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Abstract

Automated production systems are following a general technological trend:
increasingly complex products, combined with drastically reduced lot-sizes
per product variant, as well as shorter response and production times are
being demanded. In order to be able to meet these expectations, modern
IT systems at all levels of the automation hierarchy are required: from busi-
ness related software at the corporate management level, down to the pro-
grammable logic controllers at the field level. For a well-designed coupling
of systems that are located at different levels, it is necessary to find, define,
and implement clear data conversion mechanisms—this endeavor is also
known as vertical integration. At the same time, it is necessary to automate
the inter-organizational data exchange—an aspect of horizontal integration.

If integration succeeds, and decisive systems are flexible enough with re-
spect to their software and hardware components, we can speak of so called
smart manufacturing systems that are able to adapt to new situations spon-
taneously. This flexibility can be related to different elements of a produc-
tion system:

Products: modern production systems should be able to produce di-
verse and variable products. This includes products that have not been
conceived when the production system has been engineered and com-
missioned.

Processes: the capabilities that are offered by a production system can
evolve over time as well. New production processes can emerge, for in-
stance, through new or re-arranged resources, as well as through novel
requirements of certain products.

Resources: are also volatile in various aspects. They can be defect, need
to be maintained, are procured, retired, and replaced. Some of them are
mobile and can be continuously re-arranged, etc.

Model-driven engineering, leveraging concepts from model-driven soft-
ware engineering, provides a rich set of techniques, tools and methods for
the formalization of domain models as well as for the loose or close cou-
pling of them. Focusing on conceptual models and their instances enables
the precise definition of knowledge that can be later on used formally, such
as for data validation. Concepts, such as model transformations facilitate
the conversion of design time and runtime information between different
domains.
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In this cumulative thesis, we are recapitulating a selection of own con-
tributions; with respect to the conceptual models we have been employing
established industrial standards, in order to facilitate industrial application.
By doing so, we have focused on the upper levels of the automation hierar-
chy, yet we have also partially considered the lower levels. Our approaches
and implementations have been successfully evaluated by a number of ex-
periments and case studies and are therefore a contribution towards model-
driven smart manufacturing systems. Our research shows that the applica-
tion of model-driven engineering techniques and tools can be useful within
the following scenarios:

Vertical Integration: by providing mapping and transformation rules for
elements of different conceptual models, such as those representing in-
formation technology systems of the the enterprise resource planning or
manufacturing operations management levels.

Declarative Manifestations: creating explicit and structured artifacts of
static (models) and dynamic (transformations) nature. In our work, we
are applying thereupon transformations, validations, and code genera-
tors in order to convert between domains or doublecheck data consis-
tency.

Knowledge Inference: transforming declarative information into logical
expressions for the efficient computation of new knowledge that can be
fed back into models or other data structures for further usage. We have
been using this approach for the spontaneous computation of produc-
tion plans from production system models.
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Kurzfassung

Die Welt der automatisierten Produktionssysteme ist im Umbruch: immer
komplexere Produkte, kombiniert mit drastisch reduzierten Stiickzahlen pro
Produktvariation sowie kiirzeren Antwort- und Produktionszeiten, werden
gefordert. Um diesen Anforderungen gerecht zu werden, bedarf es der Un-
terstiitzung moderner IT-Systeme auf allen Ebenen der produzierenden Be-
triebe; von den Geschiftsanwendungen der Unternehmensleitebene bin
hinunter zu den speicherprogrammierbaren Steuerungen der Feldebene.
Um unternehmensintern die Systeme unterschiedlicher Ebenen bestmég-
lich zu verkniipfen, miissen klare Datenkonversionsmechanismen gefun-
den, definiert und implementiert werden — man spricht von vertikaler Inte-
gration. Gleichzeitig ist es notwendig, den inter-organisationalen Datenaus-
tausch automatisiert umzusetzen — ein Aspekt der horizontalen Integration.

Wenn diese Integration gelingt, und die entsprechenden Systeme sowohl
Software- als auch Hardware-seitig ausreichend flexibel ausgestaltet sind,
spricht man von intelligenten Produktionssystemen, die sich spontan auf je-
weils aktuelle Gegebenheiten einstellen konnen. Diese Flexibilitdt kann folg-
lich unterschiedliche Elemente eines Produktionssystems betreffen:

Produkte: Moderne Produktionssysteme sollen in der Lage sein, unter-
schiedliche oder variable Produkte zu fertigen. Dazu gehéren auch Pro-
dukte, die bei der Planung und Inbetriebnahme der Produktionsanlage
noch nicht bekannt waren.

Prozesse: Die Fihigkeiten, die ein Produktionssystem anbietet konnen
ebenso einem Wandel unterzogen sein. Neue Produktionsprozesse kon-
nen sich etwa durch neue oder neu angeordnete Ressourcen sowie durch
neuartige Anforderungen von Produkten ergeben.

Ressourcen: Auch die einzelnen Ressourcen einer Produktionsanlage
sind volatil in vielerlei Hinsicht. Sie konnen kurzfristig ausfallen, wer-
den regelm&Rig gewartet, werden angeschafft, ausgemustert und ersetzt,
konnen sich bewegen und entsprechend neu arrangieren, etc.

Modellgetriebener Entwurf, mit Anleihen aus dem modellgetriebenen
Software-Engineering, bietet eine Vielzahl an Techniken, Werkzeugen und
Methoden an, die eine Formalisierung der Domdnenmodelle und in wei-
terer Folge deren lose oder enge Kopplung erméglichen. Die Fokussierung
auf konzeptuelle Modelle sowie deren Instanzierungen ermdglicht es, do-
ménenspezifische Sachverhalte moglichst klar zu definieren und in weite-
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rer Folge formal, etwa fiir Datenvalidierungen, zu nutzen. Konzepte wie et-
wa Modelltransformationen erleichtern die Konvertierung von Design- und
Laufzeitinformationen zwischen unterschiedlichen Doménen.

In dieser kumulativen Dissertation fassen wir eine Auswahl eigener Ar-
beiten auf diesem Gebiet zusammen; dabei setzen wir beziiglich der kon-
zeptuellen Modelle auf etablierte Industrienormen, um die industrielle Um-
setzung zu erleichtern. Unser Fokus liegt auf den hoheren Ebenen der ,Au-
tomatisierungspyramide“, wobei wir auch die unteren Ebenen nicht auller
Acht gelassen haben. Unsere Ansédtze und Umsetzungen haben wir in ei-
ner Vielzahl von Experimenten und Fallstudien erfolgreich evaluiert und da-
mit einen Beitrag zur Umsetzung modellgetriebener intelligenter Produk-
tionssysteme geleistet. Unsere Forschungsarbeiten zeigen, dass die Metho-
den und Werkzeuge des modellgetriebenen Entwurfs in folgenden Szenari-
en von Nutzen sein konnen:

Vertikale Integration: Durch die Definition von Abbildungs- und Trans-
formationsregeln fiir Elemente unterschiedlicher konzeptueller Model-
le, in den in dieser Arbeit vorgestellten Ansitzen vor allem hinsichtlich
der Unternehmensleitebene und der Betriebsleitebene.

Deklarative Manifestationen: Die Umsetzung expliziter und strukturier-
ter Artefakte sowohl statischer (Modelle) als auch dynamischer (Trans-
formationen) Natur. In userer Arbeit wenden wir darauf aufbauend
Transformationen, Validierungen und Code-Generatoren an, um etwa
Daten zwischen Doménen zu konvertieren oder die Datenkonsistenz zu
priifen.

Wissensinferenz: Die Transformation deklarativer Informationen in lo-
gische Ausdriicke, um effizient neues Wissen zu berechnen, das wieder-
um in Modelle oder andere Datenstrukturen zur weiteren Verwendung
riickgefithrt werden kann. Wir haben diesen Ansatz fiir die spontane Be-
rechnung von Produktionsplédnen verwendet, basierend auf einem Mo-
dell des Produktionssystems.
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Chapter 1

Introduction

Automated production systems (APSs) are currently undergoing a funda-
mental transformation from behaviorally static entities to adaptive systems
of systems (SsoS). This change process is also known as the fourth indus-
trial revolution, Industry 4.0 (I4.0), and is further referred to by the terms
smart manufacturing [Kan+16], industrial internet of things (IIoT) [Boy+18],
and cyber-physical production systems (CPPSs) [BGL17]. In our work, we
interchangeably use the terms 14.0 and smart manufacturing as umbrella
concepts for the application of decentralized networks in order to enable
smart computation nodes in production environments to spontaneously ex-
change data, react to contextual changes, and connect the physical world—
through sensors and actuators—with the cyber world.

Smart manufacturing environments require high flexibility in multiple
dimensions, such as the resources that make up the production system itself,
the products that are to be produced, the material flow throughout the fac-
tory, the procedural capabilitites of the shop floor, etc. [Sch12; SOM14]. Ac-
cording to the principles of smart manufacturing, products and their recipes
are not required to be known at design time, product variants may be edited
at runtime, and production planning and scheduling are to be invoked on-
the-fly, when a new production order appears.

This agility is driven by the need for an adaptive organization [Dav+12],
and it can be achieved by establishing well-integrated information technol-
ogy (IT) systems [And14]. This integration will have to be implemented by
internal IT systems, but also in accordance with external partners; it can be
supported by providing models for the data to be exchanged. These mod-
els are further of importance for many other aspects that are prominent in
14.0 scenarios, such as simulation, optimization and data analytics [Kus18]
as well as the digital twin [Tao+18]. Such models can be implicitly com-
puted from operations data, or they can be explicitly modeled in a tradi-
tional top-down fashion. Either way, as we will show in this thesis, many
concepts established in the software engineering community in the field of
model-driven software engineering (MDSE) [Ken02] can be beneficial in the
context of smart manufacturing, such as metamodeling, queries, views, and
model transformations [Sch06].

Integration can be established in horizontal or vertical direction; within
a single company and among different enterprises [Sch12]. Vertical integra-
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Chapter 1. Introduction

tion of neighboring IT systems, e.g., enterprise resource planning (ERP) and
manufacturing operations management (MOM), is already a taunting task
that materializes a lot of issues that are waiting to be solved [Ehr+19]. While
ad-hoc solutions for the integration of two or more specific software tools
are an intuitive way to establish data convergence, they are also fostering
vendor lock-in, i.e., the cost of changing an IT system for another one from
a different vendor are considered to be relatively high [OST16].

In an initial exploratory study, as part of the InteGra 4.0 (horizontal and
vertical interface integration 4.0) project, we have conducted in-depth face-
to-face interviews with nine manufacturing enterprises and three software
and service providers. The production companies we have interviewed were
one small, one medium-sized and seven large enterprises, with varying eco-
nomical dependencies (cf. Fig. 1).

Size Type

Subsidiary [3] .ndependent [21
‘Small [1]
Holding [1]
Medium-Sized [1] Affiliated [31

(a) Sizes of the companies. (b) Types of the companies.

Large [7]

Figure 1: Classification of participating companies.

From this study we have learnt that especially in small or medium sized
enterprises the gap between the business level and the production level is
filled to some extent with manual work. The larger share of the participants
are involved in an engineer to order (ETO) production strategy, and of these,
most plan their production manually (cf. Fig. 2), which usually comes with
media breaks. With tighter integration of participating IT systems, this in-
formation barrier could be eased or even removed.

Production Strategies Automation in Production Planning

semi-automated [2]
‘TO [5] ‘.utomated [2]

PTO [4]

MTO [8]

ATO [3] manual [51

(a) Production strategies. (b) Automation in production planning.

Figure 2: Selected results from an initial exploratory study.

This integration can be reached by implementing adapters for the corre-
sponding sub-systems, or it can be reached conceptually, by providing con-
version rules for abstract models of the underlying systems. The latter ap-
proach is the one that we follow in this thesis, and we believe that it is of use
for system integrators dealing with specific pieces of software, in terms of
providing guidance based on industry standards.
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Problem Statement

1.1 Problem Statement

In this thesis, we explore the role of model-driven engineering (MDE) in
smart manufacturing systems, with a focus on the higher levels of the func-
tional automation hierarchy. Currently, it is common sense to provide a vir-
tual representation of the production system (i) in a level of detail that is
required by, (ii) using the expressiveness that is provided by the correspond-
ing IT systems that drive particular sub-systems, such as those for ERP or
MOM [Wes99; FWW16].

While larger system vendors provide solutions that span both of these
levels, there exist many software solutions that only support one or the other.
In order to integrate these systems, data exchange adapters for both direc-
tions need to be implemented, and the core structural or procedural model
needs to defined in both systems separately. This leads to long-lasting in-
tegration projects (e.g., in case of a system change) and potential integrity
problems, when information is inadvertently modeled ambiguously or di-
vergently [Dre+05].

Proprietary data stores and formats fragment the knowledge space of en-
terprises to an extent, where the big picture is unknown in terms of fully in-
tegrated systems. ERP systems, manufacturing execution systems (MESs),
simulation tools, material flow planners, plant layout designers, etc.—they
all use their own knowledge representation format, and not all of them pro-
vide import or export interfaces. This leads to a situation where specific
knowledge is only available inside certain tools, but any insights gained in
these tools need to be manually introduced to other information systems
(ISs) or engineering tools [RDU19; GF20].

In real-world production systems, the actual production system is un-
der continuous change [And+18]. Such changes include switching the in-
put/output (I/0) ports of actuators, refining the position or orientation of
sensors, or updates to the program code of programmable logic controllers
(PLCs). While it is already hard to feedback these changes to at least some
of the involved engineering tools, it is even harder to make sure that all in-
volved tools are notified. Heterogeneous and disconnected data sources
make this request even harder to fulfill. For this reason, information in-
tegration, based on international standards, is among the key enablers for
convergent engineering data states throughout (i) heterogeneous tool land-
scapes and (ii) different lifecycles.

Our approach stipulates the usage of existing international standards for
the modeling of level-specific information and defines mappings between
these standards in order to make them applicable cooperatively. It fosters
the design of either ERP or MOM information and then use transformation
rules to convert this information into the respective other system and thus
(i) reduce initial modeling effort and (ii) streamline information integration
of runtime data.

A stringent investigation of the standards’ landscape in smart manufac-
turing systems [LMF16], in conjunction with a concrete proposal for the in-
terleaved use of exemplary standards is an academic niche that is progres-
sively, and in parts, being tackled by this cumulative thesis.
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Chapter 1. Introduction

1.2 Goals

We are testing the versatility of MDE in the context of smart manufacturing.
Specifically, we investigate the interface between business and production
systems, as well as the utilization of statically defined production systems
for the generation of procedural information, such as production plans. We
are grounding our work on standardized and internationally accepted con-
ceptual models and use knowledge inference techniques to automatically
enrich corresponding model instances. By the term conceptual model, we
understand domain-specific terms and definitions, including information
about entities’ relationships, without formal specification, i.e., without con-
crete syntax or precisely specified relationships. Reaching the knowledge
expansion goal is driven by general purpose logic solvers, relying on widely
used and proven language constructs.

With our research we want to show the feasibility of MDE for 14.0 appli-
cations, with a focus on vertical integration, business domain independent
modeling, and knowledge inference. We do so by targeting the following
goals:

G1 Establish vertical integration by providing model mappings between
established conceptual models (such as standardized domain-specific
languages). These mappings should be generic, so that they can be
used by a broad range of industries.

G2 Provide concrete metamodels for selected industrial standards so that
they can be used to model a variety of aspects present in APS engi-
neering.

G3 Implement prototypical applications, including concrete model trans-
formations, as proof-of-concepts for the developed model mappings
and metamodels.

G4 Show successful knowledge inference for smart manufacturing sys-
tems by experiments and case studies that are backed by real produc-
tion systems.

1.3 Methodology

The applied methodology follows the design science approach, as described
in [Hev+04]. In short, it embeds IS research in a larger framework compris-
ing the environment (the business domain) it is related to, and the knowl-
edge base it is founded upon (cf. Fig. 3). The environment defines the rel-
evance of the problems tackled by the own research, while the knowledge
base specifies the rigor to be applied to one’s research. Conversely, research
results lead to an extension of the knowledge base and to changes in the en-
vironment if they are applied accordingly. Developed artifacts are justified
by meaningful evaluations, and these evaluations may in turn lead to refine-
ments in future revisions of the artifacts. Ultimately, this framework defines
a multi-circular model that fosters iterative approaches.
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Figure 3: The original design science research framework for IS research
(cf. [Hev+04]).

The concrete manifestation of the design science approach, as it has
been applied in the context of this thesis, is visualized in Fig. 4. We have
been working on issues related to ERP and MOM in the context of the digiti-
zation of manufacturing systems, 14.0, and utilized a set of established tools
and methods to create concrete artifacts that have been evaluated (i) analyt-
ically, (ii) in case studies, (iii) and/or in experiments. Our contributions in-
clude metamodels, reference model instances, model mappings, and model
transformations that have been published in meaningful publication out-
lets. More specifically, we are applying the guidelines and methodological
paradigms as laid out in the following clauses:

Design as an Artifact

“Design-science research must produce a viable artifact in the form of
a construct, a model, a method, or an instantiation.”
[Hev+04]

We are developing a series of artifacts, including conceptual models to-
gether with model mappings and model transformations, as well as exe-
cutable software. The main artifacts are listed below, along with the cor-
responding papers where they have been presented:

Al Concrete metamodel for ISO/IEC 15944-4. This standard is concep-
tually defined, but leaves out certain semantics. With our concrete
metamodel, developed over several iterations, we provide a versatile,
proven, widely applicable instantiation of the Resource-Event-Agent
(REA) business ontology [Wal+14a; WH14b; Wal+15b; Wal+15a].

A2 Concrete metamodel for IEC 62264. While this standard is defined rel-
atively detailed, by making use of Unified Modeling Language (UML)
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Figure 4: Application of the design science research framework in the con-
text of this thesis (following [Hev+04]).

A3

A4

A5

A6

class diagrams, certain implementation aspects are left to the user. In
our metamodel we follow the standard as closely as possible, while
providing certain umbrella elements in order to converge unrelated
sub-models WHM17b; WHM17a].

Concrete metamodel and model-to-text transformation for the plan-
ning domain definition language (PDDL). PDDL is strictly defined by
means of the Backus-Naur-Form (BNF); a concrete metamodel follow-
ing a Meta Object Facility (MOF) methodology had not been readily
available [Wal+19a; Wal+19c].

Concrete metamodel for IEC62714. This standard is defined on top
of IEC 62424, which in turn is specified using Extensible Markup Lan-
guage (XML) Schema. With our metamodel we enable tighter coupling
of entities in conjunction with extended validation capabilities inher-
ent to formally defined metamodels, as compared to the XML based
approach [WHM17b].

Concrete metamodel and codified implementation for feature models
(FMs). FMs are a thoroughly investigated topic, yet there is no con-
sensus on a versatile metamodel for defining such FMs. With our OPC
Unified Architecture (OPC UA) information model we provide a con-
crete, flexible schema for the specification of FMs in industrial con-
texts [Wal+18b; Wal+19d].

Mapping rules between ISO/IEC 15944-4 and IEC62264. While the
former standard targets ERP related information, the latter standard
goes deeper down the automation hierarchy. With our mapping we
provide a blueprint for ERP to MOM data alignment [WHM17a].
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A7 Mapping rules and model transformations between IEC 62714 and
IEC62264. Used for compliant modeling of IEC 62264 information in
Automation Markup Language (AutomationML) contexts [Wall8al].
Based on A2 and A4 we have implemented concrete model transfor-
mations using the ATL Transformation Language (ATL) [Wal+19b].

A8 Model transformations between IEC 62264 and PDDL. Establishing a
link from standards-based MOM information models to knowledge
inference methodologies and reactive production planning [Wal+19a;
Wal+19c].

A9 OPCUA information model for explicitly linking heterogeneous data
originating from different source domains. This information model
enables engineers to relate corresponding elements in a non-invasive
way, i.e., without altering the structure or properties of existing nodes.
Subsequent engineering or knowledge inference tools can exploit this
information for model refinement or similar efforts [Wal+18c].

Problem Relevance

“The objective of design-science research is to develop technology-
based solutions to important and relevant business problems.”
[Hev+04]

Smart manufacturing systems are an ongoing trend in multi-discipline
research and engineering [Ger18; Qu+19; Mit+19; Yao+19]. While the topic
itself, along with intermediate developments, is quite old [Wes99], many
issues are yet not broadly solved—and new computing paradigms require
constant adaptations. In order to ease future research and development, in-
ternational standards play an important role; not only do they streamline
multi-lateral approaches, they also foster technology integration and cross-
system compatibility [LMF16].

One of the more recent widely accepted contributions is the reference
architecture model Industry 4.0 (RAMI4.0). It has been developed as part of
the German initiative for the digitization of manufacturing systems, “Indus-
try 4.0” [DIN16b]. This phrase aggregates what is otherwise often referred
to as CPPS, IloT, smart factories, etc. It defines a three dimensional frame-
work for the classification of 14.0 applications and their sub-systems. Among
the three prominently placed international standards is IEC 62264, which is
a central element in this thesis. While its initial version stems from the early
2000s [ANSO0], it has gained new momentum through RAMI4.0 and related
activities. The work presented in this thesis covers parts of the RAMI4.0,
especially with respect to the inter-standard integration. Also, it investi-
gates metamodels for case-independent application and reference models
for specific use cases that could be used as guidelines for own developments
or blueprints for similar implementations.
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Chapter 1. Introduction

Design Evaluation

“The utility, quality, and efficacy of a design artifact must be rigorously
demonstrated via well-executed evaluation methods.”
[Hev+04]

The variety of research artifacts are evaluated using a broad spectrum
of evaluation methods, including analytical measures, case studies, and ex-
perimental settings. Specifically, we have applied the following evaluation
methods to the beforementioned artifacts (E1 evaluates Al, etc.):

El

E2

E3

E4

E5

E6

Concrete metamodel for ISO/IEC 15944-4: Rigorous domain and appli-
cation analysis, followed by multiple real-life case studies. The lat-
est metamodel revision is a refined iteration of a well tested meta-
model version that was used in a full-fledged cloud-enabled applica-
tion prototype developed for an industrial partner [Wal+14b; WH14a;
Wal+15b; Wal+15a].

Concrete metamodel for IEC62264: Conceptual model analysis for
the creation of a concrete metamodel. This metamodel has in turn
been analyzed and used successfully in several model transforma-
tions, case studies, and experiments in later iterations within this
work [WHM17d; WHM17c; Wal+17; Wal+19b].

Concrete metamodel and model-to-text transformation for PDDL:
Thorough domain analysis, that led to a sound metamodel, which
was in turn successfully utilized in numerous case studies and experi-
ments, some of which were executed in the context of an 4.0 testbed
situated at the Czech Technical University (CTU) in Prague [Wal+19a;
Wal+19c].

Concrete metamodel for IEC62714: In-depth domain analysis, suc-
cessful usage of the developed metamodel in experiments and a use
case. The developed metamodel provides a semantically enriched
revision of the XML Schema based original definition of the Computer
Aided Engineering Exchange (CAEX) format, and in turn of Automa-
tionML [WHM17b; Wal+19b].

Informational and concrete metamodel for FMs: Exhaustive domain
analysis and application in use cases and thereupon further appli-
cation analyses [MWM15]. Several materializations of the concep-
tual FM model have been realized, including an OPC UA information
model and a Java implementation, for experiments and actual com-
putations [Wal+18b; Wal+19d].

Mapping rules between ISO/IEC 15944-4 and IEC62264: Detailed
cross-domain and mapping rule analysis accompanied by a use case.
The use case was defined around an actual production process from
the furniture industry [WHM17a].
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Mapping rules and transformations between IEC 62714 and IEC 62264:
Analysis of cross-domain information utilization and overlap, appli-
cation in several use cases of varying complexity. Experimental evalu-
ation and concluding mapping analysis was realized through formal,
bi-directional model transformations [Wal+19b].

Model transformations between IEC 62264 and PDDL: Analysis of do-
mains and application scenarios, as well as of the resulting model
transformations, further tested in several experiments and case stud-
ies. The evaluation setting for the experiments, as well as the blueprint
for most of the more complex case studies, was again within the con-
text of CTU’s 14.0 testbed [Wal+19a; Wal+19c].

OPC UA information model for explicitly linking of heterogeneous data:
Analysis of related approaches for different target technologies. Appli-
cation in a specific use case as a proof-of-concept. [Wal+18c].

Research Contributions

“Effective design-science research must provide clear and verifiable
contributions in the areas of the design artifact, design foundations,
and/or design methodologies.”

[Hev+04]

The contributions of the research presented in this thesis are manifold
and listed in detail in Sec. 1.5. The following list highlights the main contri-
butions in brief:

Cl1

C2

C3

C4

(Relates to Al) Reference model and application prototype for defin-
ing business information in the context of retail information systems
(RISs) within the realms of REA ontologies. This work exemplifies and
proofs the capability of REA to be able to handle complex business
scenarios and it proofs, on a prototypical level, the applicability of REA
towards real-life applications [Wal+15b; Wal+15a].

(Relates to A5) Reference model for defining variability of arbitrary in-
formation using FMs in the context of OPC UA. This work is a low-
complexity, universally applicable information model for the defini-
tion of feature models for OPC UA data, such as factory equipment
and material/products [Wal+18b; Wal+19d].

(Relates to A9) Reference model for explicating data heterogeneity
in engineering artifacts, to be applied in the context of OPC UA. Us-
ing this model, it is possible to create non-destructive, semantically
meaningful inter-domain links between nodes that represent corre-
sponding or dependent pieces of information [Wal+18c].

(Relates to A6) Conceptual mapping of REA and IEC 62264 informa-
tion for the purpose of data reuse, cross-domain model-validation,
and runtime artifact conversion. With this mapping it is possible to
streamline data integration within the higher levels of the automation
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Chapter 1. Introduction

hierarchy. It is a reference mapping of IEC 62264 information to ERP
system granularity [WHM17a; Wal+18a].

C5 (Relates to A2, A4, and A7) Conceptual mapping and concrete trans-
formation rules for the modeling of IEC 62264 information within, or
in parallel with, AutomationML. This work enables standards integra-
tion with clear syntax and semantics along with optional modeling
rules for the creation of structured AutomationML models [Wal+18a;
Wal+19b].

C6 (Relates to A2, A4, and A7) Application note for the combined utiliza-
tion of IEC 62264 and AutomationML information. Numerous model-
ing examples of varying complexity are given in full detail and enable
the quick application in custom engineering efforts. Further, concrete
model transformations have been implemented and they show con-
ceptual maturity by successfully executing loss-less round-trip trans-
formations [Wal18a].

C7 (Relates to A3 and A8) Application note for the utilization of PDDL in
the context of smart manufacturing by leveraging IEC 62264 models. It
is shown (i) how IEC 62264 information can be non-ambigously con-
verted into PDDL data, (ii) how PDDL can be used to create produc-
tion plans from IEC 62264 data, and (iii) how IEC 62264 models can
be enriched by information gathered by planning solvers [Wal+19a;
Wal+19c].

Research Rigor

“Design-science research relies upon the application of rigorous meth-
ods in both the construction and evaluation of the design artifact.”
[Hev+04]

For creation of conceptual models, metamodels, model mappings, and
model transformations we have been applying tools and methods estab-
lished in the MDSE research community. All our findings and artifacts are
grounded in corresponding foundational resarch bodies that are referenced
in the underlying publications accordingly. Equipped with a bias towards
computer science and business informatics, we have followed best-practice
approaches with respect to MDE and business-oriented ISs. We acknowl-
edge that our concrete implementations might not be directly usable by do-
main experts, but the conceptual work that has realized provides a sound
reference body of work to be used by professional engineers. Since it was
the main theme throughout our research to stick to international standards,
where applicable, we believe that two important properties are established:
(i) the relevance of our research is undergirded by utilization of relevant and
modern industrial standards, and (ii) the applicability of our research re-
sults, artifacts, and conclusions is facilitated.

10
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Design as a Search Process

“The search for an effective artifact requires utilizing available means
to reach desired ends while satisfying laws in the problem environ-
ment.”

(Hev+04]

The contributions that have been cumulated in this thesis have inher-
ently followed an iterative approach, where certain aspects of sub-systems
have been highlighted, investigated, and improved over time, while the im-
plementation work of larger systems that utilize these ever evolving sub-
systems has been carried out. An approximated view on the genesis of the
publications is provided in Fig. 5: the findings of a certain piece of research
are iterated over and reused in other contributions. In some cases, the work
could be reused directly, in others, refinements, fixes, or other enhance-
ments have been introduced to the previous work, thus stabilizing the over-
all approach.

Communication of Research

“Design-science research must be presented effectively both to tech-
nology-oriented as well as management-oriented audiences.”
[Hev+04]

Since [Hev+04] is focused on design science with respect to business in-
formation systems, it argues that research contributions must not be kept
within the IT-affine community, but need to be actively carried to the do-
main experts, namely the “management-oriented audiences”. In our case,
the domain experts are represented by the automation systems engineering
community, comprising both academic and industrial representatives. Ex-
amples for associations representing these domain experts include the Au-
tomationML association, the Association of German Engineers (VDI), and
the International Academy for Production Engineering (CIRP).

The communication strategy that has accompanied this thesis included
several complementary aspects. First, the publication of research findings at
scientific conferences, symposiums, and workshops provided the grounding
for vocalized presentation in interactive, face-to-face settings. The typical
international conference allows for the seeding of ideas and findings in large
audiences using visual and auditive aids. While the “official” feedback with
respect to one’s own work is limited to a few questions, most of the fruitful,
in-depth discussions are situated in private settings, for which the confer-
ence provides a valuable framework. Second, the placing of research con-
tributions in renowned journals and collections supports wide-spread avail-
ability and enables to put one’s contributions into broader contexts so that it
can be accessed by a larger user base. Third, the active contribution in aca-
demic and industrial consortia provides plentiful opportunities to discuss
certain findings and issues with experts from diverse fields. The commit-
tees that were personally attended by the authors included both technology-
and management-oriented participants. Fourth, informal and unplanned

11
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Chapter 1. Introduction

knowledge exchange has led to the latest publications and proved to be a
valuable source of innovative ideas.

The majority of publication outlets are venues hosted or supported by
renowned engineering organizations, such as the Association for Comput-
ing Machinery (ACM), the Institute of Electrical and Electronics Engineers
(IEEE), and CIRP. A minor share of publications has been realized in the
context of industrial associations and venues, such as the AutomationML
association or at AUTOMATION, the World Congress of Measurement and
Automatic Control, which is organized by VDI, or in the context of scientific
or industrial workshops and symposiums.

As this thesis is situated on the borderline between computer science
and production engineering, (i) some publications have been placed in con-
ferences related to computer science, such as the IEEE International Confer-
ence on Business Informatics (CBI), (ii) others have appeared in production
engineering related conferences and journals, such as the IEEE Robotics and
Automation Letters (RA-L), and (iii) some have been published in venues
where both disciplines are represented in conjunction, such as the IEEE
International Conference on Industrial Informatics (INDIN). All of these
venues share an important property: submissions have undergone rigorous
peer-review by scientists and/or industrial experts.

1.4 Synopsis of Publications

In this section, we are describing the publications that make up this cu-
mulative thesis and show how they are related with each other. In order to
make it easier to identify these publications in the text, they are printed in
bold, when cited. This also applies to own “supplemental” publications that
where contributed inbetween the core publications. In order to foster the
understanding about the core publications’ interdependencies, Fig. 5 shows
a “dependency” graph, visualizing the publications’ genesis.

In our scientific contributions we have analyzed, discussed, and pro-
posed various technologies, methods, and modeling approaches along
the automation hierarchy. Since there exist multiple definitions for this
term [Ebe05; GMA13; FE14], we want to clarify that we are using it in
the sense as it is presented in the IEC 62264 standard [IEC13a] (cf. Fig. 6).
Consequently, in this work the levels of the hierarchy are defined as fol-
lows (extended with comments for better subsumption, taken from further
definitions which have been collected in [MPM17]):

Level 4: ERP functions are accumulated here. This level usually incorpo-
rates all kinds of management information system (MIS), which sup-
port various business operations.

Level 3: activities related to MOM are subsumed here. This includes infor-
mation about product recipies, production workflows, detailed pro-
duction scheduling, etc.

Level 2: supervisory control and data acquisition (SCADA) functions are
captured at this level. It represents aggregated monitoring and con-

12
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Wal+19d Wal+19a
2019 OPC UA, FMT

Wal+18b Wal18a (EC 62264

OPCUN mECI62264, AutomationML

Wal+18c

2018 ﬁEC 62264
WHM17a

2017 FEA
Wal+15a

2015 FEA

2014 WH14a

Figure 5: Genesis of the publications that form the backbone of this cumu-
lative thesis. Dependency annotations highlight the main themes that have
influenced a subsequent publication. External influences have been left out.

trol activities, which enable manual and automated control of the
production process.

Level 1: PLC tasks as well as I/0 handling are represented at this level, in-
cluding sensors, actuators, and processing units, which are required
to control certain subsystems or modules of an automated production
system.

Level 0: represents the actual physical production process. It can be under-
stood as the “ground truth” that is to be controled and monitored by
the IT systems of the upper levels.

ERP A plant scheduling, shipping, determining inventory levels, ...

MOM n production scheduling, work flow control, ...
SCADA n monitoring, supervisory control, automated control, ...
PLC _ sensing and manipulating the production process
Process_ the actual production process

Figure 6: Functional automation hierarchy (taken from [IEC13a], visually
adapted according to representations given in, e.g., [Wag03; Sau05]).

In this thesis, we are focusing on the upper two levels of the automa-
tion hierarchy, investigate dependencies and mappings between these lay-
ers, formalize conceptual models, and utilize them in computations for the
purpose of knowledge expansion.

13
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Chapter 1. Introduction

1.4.1 Enterprise Resource Planning

Our initial focus has been on the creation of a generic modeling and soft-
ware infrastructure that are flexible enough to be configured and extended at
runtime [Wal+14a]. The underlying conceptual model we have been relying
on was the REA business ontology [McC82], which has been standardized
as ISO/IEC 15944-4 [1107]. We have proposed an implementation concept
for a domain-agnostic software system that has extended REA with “frag-
ments”, which are customizeable pieces of structured data, such as a ship-
ping address or a Global Positioning System (GPS) coordinate. These frag-
ments could be used to augment REA concepts with complex and reusable
attributes.

This concept has been further detailed in [WH14b]. Not only have the
core design decisions been clarified, but also some additions have been
made, such as a dedicated submodel dealing with units and relations. With
these extensions it is possible to establish a semantically rich business
model.

This work has been additionally enriched by [Wal+14b], where the injec-
tion of business rules is described. With that, users are being empowered to
add certain behavior to the data-driven REA model. The foundation for this
approach has been the clarification of possible lifecycle changes that could
occur in such a system. Each lifecycle change would represent an “anchor
point” that could hold zero or more business rules. This allows users, e.g.,
to prevent the persistance of incomplete data or to trigger a purchase order
of supplies in case the local stock has decreased below a certain threshold
level.

In [WH14a] a concrete data model, designed for relational glspldb, has
been presented that incorporates the previously defined concepts. For the
informal definition of business rules the graphical syntax of Decision Model
and Notation (DMN) has been used, which has been published only months
before that work has materialized [OMG14]. The usability and expressive-
ness of DMN have been assessed as being very intuitive to use and very good,
respectively; especially when it comes to reading and interpreting informa-
tion that is encoded by DMN'’s Decision Requirements Diagrams (DRDs) or
boxed expressions.

Consequently, a RIS, named “REAlist”, has been developed, which
combines a robust REA core database (DB) and application programming
interface (API) with a RIS specific application layer and provides a web
application on top that allows the comfortable handling of REA informa-
tion [Wal+15b; Wal+15a]. With this work we have shown that it is possible
to build an extensive RIS with an intuitive web-based graphical user in-
terface (GUI) by solely relying on core REA concepts. The basis for this
is an unambigous mapping of different business functions that are de-
fined in the Retail-H, such as contracting, order management, and accounts
payable [BS04; BS07] to REA constellations.

14
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1.4.2 Manufacturing Operations Management

Manufacturing operations management handles the production control of
an enterprise and incorporates all necessary information and activities that
are required for smooth operations. Initial studies on the combined use
of ERP and MOM information have been presented in [MH15b; MH15a],
where IEC 62264-2 information is mapped to REA by extending the REA
metamodel. Additionally, in [MH15b], the operations definition submodel
of IEC62264-2 has been proposed as the basis for a task execution layer
for REA, since this layer of REA is not formally defined. This approach has
been later refined in [WHM17d], where it is shown that many concepts of
IEC62264-2 have direct correspondences to concepts of REA, which es-
sentially means that they capture similar information at a similar level of
granularity. Consequently, for the task execution layer more detailed pieces
of information are to be used, such as the ones that are defined in part 4 of
the IEC 62264 standard, e.g., workflow specifications, work schedules, and
work performances.

The alignment of REA and IEC 62264 part 2 has been discussed in more
detail in [WHM17a] by the example of an office furniture manufacturer. It
has been shown that most concepts of IEC 62264-2 can be mapped to meta-
model elements of REA, the main exceptions being (i) operations capabili-
ties and process segment capabilities as well as (ii) test specifications and test
results. The former are not directly stored using REA concepts, but could be
computed when required; the latter do not have semantically corresponding
entities. In the reverse direction, from REA to IEC 62264-2, the most promi-
nent missing mapping is that of events. While being a core entity in REA,
this level of detail is not provided in IEC 62264-2. Instead, the event level is
skipped and all information is aggregated at the level of dualities and con-
verted to IEC 62264-2 elements. Another important concept of REA that is
missing in IEC 62264-2 is the claim, for which there exists no dedicated cor-
responding element.

Data exchange between the plethora of engineering tools that are en-
gaged in the design and commissioning of APSs is a complex matter [GK16].
One promising approach to resolve some of the issues related with that sce-
nario has been materialized in terms of the standard series IEC 62714, repre-
senting AutomationML [BSS16]. AutomationML itself is based on IEC 62424,
which defines an XML dialect for data exchange within the realms of piping
and instrumentation diagrams (P&IDs), called CAEX. AutomationML tar-
gets the representation of the equipment hierarchy of a production site, but
can also be used to model additional concepts, such as products and pro-
cesses [SD09].

This is very similar to the capabilitites of IEC 62264-2 and therefore, in
[WHM17c] we have had an initial look at the encoding of IEC 62264-2 in-
formation within the context of AutomationML documents. The main con-
tributions in that work have been (i) the conceptual mapping of IEC 62264
elements to AutomationML elements and (ii) the creation and usage of an
AutomationML role class library. While details of the mapping and the role
class library have evolved over time, the approach and initial implementa-
tion have proven useful.
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The application of AutomationML on higher levels of the automa-
tion hierarchy has been further elaborated in [Wal+17], where a number of
application scenarios have been discussed. Some of them dealing with engi-
neering information, others dealing with runtime information, which could
be exploited using AutomationML. Also, the interplay of AutomationML
with OPCUA, as defined in [DIN16a] has been briefly discussed. The repre-
sentation of engineering information within OPC UA information models is
picked up in later work, when it comes to the identification of identical or
similar information originating from different tooling environments.

The synchronization of information available in different domains is
then discussed in [WHM17b]. Three separate views on the same system
are kept in sync by employing model transformations as well as model
validations. We have had a look at the ERP level (represented by REA), the
MES level (represented by IEC 62264) and the lower levels (represented by
AutomationML). By the example of a company producing glued-laminated
timber (Glulam), we have carved out the benefit of applying methods and
tools from MDE.

The potential ambiguity of engineering information has been further
discussed in [Wal+18c]. There, the issue of multiple representations of
equal or similar information has been elaborated. The high number of
engineering tools engaged in the design and runtime of APSs, together with
the increasing number of companion specifications for OPC UA, might well
lead to a situation where, for instance, information about a certain machine
is represented manifold (e.g., stemming from IEC 62264, AutomationML,
and MTConnect [MTC18]). In order to resolve some of the irritation and
fuzziness of such a setting, we have introduced an OPC UA information
model comprising four reference types that allow the explication of relations
between engineering artifacts.

The integrated use of IEC 62264 and AutomationML, as it has advanced
from the state described in [WHM17c], has been explained in [Wal+18a].
The general approach as well as, e.g., the application of interface classes has
been described in more detail, together with the combined use of Automa-
tionML, IEC 62264-2, and the Business To Manufacturing Markup Language
(B2MML).

A complete and detailed guide for the utilization of IEC 62264-2 informa-
tion within the context of AutomationML documents has been published
in [Wall8a], in terms of an official AutomationML application recommen-
dation (AR). This AR provides an extensive role class library together with
an interface class library for the representation of IEC 62264-2 information,
as well as an additional role class library comprising a single role class for
the referencing of external B2MML information. In one section the issue of
ambigous information in the context of OPC UA is explained; accompanied
by an OPC UA reference type to be used for annotating the relationship be-
tween IEC 62264-2 and AutomationML nodes.

A workflow for the combined use of IEC62264 and AutomationML
has been presented in [Wal+19b]: supported by a graphical domain spe-
cific language (DSL), implemented in a tool called “ISA-95 Designer”, it
is possible to model IEC 62264 data, which can in turn be transformed
into AutomationML information by applying two chained model transfor-
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mations. Vice-versa, IEC62264 information encoded in AutomationML
documents can be extracted using another set of two model transforma-
tions and visualized by the ISA-95 Designer. The term “ISA-95”, apparent
in this tool’s name, is the name of the root standard that IEC 62264 is based
upon [ANS00].

Since IEC 62264 provides a conceptual model for the representation of
MOM information, we have explored how this information could be ex-
ploited for the automated generation of production plans. For this purpose,
we have targeted PDDL as the concrete encoding format [Kovl1l]. PDDL
provides a standardized and object oriented way of specifying planning
domains and concrete planning problems—it has looked like a good fit for
our endeavors.

The rationale behind this approach is that IEC 62264 can be used to
model (i) the machinery of a production system (the equipment), (ii) the
material that is being consumed and produced, (iii) the production pro-
cesses that are available (the process segments), as well as (iv) the relations
that arbitrary resources can have with each other. The idea is to establish
a conversion rule from IEC62264 information to PDDL information, as
explained in [Wal+19a]. In essence, the IEC62264 process segments are
translated into PDDL actions that could be applied by a planning solver in
order to progress from an initial state to a goal state. In our initial example,
it has been required to compute the sequence of actions that would be
necessary to prepare just-in-time-delivery of raw material for a production
process that is to be executed later, by ordering a sequence of shuttles
in a monorail intra-logistic transportation system. We could successfully
proof (i) that the production system that has been designed is capable of
re-sorting the transportation shuttles from any sequence into any other
sequence and (ii) how exactly the re-sorting can be accomplished, in terms
of step-by-step directions.

Consequently, we have then increased the complexity of this approach in
two ways: (i) by creating a more complex scenario, including assembly tasks
with industrial robots and (ii) by utilizing durative actions [FLO3b] as a more
capable planning approach [Wal+19c]. Traditional PDDL solvers compute
sequential plans, i.e., plans where each step follows another. This is how-
ever not very efficient when it comes to plans to be applied in manufactur-
ing contexts, as multiple production steps can be accomplished in parallel,
e.g., by increasing the amount of machinery. The results that we have gained
from the experiments following this approach have revealed that (i) while
meaningful plans for manufacturing products can be found, (ii) the com-
putational cost are vast. It might thus prove more feasible to compute only
sequential plans and then try to parallelize some of the steps of the result-
ing plan in a post-processing step, by applying certain knowledge about the
underlying APS. The impact of such an approach depends on factors such
as the interwovenness of the production steps and could be significant or
neglectable.

A high-level compilation of ideas and findings in the fields of automa-
tion systems engineering and 4.0 has been published in [Maz+20], as an
iteration of the work presented in [Maz+15]. The focus has been on integrat-
ing industrial standards that operate on different levels of the automation
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hierarchy—such as ISO/IEC 15944 (REA), IEC62264, IEC62714 (Automa-
tionML), IEC 62424 (CAEX), IEC62541 (OPC UA), and IEC61499—into a
common framework for providing an approach for vertical and horizontal
integration.

1.4.3 Variability Engineering

Variability engineering in the context of smart manufacturing is a term that
is used to describe technical systems that can be assembled in different vari-
ations, based on a set of variation points. Among the most prominent exam-
ples are cars, as they are offered by most manufacturers: one can select the
kind of lighting, color, wheels, etc. Such variation points (or their poten-
tial implementations) are called features, following the seminal work pub-
lished in [Kan+90]. Over the years this initial approach has been extended
into what is nowadays known as FMs [LKL02; CHEO05; Bat05].

Variability engineering and feature modeling can be a powerful method
to describe and structure both products [GFd98; Ola+12; You+17] and pro-
duction systems [Sch10; Vog+15d; Deu+18] likewise—however, especially
FMs have often been applied for describing families of products. As such,
complementary to the pure business models that have been discussed ear-
lier, a closer look at integrating the user’s view into the configuration of prod-
ucts that are to be offered to consumers has been taken. For this, a specific
kind of quality function deployment (QFD) method has been chosen, the
House of Quality (HoQ). It allows the capturing of consumers’ requirements
and mapping them against the offered features of a certain product fam-
ily. Soon, we discovered that the “roof” of the HoQ, which is traditionally
described by a matrix, could be realized by a FM. This approach has been
presented along with a case study in [MWM15].

Later, we have applied FMs in the context of smart manufacturing by
defining an OPC UA information model for defining variability regardless of
its application domain [Wal+18b]. OPC UA was chosen because of its use in
manufacturing operations—this is where production systems and products
(or the parts a product is made up of) meet. With this information model
it is possible to define FMs within OPC UA servers, and to target production
system nodes and product-related nodes in equal measure. Exemplarily, we
have used this information model to describe allowed configurations in gas
station deployments.

In [Wal+19d] we have extended the previously crafted information
model by adding means to explicitly annotate OPC UA nodes as being
part of a specific configuration of a configurable technical system. This
enables more detailed analyses by making variability-related information
more explicit. In case a FM has evolved, a system that should conform to
this FM can be checked for conformance rather easily—even features that,
e.g., have been allowed in previous versions of a specific FM but are no
longer supported by a newer revision can be detected by this approach.
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1.5 Scientific Contribution

The scientific impact of our work can be differentiated by the kind of artifact
that has been created: (i) reference models, which showcase a specific im-
plementation approach, (i) conceptual mappings, which provide links be-
tween metamodels, and (iii) application notes, which introduce a technique
to an application area. In the following sections we will outline the main
contributions in each of these fields.

1.5.1 Reference Models

Reference models, as we mean them in this thesis, are domain-specific sam-
ple implementations that are generic enough to be used in a multitude of ap-
plication scenarios, because they implement the core functionality for cer-
tain service instances. From this viewpoint, our main contributions fall into
the realms of REA and OPC UA as the metamodel frameworks they are em-
bedded in.

1.5.1.1 Resource-Event-Agent

For REA, we have developed an extensive reference model [Wal+15a]—and
successfully implemented a DB backend and web application on top of
it [Wal+15b]—that resembles the core parts of the Retail-H [BS04; BS07].
With that we have shown that it is possible and feasible to build RISs that
are solely based on REA concepts as the core data source. The system archi-
tecture of our solution is presented in Fig. 7: based on a REA-specific DB an
API is defined that allows the manipulation of this data in a consistent way.
Access to this API for users is granted twofold: (i) through a web frontend
that allows direct manipulation of REA concepts, and (ii) through a web
frontend targeting the “REAlist” API, which is a RIS abstraction of REA,
targeting the Retail-H reference model [BS07].

REAlist Tenant Admin % %REAIist Admin %REAIisl User
REAlist Web Frontend
VY VY

REA Web Frontend
I Business Model Editor I IBusiness Data Editorl REAlist API
L L
REA API manipulates! manipulates!
3 3

DL Business Model instance of

Figure 7: Software stack of our REA-driven multi-tenant cloud application
(from [Wal+15a]).

More precisely, we have created detailed REA models for the business
functions that make up the H of the Retail-H: contracting, order manage-
ment, goods receipt, invoice auditing, accounts payable, warehousing, mar-
keting, selling, goods issue, billing, and accounts receivable [BS07]. Addi-
tionally, we have developed a web application that leverages these models
and abstracts them in a web-based GUI in order to allow authorized person-
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nel (expressed via REA agent typeroles) to write and read information on the
level of typical RISs.

1.5.1.2 OPC Unified Architecture

In the context of OPC UA we have developed and showcased an informa-
tion model for the implementation of FMs [Wal+18b] and the manifestation
of selected FM configurations [Wal+19d]. This information model supports
cardinality-based FMs, as they are described in [CHEO05] and thus enables
complex applications. The OPC UA visualization of this information model
is depicted in Fig. 8: the main object type is named “Feature” and is used
to create feature nodes. These nodes are interconnected by “HasSubFea-
ture” references in order to span a tree-shaped feature model. Cross-tree
constraints can be expressed via references of type “Excludes” or “Requires”
between the feature nodes. Cardinality information is introduced by the
properties of the feature nodes: the mandatory “min” and “max” properties
are used to describe how often the current feature node may be included in
a configuration, while the optional “groupMin” and “groupMax” properties
can be used to describe how many child features may be selected in a single
configuration.

OPC UA
BaseObjectType
o

. T+
FM
Feature Featurelnstance i { HasSubFeature : Excludes { Requires x
HasSubFeatureinstance IsFeaturelnstanceNatureOf

min max
[Mandatory] [Mandatory]

=l: { IsFeatureNatureOf £< IsFeaturelnstanceOf x
[groupMin} [groupMax}
[Optionall [Optionall {  SubFeatureReferenceType :

Figure 8: OPC UA information model for feature-based variability engineer-
ing [Wal+18b; Wal+19d].

A feature model that is created with this approach is a self-contained
piece of information that does not interfere with existing information mod-
els. However, it can (and should, in order to be of use) be related to already
existing information that is stored in an OPC UA server. For instance, the
typical setup of a production system might have initially been modeled by
a set of interrelated “production system” object types—with the help of our
information model, it is possible to link feature nodes to production sys-
tem nodes via “IsFeatureNatureOf” references. With this non-intrusive, ad-
ditional information it is possible to provide feature model related informa-
tion, in a declarative way.

For the explication of heterogeneous information, we have created an-
other information model that provides an extensible set of reference types:
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RepresentsDifferentView, HasRefinement, HasVerification, and HasImple-
mentation [Wal+18c], which are depicted in Fig. 9: (i) RepresentsDiffer-
entView is the most generic reference type that is used to relate two OPC UA
nodes that depict the same entity, but that have been introduced to the
OPC UA server from distinct engineering tools or domain models, (ii) Has-
Refinement is a more explicit reference type that additionally indicates that
one node is a more refined view on another node, (iii) HasVerification re-
lates two nodes, where one describes the verification of another one, and
(iv) HasImplementation is used to relate two nodes, where one is the imple-
mentation of another one, which might, e.g., be representing requirements.

OPC UA
NonHierarchicalReferences
A N A
€L 1L

Heterogeneity I I
< RepresentsDifferentView < < HasImplementation <

<HasReﬁnement< < HasVerification <

Figure 9: OPC UA information model for making explicit heterogeneity
statements about related engineering artifacts [Wal+18c].

Instances of these reference types are meant to be used between OPC UA
nodes of different domains, however they can also be applied in the context
of a single domain, if this domain does not provide corresponding reference
types that might be of value. These reference types can be subclassed to
describe more specialized inter-model relations, if required.

1.5.2 Conceptual Mappings

With the term “conceptual mapping” we describe the alignment of two or
more different domains in the context of this thesis. This can include both
mappings on the metamodel level or on the model level, or across levels.
The realized mappings presented in this work are centered around vertical
integration, respecting the ERP level standard ISO/IEC 15944-4, as well as
the lower level standards IEC 62264 and AutomationML.

1.5.2.1 Resource-Event-Agent and IEC 62264

Since part 2 of IEC 62264 is meant as an object model for information ex-
change between the ERP and the MES level, it shares some of the concepts
that are defined in the REA business model language, which can be seen as
an abstraction for ERP systems. And while the original focus of REA has been
on the transfer of economic resources between trading partners [McC82], it
is also capable of describing manufacturing processes through transforma-
tions [GM97; GMO00]. As such, REA can be viewed as a translational tool be-
tween the inter-organizational aspect of horizontal integration and vertical
integration.
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In [WHM17a] we have established a mapping between IEC 62264-2 and
REA and we could show that there is a high level of semantic correspon-
dence. Also, we could identify which elements of REA are not available in
IEC62264 and vice versa. We are providing a use case that depicts how a
production system that is abstracted using IEC 62264-2 can be interfaced
cleanly with an ERP system defined using REA concepts.

An excerpt of the mapping is depicted in Fig. 10: to the left some promi-
nent elements of REA are depicted, and to the right the corresponding
IEC 62264 concepts. Correspondence is visualized by gray connectors; it is
allowed that an element of one side has multiple matches on the other side.
The latter aspect is typical in cases where two distinct domain models are
mapped against each other, because if all mappings would be 1: 1, the two
domain models would essentially provide the same level of informational
granularity.

--------------------------------------
Schedule Type f----=-====--===----mmmmmmmmmm oo [ Operations Definition J
-------------- { Equipment Segment Specification J

Stockflow Type

[Planned Stockflow Type} EEH

{ Physical Asset Segment Specification J

------------------ { Material Segment Specification J

[ Transformation Duality } ----------------------------------------- Segment Response

[Transformation Reciprocity} ---------------------------------- [ Segment Requirement J

Schedule f---====--=--mmmmm oo Operations Request
-------------------- Equipment Actual

{ Physical Asset Actual J

------- Material Actual

--------------- [ Equipment Requirement J

Planned Stockflow fz=szzzzzZ2i: E E E ----------------------- {Physical Asset Requirement)

.

( Material Requirement J

=

REA

IEC 62264-2

Figure 10: Excerpt of the conceptual mapping of the REA (left) and
IEC 62264-2 (right) metamodels [WHM17a].
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We argue that, e.g., a REA schedule type corresponds to an IEC 62264
operations definition: a schedule type can be seen as a blueprint for fu-
ture schedule instances, which is also true for operations definitions, which
describe a blueprint for operations requests, to be issued at runtime. The
planned stockflows (or resource reservations) that are specified within the
reciprocities of REA schedules correspond to equipment, physical asset, or
material requirements of segment requirements of IEC 62264.

In [WHM17d], we have further argued that part 4 of IEC62264 would
be a good fit for REA for describing production processes on a more de-
tailed level, in a way that would normally not be captured using REA
core concepts—this more detailed level is usually referred to as the “task
level” [GM97; GM99]—instead, some constructs of IEC62264-4 could be
used for that purpose.

1.5.2.2 1EC 62264 and AutomationML

IEC 62264 defines an abstract model for pieces of information (i) that are to
be exchanged between the ERP and the MOM level of the automation hier-
archy and (ii) that describe MOM activities, functions, and objects. With the
extensive work that has been presented in an AR [Wal18a], a detailed manual
is provided on how to model AutomationML and IEC 62264 (i) in parallel or
even (ii) in an integrated way. The application recommendation takes into
account B2MML [MES13] and defines (i) an interface for aligning separately
stored AutomationML and B2MML documents and (ii) a role class library
and an interface class library for the modeling of IEC 62264 information in a
self-contained AutomationML document.

Fig. 11 depicts an excerpt of the mapping, which has been realized
twofold: (i) to the left it is shown with which metamodel concept the ele-
ment instances are represented, (ii) to the left the semantic alignment of
the created role class library with existing role classes of AutomationML is
depicted. For instance, it is made clear, that IEC 62264 elements of type
equipment class are modeled in terms of AutomationML role classes. At the
same time, the role class library’s entry EquipmentClass is specified as a
subclass of AutomationML'’s base role class library entry Resource. By that
dual alignment, we implement a rudimentary backwards-compatibility.
AutomationML tools that do not know the discussed AR can treat enti-
ties of type equipment class as the well-known type Resource, which is a
semantically related role class.

1.5.3 Application Notes

In this section we highlight specific examples of where conceptual work has
been applied in specific use cases, and where research artifacts are studied
in case studies in order to proof their adequacy and correctness. We elabo-
rate (i) on the utilization of IEC 62264 information in the context of Automa-
tionML and (ii) on the combined usage of IEC 62264 and PDDL.
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Figure 11: Excerpt of the conceptual mapping of IEC 62264-2 and Automa-

tionML elements [Wall8al].

1.5.3.1 IEC 62264 and AutomationML

As part of the AR for the alignment of the ERP and MOM levels in Au-
tomationML environments [Wall8a], we have provided detailed usage
examples of how the various role and interface classes are to be used in
combination with each other. The current AR state integrates all of the
IEC62264-2 conceptual models and also respects the availability of two
complementary mapping documents: (i) modeling IEC 62264-2 informa-
tion in OPC UA [Ono+13] and (ii) modeling AutomationML information in
OPC UA [DIN16a]. In order to support the resolving of ambiguous data, a
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dedicated OPC UA reference type is provided as part of the AR that helps
explicitly marking duplicate information stemming from different source
domains within a single OPC UA server. While this does not itself resolve the
ambiguity, these markings can be used as an intermediate step.

Further, we have outlined a general approach on how to structure
AutomationML documents, by applying the main information models of
IEC 62264 to AutomationML. This supports newcomers to AutomationML
to model their diverse production system aspects in AutomationML in a
modular and guided fashion (cf. Fig. 12). Different concerns, such as equip-
ment, material, and processes, are separated from each other in dedicated
sub-trees of the instance hierarchy and connected to each other using
well-defined external interfaces and links among them. Engineering tools
that are only interested in a certain sub-tree could therefore rather quickly
extract relevant information. Evidence shows that this kind of structuring
is suitable and useful for the modeling of highly automated production
systems, such as in the automotive sector [BRS18].

Instance Hierarchy

IEC 62264 Model

IEC 62264 Model
|
Equipment Model Physical Asset Model Material Model Process Segment Model
vy vy g
Physical Assets Eq. Asset Mappings Process Segments PS Dependencies
System Unit Class Library Role Class Library

|
v v v v

Physical Asset Classes Material Definitions Equipment Classes Material Classes

y ’ ’ ’

Figure 12: AutomationML document structure, when applying IEC 62264 vo-
cabulary and relations (excerpt) [Wal+19b].

We have also exemplified how ATL can be used to create AutomationML
documents from IEC 62264 information—and vice-versa, if the role and
interface classes, as defined in the AR, have been used [Wal+19b]. This is
specifically useful in situations where IEC62264 is already available and
needs to be rendered within an AutomationML document. An exemplary
Business Process Model and Notation (BPMN) workflow for manipulat-
ing a single model repeatedly between an AutomationML-based and an
IEC62264-based tool is depicted in Fig. 13. Note that in this case we have
two different metamodels of AutomationML in use: one (dubbed “XML”)
directly representing the XML syntax based on the CAEX schema, the other
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Chapter 1. Introduction

one (dubbed “Graph”) being a strictly object-oriented version thereof. Two
additional ATL transformations (one back and one forth) are required to
convert between these two serialization formats.

2 Edit s

S IEC 62264

2 Model
z
E : Y y
5 g Transform Transform
= CAEX Graph IEC 62264
3‘ to IEC 62264 to CAEX Graph
s|§ A s
T | ® ;
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3 CAEX XML CAEX Graph
q to CAEX Graph to CAEX XML
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- |
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S Edit
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2

Figure 13: Workflow for editing a single model in two distinct engineering
tools, one based on IEC 62264 information, the other one based on Automa-
tionML data [Wal+19b].

1.5.3.2 IEC 62264 and PDDL

IEC 62264 is capable of providing rich data for the description of static prop-
erties of a production system, but also for the specification of complex, and
even nested, production processes. As such, we have successfully tested
the alignment of IEC 62264 with the grammar of several off-the-shelf PDDL
planning solvers in order to find possible production plans for specific prod-
ucts in certain manufacturing environments. By coupling the production
system model with the planning solver using model-driven techniques,
we enable a reactive production system, where relevant changes in the
IEC 62264 model can trigger replanning tasks and provide new production
plans in a fully automated way [Wal+19a; Wal+19c].

We have applied our concepts on the basis of a real production system
that is set up at CTU’s Czech Institute of Informatics, Robotics and Cyber-
netics (CIIRC): the Industry 4.0 testbed (cf. Fig. 14). It comprises four robot
cells that are connected by a monorail-based intra-logistics system featur-
ing shuttles that may drive along the track and carry material to and from
the cells.

The general workflow of our approach is depicted in Fig. 15: starting with
the creation of a production system model comprising an initial state de-
scription and the formulation of an envisioned goal state (both expressed
using IEC 62264), a set of PDDL artifacts is generated: one domain file and
one to many problem files, corresponding to the number of provided goal
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Figure 15: Workflow for generating PDDL artifacts from IEC 62264 informa-
tion, as well as inferring and feeding back knowledge [Wal+19c].

state models. These files are handed over to an off-the-shelf PDDL solver
that tries to find a production plan for each of the production goals, i.e., a
sequence of actions that lead from the initial state to the goal state. In our
examples, we assemble toy trucks from a few sub-components.

The main contribution is the transformation of IEC 62264 information
into a valid PDDL representation. Fig. 16 depicts the transformation of pure
IEC62264 metamodel information into PDDL domain description frag-
ments by the example of equipment information: (i) metamodel classes are
made available as PDDL types, metamodel relations are transformed into
PDDL predicates with a corresponding name, and properly typed param-
eters. The PDDL elements generated in such a way serve as the backbone
for the remaining elements that are inferred from IEC 62264 model infor-
mation. For instance, (i) all classes, e.g., equipment classes are converted
into constants, (i) process segments are converted into actions and their
segment requirements are added thereto as parameters, or (iii) all kinds of
instances, e.g., equipment are converted into objects of a corresponding
problem definition file.
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—> Association — Instance-Of %Mapping

Figure 16: Converting IEC 62264 information into a PDDL representation (as
it was used in [Wal+19c].

The computed production plan is then written back into the production
system model in terms of an operations definition, where each PDDL action
call is converted into an operations segment. If no plan could be found, no
such operations definition is created—instead, the user is notified that no
plan could be found for the given production problem. The corresponding
engineer is then able to explore whether the product is faulty, or the produc-
tion system is simply not capable of producing the selected kind of product.

1.6 Research Projects

Some of the publications underlying this thesis have been realized in the
context of the following research projects:

REAlist: Funded by the Austrian Research Promotion Agency (FFG) as a
“BRIDGE” project, this project has investigated the usage of REA as
the foundation of a prototypical ERP system. Among the issues that
have had to be solved has been the integration of a business rule
engine, and the theoretical framework for this has been presented in
[WH14a]. The underlying system architecture as well as the domain-
specific REA model instances have been described in [Wal+15a].

CDL-MINT: The Christian Doppler Laboratory (CDL) for Model-Integrated
Smart Production has represented the hosting environment for the
remaining publications. We have investigated the application of
methods and techniques of MDE in the context of smart manufac-
turing. One important aspect has been the exploration of vertical
integration across levels of the automation hierarchy, which resulted
in [WHM17a] and [Wal18a], as well as the declaration of heteroge-
neous data stemming from diverse sources within a single technical
space [Wal+18c]. Another aspect has been the expression of variabil-
ity in production processes, which could benefit from our previous
research [MWM15]. Variability information models have been pre-
sented in [Wal+18b] and extended in [Wal+19d]. A third aspect has
dealt with the combination of structural and behavioral models for
the ad-hoc creation of production plans, which has been initially
presented in [Wal+19a] and has been extended with temporal infor-
mation and more complex use cases in [Wal+19c].
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Publications

The following peer-reviewed publications, grouped by publication medium,
have directly contributed to this cumulative thesis. Detailed information
about each of these publications is given in corresponding sections after the
listing—sorted by publication date, in ascending order. Each section prints
the publication’s abstract as well as all cited works. Further, a “contribution”
clause depicts the tasks that were carried out by the author of this thesis with
relative majority, i.e., where he was contributing more substance and effort
than any of his co-authors.

Journal Articles
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Automated Generation of Operations Plans based on
ISA-95 and PDDL”. In: Robotics and Automation Letters
4.4 (Oct. 2019), pp. 4062-4069. ISSN: 2377-3766. DOLI:
10.1109/LRA.2019.2929991.

Whitepapers

[Wal18a] Bernhard Wally. Provisioning for MES and ERP. Support
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AR_MES_ERP 1.1.0. Nov. 2018.

Conference Proceedings
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mer. “Production Planning with IEC 62264 and PDDL". In: Pro-
ceedings of the 17th IEEE International Conference on Indus-
trial Informatics (INDIN). July 2019, pp. 492-499. ISBN: 978-1-
7281-2928-0. DOI: 10.1109/INDIN41052.2019.8972050.
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DOI: 10.1109/ETFA.2018.8502502.

Bernhard Wally, Christian Huemer, Alexandra Mazak, Manuel
Wimmer. “AutomationML, ISA-95 and Others: Rendezvous in
the OPC UA Universe”. In: Proceedings of the 14th IEEE Inter-
national Conference on Automation Science and Engineering
(CASE). Aug. 2018, pp. 1381-1387. ISBN: 978-1-5386-3594-0.
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2.1 Defining Business Rules for REA Business Models

Citation

Bernhard Wally, Christian Huemer. “Defining Business Rules for REA Busi-
ness Models”. In: Proceedings of the 16th IEEE International Conference on
Business Informatics (CBI). Vol. 2 - Workshop Papers. 1st Workshop on En-
terprise Engineering Theories and Methods (WEETM). July 2014. ISBN: 978-
1-4799-5779-8. DOI: 10.1109/CBI.2014.52.

Contribution

Conceptualization, Methodology, Investigation, Implementation, Writing

Abstract

The REA business model language is an established vehicle (i) to model
businesses in terms of domain specific value chains and their key concepts
and (ii) to capture business data in terms of accounting artefacts. REA has
evolved into a specification that could drive web shops, enterprise/trading
information systems, enterprise resource planning systems, etc. Such
systems require support for sophisticated business rules in order to
decouple business logic from application logic. In this work we present a
framework for structural integration of business rules into REA business
models.

Cited Works

[WH14] Bernhard Wally, Christian Huemer. “Towards a Generic Data
Model for REA based Applications”. In: Proceedings of the 4th
International Symposium on Business Modeling and Software
Design (BMSD). June 2014, pp. 153-158. ISBN: 978-989-758-
032-1. DOI: 10.5220/0005425401530158.

[Wal+14] Bernhard Wally, Alexandra Mazak, Dieter Mayrhofer, Chris-
tian Huemer. “Defining Business Rules for REA based on Frag-
ments and Declarations”. In: Proceedings of the 8th Interna-
tional Workshop on Value Modeling and Business Ontology
(VMBO). Mar. 2014.

[OMG14] Object Management Group. Decision Model and Notation.
Specification. OMG DMN 1.0 Beta 1. 2014.

[Gail3] Frederik Gailly. “Transforming Enterprise Ontologies into
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Henderik A. Proper. 2013.
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2.2 Model-Driven Retail Information System based on REA
Business Ontology and Retail-H

Citation

Bernhard Wally, Alexandra Mazak, Bernhard Kratzwald, Christian Huemer.
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Investigation, Writing

Award

Nominated for the Best Paper Award of the 17th IEEE Conference on Busi-
ness Informatics (CBI) 2015.

Abstract

Enterprise resource planning (ERP) systems are often cumbersome to
customize to a client’s needs. Model-driven approaches promise to
simplify these attempts. In this work we present an ERP prototype based
on the Resource-Event-Agent (REA) business ontology that follows a
“model-at-runtime” approach: one may customize the ERP system during
runtime by changing the underlying REA models. We are using Retail-H
as the reference framework for building a retail information system (RIS).
Our main contribution is the prototypical implementation of a domain
agnostic REA engine that can be loaded at runtime with domain specific
business models—these models can further be manipulated at runtime. On
that basis we have exemplarily modeled main concepts of Retail-H in REA.
Validation of the implemented components is realized by applying real
business activities and requirements received from our partner, a business
software solution provider.
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The Case of REA and ISA-95

Citation

Bernhard Wally, Christian Huemer, Alexandra Mazak. “Aligning Business
Services with Production Services: The Case of REA and ISA-95”. In: Proceed-
ings of the 10th IEEE International Conference on Service Oriented Comput-
ing and Applications (SOCA). Nov. 2017, pp. 9-17. ISBN: 978-1-5386-1327-6.
DOI: 10.1109/SOCA.2017.10.

Contribution

Conceptualization, Methodology, Investigation, Implementation, Writing

Abstract

“Industrie 4.0” aims at flexible production networks that require horizontal
integration across companies. Evidently, any production related
information exchanged in the network must be vertically forwarded to
the corresponding service endpoints of the local production system.
Accordingly, there is a need to align information that flows between
companies and within each company. The Resource-Event-Agent (REA)
business ontology describes a metamodel for internal business activities
(e.g., production) and for inter-organizational exchange constellations
on the enterprise resource planning (ERP) level. ISA-95 is a series of
standards targeting the integration of enterprise control systems on the
interface between ERP systems and manufacturing execution systems.
Consequently, we align elements of REA and ISA-95 and define conversion
rules for the transformation of elements from one system to the other. By
interleaving the semantics of both standards, we formally strengthen the
links between the services of the business level and the production level,
and support multi-system adaptation in flexible production environments.
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Abstract

OPC Unified Architecture (UA) is a powerful and versatile platform for
hosting information from a large variety of domains. In some cases, the
domain-specific information models provide overlapping information,
such as (i) different views on a specific entity or (ii) different levels of detail
of a single entity. Emerging from a multi-disciplinary engineering process,
these different views can stem from various tools that have been used to
deal with that entity, or from different stages in an engineering process, e.g.,
from requirements engineering over system design and implementation to
operations. In this work, we provide a concise but expressive set of OPC UA
reference types that unobtrusively allow the persistent instantiation of
additional knowledge with respect to relations between OPC UA nodes.
We will show the application of these reference types on the basis of a
rendezvous of AutomationML and ISA-95 in an OPC UA server.
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Abstract

OPC Unified Architecture (UA) is a powerful technology for modeling and in-
stantiating domain-specific information in a standardized manner. Its initial
application scenario is in the domain of automated production systems, that
increasingly have to deal with variability information, (i) regarding the prod-
ucts being manufactured and (ii) regarding the production systems them-
selves. In this work we propose a non-intrusive OPC UA information model
for the modeling and querying of variability information using feature mod-
els, which are a well-known paradigm in the management of software prod-
uct lines. Our information model can be applied “aside” existing domain
information without interfering with their internal structure.
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Abstract

In a fully integrated production environment, business and manufacturing
functions are aligned in order to foster an efficient data flow. For the data
exchange between Enterprise Resource Planning (ERP) systems and Man-
ufacturing Execution Systems (MES) a data standard has been specified in
the IEC 62264 series, based on a standard that has been standardized by
the American National Standards Institute (ANSI) and the International So-
ciety of Automation (ISA): ANSI/ISA-95. A complete XML implementation
of IEC 62264 has been published as the Business To Manufacturing Markup
Language (B2MML) by the Manufacturing Enterprise Solutions Association
(MESA) International. After IEC 62264 enables the linking of the business
layer (ERP and supply chain management) to the manufacturing layer, link-
ing objects from AML to elements of IEC 62264 further fosters the integration
of manufacturing layers.
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2.7 Modeling Variability and Persisting Configurations in
OPCUA
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Abstract

Variability is crucial in the design of many advanced goods and it is also re-
ceiving increasing attention in production systems engineering. Since OPC
Unified Architecture plays an important role when it comes to standardized
information exchange in modern production systems, it can be a melting
pot for information from various engineering domains, such as product de-
sign and production engineering—thus, it is an ideal place to hold variability
information of products and production systems alike. Based on an initial
variability information model we propose additional concepts for the per-
sisting of configurations.
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2.8 Flexible Production Systems: Automated Generation of
Operations Plans Based on ISA-95 and PDDL
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Abstract

Model-driven engineering (MDE) provides tools and methods for the ma-
nipulation of formal models. In this letter, we leverage MDE for the trans-
formation of production system models into flat files that are understood by
general purpose planning tools and that enable the computation of “plans”,
i.e., sequences of production steps that are required to reach certain produc-
tion goals. These plans are then merged back into the production system
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(iii) the products they produce. Manual intervention for system adaptation
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