cuypers et al. [Cuyp09]. The three systems used to validate this thesis cover the spectrum in both
dimensions, measuring range and accuracy.

API Radian™ laser tracker

A laser tracker is a device used to measure the position of special targets, so-called Spherically
Mounted Retroreflectors (SMRs). Generally, laser trackers have outstanding measurement
precision and a high working volume of up to 100 metres [Cuyp09]. The measurement
uncertainty is usually smaller than 0.5 mm in the complete working volume. But, it is not
possible to track two or more points simultaneously with one tracker [Wang11]. Typical
fields of application for laser trackers are robot calibration and the assisted assembly of
large products like airplanes, ships, or cars. The WZL possesses two API Radian™ 3, having
20 and 40 meters measuring radius, respectively, and one Hexagon AT960 with 40 meters
measuring radius. To validate the developed tools, a FAIR Sensor Service of an API Radian™
3 is implemented by extending the software artifacts provided by Montavon [Mont21]. The
simulated FAIR Sensor Service of a laser tracker (cf. Section 4.4) implemented in Python
(cf. Appendix D) is based on the implementation of an API Radian™ 3 in C++ by Montavon
[Mont21]. Key features of SOIL stressed by the implementation of the laser tracker are
dynamic components, update streams of measurements, and events in case the base station
loses line of sight to the mobile target.
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OptiTrack™ motion capture system

In recent years, motion capture systems (MCSs) have gained notable attraction for determining
and tracking the position, orientation, and movements of assets or humans. Typical use cases
are animations in movie production or game development and the tracking of drones or mobile
robots. For tracking objects like mobile robots, multiple markers are attached to the robot
and then grouped into a rigid body so that the position and orientation of the robot can
be determined with high reliability. The laboratory of WZL is equipped with an OptiTrack™
MCS consisting of 38 Primex41 cameras covering a volume of ca. 25×15×8 m (L×W×H) for
tracking mobile robots. The OptiTrack™ MCS is implemented as FAIR Sensor Service. The
high data rate of the system and the wide variety of measurements and parameters of the
system are well suited to test the modularity and flexibility of modeling using SOIL. Rigid
bodies might be added and removed dynamically at runtime if the system regularly loses and
restores the line of sight to the ridig bodies.

Leitz PMM-C Precision™ coordinate-measuring machine

Coordinate-measuring machines (CMMs) are standard equipment for the quality inspection of
manufactured parts with very low tolerances in the micro- and nano-meter range. In contrast
to the laser tracker and MCS, a CMM runs part-specific measuring routines, which require
knowledge of the nominal shape of the part and individual configuration and parametrization to
determine deviations from the nominal shape. Environmental conditions such as temperature,
humidity, and pressure must be quasi-static and stable to achieve the high accuracy required.
The WZL has an industry-grade K1 measurement room with a Leitz PMM-C Precision™. The
device is equipped with an I++ DME interface. The command-based interface has been
realized as SOIL model that makes use of functions with varying arguments and returns
by encapsulating the I++ DME interface of the machine by a FAIR Sensor Service based on
SOIL.

6.2 Implementation of the software artifacts and
verification of their functionality

This section describes the implementation of all the software required to provide the FAIRSensor Service of the three presented measuring systems and the FAIR Sensor Ecosystem.
Moreover, the integration tests are executed as a combination of (i) the definition of the SOIL
models of the three simulated and three real measuring systems, translation into full semantic
data models, and implementation of their hardware layers, (ii) the development of the FAIRSensor Ecosystem as the realization of the contextualization model, (iii) the data acquisition
using the FAIR Sensor Services and ingestion into the FAIR Sensor Ecosystem. The major
implemented software artifacts are depicted in Figure 6.3. The software libraries providing
the communication interface of the FAIR Sensor Service via HTTP, MQTT, and OPC UA have
been developed. Based on these and the SOIL modeling framework for the model definition
and software generation presented in Section 5.4.2, the six FAIR Sensor Services have been
implemented.
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Figure 6.3: The major software artifacts developed during research and their relations. Evaluation
scripts and discarded intermediate software are excluded. The C++ Unified Device Interface imple-
mented by Montavon [Mont21] has been reused, and the interface of the API Radian™ laser tracker by
Montavon [Mont21] has been re-generated for validation purposes.
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6.2.1 System and service architecture
The foundation of implementing all software tools is the architecture of the FAIR Sensor Infras-tructure mirroring the FAIR DLC depicted in Figure 6.4. Each step of the FAIR DLC is realized
by a dedicated layer of the FAIR Sensor Infrastructure, such that the step-specific issues
and tasks can be tackled individually following the separation-of-concerns principle [Hürs95].
The data produced by the FAIR Sensor Service is transmitted to the FAIR Sensor Ecosystem
via a message broker and might be directly used by short-term applications, e.g., process
control or quality inspections, prior to validation and storage. Long-term applications such
as recyclability assessments, job scheduling, or global process optimization access the data
persisted in the FAIR Sensor Ecosystem via an API. The architecture of the infrastructure forFAIR manufacturing sensor data can be mapped to the Reference Architecture Model Industry
4.0 (RAMI 4.0) [Adol15] and covers almost all layers and hierarchy levels of the production
step of the life-cycle and value stream as shown in Figure G.1.

FAIR Sensor Ecosystem

FAIR Sensor Service

Message 
Broker

Long-term 
Applications

Short-term 
Applications

Data acquisition

Metadata accumulation

Data distribution 

Storage
Long-term 

usage

Contextualization

Short-term 
usage

Database Layer

Contextualization Middleware

Network Interface

Sensor Implementation

FAIRification Layer

L3

L2

L1

L4

L5

Life Cycle of FAIR manufacturing sensor data FAIR Sensor Infrastructure

Section 6.2.2

Section 6.2.3

Figure 6.4: The system architecture of the FAIR Sensor Infrastructure on the right mirrors the FAIR DLC
(cf. Figure 3.4) on the left and shows the interplay between the FAIR Sensor Services and the FAIRSensor Ecosystem.

6.2.2 Software libraries of the FAIR Sensor Service
Following the approach of generating generalizable components of the FAIR Sensor Service,
the communication layer is implemented as a software library, which is imported into an
implemented service. For Python, the author implemented the Python Unified Device Interface
(PUDI) [Bode24b]. The central component of the library is a RESTful HTTP server, which
provides a resource for every Element of a SOIL model. Given the implementation of a
measuring system based on the templates and class structure generated from a SOIL model
via the SOIL Workbench, the resources of the REST-API are extracted from the serialized
model description and inflated by a mapping of each endpoint to a dedicated method of the
classes of the sensor implementation. Figure 6.5 shows the structure of the PUDI library. The
advantage of this design and implementation is the separation between the HTTP server and
MQTT-Publisher and the underlying internal system logic. As long as the internal sensor logic
is based on a SOIL model, the PUDI library can be used without restrictions. Furthermore, by
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outsourcing the MQTT publisher to an extra Python library, the protocol and its implementation
for publishing can be changed without adapting the remaining components of the FAIR SensorService. Moreover, by including several different communication protocols in PUDI C4 System
heterogeneity can be solved effectively.

End point mapping
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Figure 6.5: The software architecture of the Python Unified Device Interface [Bode22a]. The software
framework implements the communication interface and the FAIRification layer of the FAIR SensorService. Due to the standardized endpoint mapping, the library offers communication protocols, which
can be easily replaced. Whereas the Stream Scheduler and HTTP Server are central components of
the library, the internal sensor logic is implemented by the sensor expert based on the implementation
templates generated with the SOIL Workbench. The MQTT library is is implemented separately.

Using PUDI the FAIR Sensor Service can provide the system’s (meta-)data represented as
syntactic data structure according to the meta structure developed in Section 4.2.1 and as
semantic data model according the the metamodel developed in Section 4.2.3. By default,
the endpoint of each Element returns the data structure serialized to JSON. All responses
of the FAIR Sensor Service can be parametrized using query strings [Bern05] to configure
the representation and data format of the system’s (meta-)data. Using format=xml, the data
is returned after serialization to XML. Moreover, the semantic data model can be requested
via semantic=metadata and the corresponding MP using semantic=profile. The two query
parameters can be combined to retrieve the RDF node graph of the semantic representation
in the desired format, either JSON-LD, XML or Turtle. These endpoints provide the first part ofFAIRification layer. The second part is implemented by adding additional endpoints to resolve
the identifiers of the nodes of the semantic data model. The resolution depends on the system-
specific MPs and static metadata set of the device. Due to security reasons, only the simulated
measuring systems have been deployed on central servers and are openly accessible. By
registering a namespace for each simulated measuring system individually at https://purl.
archive.org/ the globally unique and persistent identifiers of the endpoints to the semantic
(meta-)data models can be used to query the semantic data. The endpoints are redundant to
the default endpoints parametrized either with semantic=metadata or semantic=profile, if
the metadata set or the MP is requested, respectively.

Based on these libraries the simulated measuring systems and the I++ DME server of the
PMM-C Precision™ have been implemented as FAIR Sensor Service. The software of all three
simulated measuring systems is openly accessible at Zenodo [Bode24c]. The source code of
the FAIR Sensor Service of the PMM-C Precision™ interacts with a closed-source reference
implementation of I++ DME and can therefore not be published. Nevertheless, the SOIL model
based on I++ DME is listed in Appendix E.
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6.2.3 Implementation of the FAIR Sensor Ecosystem
The implementation of the FAIR Sensor Ecosystem is completely based on open-source
technologies and libraries. The system is implemented in TypeScript and translated into
JavaScript so NodeJS libraries can be used without restrictions. As shown in Figure 6.6, the
architecture consists of four software components.
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Figure 6.6: Architecture of the FAIR Sensor Ecosystem for processing and storing measurement data
according to the contextualization model defined in Section 4.3. While the assets and their relations
are manually created via the API, measurement data is automatically received from a message broker.
If the incoming data packages are compliant with schemata of registered assets, the data is persisted
in the database.

According to criterion CI.4 Consistency, data ingested into the FAIR Sensor Ecosystem
must be validated against defined schemata or metadata profiles. Storage in the persistent
database includes updates of links and references between related resources. The ecosystem
provides endpoints for creating and maintaining the relationships between modeled assets,
data, and metadata schemata via an API. The API provides endpoints for creating virtual
assets, representing real-life assets such as machines or sensors, relations between them,
and metainformation about the assets according to the contextualization model presented in
Section 4.3. The relations and metainformation can further be updated via the API according
to CA.5 Versioning and CI.5 Linked Data. Furthermore, schemata for data and metadata, such
as provided by the FAIR Sensor Services, can be registered as required by CI.4 Consistency,
which are used to validate incoming data and metadata via the Schema Validation Service. To
fulfill CA.5 Versioning, the API does not offer an endpoint to delete data. The API is realized
via a REST API using the HTTP protocol, enriched by the HTTP Memento protocol [vdSomp09]
to provide the time-based filtering technique. Measurement data is exchanged in JSON format
and sent via the MQTT protocol. JSON is fully compatible with JSON-LD used to define and
describe the context of the data and the type schemata.

Measurement data sent from FAIR Sensor Services via a publish/subscribe protocol is handled
by the Ingestion Service. According to the stored contextualization model, specified topics are
subscribed by the Ingestion Service, which thereby receives corresponding data. The data
is checked for the validity of its type against the MPs for FAIR manufacturing sensor data
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defined in Section 4.2.3 via the Schema Validation Service and rejected if the type is invalid.
Otherwise, the data is stored in the Database (following F4) and linked to the currently valid
metainformation of the assets that produced the data.

To achieve scalability, the ingestion service has been split into three subcomponents: ingress,
buffering, and ingestion. By that, incoming measurement data can be validated, even if the
amount of data is very high. For that, RabittMQ [Broa24] has been used, as the quality
of service feature of RabbitMQ ensures that no data buffered is lost. This way, potential
bottlenecks in the validation of incoming data and writing accepted data to the database
can be mitigated. The influence of the latter should have been further reduced by using
PostgreSQL with the TimescaleDB extension, which splits the table into smaller chunks, so-
called hypertables. However, hypertables do not support foreign keys [Vujc18], which conflicts
with the contextualization models that require a foreign key from Measurement to the other
data points. Thus, the TimeScaleDB extension has not been used, which theoretically reduces
the insertion rate of the database if the table contains large amounts of data [Booz24]. The
data model is implemented using TypeORM1, which integrates well with the other tools used
and reduces implementation and maintenance effort due to its easy-to-use API. To deal with
multiple unrelated object trees in the database, a hidden root node is introduced, which can
not be queried but serves as the parent node for all assets that do not have a parent.

According to CF.2 Searchability, searching and filtering the database by any field in the data
model and the stored metadata must be possible. This allows users to retrieve the data by
setting the context in which the data was created. This context can primarily be described by
specifying an interval in the past during which the data was produced, the types of the data
itself, and the related metadata and values of attributes of related assets. So, the following
filtering techniques capable of utilizing a multitude of filter arguments are introduced:

Date Filtering To retrieve data and metadata of a certain interval, two arguments can be
supplied. If the argument from is used, only data that is younger than the specified date
is returned. If the argument to is given, only data that is older than the specified date is
returned.

Associated Type Filtering This technique allows filtering data by a given metadata or value
type. Furthermore, it allows retrieving all measurement values that are associated with
specific component information or produced by a specific component.

Custom Filter Expressions The ecosystem has to support filtering by any arbitrary attribute
or field of the model and of the stored metadata. Thus, it must enable users to write
custom filtering expressions, which address the a priori unknown properties of the
metadata stored. Otherwise, these fields are neither filterable nor searchable.

All data in the database is stored in JSONB. Thus Structured Query Language (SQL) operators
and functions, both defined in ISO/IEC 19075-6:2021 [ISO21], are utilized to implement
the Associated Type Filtering and Custom Filter Expressions. Non-functional but essential
system features regarding the FAIR Guiding Principles are the usage of standardized, open
communication protocols and data formats, as required by guideline A1.1. In addition, the
metainformation must use publicly defined terms following guideline I2.

1https://typeorm.io/
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6.2.4 Integration test

For the integration test of the FAIR Sensor Services and the FAIR Sensor Ecosystem, the
implemented prototype has been integrated into the IIoT infrastructure of the chair (see Fig-
ure 6.7). The measurements produced by measuring systems are represented and distributed
according to the syntactic data structure developed in Section 4.2.1. For ingestion in the
implemented FAIR Sensor Ecosystem, the definitions of measurements according to SOIL are
mapped to TypeDefinitions of the contextualization models. The test setup consisted of the
API Radian™ 3 laser tracker producing high-frequency position data of multiple targets mea-
sured and attached to several machines or parts. By that, the setup and configuration were
modified between different measurement runs. Additionally, environmental data collected by
multiple different sensors have been included in the test. To approve the system design and
implementation concerning the FAIRness criteria defined in Section 3.2.2, four steps have
been taken: (i) ingestion of valid real data, (ii) ingestion of real data modified to be invalid,
(iii) retrieval of data using the custom filter functions, (iv) reconstruction of the setup and
configuration at a given point in time. The technical validation was carried out successfully
and showed that the concept and the implementation worked as desired. The high-frequency
data could be ingested without data loss, and invalid data was rejected without exceptions.
Moreover, all different setups and configurations could be fully reconstructed. At the time of
writing, the Schema Validation Service has only been implemented for checking the confor-
mance with data sent in the JSON format and represented according to the data structure of
Section 4.2.1 based on JSON schemata. Nevertheless, the validation of fully semantic data
using MPSs has been tested separately and does also work [Bode24d] [Bode24f]. From that,
it can be concluded that a technical integration will yield the desired functionality.
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Figure 6.7: Conceptual depiction of the IIoT infrastructure at WZL in which the FAIR Sensor Services
and the FAIR Sensor Ecosystem have been deployed for the integration tests. Figure adapted from
Montavon and Bodenbenner [Mont23].

In a separate integration test, the compliance of the semantic data provided by the FAIRSensor Services with the MPs of the semantic sensor data model has been verified. The correct
generation of the MPs and full semantic data models based on device-specific SOIL models
is verified via SHACL validation. Compliance with the MPs of the generated metadata has
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been validated by retrieving each measuring system’s complete metadata set, requesting all
endpoints of the FAIR Sensor Service, and merging the retrieved files into a complete graph.
Then, the full MP defined is retrieved from the web at https://purl.org/soil/ to mirror an
actual application of the MP. Based on the MP, the metadata graphs of all three systems down-
loaded before are validated using the pySHACL [Somm23] library. All metadata were validated
successfully. The source code for validation and the results are openly accessible [Bode24c;
Bode24d].

Consequently, the integration test verifies the correct functionality of the envisaged behavior
and features of the FAIR Sensor Service, FAIR Sensor Ecosystem, and the overall infrastructure.
Although the validation via the MPs has been conducted separately, integration into the FAIRSensor Ecosystem can be expected to be successful based on the achieved results. In the
second phase, the integration tests are concluded by applying SOIL and the FAIR SensorService in another active research activity described in the next section.

6.3 Validation of applicability and demonstration in an
industrial use-case
The data structure and SOIL form the base for a data infrastructure at the WZL, which
streamlines the data acquisition, (pre-)processing, storage, and visualization based on the
standardized and interoperable data description and transmission. The infrastructure depicted
in Figure 6.8 implements three individual FAIR Sensor Services and a simplified version of theFAIR Sensor Ecosystem based on a time-series database. The contextualization is implemented
by the MQTT2Influx-Bridge [Sand23a] that does not provide full contextualization but validates
the compliance of incoming messages with the syntactic data structure (cf. Section 4.2.1)
and stores all valid messages in an automatically configured InfluxDB. All components of
the FAIR Sensor Ecosystem and the web-based dashboards for data visualization have been
containerized, deployed, and accessibly hosted on servers at WZL.

Colleagues of the author are using this infrastructure to speed up the configuration and
deployment of experiments. One example is the validation of the calibration research andVirtual Climatization [Emon21] of machine tools to compensate for thermally induced errors
of machine tools without active cooling. For that, the condition of the machine tool must
be monitored closely using a system of distributed temperature sensors, which are used to
predict the deviation of the machine tool’s structure depending on the current temperatures.
The training and validation of this prediction and compensation rely on heterogeneous data,
such as the nominal position of the tool center point provided by the machine tool and
its actual position measured with a laser tracker. In addition, frequent adaptions of the
experimental setup, shown in Figure 6.9, are required [Sand23b]. These activities profit from
the standardized data representation and automated data documentation as data can also
be easily (re-)used later by other researchers than the original experimentalist. Moreover,
the streamlined infrastructure and software architectures ease the development of data
processing and evaluation tools for machine tool calibration and thermal compensation. The
implemented libraries and infrastructure have already been reused by other colleagues and in
the work for Bachelor and Master theses, which significantly simplified the implementation
and deployment effort of new measuring systems.
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Figure 6.8: The data infrastructure for the streamlined acquisition, (pre-)processing, and visualization
of the experimental measurement data. All data sources have SOIL based interfaces and publish the ac-
quired data via MQTT. A small middleware implemented in Python, the MQTT2Influx-Bridge [Sand23a],
validates the data packages and stores it in automatically configured time series databases. A connec-
tion to Coscine [Lang24] for persistent data archiving is planned.

Figure 6.9: The experimental setup for validation of the Virtual Climatization of machine tools consisting
of a machine tool, a laser tracker, and multiple hidden temperature sensors. All systems are equipped
with a SOIL compliant interface and provide the data via MQTT (cf. Figure 6.8).
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6.4 Evaluation of the FAIRness of the acquired data
The acceptance test of the developed methods is done by assessing the FAIRness of the
manufacturing sensor data acquired by the implemented simulated FAIR Sensor Service,
described in Section 5.4.3 and Section 6.2 respectively. The acceptance test is executed in
two steps. First, a qualitative evaluation is done by a manual check and justification, if the
developed methods and implemented artifacts fulfill the FAIRness criteria specified in Chap-
ter 3. Second, the FAIRness of the acquired manufacturing sensor data is determined usingFAIRness assessment tools and metrics. The assessments are carried out with automated
assessment tools only to achieve an objective evaluation.

6.4.1 Qualitative evaluation of the compliance with the FAIRness
criteria
The qualitative evaluation of the compliance of the implemented software artifacts with the
defined FAIRness criteria is required to reflect if the methods and software are adequately
developed. Moreover, it will reveal if the FAIRness criteria are implementable. The evaluation
is based on an ordinal scale with five levels visualized by Harvey balls. The individual levels
are defined as follows:

The criterion is not considered at all. The described methods and developed tools do not
cover the requirements formulated by this criterion.

The criterion is only theoretically considered or partially realized in the author’s data
models and software artifacts but not implemented. Moreover, additional research must
be conducted to develop methods required for full implementation.

The criterion is only theoretically considered in the author’s data models and software
artifacts but not implemented. But in contrast to , all required methods exist already,
i.e., the implementation can be done using pre-existing libraries or tools.

The criterion is fully considered, but there are minor deficits either in the validation
or implementation or aspects that are out of the author’s control. For example, if the
complete fulfillment of the criterion also depends on developers’ decisions of device-
specific SOIL models, that can not be reliably influenced by the tools implemented by the
author.

The criterion is fully considered and implemented in the models and software artifacts.
The author’s solution sufficiently implements the criterion completely.

The described scale is not quantifiable, i.e., a Harvey ball that is three-quarters full does not
mean that the criterion is 75% fulfilled or implemented. Table 6.1 contains the qualitative
evaluation by the author according to the described procedure. The rating for each criterion is
briefly justified. According to the author’s evaluation, only two criteria have more significant
deficits in the implementation. The implementation of CA.4 Authorization and authentication
can be solved using ready-to-use features of the adopted protocols. Implementing this
does not yield novel scientific insights and has therefore been excluded from the scope of
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Table 6.1: The qualitative evaluation of whether the developed models and tools (cf. Chapters 4 to 6)
sufficiently address the defined FAIRness criteria defined in Section 3.2.2.

Criteria Justification

CF.1

The proposed metamodels represent the manufacturing sensor (meta-)data in a stan-
dardized way. The developed solutions do not restrict which controlled terms can be
used, how many elements can be defined in a SOIL model, and how many components
can be related in the contextualization model.

CF.2
The FAIR Sensor Ecosystem allows to filter the stored data by all fields of the contextual-
ization model. The searchability could be improved by implementing a graph database
instead of a relational one and using the device-specific MPs as search filters.

Fi
nd

ab
ili

ty

CF.3 The unique identification of the persisted FAIR manufacturing sensor data is decoupled
from the content, configurations, and relations and thus fulfilled.

CA.1 All implemented artifacts are based on standardized and open communication protocols
already used in the manufacturing domain.

CA.2 Based on the protocol-agnostic data models and SOIL, the generation of multiple
different communication interfaces (HTTP, MQTT, OPC UA) has been demonstrated.

CA.3 The definition of the data models and IDL is independent of the communication protocol,
which can be freely chosen while maintaining the same data description.

CA.4

Authentication and authorization procedures have not been implemented within the
research for the thesis. However, the used protocols either directly allow the inclusion of
such or specific implementations of the protocols, which allow defining authentication
and authorization mechanisms.

Ac
ce

ss
ib

ili
ty

CA.5

While the FAIR Sensor Service does not implement versioning within the CPMS and
keeps the most recent configuration only, the FAIR Sensor Ecosystem implements the
versioning of all ingested data and never deletes any of the data, which also includes
the configuration of the deployed FAIR Sensor Service.

CI.1
The full semantic sensor data model realized as MPs and the contextualization model
are based completely on controlled terminology. Controlled terminology is technically
enforced by validating all ingested measurement data for compliance with the MPs.

CI.2 The implemented FAIR Sensor Service and FAIR Sensor Ecosystem provide data in open
and standardized data formats, namely JSON, XML, and Turtle.

CI.3
The data models defined in Chapter 4 provide the required common and accessible
information model. The compatibility to industrially used models has been validated
for OPC UA.

CI.4
The modeling consistency is facilitated by the modularity and reusability features of
SOIL and the usage of controlled terminology. However, it can never be fully ensured
that two independent developers will always define consistent models.

In
te

ro
pe

ra
bi

lit
y

CI.5
The semantic sensor model enables linking the manufacturing sensor data to related
assets via the contextualization model. A full validation of the seamless interplay of
both models and implemented systems is yet to be done.

CF.1

All controlled terms used within the defined metamodels and structures are domain-
agnostic or originate from the manufacturing domain. However, the suitability of
controlled terms used in device-specific SOIL models can not be enforced. Moreover,
the manufacturing domain largely lacks machine-actionably defined terminology.

CR.2 The contextualization model ensures the measurement data can be linked to all related
entities of the application’s context.

CR.3
The measurement uncertainty is a mandatory attribute of all acquired data. In case it
can not be quantified and provided by the measuring system, it is explicitly stated. The
physical unit and quantity of the measurement are mandatory attributes.

Re
us

ab
ili

ty

CR.4 All data and metadata provided by a FAIR Sensor Service includes the machine-
actionable specification of the usage license.
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the research (cf. Section 1.4). Using appropriate, domain-specific controlled terminology
as required by criterion CR.1 Domain-Specific Terms can not be guaranteed based on the
methods and tools developed in this thesis. The data models and SOIL facilitate the usage of
these controlled terms, but enforcing proper usage lacks available controlled terminology
and methods to automatically and objectively assess the suitability of a specific term. Thus,
to fulfill criterion CR.1 Domain-Specific Terms, additional scientific work is required, which
is briefly anticipated in Section 7.3. Nevertheless, 15 of the 17 criteria are almost fully
addressed by the developed methods and implemented tools, and eleven were rated with the
highest score. Thus, the artifacts created in the Chapters 4 to 6 almost entirely and therefore
satisfactorily address and fulfill the FAIRness criteria defined in Chapter 3.

6.4.2 Quantitative evaluation using automated FAIRness assessment
tools

The assessment of the FAIRness of the manufacturing sensor data acquired with the imple-
mented FAIR Sensor Services is based on quantifiable metrics. This enables an objective,
automatically determinable FAIRness score so that a potential bias of a manual evaluation
can be avoided. Besides the FAIRness of the data itself, the quantitative assessment also
yields an estimation if the FAIRness criteria defined in Chapter 3 are appropriate and sufficient.
If the FAIRness assessments reveal good results and high scores, the FAIRness criteria are
well-defined. Suppose the FAIRness assessments reveal bad results and low scores. In that
case, it must be analyzed whether the gaps between the implementation and the criteria (cf.
Section 6.4.1) or deficits of the criteria itself are the cause of the low scores.

FAIRness assessment tools

The evaluation of the FAIRness of the (meta-)data and the MPs provided by the FAIR SensorServices is executed using available FAIRness assessment tools. Based on the review of Sun
et al. [Sun22] and Peters-von Gehlen et al. [Pete22], six FAIRness assessment tools have
been considered for the evaluation. The functionality, advantages, and disadvantages of
each tool have been reviewed based on available literature and summarized below. Although
all developers state their tool as a work in progress, the FAIRness metrics and procedure
provided so far will yield a first assessment of the actual FAIRness of the data acquired and
produced with the FAIR Sensor Services. The metrics implemented in the tools differ regarding
coverage of the FAIR Guiding Principles and the scale on which the individual metrics are
quantified.

F-UJI [Deva21] is based on the FAIRsFAIR Metrics [Deva22] described in Section 3.2.1. The
automated FAIRness assessment with F-UJI can either be executed using the publicly
hosted web tool2 and API or with a self-hosted version based on the source code
provided as Docker container [Deva23]. By providing a valid persistent identifier, such
as a PURL or Digital Object Identifier (DOI), F-UJI assesses the FAIRness of the digital
object identified. It queries the digital object but also harvests external resources such
as generic and domain-specific repositories for the identifier [Pete22].

2https://www.f-uji.net/index.php?action=test

110 Chapter 6 Implementation and validation in a close-to-industry scenario

https://www.f-uji.net/index.php?action=test


FAIR Checker [Gaig23] assesses the FAIRness of digital objects based on the FAIR Metrics
Framework defined by Wilkinson et al. [Wilk19b]. The tool offers a user-friendly web-
based UI and an API for automating the FAIRness assessments. The results are returned
in the JSON-LD format.

FAIR Evaluation Services [Wilk19b] are developed by Wilkinson et al. and provided as web
service3. For automatically assessing the FAIRness of a digital object, its persistent
identifier, a title for the evaluation, and the unique identifier of the evaluator must be
provided. This ensures that the results are openly retrievable to increase transparency.
The FAIR Evaluation Services provides multiple metrics and frameworks for assessing
the FAIRness. Users can also add their own metrics and criteria. The developers of theFAIR Evaluation Services integrated the metrics of the FAIR Metrics Framework [Wilk19a]
into the web service. All metrics are evaluated on a binary yes/no scale.

FAIRshake [Clar19] is a web tool for semi-automated FAIRness assessment. It follows the
same approach as the FAIR Evaluation Services. Users can add their own FAIRness
criteria and metrics, and the results of an assessment are stored and openly accessible.
The upload of FAIRness metrics created by the community enables the development and
usage of domain-specific metrics. The assessment of the FAIRness of data is executed
based on their persistent identifiers organized in projects to group related data sets.
The developers themself provided the FAIRshake Metrics for assessing the FAIRness
of datasets, repositories, and tools (cf. Section 3.2.1). The dataset rubric4 ranks the
fulfillment of a metric on a four-step scale (0%, 25%, 75%, 100%).

FAIR enough [Emon24] works similar to the FAIR Evaluation Services and FAIRshake. Metrics
and test suites can be registered, and the FAIRness of digital objects can be assessed.
The results are automatically shared with other users. However, only four predefined
collections of several metrics can be used to evaluate the FAIRness of a digital resource.
All collections are directly based on the FAIR Metrics Framework by Wilkinson et al.
[Wilk18a]. FAIR enough offers a web-based UI, a accessible API and a Docker image for
automated self-hosted local FAIRness assessment.

FAIRware Workbench [Muse22] follows a different approach. Based on generalized tem-
plates instantiated for a specific digital resource, the FAIRness of this resource can be
assessed. The FAIRware Workbench is embedded into the CEDAR platform. Although
the automated FAIRness evaluation is possible via an API, creating the CEDAR template
before the evaluation requires high effort and is counter-intuitive. This significantly
reduces the usability of the tool. But, the FAIRware Workbench provides additional
insights to users and gives suggestions on how the FAIRness of the assessed data set
or digital object can be increased [Muse22].

The authors and developers of the assessment tools used disclaim that their tools are early
versions and under active development, so the assessments should be used and evaluated
cautiously. Nevertheless, following the reviews by Peters-von Gehlen et al. [Pete22] and Sun et
al. [Sun22], these are the most sophisticated ones that allow for automatic and computational
evaluation at the time of writing and, thus, are the only frameworks that guarantee a reliable
and objective evaluation.

3https://fairsharing.github.io/FAIR-Evaluator-FrontEnd/
4https://fairshake.cloud/rubric/8/
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The input is always a publicly accessible, persistent, and globally unique identifier. Due to
security and privacy concerns, only the interfaces of the Dummies could be made publicly
available. So, the assessment is only executed for these three FAIR Sensor Services. However,
the kind of the FAIR Sensor Service (simulated vs. real) does not influence the data model
and format. Therefore, the assessment yields generalizable results that cover all FAIR SensorServices implemented. The author tested the six tools presented for automated FAIRness
assessment of the manufacturing sensor data produced by the implemented FAIR SensorServices. Only the three tools FAIR enough, F-UJI, and FAIR Checker turned out to be usable.
The other tools did not respond, raised internal server errors, or required effortful preparation,
which is only sparsely documented. As FAIR enough offers three collections of metrics for
evaluation, all three have been used to acquire a detailed assessment. However, the tests of
the collection fair-evaluator-maturity-indicators implementing the FAIR Metrics Framework
seem to be implemented incorrectly by the developers because all metrics analyzing the
data set retrieved under the requested identifier raise a parsing error. Thus, this collection
has been excluded from the evaluation. Nevertheless, the FAIR Metrics Framework are also
implemented in FAIR Checker and are therefore also used for the FAIRness assessment.

Achieved FAIRness scores

A relative score has been computed compared to the maximum possible score for all metrics
to align the scales to a percentage scale. The resulting automatically and computationally
retrieved FAIRness scores are depicted in Figure 6.10. The scores of the individual metrics are
available in the results published online [Bode24d]. As shown in Figure 6.10, FAIR Checker
yields higher FAIRness scores on average compared to the other two tools. The interoperability
score slightly differs, while the accessibility score reveals a significant deviation between the
highest and the lowest score. For findability, all four assessments deviate. For the other threeFAIRness aspects, there are always at least two assessments that yield a comparable score.
Considering the reusability only FAIR Checker strongly deviates. In general, the achieved
score reveals the lowest reusability score, which can be attributed to guideline R1.3. Due
to the nature of this guideline, generic, domain-agnostic FAIRness metrics and tools can
obviously not assess this guideline. In contrast, findability, accessibility, and interoperability
can largely be evaluated using generic metrics and tools.

Reference FAIRness values of other data sets - further considered baseline - have only been
found for the assessment using the FAIR enough framework. The comparison of the averageFAIRness of the baseline data sets and data produced with the FAIR Sensor Services is shown
in Table 6.2. Based on an overall of thousand assessments retrievable, the assessments
using the fair-enough-data collection the metadata and the MPs provided by the FAIR SensorServices yield an absolute increase of the FAIRness score of 13.7%, which corresponds to a
relative improvement of 36.0%, compared to the baseline. Based on the fair-enough-metadatacollection FAIR Sensor Services improve the FAIRness score by 29.4% in total, which is approx
70% higher than the baseline. Publicly available reference values obtained with F-UJI or FAIRChecker could not be found during the studies.

Thus, the results indicate a significant improvement in the FAIRness of the acquired measure-
ment data compared to the baseline and justify the methods and models developed. However,
the low scores, especially on the assessment with F-UJI, also reveal improvement potentials
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Figure 6.10: The FAIRness scores of the FAIR manufacturing sensor data produced by the FAIR SensorService assessed with automated FAIRness assessment tools. The plots show the results obtained
using the three different frameworks and FAIRness metrics: F-UJI [Deva23]; FAIR Checker [Gaig23];FAIR enough, fair-enough-data collection; FAIR enough, fair-enough-metadata collection. The score
depends heavily on the metrics applied and shows promising results for all FAIR Guiding Principles.

Table 6.2: Comparison of the average FAIRness of data acquired and provided by the FAIR SensorServices developed in this thesis and publicly available evaluations of foreign researchers’ data sets
via the FAIR enough framework.

Baseline FAIR Sensor Services
Collection Nr. of datasets Avg. FAIRness Nr. of data points Avg. FAIRness

fair-enough-data 686 38.1% 218 51.8%

fair-enough-metadata 182 42.2% 449 71.6%
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of the author’s solution. According to the FAIRness assessments, the primary deficit of the
novel sensor model is the missing description of the data provenance. Moreover, there is
no explicit link to a dedicated address where the data can be found, and links to external
references are lacking. Following a servitisation approach, only the measurement and system
metadata are provided by the FAIR Sensor Service. The contextualization of the (meta-)data
introducing external links and provenance attribution is done by the FAIR Sensor Ecosystem,
which is aware of the application context of the measuring system [Bode23]. With this contex-
tualization step, the FAIRness of the measurement data is expected to increase even further. A
preliminary evaluation of the FAIRness of data stored in the FAIR Sensor Ecosystem using the
data structure for contextualization shown in Figure C.1 has been executed in previous work of
the author (cf. Bodenbenner et al. [Bode23] and Appendix C). However, a full validation is yet
to be done as the implementation of the full semantic contextualization model is not finished
for the FAIR Sensor Ecosystem. Nevertheless, based on the results of the data contextualized
and stored by FAIR Sensor Ecosystem in the previous study and the scores achieved for the
data acquired by the FAIR Sensor Services developed and implemented in this thesis, it can
be expected that data provided by a FAIR Sensor Service and then contextualized by the FAIRSensor Ecosystem using the semantic contextualization model introduced in Section 4.3 will
achieve even higher FAIRness scores.

6.5 Intermediate summary
The implementation of all software artifacts and their validation according to the V-Model
successfully concludes the Design Cycle of the research activity for this doctoral thesis.
The architecture of the overall infrastructure for producing, managing, and storing FAIRmanufacturing sensor data has been introduced based on the FAIR DLC and implemented
through the FAIR Sensor Services and FAIR Sensor Ecosystem. Six FAIR Sensor Services have
been implemented, of which three are simulated measuring systems, and the other three
are real systems. The implementation is based on open-source libraries and commonly used
programming languages. The open-access publication of all software artifacts facilitates the
awareness and re-use of the developed methods and contributes to the knowledge base.
Therefore, this thesis and the research carried out for it are a salient example of responsible
and sustainable research data management. The integration tests ensured the implemented
software’s correct functionality without any compromises.

Finally, the acceptance test by a qualitative and quantitative evaluation of the FAIRness of
the data acquired with the six FAIR Sensor Services and stored in the FAIR Sensor Ecosystem
revealed outstanding results. The manual, qualitative evaluation in Section 6.4.1 revealed
high coverage and compliance of the developed tools with the defined FAIRness criteria. The
automated, quantitive FAIRness assessment yields remarkable FAIRness scores compared to
state of the art (cf. Table 6.2). Thus, it can be concluded that the defined FAIRness criteria
facilitate the implementation of the FAIR Guiding Principles for manufacturing and that the
developed data models, SOIL and the software tools successfully implement these criteria.
This proves the effectiveness of the developed methods and software tools concerning the
formulated research questions and implementation of the FAIR Guiding Principles within the
scope defined for this thesis (cf. Section 1.3). This leads to the positive confirmation of the
principal research question and the reflection of the research in the next chapter.
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7Discussion of the results, conclusion
and outlook

Based on the conducted research and the developed, implemented, and validated artifacts,
this thesis concludes with an answer to the principal research question. It is analyzed how theSensor Interfacing Language, FAIR Sensor Services, and the FAIR Sensor Ecosystem overcome
the deficits and challenges of industrial data management and the limited value-creation
potential of measurement data in the manufacturing domain. The methods and results of the
research are critically reflected. Lastly, the thesis finishes with an outlook on the subsequent
research potential and open questions.

7.1 Conclusion and response to the principal research
question
This thesis proposed an approach for implementing the FAIR Guiding Principles in the man-
ufacturing domain. Based on the concept of Distributed Sensor Services[Pete20; Berg20,
p. 158-180] this thesis introduced FAIR Sensor Services as the concrete implementation of
cyber-physical measuring systems, providing FAIR manufacturing sensor data, and the SensorInterfacing Language (SOIL) for the streamlined development of FAIR Sensor Services. This
proves that, using domain-specific modeling languages, manufacturing sensor data can be
acquired such that the resulting data sets adhere to the FAIR Guiding Principles, as shown in
Figure 7.1.

R1.2
(meta)data are associated with detailed 
provenance

R1.1
meta(data) are richly described with a 
plurality of accurate and relevant attributes

R1
meta(data) are richly described with a 
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Figure 7.1: Mapping of the qualitative evaluation of the fulfillment of the defined 17 FAIRness criteria
by SOIL, FAIR Sensor Services, and the FAIR Sensor Ecosystem to the FAIR Guiding Principles using
Table 3.2 and Table 6.1. The detailed mapping is shown in Table H.1.
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This positively confirms the principal research question as summarized by Table 7.1. Based
on an abstraction of semantically interoperable data models to simpler data structures, SOIL
has been developed and implemented to generate models for FAIR manufacturing sensordata. The unique feature of SOIL is the usage of controlled and open vocabularies, e.g.,
ontologies, ensuring interoperability and interpretability, combined with the provision of theSOIL Workbench and SOIL Editor, allowing engineers to define simple, abstracted sensor
models. For the latter, the Python Unified Device Interface has been developed as the specific
realization of FAIR Sensor Services.

Table 7.1: Based on the preliminary responses to each individual RGQ in Chapters 3 to 5 and the overall
validation in Chapter 6, the principal research question can be confirmed positvely. The checkmarks
indicate that an effective solution has been found for each individual research question (see Section 3.4,
Section 4.5, Section 5.5, and Section 6.5).

RGQ1 What are the criteria manufacturing sensor data must meet to satisfy the
requirements defined by the FAIR Guiding Principles?

RGQ2 How can manufacturing sensor data be described to be findable and
interpretable in the applications’ context?

RGQ3
How can controlled vocabularies be reused systematically by domain-
specific modeling languages to provision accessible and interoperable
manufacturing sensor data?

PRQ
Can manufacturing sensor data be made FAIR, i.e., findable, accessi-
ble, interoperable, and reusable, by using domain-specific modeling
languages?

Utilizing SOIL, FAIR Sensor Services, and the FAIR Sensor Ecosystem, the four deficits of
industrial data management limiting (re-)use and value-creation potential of manufacturing
sensor data have been successfully addressed as summarized in Figure 7.2. Deficit D3
Absence of specific criteria for FAIR data management has been resolved by formulating
17 specific criteria for FAIR data management. Moreover, the FAIR DLC and the system
architecture derived from that help to implement the FAIR Guiding Principles. The proposal of
a protocol-agnostic, syntactic data structure as the base of SOIL and the developed semantic
sensor data model based on controlled vocabularies provide a method for compensating
for deficit D1 Missing interoperability. Using SOIL, company- and device-specific data
description and transmission approaches are replaced by unified data models and open and
standardized communication protocols and data formats. The usage of MQTT and OPC UA
expedite the industrial applicability of FAIR Sensor Services. The standardized protocols
also facilitate the connection of former isolated data silos into an interconnected Internet
of Production [Schu17], as both the FAIR Sensor Services and the FAIR Sensor Ecosystem
have increased accessibility compared to state-of-the-art solutions. Once authentication
and authorization mechanisms are implemented, the prevailing compartmentalization of data
sources and databases, i.e., deficit D4 Isolated data silos, can be overcome. Lastly, this
work provides the SOIL Editor and SOIL Workbench for allowing the detailed description of
manufacturing sensor data with metadata. Moreover, SOIL lowers the required development
effort and modeling expertise for implementing a FAIR Sensor Service.
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The FAIR Sensor Ecosystem brings the technical possibility to link manufacturing sensor
(meta-)data to (meta-)data of related assets. Using the novel contextualization model and theFAIR Sensor Ecosystem, the provenance of the manufacturing sensor data can be preserved.
Moreover, all data contains licensing information to explicitly allow (or disallow) (re)-use.
However, the FAIR Sensor Ecosystem has been mainly conceptualized but implemented and
validated based on a preliminary data structure only (see Appendix C). Thus, the approach to
solve deficit D2 Poor contextual embedding is only validated for syntactic interoperability
(cf. Definition 2.4). The contextualization model proposed in Section 4.3 still required practical
proof. Furthermore, the challenges associated with operationalizing the developed methods
were overcome by employing MDSE and developing SOIL. In summary, SOIL and FAIR SensorServices (and all related, developed methods and tools) solve the identified deficits. Thus,
the produced FAIR manufacturing sensor data have increased exchange and value creation
potential. Nevertheless, the effectiveness and positive impact of FAIR manufacturing sensordata to the amount of data (re-)use must be demonstrated in industrial practice. It cannot be
conclusively validated and answered in this thesis.
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FAIR data management

• Defined17 specific FAIRness 
criteria 

• Defined FAIR-DLC as reference 
frame for implementation

Isolated data silos

• Protocol-agnostic data 
description
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information are provided 
(measurement uncertainty, …)
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(full implementation remains)

Exchange and value creation potential is increased by FAIR manufacturing sensor data

Figure 7.2: The major deficits of industrial data management as identified in Figure 2.2 have been
addressed by the conducted research and could be largely resolved within the scope of this thesis
specified in Section 1.3. The contextualization model as part of the solution for D2 Poor contextual
embedding, defined in Section 4.3, has not been fully validated while the methods and tools to
compensate for the deficits D1 Missing interoperability, D3 Absence of specific criteria for FAIR data
management, D4 Isolated data silos have been fully implemented and validated

7.2 Critical reflection of the research approach and the
achieved results

All research is subject to finite resources, such as time or available hardware and software,
limiting the achievable. To pro-actively credit for that, the objectives and the scope of this
thesis have been precisely defined based on formal research methodologies. Nevertheless, the
work and results indicated missing ends and room for improvement, although the formulated
research questions could be positively answered and the goals be achieved.
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Limits and deficits of the results and artifacts

A high degree of complexity and effort in the research for this thesis has been induced by
the multitude of features and aspects of the developed models and SOIL and the requirement
to demonstrate the compatibility with and translatability to multiple different data formats
of communication protocols, and programming languages. The continuous development
and improvement of the data models and SOIL cause the need for continuous updates of
all developed tools and artifacts based on these, which applies to all software libraries
developed during the research for this thesis. Many of these activities are repeated execution
and implementation of the same aspects or tasks for different programming languages and
communications protocols. It has been ensured that all features are implemented at least
once in any of the libraries for the FAIR Sensor Service to validate all aspects completely.
Realizing the remaining (advanced) features for all libraries and considered technologies
can be considered implementation only and most likely will not reveal new scientific insights.
The basic features have been implemented in all libraries to validate the scalability and
transferability of the method to other or new communication protocols, data formats, and
programming languages. Table 7.2 shows which features are implemented in which library.

Table 7.2: The matrix shows which implemented library - namely the Python Unified Device Interface
(PUDI) [Bode24b], the C++ Unified Device Interface (CUDI) [Mont21], and the SOIL-based OPC UA
Python library [Ens24] - implements the features and characteristics of which developed method.
As the translation into the different protocols, data formats, and programming languages could be
proven in general, the overall objective is considered to be achieved. The remaining implementation is
a repetition of the things that are already done. Therefore, it can be assumed that this can be done
successfully.
Legend: not implemented, partially included and not automatically generated, partially included,
but automatically generated, full implementation and generation based on an intermediate version
of SOIL, fully implementation and generation based on the current version of SOIL.

Artifact

Features PUDI CUDI OPC UA

Elements

Streams

Events

Semantics

Modifiers

Overriding Context

Another aspect of incompleteness concerns the coverage of the FAIR Guiding Principles
and the defined FAIRness criteria for manufacturing sensor data. The implementation of
the FAIR Guiding Principles for the manufacturing domain cannot be entirely provided by
one dissertation due to the complexity of the topic. While some aspects have been left
out intentionally, such as the legal and security aspects, others have been investigated
in theory but not in practice. The inclusion of licensing and usage metadata has been
technically realized by a dedicated field for the usage license, but it has not been investigated
which licenses are appropriate. Similarly, all implemented communication protocols support
authentication and authorization procedures but have not been implemented in this thesis, as
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they do not yield scientifically relevant new findings. However, both are crucial for industrial
applicability and must, therefore, be addressed and implemented to realize the industrial
application of the results of this thesis. Appropriate controlled terminology is essential for
unambiguously interpreting the acquired manufacturing sensor data. The developed data
and contextualization model and SOIL provide the technical solution to enable developers
with minimal modeling expertise to utilize controlled terminology. However, the selection
of appropriate terms can not be guaranteed. To maintain flexibility and address CF.1 No
Limitations, restricting specific ontologies or vocabularies is unreasonable, which might
lead to inappropriate usage. For example, it can not be ensured that the term used in the
unit actually defines a unit. Furthermore, validating whether a specified prefix and the used
controlled term can be resolved is error-prone because interfaces for providing controlled
terminology are often insufficiently implemented.

From a modeling perspective, simplifications have been made (cf. Section 4.2.3) that are
not strictly compatible with the used ontologies. Although this does not affect the FAIRness
of measurement data, it could cause issues when executing strict semantic reasoning on
the data. However, the proposed models significantly increase the overall FAIRness and the
long-term reusability of measurement data. Thus, the models fully serve the intended purpose
and scope with minor drawbacks only.

Industrial applicability

Despite small gaps to be closed by additional engineering and implementation soon, (as-
pects of) SOIL have already been applied in practice and adopted by others. Göppert et
al. [Göpp23] and Mathews et al. [Math23] adopted an early version of the data structure
defined in Section 4.2.1 to develop an ontology-based Digital Twin Pipeline [Göpp23] for
the streamlined definition and automatic generation of use-case specific DTs. Göppert et al.
[Göpp23] slightly extended the data structure by merging it with key concepts of the AAS,
which also demonstrates the compatibility of the models developed within this thesis with the
AAS. In a similar approach, the data structures have also been applied in multiple subsequent
industrial projects to define the information model for a new and digitalized assembly line
of a German automotive manufacturer.1 Translating SOIL models into OPC UA node sets
and generating an OPC UA server has been demonstrated by a prototypical implementation.
However, the semantic interoperability of OPC UA servers must be ensured by using the node
types pre-defined in the CSs of OPC UA, which is not reflected in a plain SOIL model. Thus,
the industrial applicability of SOIL to develop OPC UA servers requires additional effort to
ensure semantic interoperability (see Section 7.3).

Furthermore, data licensing is not well applicable in an industrial context. Negotiating individ-
ual usage permissions and rights would be more suitable as they provide more fine-grained
control over the data release and (re-)use. Linking SOIL and FAIR Sensor Service with develop-
ments in the area of data spaces, such as the Eclipse Data Space Connector for Gaia-X, could
help here. The structure of SOIL allows the development of an extension of the current syntax
and semantics that would enable the configuration of specific access and reuse regulations
up to individual variables. This configuration would offer more specificity for access and reuse
conditions than the status quo.

1The details are under a non-disclosure agreement and can therefore not be described here.
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Reflection of the research methodology

The conducted research actions have been organized and formalized with Design Science
Research (DSR) [Hevn07]. Starting from an initial idea derived from open questions of previous
work by Montavon (et al.) [Mont19; Mont21], the specific needs of the manufacturing industry
have been investigated, and a prototype of a visual syntax of SOIL has been developed and
published [Bode21b]. With additional studies on the environment, the deficits of industrial data
management have been analyzed and identified in detail. Moreover, a review of related work
and literature from the knowledge base revealed the FAIR Guiding Principles as a promising
approach for solving the identified deficits [Bode21a]. Based on the formulation of the
research objectives and questions, the formal methods, data models, and SOIL have been
iteratively developed and improved in parallel. The timely implementation of roughly sketched
methods helped identify and correct the weaknesses. Intermediate artifacts and solutions
to individual questions have already been published in journals [Bode22a; Bode22b] and
presented at conferences [Bode21a; Bode23; Bode24f] to feed the findings back into the
knowledge base, facilitate the exchange with other researchers and retrieve additional input
to improve the outcome of the research. The software artifacts implementing SOIL, FAIRSensor Services, and the FAIR Sensor Ecosystem have been provided to colleagues within
WZL to promote early usage. Later, the artifacts were published open-access so that the
results were already usable by others before the publication of this thesis, which increases
the FAIRness of the conducted research itself. Thus, DSR framed the conducted research
successfully and positively confirmed the research questions. Moreover, the identified deficits
in industry could be addressed. Following the guidelines for good scientific practice and
research data management, all results and artifacts have been published open-access by
the author (see the data availability statement)2. Thus, this thesis, the related research, and
artifacts can be considered a meta-artifact of exemplary research data management.

7.3 Subsequent research questions and outlook
This thesis only provides a few “puzzle-pieces” to the implementation of the FAIR GuidingPrinciples for manufacturing. The identified core deficits were largely resolved, and all for-
mulated research questions could be answered positively. However, some points have been
left out intentionally to limit the scope of this thesis, and other questions arose during the
author’s research. Four open challenges and needs are briefly presented in the following.

Connectability to industrially employed information models

The translation from SOIL models to an OPC UA information model and the generation of the
server implementation have been implemented and validated successfully in Sections 5.4.2
to 5.4.3. This shows that the development and implementation effort and complexity of an
OPC UA server can be reduced significantly. However, the semantic interoperability of specific
OPC UA information models is provided by the Companion Specifications (CSs). To ensure
that an underlying SOIL model is compliant with CSs, one can define an inverse mapping
to automatically translate nodes defined in CSs into default elements for SOIL. The general

2Some artifacts can not be published due to restrictive licenses of required dependencies or non-disclosure
agreements. All these artifacts are listed and shortly described in the data availability statement.
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feasibility of such an approach has already been demonstrated by Steindl and Kastner [Stei21].
An exemplary manual translation of the node type RotaryTableType from the CS GeometricMeasuring Systems [VDMA23] into a SOIL model is depicted in Listing 7.1, which illustrates
the basic idea and indicates the feasibility. Other industrially used information models, such
as AAS or QIF, have been discussed, but a mapping to these models has not been defined
and implemented. Such definition and implementation are reasonable next steps to facilitate
the industrial operationalization and connectability of the developed methods to initiatives
such as Gaia-X and International Data Spaces.

1 import opcuaInformationModel ;
2 import opcuaMachinery ;
3
4 variable IsIntegrated {
5 name: "is integrated "
6 description : " IsIntegrated is defined as True if the RotaryTable is

integrated into the GMS and cannot be removed ."
7 datatype : boolean
8 dimension : []
9 }

10
11 variable NrOfAxes {
12 name: " Number of axes"
13 description : " NumberOfAxes defines the number of axes ( DegreesOfFreedom ) the

RotaryTable can be configured for."
14 datatype : int
15 dimension : []
16 range: (0,)
17 }
18
19 component RotaryTable extends opcuaInformationModel . BaseObject {
20 name: " Rotary Table"
21 description : "The rotary table used as an additional degree of freedom in

some geometric measuring system ."
22 components :
23 opcuaMachinery . MachineryItemIdentification Identification
24 parameters :
25 NrOfAxes nrOfAxes
26 IsIntegrated isIntegrated
27 }

Listing 7.1: Exemplary definition of the RotaryTableType of the OPC UA CS Geometric measuringsystems [VDMA23, p. 39] (cf. Table I.1) as component of a SOIL model including the required variables.

Remaining FAIR Guiding Principles
Following the discussion in Section 7.2, some aspects of the FAIR Guiding Principles need
further investigation to provide manufacturing sensor data in an even more FAIR way. First,
the investigation of suitable alternatives for specifying a license must be found to properly
implement R1.1 for the industrial domain. The specification of individually negotiable reuse
conditions and contracts is more suited. Moreover, providing globally unique and persistent
identifiers and ensuring the longevity of the metadata as required by F1 and A2 is an organi-
zational challenge. In the case of manufacturing data, companies want to keep control of their
own data since it could reveal corporate secrets about manufacturing techniques [Penn19b].
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However, if a company shuts systems offline, the data can be unobtainable if not archived
on an external system. Thus, methods must be developed which, on the one hand, ensure
the owner’s control over data, but on the other hand, guarantee the (meta-)data remains
uniquely, persistently identifiable, and available in case the data owner no longer exists.

Domain-specific controlled terminology

During the author’s research, the lack of domain-specific controlled terminology compliant
with Semantic Web standards was the biggest obstacle to the definition of the data mod-
els, resulting in highly increased modeling complexity. The same issue has also motivated
the research project Applying Interoperable Metadata Standards (AIMS) the author partici-
pated in [Grön23]. Extensive standardized vocabularies are already available, such as the
VIM [BIPM12], the “CIRP Encyclopedia of Production Engineering” [The 16], or the “Dictionary
of Production Engineering” [CIRP11]. However, these vocabularies are not compliant withSemantic Web standards and are not machine-actionable. These can not be used to describe
and document manufacturing sensor data compliant with the FAIR Guiding Principles (in
particular R1.3). The conversion into controlled vocabularies is crucial to lower the modeling
complexity and increase the acceptance of SOIL and the FAIR Guiding Principles.

FAIR and FACT Data Processing Services
This thesis focuses on the creation of FAIR manufacturing sensor data but does not explicitly
address the Short-term usage and Long-term usage of sensor data as sketched by the life-
cycle of FAIR manufacturing sensor data (cf. Figure 3.4). Given FAIR manufacturing sensor data
based on SOIL, the logical next step is developing algorithms and software making maximum
use of the unique characteristics of FAIR data. One possible approach is the definition of
interoperable interfaces for data processing services based on SOIL. Using the same language
for data producers and consumers enables them to automatically detect algorithms that can
process certain data or, vice-versa, find data that a particular algorithm can process. Even
more, generic metadata-based algorithms could be automatically parametrized or configured
based on the specific metadata of processed sensor data. The basic idea behind the concept
is to lift former highly specific logic into more abstract processing steps while encoding the
specific logic in the metadata. For example, instead of implementing a specific sensor fusion
algorithm for individual sensors (types), one implements a generic fusion algorithm, and
the information on how to process the data for specific sensors can be obtained from the
metadata of the sensor. However, developing such algorithms raises additional questions,
such as how this required generalization can be formalized. It needs to capture the (physical)
relations between sensor and assets in more detail than the contextualization model proposed
in Section 4.3 allows. Such data processing capabilities would extend the work of this thesis
by FACT-based, i.e., fair (in terms of unbiased), accurate, confidential, and transparent,
algorithms [vdAals17] that pave the way from sustainable data management to responsible
data usage and, ultimately, accountable and resilient decision making.
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Acronyms

AAS Asset Administration Shell
AIMS Applying Interoperable Metadata Standards
API application programming interface
ASAM Association for Standardization of Automation and Measuring Systems
AST Abstract Syntax Tree
CDE Calibration Data Exchange Format
CMM coordinate-measuring machine
CoAP Constrained Application Protocol
CoCo context condition
CODATA Committee on Data for Science and Technology
CPMS cyber-physical measuring system
CPS cyber-physical system
CS Companion Specification
CUDI C++ Unified Device Interface
DCC Digital Calibration Certificate
DC-Terms DCMI Metadata Terms
DDL data description language
DLC data life-cycle
DOI digital object identifier
DMSC Digital Metrology Standards Consortium
DOI Digital Object Identifier
DS Digital Shadow
DSL domain-specific language
DSPL domain-specific programming language
DSML domain-specific modeling language
DSR Design Science Research
DT Digital Twin
EDSC Eclipse Data Space Connector
ERP Enterprise Resource Planning
FAIR DLC life-cycle of FAIR manufacturing sensor data
FAIR DMM FAIR Data Maturity Model
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GPL general-purpose language
gRPC gRPC Remote Procedure Calls
GUM Guide to the expression of uncertainty in measurement
HDF5 Hierarchical Data Format (Version 5)
HTTP Hypertext Transfer Protocol
ICA International Council on Archives
IDL interface description language
IDS International Data Spaces
IIoT Industrial Internet of Things
I++ DME Inspection Plus Plus Dimensional Measurement Equipment
IoP Internet of Production
IoT Internet of Things
IP Internet Protocol
ISO International Organization for Standardization
JSON JavaScript Object Notation
JSON-LD JavaScript Object Notation for Linked Data
LOV Linked Open Vocabulary
LSM large-scale metrology
M4I Metadata4Ing
MCS motion capture system
MDSE model-driven software engineering
MDF Measurement Data Format
MES Manufacturing Execution System
MMPD Meta-Model for Production Data
MP metadata profile
MPS NFDI4Ing Metadata Profile Service
MQTT Message Queuing Telemetry Transport
NDA non-disclosure agreement
NFDI4Ing National Research Data Infrastructure for the Engineering Sciences
OM Ontology of units of Measure
OPC Open Platform Communications
OPC UA Open Platform Communications Unified Architecture
OSF Open Semantic Framework
OWL Web Ontology Language
protobuf Protocol Buffers
PROV-O Provenance Ontology
PROV-DM Provenance Data Model
PRQ principal research question
PUDI Python Unified Device Interface
PURL persistent URL
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PyPi Python Package Index
QIF Quality Information Framework
QUDT Quantities, Units, Dimensions and Data Types Ontologies
RAMI 4.0 Reference Architecture Model Industry 4.0
RDA Research Data Alliance
RDF Resource Description Framework
RGQ research guiding question
REST Representational State Transfer
RiC-O Records in Contexts-Ontology
RiC-CM Records in Contexts Conceptual Model
RPC Remote Procedure Call
SHACL Shapes Constraint Language
D-SI Digital System of Units
SMR Spherically Mounted Retroreflector
SOA service-oriented architecture
SOIL Sensor Interfacing Language
SOSA Sensor, Observation, Sample, and Actuator
SQL Structured Query Language
SSN Semantic Sensor Network Ontology
TCP Transmission Control Protocol
TD Thing Description Ontology
UI user interface
UML Unified Modeling Language
URI Uniform Resource Identifier
URL Uniform Resource Locator
VDMA Verband Deutscher Maschinen- und Anlagenbau e.V.
VIM International vocabulary of metrology
WoT Web of Things
WSDL Web Services Description Language
WSDL-S Web Service Semantics
WWL World-Wide Lab
WZL Laboratory for Machine Tools and Production Engineering
XML Extensible Markup Language
XSD XML Schema Definition Language
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• Implementation of the FAIR Sensor Service of the OptiTrack™ MCS in C++.
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Appendix

A Summary of the consolidated FAIRness metrics
Tables A.1 to A.4 summarize the results of the investigation of the state of the art of metrics
for assessing the FAIRness of a data (sets). For each metric, the addressed guideline of
the FAIR Guiding Principles, the framework the metric is contained in, and the number of
redundant metrics (of other frameworks) is given. Moreover, the short explanation of the
authors of the metric is repeated. Each metric is given a unique ID in ascending order for
unambiguous identification.

Table A.1: Applicable and distinct FAIRness metrics for findability identified in literature [Wilk18b;
Rese20; Deva21; Clar19].

ID Guideline Framework Redundancy Description

MF.1 F1 FAIR Metrics 3 Identifier Uniqueness of the Metadata.

MF.2 F1 FAIR Metrics 3 Identifier of the metadata is persistent.

MF.3 F1 FAIR Metrics 3 Identifier of the data is persistent.

MF.4 F1 FAIR DMM 2 Data is identified by a globally unique identifier.

MF.5 F2 FAIR Metrics 2 Metadata must be structured (e.g., RDFa, JSON,
JSON-LD, RDF-Turtle, . . . ).

MF.6 F2 FAIR Metrics 3 Namespaces of the Metadata can be resolved.

MF.7 F2 FAIR DMM 1 Rich metadata is provided to allow discovery.

MF.8 F3 FAIR Metrics 3 Metadata contains the unique identifier to the
data.

MF.9 F3 FAIR Metrics 2 Metadata contains the unique identifier to the
metadata itself.

MF.10 F4 FAIR Metrics 5 A machine can discover the resource by search
(using Microsoft Bing).

MF.11 F FAIRshake dataset 0 The dataset is hosted in an established data
repository, if a relevant repository exists.
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Table A.2: Applicable and distinct FAIRness metrics for accessibility identified in literature [Wilk18b;
Rese20; Deva21; Clar19].

ID Guideline Framework Redundancy Description

MA.1 A1 FAIR DMM 1 Metadata contains information to enable the user to
get access to the data.

MA.2 A1 FAIR DMM 0 Metadata can be accessed manually (i.e. with human
intervention).

MA.3 A1 FAIR DMM 0 Data can be accessed manually (i.e. with human inter-
vention).

MA.4 A1 FAIR DMM 0 Metadata identifier resolves to a metadata record.

MA.5 A1 FAIR DMM 0 Data identifier resolves to a digital object.

MA.6 A1 FAIR DMM 0 Data can be accessed automatically (i.e. by a com-
puter program).

MA.7 A1.1 FAIR Metrics 5 Data may be retrieved by an open and free protocol.

MA.8 A1.1 FAIR Metrics 5 Metadata may be retrieved by an open and free proto-
col.

MA.9 A1.2 FAIR Metrics 2 Tests data GUID for the ability to implement authenti-
cation and authorization in its resolution protocol.

MA.10 A1.2 FAIR Metrics 2
Tests metadata GUID for the ability to implement au-
thentication and authorization in its resolution proto-
col.

MA.11 A2 FAIR Metrics 4 Metadata contains a persistence policy.
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Table A.3: Applicable and distinct FAIRness metrics for interoperability identified in literature [Wilk18b;
Rese20; Deva21; Clar19].

ID Guideline Framework Redundancy Description

MI.1 I1 FAIR Metrics 4
Metadata uses a formal language broadly applicable
for knowledge representation (anything that can be
represented as structured data will be accepted).

MI.2 I1 FAIR Metrics 4
Metadata uses a formal language broadly applicable
for knowledge representation (Any form of RDF will
pass this test).

MI.3 I1 FAIR Metrics 2

Maturity Indicator to test if the data uses a formal
language broadly applicable for knowledge represen-
tation. This particular test takes a broad view of what
defines a “knowledge representation language”; in this
evaluation, a knowledge representation language is
interpreted as one in which terms are semantically
grounded in ontologies. Any form of structured data
will pass this test.

MI.4 I1 FAIR Metrics 2

Maturity Indicator to test if the data uses a formal
language broadly applicable for knowledge represen-
tation. This particular test takes a broad view of what
defines a “knowledge representation language”; in this
evaluation, a knowledge representation language is
interpreted as one in which terms are semantically
grounded in ontologies. Any form of ontologically
grounded linked data will pass this test.

MI.5 I2 FAIR Metrics 2

Maturity Indicator to test if the linked data metadata
uses terms that resolve. This tests only if they resolve,
not if they resolve to FAIR data; therefore, it is a some-
what weak test.

MI.6 I2 FAIR Metrics 3 Maturity Indicator to test if the linked data metadata
uses terms that resolve to linked (FAIR) data.

MI.7 I2 FAIR DMM 0 Data uses FAIR-compliant vocabularies.

MI.8 I3 FAIR Metrics 4
Maturity Indicator to test if the metadata links outward
to third-party resources. It only tests metadata that
can be represented as Linked Data.

MI.9 I3 FAIR DMM 0 Metadata includes references to other metadata.

MI.10 I3 FAIR DMM 0 Data includes references to other data.

MI.11 I3 FAIR DMM 0 Metadata includes references to other data.

MI.12 I3 FAIR DMM 0 Data includes qualified references to other data.

MI.13 I3 FAIR DMM 0 Metadata include qualified references to other data.
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Table A.4: Applicable and distinct FAIRness metrics for reusability identified in literature [Wilk18b;
Rese20; Deva21; Clar19].

ID Guideline Framework Redundancy Description

MR.1 R1 FAIR DMM 1 Plurality of accurate and relevant attributes are
provided to allow reuse.

MR.2 R1.1 FAIR Metrics 3

Maturity Indicator to test if the linked data meta-
data contains an explicit pointer to the license.
Tests: xhtml, dvia, dcterms, cc, data.gov.au, and
Schema license predicates in linked data and
validates the value of those properties.

MR.3 R1.1 FAIR Metrics 7

Maturity Indicator to test if the metadata con-
tains an explicit pointer to the license. This
’weak’ test will use a case-insensitive regular
expression and scan both key/value style meta-
data and linked data metadata. Tests: xhtml,
dvia, dcterms, cc, data.gov.au, and Schema li-
cense predicates in linked data and validates the
value of those properties.

MR.4 R1.1 FAIR DMM 0 Metadata includes information about the license
under which the data can be reused.

MR.5 R1.2 FAIR DMM 1 Metadata includes provenance information ac-
cording to community-specific standards.

MR.6 R1.2 FAIR DMM 0 Metadata includes provenance information ac-
cording to a cross-community language.

MR.7 R1.3 FAIR DMM 1 Metadata complies with a community standard.

MR.8 R1.3 FAIR DMM 1 Data complies with a community standard.

MR.9 R1.3 FAIR DMM 0 Metadata is expressed in compliance with a
machine-understandable community standard.

MR.10 R1.3 FAIR DMM 1 Data is expressed in compliance with a machine-
understandable community standard.

MR.11 R FAIRshake dataset 0 Information is provided on the experimental
methods used to generate the data.
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B Ontologies considered but not used
Not all ontologies that have been investigated have been used for the sensor and contextual-
ization models. This section summarizes these ontologies.

Digital System of Units

The Digital System of Units (D-SI) [Hutz20] is a framework for the machine-actionable rep-
resentation of measurement data based on standardized conventions and guidelines for
human-actionable (manual) formalization of measurement results, such as the VIM [BIPM12],
Guide to the expression of uncertainty in measurement (GUM) [BIPM08], ISO:80000, Part
1 [ISO22], CODATA [Mohr15] and the SI-Brochure [BIPM19]. The document defines a con-
trolled terminology for representing measurement values and required metainformation. The
definitions are strongly influenced by metrological requirements. However, it lacks the provi-
sion of an easily accessible and automatically retrievable machine-actionable document of
the definitions and terminology. It is the only reviewed ontology not listed at LOV.

OGC SensorThings API

The OGC SensorThings API [Lian16] provides a similar set of terms like SSN for the definition
of data structures for measurement data. Moreover, it offers a REST API for accessing
and manipulating data from devices for which a data structure is defined according to the
SensorThings API’s data model. The API also supports exchanging sensor data in various
formats, including JSON and XML. Due to the API, it is possible to alter the data model and
metainformation of a measuring system after deployment and in use.

Ontology of units of Measure

The Ontology of units of Measure (OM) [Rijg13] defines concepts for modeling physical
quantities, units, and measurements. Based on a detailed domain analysis, OM defines a
controlled vocabulary for the mentioned concepts and relations between these. Initially, it
has been more expressive than QUDT, but QUDT has been largely extended and is adopted
more often now.

Web of Things - Thing Description Ontology

A more general approach is the Web of Things (WoT)-Thing Description Ontology (TD), which
does not only target measurement data and devices. It provides a data model describing the
characteristics, capabilities, and behavior of IoT devices. Based on RDF and using JSON and
JSON-LD as data formats, it paves the way for interoperable and compatible devices. On top
of the description, there exist drafts for WoT Profiles [McCo23] and WoT Discovery [Cimm23],
which deal with the provision of a RESTful HTTP API and the discovery and exploration of
connected devices, respectively, based on a Thing description, i.e., a corresponding data
model.
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C Data structure for sensor data contextualization
Figure C.1 shows the data structure for sensor data contextualization developed, implemented,
and validated in previous work [Bode23].
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Figure C.1: The meta structure for the contextualization of the manufacturing sensor data provided
by FAIR Sensor Services. The evaluation of the FAIRness of the data stored and provided by the FAIRSensor Ecosystem is based on this structure.

The assessment of the FAIRness achieved with this data structure and the implemented FAIRSensor Ecosystem has been executed with manual and (semi-)automated FAIRness assessment
frameworks in spring 2022. Namely, the FAIR Metrics proposed by Wilkinson et al. [Wilk19b],
the RDA FAIR Data Maturity Model [Bahi20] and the Data Stewardship Wizard [Perg19]. To
evaluate the overall FAIRness, the individual results of all considered frameworks have been
mapped to a percentage scale to be comparable. The outcome is shown in Table C.1.
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Table C.1: Consolidated assessment of the FAIRness of data stored in the proposed FAIR SensorEcosystem using the data structure for contextualization depicted in Figure C.1 given in percent.
Whereas the overall FAIRness ratings differ significantly from framework to framework, the average
ratings for the four base principles are comparable.

Framework F A I R Average

FAIR Metrics (manual) [Wilk19b] 100 100 60 100 90

FAIR Metrics (automatic) [Wilk19b] 25 20 71 100 54

Maturity Model [Bahi20] 100 100 20 0 55

Stewardship Wizard [Perg19] 80 83 90 84 84

Average 76 76 60 71 71
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D SOIL model of an API Radian™ 3 laser tracker

The complete model of the API Radian™ laser tracker is redefined based on the dissertation of
Montavon [Mont21] and consists of four files. The validation and generation tools implemented
during this research have been verified by implementing a virtual, simulated API Radian™
laser tracker in Python.

1 @prefix schema : <http :// schema .org/> ;
2 @prefix unit: <http :// qudt.org/vocab/unit/> ;
3
4 import mobile_entities ;
5 import utils;
6 import base_stations ;
7
8
9 variable Time defines <schema : DateTime > {

10 name: "Time"
11 description : " Current system time."
12 datatype : time
13 dimension : []
14 }
15
16 variable Version defines <schema : version > {
17 name: " Version "
18 description : " Incremental API - Version ."
19 datatype : int
20 range: (0, 100)
21 dimension : []
22 unit: <unit: UNITLESS >
23 }
24
25 variable Manufacturer defines <schema : manufacturer > {
26 name: " Manufacturer "
27 description : "Name of manufacturing company ."
28 datatype : string
29 dimension : []
30 }
31
32 function Reset {
33 name: "Reset"
34 description : " Resets the device into the state like directly after start -up

."
35 }
36
37 function Shutdown {
38 name: " Shutdown "
39 description : " Gracefully shutdown the device ."
40 }
41
42 component Lasertracker {
43 name: " Lasertracker "
44 description : " Active coordinate measurement device based on laser

interferometry for Large -Scale metrology applications ."
45 components :
46 base_stations . BaseStations baseStations
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47 mobile_entities . MobileEntities mobileEntities
48 functions :
49 Reset reset
50 Shutdown shutdown
51 parameters :
52 utils.State state = OK
53 constant Manufacturer manufacturer = "API"
54 constant Version version = 1
55 Time time
56
57 if state == ERROR: error("An error occured !")
58 }
59
60 interface Lasertracker APIRadian {}

Listing D.1: The main file of the SOIL model of the API Radian™ laser tracker. It defines the root
component type Lasertracker and the interface and imports the three other files of the model.

1 @prefix quantitykind : <http :// qudt.org/vocab/ quantitykind /> ;
2 @prefix unit: <http :// qudt.org/vocab/unit/> ;
3
4 import utils;
5
6 variable Azimuth defines <quantitykind :Angle > {
7 name: " Azimuth "
8 description : " Current position of azimuth rotation encoder in Radian ."
9 datatype : float

10 dimension : []
11 unit: <unit:RAD >
12 range: ( -5.59 , 5.59) # ~ (-320, 320) degrees
13 }
14
15 variable Elevation defines <quantitykind :Angle > {
16 name: " Elevation "
17 description : " Current position of elevation rotation encoder in Radian ."
18 datatype : float
19 dimension : []
20 unit: <unit:RAD >
21 range: ( -1.03 , 1.38) # ~ (-59, 79) degrees
22 }
23
24 variable Distance defines <quantitykind : Distance > {
25 name: " Distance "
26 description : " Measured distance to the currently activate target ."
27 datatype : float
28 dimension : []
29 unit: <unit:M>
30 range: (0, 100)
31 }
32
33 variable Interval defines <quantitykind :Time > {
34 name: " Interval "
35 description : " Interval in seconds ."
36 datatype : float
37 dimension : []
38 unit: <unit:SEC >
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39 range: (0, 360)
40 }
41
42 function Jog {
43 name: "Jog"
44 description : "Jogs the tracker head by the given angles for the azimuth and

elevation ."
45 arguments :
46 Azimuth azimuth
47 Elevation elevation
48 }
49
50 function PointTo {
51 name: "Point to"
52 description : "Moves the tracker head so that the laser points to the

specified position ."
53 arguments :
54 utils. Position position
55 }
56
57 component Base {
58 name: "Base"
59 description : " Represents a base station in a distributed system ."
60 functions :
61 Jog jog
62 PointTo point_to
63 parameters :
64 utils.State state = OK
65 Interval interval = 10
66 measurements :
67 internal utils. Position position
68 internal utils. Quaternion quaternion
69 internal Azimuth azimuth
70 internal Elevation elevation
71 internal Distance distance
72
73 streams :
74 position : update
75 quaternion : update
76
77 if state == ERROR: error("An error of the trackers base occured .")
78 if distance > 50.0: warning (" Distance is very high. Measurements have high

uncertainty .")
79
80 position . description = " Position of the base of the tracker within a global

reference frame."
81 quaternion . description = " Orientation of the base in relation to the

orientation of a global reference frame."
82 }
83
84 component BaseStations {
85 name: "Base Stations "
86 description : " Object acting as a list of base stations of the metrology

system ."
87 components :
88 Base base
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89 }

Listing D.2: Definition of the base station of the API Radian™ laser tracker with all its specific parameters
and measurements.

1 import utils;
2 @prefix unit: <http :// qudt.org/vocab/unit/> ;
3
4 enum Mode {
5 CONTINUOUS
6 TRIGGERED
7 EXTERNAL
8 IDLE
9 }

10
11 variable Mode {
12 name: "Mode"
13 description : " Current state of the entity . In CONTINUOUS mode , values are

dispatched as fast as possible . In TRIGGERED mode , values are only
dispatches after a software trigger . In EXTERNAL mode , values are
dispatched in accordance to an external trigger , e.g. probe or TTL. IDLE
means the entity is currently not used."

14 datatype : enum
15 range: Mode
16 dimension : []
17 }
18
19 variable Type {
20 name: "Type"
21 description : " System specific identifier of the target Type , e.g. SMR or

Active SMR."
22 datatype : string
23 dimension : []
24 }
25
26 variable Locked {
27 name: " Locked "
28 description : " Boolean flag specifying whether the target is locked in."
29 datatype : boolean
30 dimension : []
31 }
32
33 function Reset {
34 name: "Reset"
35 description : " Starts the search routine around the current direction ."
36 }
37
38 variable Counter {
39 name: " Counter "
40 description : " Natural numeric value."
41 datatype : int
42 dimension : []
43 range: (1 ,1000)
44 unit: <unit: UNITLESS >
45 }
46
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47 variable Label {
48 name: "Label"
49 description : "A string serving as comment ."
50 datatype : string
51 dimension : []
52 }
53
54 function Trigger {
55 name: " Trigger "
56 description : " Trigger count variables and set the resulting label. This

function is only allowed in triggered acquisition mode."
57 arguments :
58 Counter counter = 100
59 Label label = "test"
60 returns :
61 utils. Position position
62 Label outputLabel
63 }
64
65 component Target {
66 name: " Target "
67 description : " Represents an individual mobile entity ."
68 functions :
69 Reset reset
70 streaming Trigger trigger
71 measurements :
72 utils. Position position
73 utils. Quaternion quaternion
74 internal Locked locked
75 parameters :
76 utils.State state = OK
77 Mode mode = CONTINUOUS
78 Type type = "SMR"
79
80 streams :
81 position : update
82 quaternion : update
83
84 state. description = " Reflects the current state of the target . If logged in

: OK. If not stable : WARNING . If lost: ERROR."
85 }
86
87 component MobileEntities {
88 name: " Mobile Entities "
89 description : " Object acting as a list of mobile entities in the metrology

system ."
90 components :
91 dynamic Target target
92 }

Listing D.3: Definition of the mobile entities, i.e. the SMR targets tracked by the API Radian™ laser
tracker. As the tracker might track and measure multiple different targets (successively), the mobile
entities’ component is modified to be dynamic.

1 @prefix dbo: <http :// dbpedia .org/ ontology /> ;
2 @prefix quantitykind : <http :// qudt.org/vocab/ quantitykind /> ;
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3 @prefix unit: <http :// qudt.org/vocab/unit/> ;
4
5 enum StateRange {
6 OK
7 WARNING
8 ERROR
9 MAINTENANCE

10 }
11
12 variable State defines <dbo: status > {
13 name: "State"
14 description : "The current state of the device ."
15 datatype : enum
16 range: StateRange
17 dimension : []
18 }
19
20 variable Position defines <quantitykind : CartesianCoordinates > {
21 name: " Position "
22 description : "Most recently dispatched measured position ."
23 datatype : float
24 dimension : [3]
25 range: (-100, 100)
26 unit: <unit:M>
27 }
28
29 variable Quaternion defines <quantitykind :Angle > {
30 name: " Quaternion "
31 description : "Most recently dispatched measured orientation as quaternion ,

if available ."
32 datatype : float
33 dimension : [4]
34 range: (0, 1)
35 unit: <unit: UNITLESS >
36 }

Listing D.4: The utils file of the SOIL model of the API Radian™ laser tracker. It defines utility variables
and enums, referenced by the mobile entities and the base station of the laser tracker.
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E SOIL model of a Leitz PMM-C Precision™ wrapped by an
I++ DME interface
The partial model of a CMM encapsulated by an I++ DME server consists of five files. The
verification of the validation and generation tools implemented during this research has been
carried out by wrapping a reference implementation of an I++ DME server in Python.

1 import cartCMM ;
2
3 function AbortE {
4 name: " AbortE "
5 description : " Aborts all pending transactions and stops the machine from

moving ."
6 }
7
8 function ClearAllErrors {
9 name: " ClearAllErrors "

10 description : "Is called to recover from an error."
11 }
12
13 component Ipp {
14 name: "I++"
15 description : "The top -level component of the Server ."
16 components :
17 cartCMM . CartCMM cmm
18 functions :
19 AbortE abortE
20 ClearAllErrors clearAllErrors
21 }
22
23 interface Ipp IppServer {}

Listing E.1: The main file of the SOIL model of the I++ DME reference server. It defines the root
component type Ipp and the interface.

1 import tool;
2 import toolChanger ;
3 import part;
4
5 enum CoordinateSystems {
6 MachineCsy
7 MovableMachineCsy
8 MultipleArmCsy
9 RotaryTableVarCsy

10 PartCsy
11 }
12
13 variable ActiveCsy {
14 name: " ActiveCsy "
15 description : "The currently active coordinate system ."
16 datatype : enum
17 dimension : []
18 range: CoordinateSystems
19 }
20
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21 component CartCMM {
22 name: " CartCMM "
23 description : " Cartesian Coordinate Measuring Machine "
24 components :
25 toolChanger . ToolChanger toolChanger
26 part.Part part
27 parameters :
28 tool.Id activeTool
29 }

Listing E.2: The partial SOIL model of the class “CartCMM” of I++ DME.

1 @prefix quantitykind : <http :// qudt.org/vocab/ quantitykind /> ;
2 @prefix unit: <http :// qudt.org/vocab/unit/> ;
3
4 variable Name {
5 name: "Name"
6 description : "Name of a Tool"
7 datatype : string
8 dimension : []
9 }

10
11 variable Id {
12 name: "Id"
13 description : "Id of a Tool"
14 datatype : string
15 dimension : []
16 }
17
18 variable Position defines <quantitykind : CartesianCoordinates > {
19 name: " Position "
20 description : " Current position of the tool , consisting of the I++ X, Y and

Z values ."
21 datatype : float
22 dimension : [3]
23 range: (0 ,1000)
24 unit: <unit: MilliM >
25 }
26
27 function ScanOnCurve {
28 name: " ScanOnCurve "
29 description : " Function that issues a ScanOnCurve command on the I++ Server "
30 arguments :
31 List Position posL
32 }
33
34 function PtMeas {
35 name: " PtMeas "
36 description : " Function that issues a PtMeas command on the I++ Server "
37 arguments :
38 Position pos
39 }
40
41 component Tool {
42 name: "Tool"
43 description : "The currently active Tool."
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44 measurements :
45 Position pos
46 parameters :
47 constant Name name = "Tool"
48 constant Id id = "T1"
49 List Position posL
50 functions :
51 PtMeas ptMeas
52 ScanOnCurve scanOnCurve
53 }

Listing E.3: The SOIL model of those properties and commands of the class “Tool” of I++ DME
implemented in the reference implementation.

1 import tool;
2
3 function EnumTools {
4 name: " EnumTools "
5 description : " Function that issues an EnumTools command on the I++ server ."
6 }
7
8 function ChangeTool {
9 name: " EnumTools "

10 description : " Function that issues an ChangeTool command on the I++ server .
"

11 arguments :
12 tool.Id tool_id
13 }
14
15 component ToolChanger {
16 name: " ToolChanger "
17 description : " ToolChanger component "
18 components :
19 dynamic tool.Tool tools
20 functions :
21 EnumTools enumTools
22 ChangeTool changeTool
23 }

Listing E.4: The SOIL model of those properties and commands of the class “ToolChanger” of I++ DME
implemented in the reference implementation.

1 @prefix quantitykind : <http :// qudt.org/vocab/ quantitykind /> ;
2 @prefix unit: <http :// qudt.org/vocab/unit/> ;
3
4 variable Temperature defines <quantitykind : Temperature > {
5 name: " Temperature "
6 description : " Current temperature of the part."
7 datatype : float
8 dimension : []
9 range: (-50, 200)

10 unit: <unit:DEG_C >
11 }
12
13 variable Approach defines <quantitykind : Distance > {
14 name: " Approach "
15 description : " Currently specified approach distance of the part."
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16 datatype : float
17 dimension : []
18 range: (0, 500)
19 unit: <unit: MilliM >
20 }
21
22 component Part {
23 name: "Part"
24 description : "Soil representation of a Part."
25 measurements :
26 Temperature temperature
27 parameters :
28 Approach approach
29 }

Listing E.5: The SOIL model of those properties and commands of the class “Part” of I++ DME
implemented in the reference implementation.

E SOIL model of a Leitz PMM-C Precision™ wrapped by an I++ DME interface 185



F SOIL model of an OptiTrack™ motion capture system
The SOIL model contains the characteristics, measurements, and parameters of an OptiTack
MCS relevant for using the system as the global reference tracking system of mobile assets.
The model reuses the definition of basic attributes from the API Radian™ laser tracker model.
For that, the model imports the file utils.soil shown in Listing D.4.

1 @prefix schema : <http :// schema .org/> ;
2
3 import utils;
4 import Camera ;
5 import Marker ;
6 import Frame;
7 import RigidBody ;
8
9 variable Time defines <schema : DateTime > {

10 name: "Time"
11 description : " Current UTC system time."
12 datatype : time
13 dimension : []
14 }
15
16 variable APIVersion defines <schema : version > {
17 name: "API Version "
18 description : " NatNet SDK Version "
19 datatype : string
20 dimension : []
21 }
22
23 variable Manufacturer defines <schema : manufacturer > {
24 name: " Manufacturer "
25 description : "Name of the manufacturer of the device ."
26 datatype : string
27 dimension : []
28 }
29
30 component OptiTrackSystem {
31 name: " OptiTrack "
32 description : " OptiTrack motion capture system "
33 components :
34 Frame.Frame frame
35 Camera . Cameras cameras
36 Marker . Markers markers
37 RigidBody . RigidBodys rigidBodys
38
39 parameters :
40 utils.State state = OK
41 constant Manufacturer manufacturer = " NaturalPoint Inc."
42 APIVersion version
43 Time time
44 }
45
46 interface OptiTrackSystem OptiTrack {}

Listing F.1: The main file of the OptiTrack™ model. It defines the root component type OptiTrackSystem
and the interface.
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1 @prefix quantitykind : <https :// qudt.org/vocab/ quantitykind /> ;
2 @prefix unit: <http :// qudt.org/vocab/unit/> ;
3 @prefix schema : <http :// schema .org/> ;
4 @prefix dbo: <http :// dbpedia .org/ ontology /> ;
5
6 import utils;
7
8 enum MarkerTypes {
9 ACTIVE

10 UNLABELED
11 LABELED
12 }
13
14 variable Type defines <schema :type > {
15 name: "Type"
16 description : "Type of the marker "
17 datatype : enum
18 range: MarkerTypes
19 dimension : []
20 }
21
22 variable ID defines <schema : identifier > {
23 name: " Marker ID"
24 description : "ID of the marker "
25 datatype : string
26 dimension : []
27 }
28
29 variable Name defines <schema :name > {
30 name: " Marker Name"
31 description : "Name of the marker "
32 datatype : string
33 dimension : []
34 }
35
36 variable Size defines <quantitykind : Diameter > {
37 name: " Marker Size"
38 description : "Size of the marker "
39 datatype : float
40 range: (0.0 ,)
41 dimension : []
42 unit: <unit:M>
43 }
44
45
46 component Marker {
47 name: " Marker "
48 description : " Detected Marker "
49
50 parameters :
51 Name name
52 ID id # readonly
53
54 measurements :
55 utils. Position position
56 Size size
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57
58 streams :
59 position : update
60 size: update
61
62 }
63
64 component Markers {
65 name: " Markers "
66 description : "List of detected Markers "
67
68 components :
69 dynamic Marker marker
70 }

Listing F.2: The SOIL model for the individual markers being detected and tracked by the OptiTrack™
MCS.

1 @prefix quantitykind : <https :// qudt.org/vocab/ quantitykind /> ;
2 @prefix unit: <http :// qudt.org/vocab/unit/> ;
3 @prefix qudt: <http :// qudt.org/ schema /qudt/>;
4 @prefix schema : <http :// schema .org/> ;
5 @prefix ebucore : <http :// www.ebu.ch/ metadata / ontologies / ebucore / ebucore #> ;
6
7 variable Latency defines <quantitykind :Time > {
8 name: " Latency "
9 description : " Measured latency "

10 datatype : float
11 range: (0.0 ,)
12 dimension : []
13 unit: <unit: MilliSEC >
14 }
15
16 variable Timestamp defines <qudt: DATETIME > {
17 name: " Timestamp "
18 description : " Timestamp of the current frame"
19 datatype : float
20 range: (0.0 ,)
21 dimension : []
22 unit: <unit: MilliSEC >
23 }
24
25
26 variable FrameID defines <schema : identifier > {
27 name: "Frame ID"
28 description : "ID of the current frame"
29 datatype : int
30 range: (0,)
31 dimension : []
32 unit: <unit: UNITLESS >
33 }
34
35 component Frame defines <ebucore : Keyframe >{
36 name: "Frame"
37 description : " Information about the current frame"
38
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39 measurements :
40 internal FrameID frameID
41 internal Timestamp timestamp
42 internal Latency softwareLatency
43 internal Latency systemLatency
44 internal Latency transitLatency
45 internal Latency clientLatency
46
47 streams :
48 frameID : update
49 timestamp : update
50 softwareLatency : update
51 systemLatency : update
52 transitLatency : update
53 clientLatency : update
54
55 softwareLatency .name = " Software Latency "
56 systemLatency .name = " System Latency "
57 transitLatency .name = " Transit Latency "
58 clientLatency .name = " Client Latency "
59 }

Listing F.3: The SOIL model of an individual frame acquired by the OptiTrack™ MCS provides information
about the systems latency.

1 @prefix schema : <http :// schema .org/> ;
2 @prefix dbo: <http :// dbpedia .org/ ontology /> ;
3
4 import utils;
5
6 variable CameraName defines <schema :name > {
7 name: "Name"
8 description : "Name of the camera "
9 datatype : string

10 dimension : []
11 }
12
13 component Camera defines <dbo: Camera > {
14 name: " Camera "
15 description : " Connected Camera "
16
17 parameters :
18 CameraName name
19 # Weiter Werte mit MotiveAPI
20 measurements :
21 internal utils. Position position
22 internal utils. Quaternion orientation
23 }
24
25 component Cameras {
26 name: " Cameras "
27 description : "List of connected Cameras "
28
29 components :
30 dynamic Camera camera

F SOIL model of an OptiTrack™ motion capture system 189



31 }

Listing F.4: The SOIL model of all required characteristics of a single camera of the OptiTrack™ MCS.

1 @prefix quantitykind : <https :// qudt.org/vocab/ quantitykind /> ;
2 @prefix unit: <http :// qudt.org/vocab/unit/> ;
3 @prefix schema : <http :// schema .org/> ;
4 @prefix dbo: <http :// dbpedia .org/ ontology /> ;
5
6 import utils;
7
8 variable Name defines <schema :name > {
9 name: "Name"

10 description : "Name of the rigid body"
11 datatype : string
12 dimension : []
13 }
14
15 enum TrackingStates {
16 VALID
17 NOTVALID
18 }
19
20 variable TrackingState defines <dbo: status > {
21 name: "State"
22 description : "State of the rigid body"
23 datatype : enum
24 range: TrackingStates
25 dimension : []
26 }
27
28 variable MeanError defines <quantitykind : Distance > {
29 name: "Mean Error"
30 description : "Mean Error of the ridid body"
31 datatype : float
32 range: (0.0 ,)
33 dimension : []
34 unit: <unit:M>
35 }
36
37
38 component RigidBody {
39 name: "Rigid Body"
40 description : " Tracked Rigid Body"
41
42 parameters :
43 Name name
44 TrackingState state
45 measurements :
46 utils. Position position
47 utils. Quaternion orientation
48 MeanError meanError
49 streams :
50 position : update
51 orientation : update
52 meanError : update
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53
54 }
55
56 component RigidBodys {
57 name: " RigidBodys "
58 description : "List of detected RigidBodys "
59
60 components :
61 dynamic RigidBody rigidBody
62 }

Listing F.5: The SOIL model of a rigid body representing a mobile asset, tracked and located by the
OptiTrack™ MCS. The rigid body is constituted of a set of at least three markers, which have a fixed
position related to each other marker of the rigid body.
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G Architecture of the infrastructure mapped to RAMI 4.0

Business

Asset

Integration

Communication

Information

Functional

Layers

Asset

FAIR Sensor Service

Network Interface

FAIRification Layer

Message 
Broker

FAIR Sensor Ecosystem

Storage Layer

Contextualization Middleware

Short-term 
Applications

Sensor Implementation

Figure G.1: The architecture of the infrastructure for FAIR manufacturing sensor data mapped to
the RAMI 4.0 [Adol15]. It covers almost all layers and hierarchy levels of the production step of the
life-cycle and value stream.
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H Compliance with the FAIR Guiding Principles
Table H.1: Mapping of the qualitative evaluation of the 17 FAIRness criteria (cf. Table 6.1) to the FAIRGuiding Principles by Wilkinson [Wilk19a] based on Table 3.2. If a single guideline of the FAIR GuidingPrinciples is addressed by more than criteria, the average score is computed on a scale from 0 to 1.
The total score of each of the four base principles, i.e., findability, accessibility, interoperability, and
reusability, is computed as the average of the respective guidelines. The last two columns are the base
for Figure 7.1.
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I Definition of the OPC UA NodeType RotaryTableType
The following Table I.1 and descriptions are word by word taken from the OPC UA Compan-
ion Specification (CS) Geometric Measuring System [VDMA23, p. 39]. The table and the
descriptions exemplary illustrate the translation from an OPC UA node type to a SOIL model
(cf. Listing 7.1).

Table I.1: Definition of the RotaryTableType from the OPC UA CS Geometric Measuring Systems, as
given in [VDMA23, Table 32, p. 39]

Attribute Value

BrowseName RotaryTableType

IsAbstract False

References Node Class BrowseName DataType TypeDefinition Other

Subtype of the 0:BaseObjectType defined in OPC 10000-5 i.e., inheriting the InstanceDeclarations of that Node.

0:HasAddIn Object 2:Identification 3:MachineryItemIdentificationType 0:Mandatory

0:HasProperty Property IsIntegrated 0:Boolean 0:PropertyType 0:Mandatory

0:HasProperty Property NumberOfAxes 0:Byte 0:PropertyType 0:Mandatory

Conformance Units

GMS RotaryTableType

Identification is performed according to MachineryIdentificationType.

IsIntegrated is defined as True if the RotaryTable is integrated into the GMS and cannot be
removed.

NumberOfAxes defines the number of axes (DegreesOfFreedom) the RotaryTable can be
configured for.
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