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Short Summary

To remain competitive, manufacturing enterprises need to address current trends
such as the increasing demand for individualised products, as well as rising product
complexity. Together with outsourcing business and production processes, which
do not form part of an enterprise’s core business, this becomes a major challenge
when it comes to managing production networks. Agile production networks,
which are established for specific orders by flexibly combining manufacturing ser-
vices, can contribute towards overcoming this issue in the future.

Therefore, this thesis proposes an IT-based method for connecting customisable
manufacturing services that aims at efficiently configuring agile production net-
works while reducing the necessary know-how at the same time.

First, this includes, the provision of manufacturing services by manufacturers
publishing service descriptions on a common platform. These services can then
be selected, configured, and connected to establish agile production networks.
While configuring the networks, potential dependencies between the combined
manufacturing services and their properties must be considered. To support this,
the developed system provides recommendations derived from previously-defined
connections between manufacturing services.

The developed method, model, and IT system have been evaluated by means of
an application in the organic semiconductor industry. As a result, it has been
confirmed that the developed solution contributes to the reduction of efforts and
know-how involved in the participation in agile production networks for manufac-
turing service providers and consumers, thus lowering the barriers for exploiting
benefits of agile production networks such as increase in sales or utilisation of
external competencies and resources. Furthermore, the solution turned out to be
beneficial especially for configuring complex products, if utilising flexible auto-
mated manufacturing systems, and if numerous pre-defined configurations are
available in the knowledge base.
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Kurzinhalt

Um ihre Wettbewerbsfähigkeit zu gewährleisten, müssen produzierende Unter-
nehmen aktuellen Entwicklungen wie der zunehmenden Nachfrage nach kunden-
individuellen Produkten und einer steigenden Produktkomplexität begegnen. In
Kombination mit der Auslagerung von Prozessen, die nicht dem Kerngeschäft der
Unternehmen entsprechen, stellt dies eine Herausforderung für das Management
von Produktionsnetzwerken dar. Agile Produktionsnetzwerke, die basierend auf
Fertigungsdiensten auftragsspezifisch zusammengestellt werden, tragen dazu bei,
diese in Zukunft bewältigen zu können.

Aus diesem Grund befasst sich diese Arbeit mit der Bereitstellung einer IT-
gestützten Methode zur Verknüpfung konfigurierbarer Fertigungsdienste mit dem
Ziel, eine effiziente Zusammenstellung agiler Produktionsnetzwerke zu ermögli-
chen und gleichzeitig das dafür benötigte Fachwissen zu verringern.

Dafür werden Beschreibungen von Fertigungsdiensten zunächst von den anbieten-
den produzierenden Unternehmen in einer Plattform hinterlegt. Von dort aus ste-
hen sie für die Auswahl, Konfiguration und Einbindung in agile Produktionsnetz-
werke zur Verfügung. Während der Konfiguration dieser Netzwerke sind mögliche
Abhängigkeiten zwischen den kombinierten Fertigungsdiensten und ihren Eigen-
schaften zu berücksichtigen. Um dies zu erleichtern, stellt das entwickelte System
Empfehlungen bereit, die aus im Vorfeld konfigurierten Verknüpfungen zwischen
Fertigungsdiensten abgeleitet werden.

Das entwickelte Verfahren wurde anhand eines Anwendungsbeispiels aus der or-
ganischen Halbleiterindustrie erprobt. Dabei bestätigte sich, dass die entwickelte
Lösung zur Verringerung der für die Konfiguration agiler Produktionsnetzwerke
notwendigen Aufwände und Fachkenntnisse beiträgt und damit sowohl für produ-
zierende Unternehmen als auch für die Konsumenten personalisierter Produkte die
Hürden für die Ausschöpfung der Potentiale agiler Produktionsnetzwerke senkt.
Darüber hinaus wurde die Eignung des Verfahrens insbesondere beim Einsatz
flexibler automatisierter Fertigungssysteme und einer großen Wissensbasis, sowie
für die Zusammenstellung von Produktionsnetzwerken bzw. Produkten mit hoher
Komplexität festgestellt.
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1. Introduction

Manufacturing is a major pillar of European economy as its share of value creation
and employment is approximately 20%, which is higher than that of any other in-
dustry, trade, and service sector (European Commission 2014, p. 127). However,
the competitiveness of manufacturing businesses in the high-wage countries of
Europe or the US is no longer guaranteed by technology leadership and optimised
efficiency. Brazil, Russia, India, and China (BRIC) and other low-wage countries
are rapidly catching up on knowledge and the adoption of technology, as well
as purchasing power (Santana, Aparecida do Nascimento Rebelatto et al. 2014,
Malerba and Nelson 2011). As a result, manufacturing shares in Gross Do-
mestic Products (GDPs) have been continuously decreasing in high-wage countries
over the recent years (Westkämper 2014, p. 9). To overcome this and remain
competitive, manufacturing companies from high-wage countries are not focus-
ing on cost leadership only anymore, but also on pushing towards differentiation
by concentrating on their core business, i.e. skill and capital-intensive activities
(Kinkel 2012), to establish and sustain Unique Selling Propositions (USPs).

Besides technology and innovation leadership, differentiation in manufacturing
is, according to Lanza, Moser et al. (2012) and Volberda, Morgan et al. (2011,
p. 179–180), driven by addressing specific customer needs and trends, e.g. by
implementing individualisation, regionalisation, sustainability, services, or niche
market strategies. In this context, customisation is recognised as one of the most
promising strategies to maintain the competitiveness of the European manufac-
turing industry (Westkämper 2014, p. 15, European Commission 2013, pp. 92–
96). It is already considered throughout many industry sectors, such as computer,
automotive, garment, or furniture industries, where mass customisation strategies
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are widely implemented (Salvador, de Holan et al. 2009, Kodzi and Gazo 2010).
Even more, manufacturing trends are even pointing towards personalised produc-
tion, i.e. the manufacturing of products which is not restricted by predefined
variants, but by the range of options made available by flexible manufacturing
systems (Mourtzis and Doukas 2014b). Interactive value creation, customer co-
design, or crowd sourcing in manufacturing are concepts which further develop
this trend by involving customers and their needs to the product design process
(Reichwald and Piller 2009, p. 235). Up to now, total customisation concepts
are only applied for high-value products such as in the aerospace or medical in-
dustries, or simple but potentially high-value added consumer products such as
garments (Koren 2010, pp. 80–87).

1.1. Motivation and Problem Statement

Personalised production applications are currently restricted by the efforts and
costs involved in managing and executing personalised production. These strongly
depend on the complexity of related products, i.e. the number of product com-
ponents and processes involved, as well as their interdependencies (Inman and
Blumenfeld 2014, Nußbaum 2011, p. 22). Furthermore, customisation has an
impact on the whole production network, since customisation options usually are
not restricted to finishing processes, but also affect product components and pro-
cesses delivered by a network of suppliers (Mourtzis and Doukas 2014a, Ost and
Mandel 2009). As a result, total customisation is accompanied by the need for
agile production networks, i.e. the ability of these networks to adapt to chan-
ging requirements (Ramesh and Devadasan 2007). To deal with the challenges
of product complexity and production network agility, appropriate enterprise co-
operations must be implemented in the form of agile production networks as shown
in figure 1.1.

For involved companies, participation in such agile production networks offers
the potential to increase market access and satisfy customer preferences, as well
as improve capacity utilisation, get access to external competencies, and exploit
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Figure 1.1. Enterprise cooperations as per Reichwald, Möslein et al. (2000, p. 42)

synergies (Markaki, Panopoulos et al. 2013, Romero and Molina 2011, Wong
and Lesmono 2011). However, since pre-defined production networks become
order-specific as personalised production progresses, the efforts involved in sup-
plier selection and integration, as well as order management, increase respect-
ively. Accordingly, there is no guarantee that potential benefits of participating
in agile production networks will remain valid on considering implementation ef-
forts (Schuh and Meyer 2009). To counter this, i.e. to configure agile production
networks in an efficient and beneficial way, it is necessary to apply appropriate
IT methods and tools that support related tasks (Mourtzis and Doukas 2014a,
Grenz and Pfadenhauer 2012, Reichwald and Piller 2009, pp. 37–39).

1.2. Objective and Approach

IT solutions to support the configuration of agile production networks must in-
corporate efficient and effective methods and tools for sharing, integrating, and
connecting manufacturing services, i.e. production capabilities and capacities,
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including related customisation possibilities (Rauschecker, Stöhr et al. 2013).
Therefore, the objective of this thesis is to develop a method, together with an IT
system to support it, which simplifies the configuration of agile production net-
works by aiding the creation of ad-hoc production network structures. A major
focus is on the connection of manufacturing services, where appropriate measures
ensure the manufacturability of the final individual product. These measures in-
clude the verification of the plausibility of the combination of processes, products,
and their characteristics. In doing so, total product customisation is enabled by
considering the configuration ranges of the manufacturing services integrated.

To achieve this objective, the approach shown in figure 1.2 is applied:

Chapter 2 outlines the scope of this work. It defines major terms and describes
the initial situation, i.e. principles and existing infrastructures for production
networks for personalised products.

Chapter 3 derives requirements and boundary conditions for the method and
related IT system based on the major challenges in typical workflows to freely
configure order-specific production networks for personalised products.

Chapter 4 describes the state of the art. The research gap that is dealt with in
this work is identified by comparing the requirements specified in chapter 3 with
existing solutions. This sets the method and IT system developed apart from
previous work.

Chapter 5 gives an overview of the method for creating agile production net-
works for personalised production by on configuring and combining manufacturing
services. It serves as basis for the developments explained in chapters 6 and 7.

Chapter 6 outlines the proposed solution, i.e. data model and IT system, for
configuring and combining manufacturing services for personalised production.
This includes concepts for the description of manufacturing services, i.e. the
underlying capabilities and capacities, the connection of manufacturing services,
and the suggestion and verification of these connections.
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Chapter 7 explains the implementation of these concepts in detail, i.e. the model
components, their realisation and application.

Chapter 8 validates the functionalities and benefits of the method, model, and
IT system by means of an industrial application from the organic semiconductor
industry and compares the results with the requirements derived in chapter 3.

Initial Situation
Definitions, agile production networks, and existing IT infrastructures

Requirements Analysis
Application cases and conditions in agile production network configuration

Related Work
Current technologies and methods

Defined Method
Efficient and effective configuration of agile production networks

Model and System Conceptualisation
Outlining the solution for individual manufacturing service configuration and combination

Design and Implementation
Making individual manufacturing service configuration and combination applicable

Evaluation of Results
Proving in organic semiconductor application

Validated method to configure and combine manufacturing services for
individualised productionObjective

Ch. 2

Ch. 3

Ch. 4

Ch. 5

Ch. 6

Ch. 8

Ch. 7

Figure 1.2. Overview of the approach and structure of this work
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The following sections describe the application context and conditions relevant to
the configuration of agile production networks. In doing so, an emphasis is placed
on individualised production, service-based manufacturing, and supportive IT
tools.

2.1. Totally Customised Production

About 100 years ago, Henry Ford stated that “Customers can have any colour
for their car, as long as it is black”. By introducing assembly lines in mass pro-
duction, he made manufacturing more efficient and products such as cars af-
fordable for a large number of people (Hopp and Spearman 2011, pp. 24–25).
However, the competitiveness of this approach is no longer guaranteed, since the
demand for customised products has been growing continuously over the recent
years (Piller 2007). Not only the number of industry sectors providing customised
products has grown, but also the degree of customisation is increasing continu-
ously. It appears that both trends will continue (Weiss and Schweiggert 2013,
Schmitz 2013).

Mass customisation is defined as the ability to meet the needs of almost every
customer while retaining the same production efficiency as with mass production
(Piller 1998, p. 65). To achieve this, in the past, customisation options have been
offered to end-users mainly by modularising products, processes, production facil-
ities, and supply chains in order to implement build-to-order strategies and enable
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alternative components to be easily replaced (Landherr 2014, pp. 22–25, Man-
del 2012, pp. 32–36, Lindemann and Maurer 2006, Salvador, Forza et al. 2002).
Such mass customisation principles have been implemented in a wide range of
industries, from the clothing and computer sectors to furniture and automotive
industries (Azouzi, D’Amours et al. 2010, Ost and Mandel 2009, Fogliatto, da
Silveira et al. 2012). However, as related mass customisation infrastructures
are based on pre-defined components and variants, they do not allow completely
individual specification of products.

By contrast, totally customised or personalised production supports customisation
by involving customers in the design process, allowing them to configure, select,
and combine modules without restrictions (Koren 2010, pp. 77–79). This picks
up on the concepts of one-of-a-kind production introduced by Wortmann (1991),
which differentiate customised production by the degree to which activities in the
value chain are customer-order driven, and by the type of offer (product-based
or capability-based) made to the customer. To enable personalised production,
customisation options supplied by a manufacturing resource must be made avail-
able based on its capabilities. In other words, for example, totally customised
production does not offer to manufacture a product of varying size by selecting
from pre-defined values, but rather allows the respective parameters to be freely
configured, provided that they are within the range given by the physical restric-
tions of that manufacturing resource. In doing so, it addresses the demand to
increase the degree of customisation as it occurs for high-value and luxury goods
(Mourtzis and Doukas 2014b), in medical industry, where it is required to adapt
applications to patients’ needs (e.g. Hieu, Zlatov et al. 2005), as well as for
the application of technologies which are highly customisable by default, such as
additive manufacturing and incremental sheet forming (Eyers and Dotchev 2010,
Heinzl, Harnisch et al. 2006).

To enable totally customised production, a major pre-condition is the adaptab-
ility of respective production systems to each individual customer order. Since
products and their components are usually manufactured by means of multiple
process steps executed throughout distributed production systems, product per-
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sonalisation affects the whole production network (Gosling, Naim et al. 2013).
To enable and align the production of totally customised products throughout
such networks, all their elements must be integrated in order to align product and
information exchange across production network participants. Elements to be
considered during integration include the manufacturing resources able to execute
individually-configured processes, the control thereof, knowledge about manufac-
turing processes and products to be manufactured by these resources, as well as
supply chain management.

The available capabilities and capacities of the manufacturing resources con-
cerned, including parameterisation options for order-specific configurations, need
to be shared with potential consumers and other participants in the production
network. In doing so, the knowledge about product and process characteristics
must be represented in a way that enables comparing the various manufacturing
capabilities and capacities. Additionally, to ensure their utilisation within the pro-
duction network, the capabilities and capacities of manufacturing resources have
to be integrated to common business and Supply Chain Management (SCM) pro-
cesses. To support knowledge representation and SCM process integration, as well
as the efficient overall management of agile production networks, respective IT
tools integrating manufacturing resources to the production network management
need to be established. The combination of these components, i.e. knowledge
about manufacturing capabilities, SCM and their IT-based representation and in-
tegration, is supplied to agile production networks in the form of manufacturing
services. These customisable manufacturing services are individually configured
and combined to address individual product specifications.

This is illustrated in figure 2.1, which puts manufacturing resources, supply chain
management, and the handling of knowledge in context with the objective to
achieve totally customised production throughout agile production networks by
identifying manufacturing services as tool to integrate them respectively.
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Figure 2.1. Pillars of totally customised production

2.2. Definitions

As indicated in section 2.1, manufacturing services, supply chain management,
and knowledge management are major topics to be considered when individually
configuring products and the respective production networks. For this reason, this
section explains the terms and concepts relevant to these topics and puts them in
relation to the configuration of agile production networks.

2.2.1. Manufacturing Services

Among others, a service is defined as “the particular skills that someone has and
can offer to others” (Walter 2008). Transferred to the production domain, this
means that it is the process of creating a product that is sold by manufactur-
ers rather than the pre-defined final product itself. In practice, this is usually
implemented by means of contract manufacturing, which requires considerable
management effort to establish strategic partnerships and set-up of framework
contracts (Akbarzadeh and Pasek 2008). As a result, related production network
structures are established in the long term. However, personalisation of products
requires production network participants to be involved in a more flexible and
efficient way.
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To address this, concepts from the IT domain are considered, where service orien-
tation is implemented by encapsulating single functionalities, which are integrated
to potentially distributed systems via defined interfaces, and which can be shared
and orchestrated within Service oriented Architectures (SoAs) to achieve higher-
level functionalities (Josuttis 2008, p. 15–30, MacKenzie, Laskey et al. 2006).
By applying standardised interfaces, service descriptions, and Service Level Agree-
ments (SLAs), such services can be integrated and executed efficiently and poten-
tially automatically.

When transferring these principles to the manufacturing domain and combining
contract manufacturing with SoA principles, personalised products can be manu-
factured in an efficient, service-based manner. Accordingly, cloud manufacturing,
or Manufacturing-as-a-Service (MaaS) concepts have been developed, which are
based on the virtual representation of manufacturing resources and their integra-
tion and management within SoAs (Xu 2012, Tao, Zhang et al. 2011).

2.2.2. Supply Chain Strategies

For logistics in general, major objectives apply, namely to provide the right product
at the right time at the right place in the right quantity and the right quality at
the right costs (Krampe and Lucke 2006, p. 20–21). These objectives must also
be considered when companies define their value creation strategies and produc-
tion networks, including the scope of value adding processes and make or buy
decisions, as well as the selection of appropriate suppliers considering their ca-
pabilities, capacities, location, costs, and market positions (Schönsleben 2011,
pp. 70–145).

Supply chains or production networks are designed or managed by means of plan-
ning, sourcing, making, and delivery processes as specified in the Supply Chain
Operations Reference (SCOR) model shown in figure 2.2. This is usually applied
from a single company’s perspective, which means that only first tier suppliers
and customers are considered, as further interactions would significantly increase
complexity and management effort.

10



2.2. Definitions

DeliverMakeSource

Return

Plan

DeliverMakeSource

Return

Plan

DeliverMakeSource

Return

Plan

Company in focus CustomerSupplier

Figure 2.2. SCOR model according to Stephens (2001)

2.2.3. Knowledge and Knowledge Management

To share and interpret information across different organisations, as it is required
for the distributed manufacture of personalised products, it is essential to pro-
cess knowledge. Knowledge about the products to be manufactured and available
manufacturing services must be distributed and applied throughout the produc-
tion network. Various definitions of knowledge in the context of enterprises and
IT systems refer to the structure of hierarchical Data, Information, Knowledge,
Wisdom (DIKW) as shown in figure 2.3 (cf. Faucher, Everett et al. 2008). Data
in the form of bits, bytes, and characters, which cannot be interpreted due to the
lack of structure and context, form the basis for extracting information. This is
done by structuring the data, i.e. expressing their relationships by adding syntax
to them. In the same way, knowledge is generated by adding context to the in-
formation, enabling it to be interpreted and inferences to be derived. This serves
as basis for wisdom which is generated by identifying patterns and trends from
the layers below.

Semantic technologies, especially ontologies, can be used to manage and represent
this knowledge. According to Hitzler, Krötzsch et al. (2008, p. 12), an ontology
is perceived as a knowledge base, i.e. a document which models knowledge about
an application domain by means of standardised languages such as Resource De-
scription Framework (RDF) or Web Ontology Language (OWL). Its objective
is to make knowledge machine-readable, as well as to synchronise the meanings
and relations of terms throughout the application domain (Sicilia 2006). To ex-
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Figure 2.3. Knowledge Pyramid derived from Faucher, Everett et al. (2008)

ploit ontologies, they must be accessed, i.e. analysed by means of requests and
inference rules. This can be achieved by using query languages such as SPARQL
Protocol and RDF Query Language (SPARQL) (Hitzler, Krötzsch et al. 2008,
pp. 202–239).

2.3. Agile Production Networks

When customers specify and order personalised products, these are usually not
manufactured by a single factory, but rather by distributed production systems.
As mentioned in section 2.1, this requires the flexible integration and combina-
tion of manufacturing resources which provide customisation options via manu-
facturing services. These manufacturing services must be selected from a pool,
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configured, and connected according to individual product specifications. The
result of this, i.e. the combination of configured manufacturing services, is re-
ferred in this work as agile production network. The main feature of such agile
production networks is their configurability throughout all the related elements of
integrated production systems. This includes manufacturing resources executing
specific production processes, as well as the arrangement of these resources in
specific supply chains.

2.3.1. Configurability of Manufacturing Resources

To manufacture personalised products in agile production networks, the capab-
ilities of manufacturing resources supplied to the network must be configurable
to support customised product or process specifications. This can be achieved
by implementing different flexibility concepts as they are described by D’Souza
and Williams (2000) or Vokurka and O’Leary-Kelly (2000), and summarized in
table 2.1.
Flexibility dimen-
sion

Definition Individualisation support

Machine and pro-
cess

Range of operation/part
variants to be processed
without changing a
facility’s setup

Enables individualisation
within equipment-specific
ranges

Material and
handling

Ability to process and
handle a variety of
materials and parts

Enables individualisation
within equipment-specific
ranges

Product variety Ability to adapt
manufacturing resources to
new product specifications,
e.g. by integrating new
components

Enables individualisation
based on the modularity of
the production system,
implementation efforts are
higher than for equipment
configuration

Table 2.1. Production flexibility concepts and their relevance for individualisation

These kinds of configurability in production systems can be realised by modular-
ising manufacturing equipment and parameterising related processes. This also
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corresponds with the preconditions of production system reconfiguration (Ben-
gel 2010, p. 32) from which it can be derived that to adapt a production system
to specific product configurations either the production equipment, process, or
task parameters must be changed. In doing so, the extraction and provision of
real options available from production systems make the full range of individual-
isation options offered by the manufacturing system accessible, which would other-
wise be restricted by pre-definitions from product engineering (Bengtsson 2001).
The range of available customisation options depends on process characteristics
and the degree of automation. For highly automated systems, such as those im-
plemented for high volume manufacturing, e.g. in the automotive industry, the
configuration options are, if available, generally restricted to pre-defined options.
If high degrees of customisation are available, these are invariably implemented
based on processes and related machines which have numerous configuration op-
tions on their own, as it is the case, for example, for coating, machining, and
additive manufacturing processes.

2.3.2. Impact of Personalisation on Production Networks

On production network level, products are individualised mainly by means of mass
customisation concepts, primarily assemble-to-order and build-to-order, which are
based on product modularisation and pre-defined components and variants (e.g.
Mandel 2012, Salvador, Rungtusanatham et al. 2004). To optimise efficiency and
lead times, order entry points in these networks are positioned as close to the end-
customer as possible (Schönsleben 2011, pp. 371–399). However, this cannot be
applied for realising personalised production, since for this, customisation options
must go beyond those of typical mass customisation, and order entry points would
potentially be located at the start of respective supply chains. This calls for
different concepts which focus on flexibility and speed rather than costs (Schuh
and Meyer 2009). Figure 2.4 shows the most relevant ones and differentiates
them from mass customisation principles.
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Figure 2.4. Individualisation concepts and related supply chain strategies derived
from Schönsleben (2011) and Koren (2010)

For instance, in engineer-to-order systems, no inventories are kept for (semi-)
finished products, and at least parts of the final products have to be engineered
before production is executed (Schönsleben 2011, p. 208). Accordingly, virtual
enterprises are established as short-term, order-specific cooperations between in-
dependent participants from a strategic network, which act towards customers as
a single organisation (Schönsleben 2011, p. 116).

2.3.3. Configuration of Ad-Hoc Supply Chains

Due to their high degree of flexibility and customer interaction, supply chain
concepts for personalised production require product and production network li-
fecycles to be closely and immediately aligned, as shown in figure 2.5.

When designing products and associated production networks, two types of flex-
ibility facilitate the adaption to customised specifications: the configurability of
manufacturing resources as described in section 2.3.1, and the ability to easily
combine or exchange manufacturing resources in the network as outlined in sec-
tion 2.3.2. For this reason, setting up agile production networks to suit individual
product specifications involves significant management and integration efforts.
These result from the selection and integration of appropriate contributors with
appropriate capabilities, as well as of configuration options to ensure the man-
ufacturability of personalised products. Furthermore, they are also due to the
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Figure 2.5. Dependencies in product and production network configuration derived
from Stark (2015, p. 6–7) and Schönsleben (2011, p. 116–118)

definition of optimum routes through the network, i.e. the selection of alter-
native manufacturing processes with regard to performance indicators, primarily
costs, lead times, and quality (cf. Lanza, Moser et al. 2011, Schönsleben 2011,
p. 94–96).

To deal with these configuration tasks, i.e. to reduce management efforts and
make agile production networks beneficial, suitable IT tools are essential, since
these can support the configuration of agile production networks by aiding de-
cisions concerning the selection of appropriate manufacturing capabilities, as well
as the integration with manufacturing resources in order to access up-to-date
information and shorten response times (e.g. Gunasekaran, Lai et al. 2008, Af-
sarmanesh and Camarinha-Matos 2005, Tuma 1998).

2.3.4. Benefits of Agile Production Networks

Besides improving performance by combining virtual enterprises with IT concepts,
agile production networks also provide their participants with the potential be-
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nefits of enhanced operation and concentrating on core competences. These are
achieved by support with selecting optimal suppliers and collaborators, collabora-
tive design, as well as integrated execution and monitoring of product development
and operations (Markaki, Panopoulos et al. 2013, Cao and Dowlatshahi 2005).
According to Rauschecker, Meier et al. (2011), these benefits are relevant for two
groups of participants in agile production networks:

Manufacturers, who are able to strengthen their market position by providing
personalised products. They could also benefit from an increased visibility of their
capabilities and improved market access via the production network, for instance if
they are not able to provide final products on their own, or if related platforms for
customer interaction are provided. Especially small enterprises can integrate and
exploit complementary manufacturing capabilities and personalisation options via
agile production networks. Furthermore, companies can optimise the utilisation
of their manufacturing resources by sharing spare capacities.

Customers and product designers, who purchase products or product com-
ponents from manufacturers can implement new and individual product ideas and
designs without access to own manufacturing expertise and facilities.

2.4. IT-Landscape in Practice

Since IT systems are considered as key enablers for configuring agile production
networks efficiently and effectively, this section gives an overview of current IT
infrastructures and systems for configuring products and related manufacturing
systems.

2.4.1. Integration of Manufacturing Resources

IT systems in manufacturing are typically implemented in a hierarchical structure
as it is represented by the automation pyramid in figure 2.6. On the cell or line
control layer, sensors and actuators are integrated to exchange analogue or digital
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signals such as measurement results or triggers. These are typically processed
by Programmable Logic Controllers (PLCs), which run machine control func-
tions executing manufacturing operations on machines. Whole production lines
or factories are usually controlled on the manufacturing operations layer, where
Manufacturing Execution Systems (MES) are implemented to plan production
jobs in detail, as well as to execute and track them. Business tasks, such as pur-
chasing and handling customer orders, are implemented by means of Enterprise
Resource Planning (ERP) systems on the business planning and logistics layer.
Various standards are utilised to integrate these layers, such as Open Platform
Communications Unified Architecture (OPC UA) and Business To Manufacturing
Markup Language (B2MML) (Boyd, Noller et al. 2008, pp. 40–42).

Figure 2.6. Automation pyramid according to IEC 62264-1:2013

2.4.2. IT for Supply Chain Management and Integration

IT tools to support Supply Chain Management usually focus on related processes
within a specific enterprise. Functionalities related to production network inter-
action, particularly order management and purchasing, are usually integrated to
the ERP layer (see figure 2.6).
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However, especially when it comes to complex products, this is not sufficient to en-
able seamless and efficient interaction with other production network participants.
For this reason, communication between different production sites and companies
is often executed by means of Electronic Data Interchange (EDI), which allows
business documents, primarily quotations, orders and their confirmations, as well
as invoices, to be exchanged in a machine-readable format (Senn 1992). As
EDI is rather a concept than a specific standard, various implementations exist,
e.g. Universal Business Language (UBL) (Bosak, McGrath et al. 2013), United
Nations Electronic Data Interchange For Administration, Commerce and Trans-
port (UN/EDIFACT) and its industry specific subsets, for instance Odette for
the automotive sector and EANCOM for consumer goods (Zimmermann 2007).
There are also standards such as RosettaNet, which originates from the electronics
and semiconductor industry (Witczyński and Pawlak 2005), and myOpenFactory,
which is tailored to the needs of machinery and plant engineering (Wienholdt,
Schmidt et al. 2007).

Since EDI is restricted to standardised business documents, further solutions must
be implemented if the integration of production network participants is also ex-
pected to cover more detailed product and production process information, such
as specifications. Furthermore, message formats usually vary across enterprises
or software systems, which requires appropriate data transformation. Enterprise
Service Buses (ESBs) are implemented to address these needs, as they provide
integration capabilities for IT services, message routing and transformation, as
well as workflow configuration and execution, which can be configured specifically
for each integration application (Vernadat 2009).

2.4.3. Product Customisation Support

The direct selection of customisation options by customers without the involve-
ment of human intermediaries is most often enabled by web-based product con-
figurators, which generally visualise the resulting product (Blecker, Friedrich
et al. 2005, pp. 80–93). For mass customised products, configuration options

19



2. Initial Situation

are modelled onto product variants and alternative product components, which
are managed and combined according to order-specific Bills of Materials (BOMs)
by IT systems at ERP level (Steger-Jensen and Svensson 2004). The related mod-
ular production process instructions generated as a result are forwarded to the
lower levels of the automation pyramid, which utilise configurable production cap-
abilities as they are described in section 2.3.1 (e.g. Simão, Stadzisz et al. 2006,
Muckenhirn 2005). Within such hierarchical IT systems, each layer generally
controls the configuration options available on the layer below, as shown in figure
2.7. This simplifies but also restricts the options available in higher level control
systems.

Product
Configurator

triggering production jobs
according to order-specific BOM

task dispatching and order-specific
adjustment of resource parameters

Figure 2.7. Overview of IT support for customised production

For personalised products which go beyond customisation based on pre-defined
options, the degree of automation in manufacturing IT support is lower, since
production system must be adjusted individually. This requires specific knowledge
about processes and equipment which must often be supplied by experts. An
exception to this are Computer Aided Manufacturing (CAM) systems which allow
product designs to be translated automatically, e.g. numeric machine control
programs (ISO 14649-10:2004).
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2.5. Need for Research

The previous sections demonstrate that personalised production has the potential
to make manufacturing companies from various industry sectors more competitive.
To exploit this potential, the flexible integration of configurable manufacturing
capabilities to agile production networks is required to be executed efficiently.
However, current SCM methods and manufacturing IT infrastructures do not
provide adequate support for this. Consequently, high management efforts and a
lack of knowledge concerning available manufacturing capabilities and capacities
prevent agile production networks from being beneficial.

To overcome these obstacles and simplify the configuration of agile production
networks, an appropriate method for the customer-specific configuration of pro-
duction networks, i.e. the combination of configurable manufacturing services,
needs to be developed. Furthermore, an appropriate IT tool as single point of
interaction is required to support the efficient application of the method.

As a first towards this, the main objectives and requirements, as well as essential
success criteria, are identified in the following chapter.
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Requirements

Based on the context set in the previous chapter, the following sections analyse
the requirements on a method for personalised configuration and combination of
manufacturing service in detail. In addition, specific conditions and requirements
are derived which must be fulfilled to achieve the objectives explained in the
following.

The creation of ad-hoc production network structures according to individual pro-
duct specifications could improve both, the utilisation of manufacturing capacities
and market access for the providers of manufacturing services. To support this,
an appropriate method and the related IT system, which serves as single point
of interaction and guides the service consumer as he implements the method,
have to fulfil three major conditions: Production networks and involved manufac-
turing resources must be adaptable to customer-specific configurations, and the
consumers of manufacturing services must be provided with the resulting person-
alisation options. Especially if end users having no in-depth knowledge of product,
process, and production use the infrastructure to be established, and configure
products on their own, the manufacturability of such products must be validated
to ensure that the specifications developed are feasible. However, it is not only
the validation of configurations which enables manufacturing service consumers to
specify products individually. A knowledge management system, which reduces
the know-how required for product configuration by reusing information about
previous specifications, also contributes towards efficient and feasible product con-
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figurations. These main conditions that must be met by the method and IT tool
for the configuration of agile production networks are summarised as follows:

Obj01 Support personalisation of products, i.e. related manufactur-
ing services and their combinations

Obj02 Ensure manufacturability of individually specified manufactur-
ing service configurations and combinations

Obj03 Reduce the required know-how and efforts for agile production
network configuration

Requirements addressing these objectives are derived for the domains of manufac-
turing services, supply chain and knowledge management by taking an argumenta-
tive-deductive approach as described by (Wilde and Hess 2007). This is applied
based on typical application cases from production facility operation, personalised
product and production network design, and the provision of manufacturing IT
infrastructures, as well as the definitions from section 2.

3.1. Requirements on the Method

In the context of this thesis, methods are interpreted as guidelines, instruc-
tions, and recommended procedures to solve problems of a specific type, which
serve as basis for systematic approaches in scientific and practical applications
(Weller 2010, p. 36–37). Depending on application domains and objectives,
various methods exist to achieve results in a structured way, e.g. for project man-
agement or software engineering, also in the context of production systems (cf.
Patzak and Rattay 2014, Ludewig and Lichter 2013, Meier 2011). In most cases,
these methods are based on models serving as tools to describe an objective, its
context and conditions, in order to derive a solution to a specific problem. For the
objectives of this work, the application of such a model-based approach – with a
model representing knowledge about manufacturing capabilities and related con-
ditions – is targeting. Accordingly, requirements regarding the development of
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model-based methods must be considered, as they are identified by Weller (2010,
pp. 56):

Req01 Modelling: The method shall describe the procedure of modelling, i.e.
the description of the specific problem in an abstract way.

Req02 Model transformation: The method shall describe the procedure of
model transformation, i.e. the derivation of solutions from the modelled
problem.

Req03 Model usage: The method shall describe the procedure of model usage,
i.e. the application of the derived solution in practice.

Req04 Modelling language: The method shall define how the model must be
described, i.e. it shall include the specification of a modelling language.

Req05 Integration of modelling language and procedure: The modelling
language must be integrated into the method, i.e. expressions have to
be used as input or output of steps in the procedure.

3.2. Shareable Manufacturing Services

Manufacturers operating flexible production process facilities, such as machining
or coating machines, additive manufacturing or (organic) semiconductor equip-
ment, can provide their manufacturing capabilities and capacities to agile pro-
duction networks without having to adapt their production equipment to each
customer order at great effort. In doing so, they can exploit potential bene-
fits of participating in production network, primarily increased capacity utilisa-
tion and market access, which apply especially to Small or Medium-sized Enter-
prises (SMEs) (Huspeninová and Homolka 2012).

Manufacturers can only participate in agile production networks if they share
information about their manufacturing capabilities, thus making their facilities
accessible to other network participants and potential customers. The information
required includes technical details about processes, as well as capacities and lead
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times, which must be aligned with overall production objectives. Based on the
exchange of this information, manufacturers are able to receive and execute orders
in agile production networks. The requirements, which must be fulfilled to support
this information exchange during the configuration of agile production networks,
are explained in the following.

3.2.1. Configurable Manufacturing Service Characteristics

As visualised by figure 3.1, available customisation options are generally deter-
mined during product engineering on considering probable market trends. How-
ever, flexible production systems can usually address a larger range of customer
preferences. When manufacturers supply manufacturing services to an agile pro-

Production
System / Processes

Market / Customer 
needs

Product Design

Figure 3.1. Actual customisation options derived from Bengtsson (2001)

duction network, they aim to overlap these three domains as much as possible
in order to satisfy a maximum of customer preferences. A step towards achiev-
ing this objective is to provide the network with manufacturing options that are
not restricted by product engineering, i.e. without pre-defining values and vari-
ants, but specified by process and product characteristics and their customisation
options as they are available from the manufacturing facilities.

To achieve this, manufacturers must identify the characteristics of the executable
manufacturing processes they intend to provide. These characteristics include
the range of materials which can be processed and parameters restricting process
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results, e.g. maximum dimensions, as well as other parameters describing the
execution of the production process. In addition, these process specifics must
be mapped to the properties of potential process results, such as the surface
characteristics of coatings to be applied, the geometries of products to be milled
or drilled, and their optical appearance. This may also apply to parameters
related to operational aspects of manufacturable output products, for instance
energy consumption or load limits.

For each of the properties which can be adjusted to customers’ needs, respective
configuration options must be defined. These include valid ranges for parameter
values, as well as available discrete values in cases where process and product
characteristics cannot to be freely adjusted within a certain range, e.g. due to
dependencies on input materials.

Besides the limitations of manufacturing equipment, the customisation options of
manufacturing services may also be restricted by internal dependencies, i.e. para-
meters of product and process configurations affecting one another as visualised
in figure 3.2. For example, the size of a coated areas may restrict the minimum
coating thickness, and the colour and transparency of organic semiconductors
have impact on their efficiency.

Manufacturing Service: Organic Photovoltaics Element

Efficiency
max. Power
…

Operational 
Properties Further Properties

Substrate
material
…

Colour
Transparency
…

Optical Properties

Length
Width
Curvature
…

Geometrical 
Properties

Figure 3.2. Examples of dependencies between the properties of manufacturing ser-
vices

Knowledge of these dependencies must be shared, together with the character-
istics and customisation options of manufacturing services, since they must be
considered when specifying personalised products or processes in order to ensure
their manufacturability.
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Higher degrees product and process complexity increase administration efforts
involved in modelling and publishing the entire range of product and process
characteristics and their configuration options. To overcome this issue and remain
cost effective, manufacturing service providers must adjust the level of detail of
the manufacturing services they will provide. For instance, they can offer the
capabilities of each single machine, or of an aggregated production line. In this
context, manufacturers must also choose a suitable granularity for the product
and process characteristics provided for customisation.

3.2.2. Availability of Capacities and other Contractual
Information

If solely technical properties of manufacturing services are shared among produc-
tion network participants, the execution of customer-specific orders is delayed by
queuing times before each single manufacturing service is executed. This prevents
customer orders from being fulfilled promptly and efficiently, an aspect which, to-
gether with product individualisation, essential for manufacturing companies to
remain competitive (see section 2.1). To overcome this issue and reduce overall
order lead times, additional information concerning the availability of manufac-
turing resources must be supplied to aid the planning and scheduling of order
execution in agile production networks (cf. Stadtler 2005). This information
includes details of available capacities, their current utilisation, and process lead
times. Priorities caused by delivery dates and required capacities for other orders
can be considered. Thus, low priority production jobs can be shifted to a later
date to reduce lead times for new urgent ones.

In addition to the availability and lead times of manufacturing services, further
information related to Service Level Agreements (SLAs), including costs for their
execution, guaranteed product or process quality, and warranties, must be shared
by manufacturing service providers to enable the selection of appropriate manu-
facturing services when configuring agile production networks.
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Typically, these contractual details depend on the respective manufacturing re-
sources but can also be influenced by the characteristics specified for the related
product or process. For example, the lead time and quality of a coating pro-
cess may depend on the thickness and material to be applied. Accordingly, the
dependencies between manufacturing service characteristics described in section
3.2.1 can also involve properties related to SLAs.

In contrast to technical manufacturing service details as specified in section 3.2.1
and other SLA information which must be updated in parallel with production
system settings, the availability of manufacturing services changes frequently with
the progress of current production processes or the reception of new orders. Fur-
ther SLA details can be calculated from data such as quality metrics or lead times,
which are gathered from previously executed manufacturing orders and need be
updated accordingly. However, updating the whole manufacturing service descrip-
tion with every order update makes it difficult to identify the updates resulting
from production system reconfigurations which may affect existing product or
process configurations. For this reason, information related to the availability of
manufacturing services must be described and made known separately in order to
address the different update cycles.

3.2.3. Accessibility of Manufacturing Service Information

As soon as a manufacturer has specified a manufacturing service as described in
sections 3.2.1 and 3.2.2, to make the manufacturing service utilisable beyond fac-
tory boundaries he must share the related information with potential customers
or other production network participants. In doing so, the manufacturing service
information will be processed by IT systems, which also handle information about
manufacturing services from various other sources. Therefore, manufacturing ser-
vices must be described in a machine-readable format with contents arranged in
a defined structure in order to allow other network participants to interpret and
utilise them. Such a format and structure also serve as syntax for a manufac-
turing service description language as required according to Req04 , since these
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provide a framework to model knowledge about processes, products, and their
personalisation options.

In addition to being described with a generic structure, manufacturing service in-
formation must be distributed to customers and production network participants
to make it utilisable. Since searching separately for relevant information about
each manufacturing service provider’s capabilities would involve high efforts, it is
preferred to provide manufacturing service descriptions via an electronic market-
place or common index (cf. Bakos 1991). In this context, it must be considered
that the implementation of such a common access point requires the description
of manufacturing services to be extended by information about their providers so
that requests from customers can be directed to the origin of the manufacturing
service.

3.2.4. Derived Requirements on Manufacturing Services

From the considerations above, the following requirements related to the provision
of manufacturing services have been derived:

Req06 Manufacturing service model: Manufacturing services must be rep-
resented by a model describing the properties of their related processes
and products by means of a generic structure.

Req07 Parameterisation: The manufacturing services and their models shall
reflect the ability to personalise product and process characteristics
within the boundaries set by related manufacturing resources.

Req08 SLA information: In addition to technical manufacturing service char-
acteristics, i.e. product and process parameters, the manufacturing ser-
vice description shall include contractual information, primarily costs,
lead times, and warranties.
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Req09 Dependencies between manufacturing service parameters: When
configuring manufacturing services, the potential impact of specific para-
meter settings on other manufacturing service characteristics must be
considered.

Req10 Level of detail of manufacturing services: The granularity of the
details of a specific manufacturing service must be adjustable to suit the
manufacturer’s preferences.

Req11 Availability of manufacturing services: In addition to statically
modelling the technical and contractual properties of manufacturing ser-
vices, their availability must be represented by a complementary model
which allows frequent updates.

Req12 Common access point for manufacturing services: Manufacturing
service information must be accessible to customers and other produc-
tion network participants via a common index or market place.

3.3. Designing Agile Production Networks

Personalised product specification and the related configuration of agile produc-
tion networks contribute to an improved customer satisfaction. End-customers or
product designers can develop or adapt products to suit their individual needs by
selecting, configuring, and utilising respective manufacturing services, i.e. related
products, components, and processes. Consequently, they can design and man-
ufacture products without having own facilities. In many cases, however, man-
ufacturing services do not deliver an end-product but rather contribute towards
its manufacture. For instance, the service for manufacturing customer-specific
organic semiconductors must be combined with services providing appropriate
frames and electrical connections in order to obtain a lighting element whose col-
our, transparency, and shape have been tailored to a customer’s preferences. In
other words, manufacturing services must generally be arranged into product trees
or process chains while utilising them for the production of personalised goods.
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3.3.1. Comparability of Manufacturing Services

When customers select manufacturing services for integration into a specific agile
production network tailored to their ideas and needs, they must analyse their
available product or process characteristics as described in section 3.2.1. To select
the best manufacturing service alternatives to fulfil their preferences, customers
must also assess criteria such as costs, potential lead times and other SLAs, which
may also include experience from the execution of previous orders (see section
3.2.2).

Customers can select manufacturing services based on their own product and
process know-how, or by referring to suggestions gained from previously exist-
ing configurations. In doing so, the understandability and thus comparability
of manufacturing service descriptions must be ensured in order to avoid mis-
understandings between different companies and industry sectors (Matzner and
Becker 2012). This is aided by the application of a generic description structure
as defined in section 3.2.3.

Beyond this, the meanings of the contents of manufacturing service descriptions
must be aligned with one another. This can be achieved by classifying the prop-
erties of manufacturing services, i.e. by assigning related processes, products,
and characteristics to categories. Additionally, the comparability of manufactur-
ing services can be facilitated by applying semantic technologies, which help to
translate terms and definitions across different domains. This is essential if differ-
ent industrial sectors or companies use different terms for the same facts or, vice
versa, if domains use the same words to refer to different meanings.

3.3.2. Linking Manufacturing Services

Once appropriate manufacturing services have been selected by customers or
product designers, they must be connected to form product trees or process chains
which represent the end-product’s route through the production network. To or-
chestrate services in general, the output of one or more services is connected to the
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input of the subsequent service, which results in a directed process structure (cf.
Reichert and Weber 2012, p. 60). This approach is also suitable for combining
manufacturing services, whereby the output of a manufacturing service, i.e. the
resulting product, is specified as input for another manufacturing service in order
to create the required production network structure.

In doing so, three kinds of dependencies between combined manufacturing services
must be considered (see also figure 3.3):

1. Dependencies between manufacturing services in general: These dependen-
cies shape the structure of product trees or process chains, including alter-
native manufacturing services and the number of components to be inte-
grated.

2. Dependencies related to the application conditions of processes and resulting
products: When connecting manufacturing services to create a sequence of
process steps, these steps may require specific pre-conditions to be fulfilled
with regard to product components, materials, or previous process steps.
In the semiconductor industry, for example, etching and doping processes
usually only make sense if the structure to be applied has been prepared in
advance by photoresist coating and lithography.

3. Dependencies between the characteristics of combined manufacturing ser-
vices: When products are manufactured by integrating supplying processes
and sub-products, their properties are influenced by the characteristics of
the respective components implemented. Vice versa, the specification of a
component manufacturing service must reflect the needs of the final product
towards it is contributing. For instance, the size and shape of a photovoltaic
module must be aligned with the size and shape of wafers requiring assembly,
as well as their position on the glass substrate.

Single manufacturing services can be used to implement various individual product
and process specifications, and therefore need to be integrated into various com-
binations of manufacturing services. Accordingly, the dependencies defining the
structure of the product tree or process chain, and thus the related production
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Figure 3.3. Example of a product / process tree and dependencies between the char-
acteristics of related manufacturing services

network, are only established when combining manufacturing services, i.e. inde-
pendently of manufacturing service descriptions.

In addition to this, dependencies between manufacturing services, which are re-
lated to their application conditions and characteristics, are not only specified by
pure connections established by customers and product designers, but also rely on
pre-defined knowledge of manufacturing service details. To consider this know-
ledge, i.e. to represent conditions which apply to the connections established,
dependencies must include rules which not only interlink input and output manu-
facturing services or parameters, but also express semantic or logic details of those
relationships (e.g. Loskyll, Schlick et al. 2011). For dependencies related to the
application of manufacturing services, these rules must define conditions based on
product or process categories. Dependencies between the characteristics of com-
bined manufacturing services must reflect parameter restrictions along product
trees or process chains. Related rules must indicate the impact of the properties
of a certain parameter on the characteristics of previous or subsequent manufac-
turing services. For example, the dimensions of glass substrates produced by a
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respective manufacturing service affect the dimensions of related lighting elements
which are assembled in a follow-up manufacturing service (cf. figure 3.3).

3.3.3. Derived Requirements for Combining Configurable
Manufacturing Services

The following requirements for connecting manufacturing services are derived from
the analyses described above:

Req13 Comparability of manufacturing services: Manufacturing service
descriptions must be comparable. This is achieved by a generic struc-
ture, as well as by classifying processes, products, and their character-
istics, and applying semantic technologies.

Req14 Dependencies between manufacturing services: Three kinds of
dependencies between manufacturing services must be considered when
linking them: Dependencies structuring the product tree or process
chain, dependencies related to application conditions, and dependencies
between manufacturing service characteristics.

Req15 Expression of dependency rules: Dependencies related to applica-
tion conditions and manufacturing service characteristics must not only
establish links, but also be able to represent rules expressing the im-
pact of a specific manufacturing service configuration on the details of
connected manufacturing services.

Req16 Complementary model for dependencies between manufactur-
ing services: Since it must be possible to reuse manufacturing ser-
vices for different customer-specific configurations, the links to establish
product trees or process chains must be represented by means of a sep-
arate, complementary model.

34



3.4. Knowledge in Agile Production Network Configuration

3.4. Knowledge in Agile Production Network
Configuration

The formulation of dependencies related to the characteristics of manufacturing
services requires extensive product and process know-how. Since only few cus-
tomers and product designers are experts in all related fields, additional measures
are required to enable them to specify products tailored to their individual needs
with an acceptable amount of work. The implementation of a knowledge base,
which serves as common repository for previous experiences and existing solu-
tions, addresses this need, since it allows previously gathered knowledge to be
exploited. Figure 3.4 illustrates the impact of such a knowledge base on learning
cycles related to product and production network configuration, which are ana-
logous to those for reconfiguring factory-internal production systems as they are
described by Berger, Mangold et al. (2009).
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Figure 3.4. Impact of available knowledge on agile production network configuration
efforts derived from Berger, Mangold et al. (2009)

Since customers wishing to receive personalised products tend to configure and
arrange related manufacturing services only once, the learning effects generated
from the experience of a single user are not suitable for extending the knowledge
base for agile production network configurations. However, since customer-specific
configurations are developed in an environment where other participants are ex-
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ecuting similar tasks, i.e. specifying products and processes, learning effects can
be gained from the related community (cf. Argote 2013).

3.4.1. Suggestion and Validation of Links between
Manufacturing Services

The application of a knowledge base aims at simplifying the configuration and
combination of manufacturing services, i.e. reducing related efforts and enabling
non-experts to create of personalised product specifications. In this context, it
would be beneficial for customers who are configuring products and related pro-
duction networks if suitable links between manufacturing services were suggested.
These suggestions of dependencies could be reasoned from previously defined agile
production networks on analysing the connections between manufacturing services
contained, as well as their characteristics, and categories.

In addition to suggesting dependencies for manufacturing service configuration
and combination, appropriate validation methods based on existing knowledge
can serve as tool to assess the manufacturability of defined products. Besides
considering manufacturing service characteristics and their limitations, manufac-
turability must be ensured by means of completely and correctly configured de-
pendencies. To verify the completeness and feasibility of established dependencies
between manufacturing services, knowledge from previously configured and suc-
cessfully executed manufacturing service combinations must be applied to these
newly-configured connections.

In doing so, suggestions and validations must cover all the kinds of dependen-
cies described in section 3.3.2. This requires the provision and application of
knowledge related to relationships between the process, product, and parameter
categories of connected manufacturing services, as well as between specific values
of manufacturing service characteristics which could affect resource- and process-
related restrictions within a dedicated manufacturing service (see also require-
ments Req09 , Req14 , Req15 ).
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3.4.2. Extension and Optimisation of the Knowledge Base

As mentioned beforehand, the suggestion and validation of potential dependencies
between manufacturing services can contribute to improving the quality of future
manufacturing service combinations and to reducing the efforts involved. Since
these suggestions and validations are derived from knowledge about previously
defined manufacturing service combinations, their quality strongly depends on the
quantity and quality of already established connections between manufacturing
services. To address this issue, the knowledge base must be continuously updated
and extended with newly created dependencies as shown in figure 3.5.
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Figure 3.5. Knowledge generation and utilisation cycle

As efficient knowledge gathering is essential to develop and maintain an extensive
and detailed knowledge base (Argote 2013, p. 8), application barriers, mainly
additional efforts involved in knowledge modelling, must be avoided during in-
teraction with customers who generate and use the knowledge. Consequently,
knowledge should be gathered automatically during product specification and
configuration of the related product tree or process chain.

In addition, it is necessary to structure the gathered knowledge about depen-
dencies in order to make it available for further usage and automated handling
(see also section 2.2.3). Together with the application of semantic technologies
and classifications for generating and processing knowledge about dependencies, a
common structure for representing dependencies aids the consistent interpretation
of facts (see also requirements Req04 , Req13 and Req16 ).
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3.4.3. Derived Requirements for Knowledge Utilisation

Considering the application of knowledge management to the combination of man-
ufacturing services results in the requirements listed below:

Req17 Knowledge gathering: Knowledge about the feasibility of manufac-
turing service combinations must be gathered from previously defined
agile production networks, i.e. by analysing existing dependencies.

Req18 Support with configuring and combining manufacturing ser-
vices: Suggestions of dependencies, as well as related validation and
verification functionalities should be derived from the gathered know-
ledge and supplied to customers in order to support efficient product
specification and ensure the manufacturability of configured products.

Req19 Extensibility of the knowledge base: The knowledge base for stor-
ing previously defined combinations of manufacturing services must be
extensible in order to increase the amount of available information and
continuously improve related analysis results.

3.5. Industrial Success Criteria

Besides the requirements described in sections 3.1 to 3.4, the method and model
together with their application have to fulfil further requirements to ensure ac-
ceptance of the solution by the providers and customers of manufacturing services.
However, since the focus of this work is on research, these requirements do not
need to be fully implemented by the intended solution. It suffices that develop-
ments are enabled to be easily extended by the respective features.

38



3.5. Industrial Success Criteria

3.5.1. Integration with Business Processes and IT
Infrastructures

To maintain the efficiency of their business operations, manufacturing service pro-
viders must align the provision and execution of manufacturing services for agile
production network with their internal business processes and IT infrastructures.
To do this, several interfaces must be considered as shown in figure 3.6. In partic-
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Figure 3.6. Interfaces to business processes and IT systems

ular, manufacturing capabilities must be extracted from existing infrastructures
in order to publicise manufacturing service descriptions. Available capacities must
be forwarded from factory-internal planning and scheduling systems to the pro-
duction network management, from where orders including related product or
process specifications are received and transferred to internal order management,
planning and scheduling systems, before individually configured production pro-
cesses are executed.

The manual execution of these activities by manufacturing service providers is
time-consuming and prone to error, especially where complex information is con-
cerned. The automated extraction and transfer of information counteracts these
issues and ensures that manufacturing service details are kept up-to-date at pro-
duction network level. It also ensures that related information is exchanged ef-
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fectively, especially in cases where data must be updated frequently as it applies
to the availability of capacities.

From the customer’s perspective, the configuration and combination of manu-
facturing services should be integrated into product design tools. Thus, product
specification and agile production network configuration processes would not have
to be performed independently from each other, but rather concurrently with re-
duced complexity or effort. To do this, the respective user interfaces for product
specification must integrate capabilities for both, customisation and manufactur-
ing service combination. This can be achieved, for example, by providing func-
tionalities for editing parameters and linking manufacturing services in a simple,
text-based form, as well as by integrating them into graphic-based product con-
figurators.

When integrating models for manufacturing services and their dependencies, which
also serve as a format for transferring information to production network man-
agement systems, into existing IT infrastructures, integration efforts strongly de-
pend on the degree of standardisation of related interfaces and data structures
(Rauschecker, Stock et al. 2014, Loukis and Charalabidis 2013). Consequently,
the solution to be developed should be compatible with existing standards estab-
lished for product and process description and categorisation, as well as for the
exchange of business information.

3.5.2. Acceptance Criteria

To ensure that the method and model to be developed, including their implemen-
tation by an IT system, not only provide all the functionalities required for the
customised configuration of agile production networks, but are also accepted by
customers and manufacturing service providers for application in practice, further
conditions must be fulfilled (cf. Ullrich, Vladova et al. 2015).

The related IT systems must be secure, since concerns about potential unau-
thorised access to know-how and other confidential information is one of the main
obstacles encountered when implementing IT systems across company boundaries.
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Furthermore, the solution must address availability, connectivity, and robustness
in order to process user interactions reliably and promptly. For instance, feed-
back on availability and manufacturability requests for manufacturing services and
their combinations must be delivered online within a reasonable response time. A
further related requirement is usability, i.e. user-friendly interfaces for interaction
with human applicants which allow the system to be used intuitively.

3.5.3. Derived Requirements Related to Applicability

From the considerations above, the following requirements regarding the industrial
applicability of the method, model, and IT system are derived:

Req20 Integration into factory-internal processes and infrastructures:
The manufacturing service model must extractable from factory-internal
systems. Reversely, manufacturing service specifications and orders
must be able to be submitted to these systems.

Req21 Integration with product and process design: The configuration
and combination of manufacturing services, including related IT func-
tionalities, should be integrated into tools for the specification of product
and process details.

Req22 Compatibility with existing standards: To reduce integration ef-
forts, the model and system must integrate applicable existing stand-
ards.

Req23 IT security and privacy: To achieve acceptance for the solution, pro-
tection against unauthorised access to know-how and other confidential
information must be guaranteed.

Req24 Responsiveness and usability: System interfaces, especially with
users, must allow interruption-free and intuitive interaction.
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3.6. Summary of Requirements

The requirements identified in this chapter are summarised below. They can be
classified into two groups: requirements on the method and its application, and
requirements on the model, its development, implementation, and usage in the
related IT system.

Source Req. no. Requirement Priority

Method
objectives

Obj01 Support personalisation of products mandatory
Obj02 Manufacturability assessment mandatory
Obj03 Reduction of know-how and efforts

involved in the configuration and
combination of manufacturing ser-
vices

mandatory

Method
characteristics

Req01 Description of modelling procedure mandatory
Req02 Description of model transforma-

tion
mandatory

Req03 Description of model usage mandatory
Req04 Modelling language mandatory
Req05 Integrated modelling language and

procedure
mandatory

Method im-
plementation

Req20 Integration into factory-internal
processes and infrastructures

recommended

Req21 Integration with product and pro-
cess design

recommended

Req22 Compatibility with existing stan-
dards

recommended

Req23 IT security and privacy recommended
Req24 Responsiveness and usability recommended

Table 3.1. Summary of method objectives and requirements
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Domain Req. no. Requirement Priority

Provision of
manufactur-
ing services

Req06 Manufacturing service model mandatory
Req07 Parameterisation mandatory
Req08 SLA information mandatory
Req09 Dependencies between

manufacturing service parameters
mandatory

Req10 Flexible level of detail for manufac-
turing services

recommended

Req11 Online availability of manufacturing
services

recommended

Req12 Common access point for manufac-
turing services

recommended

Configuration
of agile
production
networks

Req13 Comparability of manufacturing
services

mandatory

Req14 Definition of dependencies between
manufacturing services

mandatory

Req15 Expression of dependency rules mandatory
Req16 Separate, complementary model for

dependencies
mandatory

Utilisation of
knowledge

Req17 Gathering knowledge from existing
configurations

mandatory

Req18 Derivation of suggestions and fea-
sibility assessment for dependencies

mandatory

Req19 Extensibility of the knowledge base mandatory

Table 3.2. Summary of requirements on the model and system
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To address the challenges associated with freely configuring agile production net-
works based on manufacturing services identified in sections 1.2 and 2.5, efforts
have been made in several relevant fields of research. This chapter gives an over-
view of the state of the art in these fields of research, allowing specific research
gaps regarding the configuration of agile production networks to be identified. An
emphasis was placed on analysing existing work which focuses on the modelling
and combination of customisable manufacturing services, including measures to
utilise knowledge. Furthermore, the application of these models and measures in
existing methods and systems to configure and manage agile production networks
has been investigated.

4.1. Description of Manufacturing Services

Models of manufacturing services have to cover several properties of related pro-
ducts and processes. As explained in sections 3.2.1 and 3.2.2, this includes product
and process information, their customisation options, and SLA details. This sec-
tion outlines current measures to model these data.

4.1.1. Product-Based Models

Personalised product specifications are usually exchanged among production net-
work stakeholders based on Computer Aided Design (CAD) data. To ensure
the transferability of this information throughout the product lifecycle, as well
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as across organisational boundaries, standardised data formats have been estab-
lished to describe product models. One of the most commonly used standards in
this context is the Standard for The Exchange of Product model data (STEP),
which is defined by ISO 10303-41 (Rudolph and Dietrich 2003).

It defines a standardised description language for product data in order to rep-
resent universal product characteristics and their interrelationships, including
geometric definitions based on points, lines, and direction vectors (Anderl and
Trippner 2000, pp. 54–64, 71–74). Similarly, other widely used standards such
as the Drawing Interchange Format (DXF), Initial Graphics Exchange Specifica-
tion (IGES), or Jupiter Tessellation (JT) also specify the representation of geo-
metric objects (Stoye, Vornholt et al. 2011). However, depending on the kind
of product, industrial sector, and objectives for which information needs be ex-
changed, product descriptions must consider additional product characteristics
and representation requirements. For this reason, ISO 10303-41 defines several
Application Protocols (APs) which include basic models for specific industrial
sectors or phases of product lifecycles. Examples for these specific models are 2D
or 3D designs, process plans for machining, and assembly models. Furthermore,
specific APs also exist for automotive, furniture, or electrotechnical applications
(SCRA 2006).

4.1.2. Manufacturing System Descriptions

The properties of a certain result of a manufacturing process are determined by
the underlying production system, including machines, tools, and program set-
tings which implement product specifics, as well as by the materials processed
(Groover 2010, pp. 6–7). Accordingly, languages representing sharable manufac-
turing capabilities to be used across system boundaries must model these char-
acteristics and their interrelationships (Ameri, Urbanovsky et al. 2012). Various
manufacturing system models reflect this by defining ontologies which integrate
system, process, and product details (Negri, Fumagalli et al. 2016). An example
for such an information structure for a manufacturing system description is shown
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in figure 4.1. Usually, the information contained is further detailed by extending
these models with data structures for machine component features, process para-
meters and control messages, as well as material and product characteristics (e.g.
Hoffmeister 2013, Loskyll, Schlick et al. 2011).

Resource

Human 
resource

Geographical 
resource

Material 
resource

Semi-finished 
part

Tool

Machine 
resource

Entity Cost entityTechnological 
entity

Assembly 
entity Raw material

Product / 
finished part

OperationManufacturing 
operation

includes

becomes
executes

contains

made of
required for

enables /
executes

induces
has

previous

machinable by

machinable
with

Figure 4.1. Ontology for manufacturing capabilities according to Lemaignan, Siadat
et al. (2006)

In many cases, the application of manufacturing system descriptions aims at im-
plementing “plug and produce” concepts, i.e. at decreasing reconfiguration efforts
and ramp-up times for modular manufacturing systems (cf. Konrad 2012, Lohse,
Hirani et al. 2005), or at the dynamic configuration and integration of produc-
tion networks (cf. Ameri and McArthur 2013, Markaki, Panopoulos et al. 2013).
In both cases, manufacturing process descriptions enable the fast and low-effort
integration of manufacturing systems to higher level systems.

A common approach to implement manufacturing service descriptions is inte-
grating respective ontologies into standardised formats. For instance, Ameri and
McArthur (2013), Yan, Ye et al. (2010), and Lemaignan, Siadat et al. (2006) de-
scribe manufacturing process descriptions based on OWL, while Loskyll, Schlick
et al. (2011), Cai, Zhang et al. (2011), and Jang, Jeong et al. (2008) extend the
service description standards Web Services Description Language (WSDL) and
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Universal Description, Discovery and Integration (UDDI) with semantic annota-
tions.

4.1.3. Representation of Contractual Information

Besides functional and technical information, manufacturing service descriptions
need to provide information about conditions for their utilisation. To do so, the
Unified Service Description Language (USDL), which defines a generic framework
for the description of services, contains pricing, legal, and service level modules to
provide information such as cost models, general terms and conditions, warranties,
and execution times (Barros, Oberle et al. 2012). However, USDL does not
provide common semantics, but only defines a structure for descriptions which
can also be partially filled with free text. Thus, to enable comparability and
support for automated information processing, additional data models and IT
tools must be applied to USDL documents.

To process information about service conditions automatically, machine-readable
modelling languages as they are applied in the IT domain have to be utilised. For
SoAs, Keller and Ludwig (2003) specify a Web Service Level Agreement (WSLA)
language which defines Extensible Markup Language (XML) structures for SLA
parameters and their monitoring. When setting up an SLA model for software
systems, relevant properties such as reliability, performance efficiency, and acces-
sibility are usually implemented based on the common system and software quality
models specified in ISO/IEC 25010:2011.

Description contents for software SLAs focus mainly on related Quality of Ser-
vice (QoS) criteria, whose parameters differ from those of manufacturing services
and hardly cover costs and legal aspects. Therefore, when designing respective
models for the manufacturing domain, the above-mentioned concepts for describ-
ing contractual information must be transferred and extended. In manufacturing,
contractual models focus usually on logistics requirements as they are identified in
section 2.2.2. This means that they include information about product quantities,
quality objectives, and delivery times. Relevant examples of such information are

47



4. Related Research

the findings of Shepherd and Günter (2011) and Seth, Deshmukh et al. (2006),
who define attributes to be considered for supply chain performance and quality
measurement. Tao, Zhang et al. (2012) combine both approaches by integrat-
ing information about manufacturing service performance and quality into one
manufacturing service ontology.

4.1.4. Configurability of Manufacturing Services

If manufacturing services can be customised to individual needs, their properties,
i.e. related product details, must be configurable. Feedback to customers, e.g. in
the form of a graphic representation of the resulting products, improves usability.
The ability to parameterise the underlying models is a necessary precondition to
update such representations according to the configuration. This is provided by
ISO 10303-108, Parameterisation and constraints for explicit geometric product
models. It extends STEP with variable parameters and explicit boundary con-
ditions, which are modelled as rules and links to other data elements (Pratt,
Anderson et al. 2005).

Since customer interaction rarely takes place via special professional tools, the
application of a format which can be easily integrated into web interfaces would
save data transfer or integration efforts. Extensible 3D (X3D) is an XML-based
format for representing 3D models (Brutzman and Daly 2007) which fulfils this
requirement. However, parameterisation is not integrated into that standard by
default. Consequently, application-specific extensions must be implemented to
integrate configurable product specifications to X3D as Yip, Corney et al. (2013)
did by combining configuration and visualisation engines.

In addition to the parameterisation of product models, related production process
representations need to reflect equivalent configurability in order to ensure that
the respective customised specifications can be implemented. To address this,
there are production system and process descriptions which integrate parame-
terisation capabilities. For instance, most of the process descriptions which also
fulfil requirements from section 4.1.2 already include meta models for configurable
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process parameters and related production system limitations (cf. figure 4.2,
Rauschecker and Stöhr 2012, Bengel 2010).

Equipment
Description

Product

Process

System

hasDescription Textual 
Description

hasProcessType
Assembly / 
Inspection / 

Logistics / …

requires Components

specifiedBy Parameter

Componentsimpacts
hasValue Number

hasDefault Number

hasUnit String

hasMin Number

hasMax Number

hasDescription String

Figure 4.2. Manufacturing process description according to Konrad (2012)

Besides these manufacturing process ontologies, standards exist for equipment
self-description, which also include data structures for parameterising related
processes. For instance, the Semiconductor Equipment and Materials Interna-
tional (SEMI) standard E139, Specification for Recipe and Parameter Manage-
ment (RaP), and the Standardisation in Lab Automation (SiLA) Device Control
and Data Interface Specification both define generic data structures for equipment
recipes or command parameters, which potentially include variables, as well as
their invocation to higher-level production management systems.

Like production system and process descriptions, most SLA models include para-
meterisation capabilities by default. The WSLA specification, for instance, defines
parameters and related measurement metrics for specific properties such as re-
sponse times or transaction rates, which need to be detailed during service in-
stantiation (Keller and Ludwig 2003). The USDL models for contractual aspects
of services also provide respective structures for describing parameters (Kiemes,
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Novelli et al. 2012, Marienfeld, Höfig et al. 2012). For example, these enable pay-
ment or discount options to be selected, or variable service level attributes to be
defined. However, in the manufacturing context, those options can usually not be
configured independently, since they are affected by related product specifications
to a large extent.

4.2. Classification of Manufacturing Services

To establish comprehensibility and comparability of manufacturing services across
distributed production networks, relevant ideas and objects must be categorised,
i.e. identified, differentiated according to common patterns, and grouped into re-
spective classes according to their specific properties (Harnad 2005). The follow-
ing sections describe existing approaches from the manufacturing domain which
can be applied to achieve this.

4.2.1. Categorisation Approaches

The properties used in order to categorise manufacturing services are the specifics
of the products and processes they provide. Several manufacturing service descrip-
tions reflect this in their model structure by containing category elements. These
elements are filled with simple data elements, ontology contents, or references to
classification models (cf. Lu, Shao et al. 2014, Tao, Zhang et al. 2012). In do-
ing so, the associated ontologies and classification models represent the branched
structure of category hierarchies, as shown by the example in figure 4.3.

Additionally, there are further classification approaches which do not define fixed
category hierarchies, but provide data structures and options for flexibly allocating
categories of production processes (cf. Giess, McMahon et al. 2009, Dulmet,
Lhote et al. 2002).

The category trees resulting from these classification approaches serve the stan-
dardsation of manufacturing service classifications throughout their whole ap-
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Figure 4.3. Classification of manufacturing processes extracted from Ameri, Urban-
ovsky et al. (2012), Ameri and Patil (2012)

plication context, thus improving related search mechanisms and comparability.
However, standardised definitions of manufacturing service categories within spe-
cific application boundaries are not sufficient if manufacturing services are shared
across those boundaries, e.g. among different enterprises in a production network.
Consequently, further-reaching standardisation schemes are necessary.

4.2.2. Relevant Standards

Various standards exist that are applicable to the categorisation of manufactur-
ing services. They can be differentiated according to the manufacturing service
properties concerned. Classification standards which describe industrial sectors
can be used to set the context for manufacturing services, i.e. to categorise their
providers’ activities, while standards specifying product or manufacturing process
categories further detail manufacturing service capabilities. Table 4.1 lists some
examples of classification standards which serve these purposes.
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Scope Standard
Industry
sectors

Statistical Classification of Economic Activities in the European
Community (Nomenclature statistique des activités économiques
dans la Communauté européenne, NACE), which largely over-
laps the International Standard Industrial Classification (ISIC)
because it is based on it.
North American Industry Classification System (NAICS), the
equivalent to NACE in North America.

Products

Central Product Classification (CPC), a United Nations standard
which categorises products according to their industrial origin.
Classification of Products by Activity (CPA), the European ver-
sion of CPC, which is also defined by the United Nations Statist-
ical Division (UNSD).
Global Product Classification (GPC) which is initiated by the GS1
consortium.
TVarious industry-specific standards, such as IEC 61360-4:2005
DB,Common Data Dictionary (CDD), or ISO 22745-1:2010, Open
technical dictionaries and their application to master data, which
is implemented by the Electronic Commerce Code Management
Association (ECCMA) Open Technical Dictionary (eOTD),
RosettaNet Technical Dictionary (RNTD), or eCl@ss, driven by
electrical, electronics, and semiconductor industries.

Production
processes

DIN 8580:2003-09 and related “Manufacturing Processes” stan-
dards which detail manufacturing processes categories such as
forming, separating, joining, or coating.
The Unit Manufacturing Process Taxonomy as it is defined by the
US National Research Council (1995).
Guidelines, especially the VDI manuals on manufacturing pro-
cesses (VDI 2015) describe single categories in more detail and
provide common terms and definitions for their implementation.

Table 4.1. Relevant standards for classifying manufacturing services
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In total, there are more than 700 industry, product, and process classifications
(Royere, Haas et al. 2014), which are initiated by national or international, uni-
versal or industry sector and application specific associations and interest groups.
Most of them are structured hierarchically, i.e. each item is linked to one specific
parent item. Some of these standards not only define terms and hierarchies, but
also supply the related model for their description. For instance, GPC and RNTD
provide respective XML schemes.

4.3. Combination of Services

To combine manufacturing services, relevant approaches from two domains can be
taken: Service-oriented IT systems provide support for automatically generating
and executing IT service bundles, while solutions for configuring and combining
manufacturing systems consider the specific needs of on-demand production.

4.3.1. Orchestration of IT Services

Core concepts of SoAs are modularity and reusability of services (Josuttis 2008,
p. 42). As a result, applications which cover whole business processes can be
aggregated from modular and reusable components. For instance, an order exe-
cution service integrates customer and warehouse management services to organ-
ise product delivery. In parallel, these services could also be used for marketing
activities or inventory management. Cloud computing solutions which provide
IT services via Software-as-a-Service (SaaS) infrastructures increase the need for
appropriate service orchestration solutions, since service users may need to inte-
grate services from different providers in order to support their business processes
(Papazoglou and van den Heuvel 2011).

When integrating services to higher-level functionalities, the associated workflow,
i.e. the order of services to be integrated and, based on this, the kind of data
to be exchanged among the services must be specified (cf. Mayer, Schroeder
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et al. 2008). To do so, the respective service input and output data must be linked
and, if necessary, mapped. Figure 4.4 illustrates this for the above-mentioned
example of an order execution service.

Receive Order
Order Mgmt

requested products
(kind, number)

Check Customer 
Information
User Mgmt

Confirm Order
Order Mgmt

Check Inventory
Warehouse Mgmt

Calculate
Delivery Date
Order Mgmt Dispose ordered 

product
Order Mgmt

address,
payment details customer info OK

Figure 4.4. Sample workflow for an order execution service

Such workflows are usually created by means of modelling languages, primarily the
Business Process Modelling Notation (BPMN), which is used to graphically define
workflows, the Web Services Business Process Execution Language (WS-BPEL)
and the XML Process Definition Language (XPDL), which are based on XML
and focus on the configuration of executable business processes, as well as Yet An-
other Workflow Language (YAWL), which combines both approaches and comes
along with an open source framework serving as workflow management and exe-
cution system. An alternative to executing workflows in respective systems based
on these models is to configure them within the message routing functionality
provided by ESBs (Hohpe and Woolf 2012, pp. 225–326).

The workflows resulting from such definitions can be executed automatically but
are static. To configure workflows dynamically, i.e. to flexibly combine services
on demand without know-how or significant manual configuration efforts, further-
reaching support is necessary. This can be implemented e.g. by integrating onto-
logies to workflow configuration and execution systems in order to gain and utilise
knowledge about services, their purpose, functionalities, and interfaces (Syu, Ma
et al. 2012).

54



4.4. Knowledge Management

4.3.2. Configuration of Production Workflows

Similar to IT services, several production process steps must be configured and
combined in order to manufacture complex, customer-specific end-products. A
common approach to do so is the integration of product and production config-
urations as applied by (Ostgathe 2012, Bengel 2010). They describe models
for representing pre-defined product variants and options, available production
systems, process capabilities and associated configuration options, as well as rela-
tionships and conditions which define how production settings need to be adjusted
in order to achieve specific product characteristics. Complementary, Pfrommer,
Stogl et al. (2014) and Muckenhirn (2005) describe related information flows and
IT systems which support configuration and execution of respective workflows.

To aggregate manufacturing processes and tasks automatically or across produc-
tion sites, a common language, i.e. syntax and semantics, is required to describe
production processes and tasks. This allows alternative processes to be compared
and ensures that input and output definitions for the combined production pro-
cesses are compatible with each other. Therefore, the extension of production
workflow configuration and execution systems with ontologies as it is described
by Syu, Ma et al. (2012) has to cover knowledge about process characteristics and
classifications similar to the concepts explained in sections 4.1 and 4.2.

4.4. Knowledge Management

As mentioned in the previous section, knowledge-based systems can support the
ad-hoc definition of production workflows throughout production networks. In
doing so, they improve the efficiency and quality of workflow design by contrib-
uting to the automation of manufacturing service configuration and combination.
This may include checking the manufacturability of products, i.e. the feasibility of
the resulting product trees or process chains. To do this, the manufacturing ser-
vice property models must be extended with respective constraints, thus enabling
connections between services to be assessed by checking related rules.
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4.4.1. Models for Product and Process Constraints

As explained in section 4.1.4, there are models for the customisation of manufac-
turing service properties, i.e. the parameterisation of geometric product descrip-
tions and configuration of production processes and SLAs. However, this does not
guarantee that customer-specific configurations of manufacturing services will not
exceed the limits of production systems or processes. To take this into account,
constraints – basically minimum or maximum values and pre-defined configura-
tion options applicable to the properties of manufacturing processes and systems
– are integrated into the respective models to make them available for feasibil-
ity checks (cf. Neumann 2015, pp. 63–68, Molcho, Zipori et al. 2008). In the
same way, models used for product configuration describe limitations and pre-
define available options for customisable products and their components (Hotz,
Felfernig et al. 2014).

However, not only the restrictions of manufacturing service properties must be
considered during product and production configuration, but also the potential
impact of a specific parameter setting on other manufacturing service properties
and limitations (refer to requirements Req09, Req14, and Req15). Consequently,
knowledge-based configuration systems include dependency models to enable re-
spective rules to be formulated and executed based on graphical or text-based
description languages (Hotz, Felfernig et al. 2014, Yip, Corney et al. 2013).

4.4.2. Assessment of Connections between Manufacturing
Services

Beyond this representation and validation of constraints, the completeness and
correctness of connections between manufacturing services must be evaluated
when analysing the manufacturability of manufacturing service combinations which
form agile production networks. To do so, automated reasoning mechanisms can
be utilised. For instance, Ameri and Patil (2012) and Giess, McMahon et al.
(2009) apply inference rules to ontologies representing product, process, and
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equipment categories in order to identify and select appropriate manufacturing
services for the integration into specific agile production networks. Given that
the capabilities of manufacturing service combinations are determined, Lartigau,
Xu et al. (2015) and Dotoli and Falagario (2012) prioritise manufacturing ser-
vice combinations by considering QoS aspects, manufacturing service availability,
and transportation times using bee colony or Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS) algorithms in order to select the best al-
ternative.

Product configurators, i.e. knowledge-based configuration systems, consider de-
pendencies between products and their components with regard to quantities and
properties. In doing so, many of these systems generate suggestions, customer
instructions, and warnings by means of automated reasoning, which is applied to
ontologies and rules formulating problem statements, conditions and restrictions
(cf. Tiihonen, Felfernig et al. 2014, Shukor and Axinte 2009, Tseng, Chang
et al. 2005).

However, these systems rely on pre-defined knowledge bases and rules and do not
include their assessment and automated extension.

4.5. IT Solutions for Agile Production Networks

After describing relevant research for separate aspects of manufacturing service
configuration and combination in the previous sections, the following gives an
overview of methods and related IT tools which aim at providing holistic solutions
for creating and managing agile production networks.

To share manufacturing services and implement agile production networks, a
widely-used approach is to use web-based marketplaces, where service descrip-
tions are published for consumers to find, select, and integrate them into agile
production networks (cf. Ferreira, Sarraipa et al. 2014, Ameri and Patil 2012).
These centralised indices provide information about and access to available re-
sources via respective search and semantic match-making mechanisms and are a
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key component of virtual enterprise management or cloud manufacturing plat-
forms, which aim at reducing the efforts involved in establishing, i.e. configuring
and integrating, production networks.

Further aspects covered by these platforms include the configuration of supply
chains and the execution of related manufacturing workflows. These can be im-
plemented based on SoA principles, i.e. by integrating manufacturing resources
in the form of modular and reusable service components. For instance, Schulte,
Hoenisch et al. (2014), Wang and Xu (2013), Rauschecker, Stöhr et al. (2013)
and Burghardt, Zimmermann et al. (2007) suggest to configure and manage agile
production networks using centralised IT services to select and combine of man-
ufacturing services, as well as to optimise and evaluate resulting production net-
works.

Besides this, there are also agent-based approaches, which focus on the distrib-
uted management and execution of workflows. Agent-based systems aim at ex-
ecuting tasks via multiple autonomous (software) agents, which pursue their in-
dividual tasks and objectives while interacting with an environment that may
include further agents (Russell and Norvig 2014, pp. 34–62). In the manufactur-
ing domain, this is implemented by representing items, basically manufacturing
facilities or production jobs and related products, in the form of agents which
optimise their utilisation or routes through production on their own (VDI/VDE
2653 Part 1 2010, Göhner and Weyrich 2014). Agent based systems can be used
for managing agile production networks, for example with agents representing or-
ders and related products which are routing themselves across production sites
(Ameri and McArthur 2013, Rahman, Sadik et al. 2008, Ouzounis 2001).
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4.6. Derived Research Gaps

The previous sections demonstrate that there are various solutions for the config-
uration of agile production networks, including the description and classification
of manufacturing services, their combination to workflows, and related knowledge-
based support. Table 4.2 gives an overview of these concepts and solutions and
indicates to what extent they fulfil the requirements on the model and system as
they were identified in chapter 3.

Requirement Existing solutions Fulfilment
Req06:
Manufacturing
service model

Product models such as STEP,
IGES, or DXF

fulfilled

Ontology-based production
system and process
descriptions (Negri, Fumagalli
et al. 2016, Hoffmeister 2013,
Konrad 2012, Loskyll, Schlick
et al. 2011)

fulfilled

Req07:
Parameterisation

STEP extensions (Pratt,
Anderson et al. 2005), X3D
applications (Yip, Corney
et al. 2013)

fulfilled

Variables and boundaries for
production process settings
(SiLA 2013, Konrad 2012,
SEMI E139-0709)

fulfilled

Req08: SLA
information

IT-Domain: WSLA (Keller
and Ludwig 2003)

partial: concept
transferable

Non-IT service descriptions
(Kiemes, Novelli et al. 2012)

partial: contents
mostly text-based / not
configurable
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Req09:
Dependencies
between
manufacturing
service parameters

Integration of constraints and
feasibility rules to configurable
product models
(Neumann 2015, Hotz,
Felfernig et al. 2014, Yip,
Corney et al. 2013)

partial: does not
include integration
with production
systems

Req10: Level of
detail for
manufacturing
services

Determined by granularity of
respective models (ontologies,
XML-based descriptions, etc.)

fulfilled

Req11: Online
availability of
manufacturing
services

Provided by platforms for
manufacturing service
management (Schulte,
Hoenisch et al. 2014,
Rauschecker, Stöhr
et al. 2013)

fulfilled

Req12: Common
access point for
manufacturing
services

Manufacturing service
marketplaces and indices
(Ferreira, Sarraipa et al. 2014,
Rauschecker, Stöhr et al. 2013,
Ameri and Patil 2012)

fulfilled

Req13:
Comparability of
manufacturing
services

Integration of manufacturing
process categories into
manufacturing service
descriptions (Lu, Shao
et al. 2014, Tao, Zhang
et al. 2012, Giess, McMahon
et al. 2009)

partial: within system
boundaries
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Classification standards for
industrial sectors, products,
and manufacturing processes
(NACE, ISIC, CPC, eCl@ss,
DIN 8580:2003-09)

partial: not extendable

Req14: Definition
of dependencies
between
manufacturing
services

SoA-based workflow definitions
(BPMN, WS-BPEL, XPDL,
YAWL, ESB)

partial: integration of
further knowledge
about services required
for automation;
restricted to IT services

Product-oriented production
configuration (Ostgathe 2012,
Bengel 2010)

partial: focus on
parameterising single
production systems

IT-support for production
workflow definition and
execution (Pfrommer, Stogl
et al. 2014, Muckenhirn 2005)

partial: focus on
factory-internal
product routing

Req15: Expression
of dependency
rules

Modelling of constraints in
knowledge based configuration
systems (Hotz, Felfernig
et al. 2014, Shukor and
Axinte 2009)

partial: focus on man-
ufacturability in previ-
ously dedicated produc-
tion systems

Req16: Separate,
complementary
model for
dependencies

Rules referring to configurable
parameters (Yip, Corney
et al. 2013)

fulfilled

Req17: Gather
knowledge from
existing
configurations and
combinations

Extendable knowledge-based
systems (Konrad 2012,
Hitzler, Krötzsch et al. 2008)

fulfilled
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4. Related Research

Req18: Derivation
of suggestions and
feasibility
validation for
dependencies

Semantic discovery and
match-making of
manufacturing services (Ameri
and Patil 2012, Cai, Zhang
et al. 2011, Jang, Jeong
et al. 2008)

partial: does not in-
clude the validation of
completeness and feas-
ibility of connections

Req19:
Extensibility of
the knowledge
base

Ontologies and related
meta-models (Hitzler, Krötzsch
et al. 2008)

fulfilled

Table 4.2. List of model and system requirements and their fulfilment by existing
solutions

From this comparison of requirements and existing solutions, it can be deduced
that there is a need for further research, since a method, model and IT system
covering all aspects to fulfil the requirements listed in section 3.6 could not be
identified. Existing solutions either focus on the creation of static supply chains or
are limited to fragments of agile production network configuration. For example,
they only provide support for product modelling and manufacturability assess-
ment based on static rules, without considering flexibly integrated manufacturing
capabilities.

To develop an integrated approach, i.e. a method implemented by a model and
IT system, for the configuration of agile production networks facilitating person-
alised production, the individual and intuitive configuration and combination of
customisable manufacturing services needs to be addressed. To do so, research
must be conducted with a focus on the following topics:

◦ A method for guiding manufacturing service providers and customers through
the process of agile production network configuration by means of appropriate
models and tools.
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4.6. Derived Research Gaps

◦ An integrated, holistic manufacturing service model, which includes related
parameterisation options and restrictions

◦ Representation of dependencies and constraints which apply to combinations
of manufacturing services

◦ Manufacturability assessment of customer-specific manufacturing service con-
figurations and combinations by means of validating completeness and cor-
rectness of dependencies

63



5. Defined Method

The strategies and methods for supply chain design and integration vary according
to the industrial sector and company concerned. Therefore, this chapter describes
a systematic approach to model, configure, and combine manufacturing services
in order to align processes among participants in agile production network envi-
ronments. This approach is made efficient by implementing models and utilising
the related software system.

To ensure more fluent readability, the explanations in this and the two following
chapters do not include the mapping of concepts and solutions, i.e. method,
model, and IT system to the respective requirements gathered in chapter 3.
However, this aspect is covered by the fulfilment assessment of requirements in
chapter 8.

5.1. Overview

As described in sections 2.3.3 and 4.5, there are no standardised approaches for
configuring and combining manufacturing services in order to support individual-
ised production that go beyond the configuration of pre-defined options. There-
fore, this method combines elements inspired by supply chain design, product
configuration, and knowledge modelling, as they are described by Schönsleben
(2011), Felfernig, Hotz et al. (2014), and Stuckenschmidt (2009).

As explained in chapter 3, different stakeholders are involved in setting up agile
production networks. Accordingly, the developed method must consider the role-
specific perspectives and activities of these stakeholders. As shown in figure 5.1,
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5.2. Strategic Considerations

manufacturing companies are able to provide manufacturing services if they make
respective strategic decisions and model and publish their manufacturing capa-
bilities. Customers use the method and system to receive personalised products
by defining their objectives, as well as selecting, configuring, and combining the
respective manufacturing services. In doing so, the model and system contribute
supporting features, particularly data management and dependency assessment,
which rely on information gathered from previous agile production network con-
figurations.

Conditions for the 
participation in agile 
production network 
infrastructures
Manufacturing service 
descriptions created and 
published

Process objective or 
product defined
Priorities set for 
secondary conditions
(costs, quality, lead 
times etc.)

Manufacturing 
services are selected, 
configured, and linked
Validated connections 
between manufacturing 
services

Additional assessment 
criteria for future 
manufacturing service 
combinations
Improvement of  
search space for 
assessment queries

5.2 Strategic Considerations,
5.3 Analysis and Modelling

s, 5.4 Defining 
Objectives

5.5 Connecting 
Manufacturing 

Services

5.6 Assessment 
Optimisation

Manufacturing Service
Provider Product Designer / Customer Platform / 

Optimisation

Figure 5.1. Overview of the stages of the method, their outcomes, and roles involved

The following sections describe the associated procedural steps in detail, including
necessary considerations, decisions, and activities.

5.2. Strategic Considerations

The key requirement for configuring and combining manufacturing services to
create and operate agile production networks is that manufacturing service pro-
viders want to share their capabilities and capacities. Their motivation to do
so usually results from internal business strategies to improve market access or
capacity utilisation. The proposed solution provides features which address the
personalisation of product and process properties. These can be utilised directly
by end-customers, thus contributing to the typical business objectives of manu-
facturing service providers.
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5. Defined Method

After deciding to share manufacturing services in general, manufacturers need
to define the products and processes, i.e. production capabilities and capacities,
they want to offer for customer-specific configuration and integration into agile
production networks. At the same time, they must determine the level of detail
for the manufacturing services to be provided. Issues which need to be considered
when making these decisions are:

◦ The confidentiality of certain product or process specifics of a manufacturing
service, which must be upheld by excluding related parameters from man-
ufacturing service specifications. If they are still needed, since related to
process results provided to customers, these output parameters must be sep-
arated from those which define process input, e.g. in the form of machine
program parameters. These confidential parameters and related calculations
and conditionals may only be handled by company-internal systems and not
be published.

◦ The granularity of available processes, which is defined by the production
facilities used to execute them. For instance, in contrast to chained produc-
tion lines, loosely coupled equipment allows processes to be split into their
process steps, thus enabling these to be provided as separate manufacturing
services.

◦ The degree of process flexibility, i.e. the ability to execute manufacturing
processes with customised parameters without needing to spend major efforts
on reconfiguring the production system (refer to section 2.3.1). The higher the
flexibility of a production system, the more parameters can be provided for
individual configuration by customers, and the larger are the sets of available
values for those parameters.

◦ The degree of automation and IT integration of the manufacturer’s produc-
tion facilities, since this influences the efforts needed to execute customised
processes. If the degree of automation and IT integration is low, process con-
figurations usually require manual adjustment and execution, while a high
degree of automation and IT integration allows automated processing of in-
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5.3. Analysis and Modelling

dividually configured parameters. For both variants, the measures for ad-
justing process settings correspond with the overall process control methods
in the manufacturing environment, and thus do not involve extensive addi-
tional work. However, media interruptions typically encountered in highly
automated manufacturing processes with low IT integration cause increased
efforts involved in executing customised process specifications (see also sec-
tion 2.4.3).

◦ The complexity of the product or process to be provided by the manufac-
turing service, i.e. the extent of know-how required to customise it. Since
customers usually do not have in-depth manufacturing knowledge about the
products they buy, the manufacturing services must contain simplified spe-
cifics to render them suitably for as many customers as possible. This can be
achieved, for example, by aggregating or substituting respective parameters
to obtain characteristics which can be configured more intuitively.

5.3. Analysis and Modelling

After defining the products and processes to be provided in the form of manu-
facturing services, including their level of detail and related parameterisation op-
tions, these contents must be modelled and integrated into manufacturing service
descriptions so that they can be published to the production network infrastruc-
ture.

To do so, manufacturing service providers must extract the relevant informa-
tion from their production and IT systems, potentially aggregate or substitute
parameters where necessary, and fill in a common description schema for manu-
facturing services in order to instantiate the data model for the specific product
or process on offer. In doing so, contents for manufacturing service details which
need to be comparable, i.e. product, process, and parameter categories, as well
as parameter units, must be aligned across network participants. This is achieved
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5. Defined Method

by selecting them from a common repository provided by the agile production
network infrastructure in the form of category trees.

When modelling manufacturing services and related input and output parameters,
dependencies among these parameters need to be analysed. If any relationships
between parameters exist, the respective dependencies expressing them must be
formulated.

Furthermore, it must be verified whether certain conditions related to the appli-
cation context of the manufacturing service apply, i.e. if the provided product
or process requires the inclusion of previous or subsequent process steps on inte-
gration into a product tree or process chain at a later stage. If this is the case,
respective application context conditions must be set by dependencies, which
describe relationships between the categories of the products or processes provided
by the manufacturing services to be connected.

To determine the dependencies to be included in the manufacturing service de-
scription, a guiding principle should be applied stating that only those rules which
are really needed to ensure the feasibility of related processes must be modelled,
since further rules would unnecessarily restrict customer options. These essen-
tial rules can be identified by applying a what-if analysis to the relationships in
question, or to the categories or parameters affected by them. In particular, the
relevance of rules can be determined similarly to the differentiation between al-
ternative activity flows and exceptions in the context of a use case analysis (cf.
Wazlawick 2014, pp. 64–74). In doing so, the impact of each relation is checked
by evaluating the feasibility of the manufacturing service in case no rule is defined,
and extremes selected for parameter values or categories, such as minimum, max-
imum, or far-fetched values. As a result, not only the required application context
conditions are identified, but also parameter restrictions including affected para-
meters and their limits.

The result of this analysis and modelling step is the manufacturing service de-
scription, which includes details of product and process capabilities and related
configuration options. This is then stored in a common manufacturing service
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index of the agile production network infrastructure, enabling it to be selected for
integration into manufacturing service combinations. To keep the availability and
related contractual details of the manufacturing service up-to-date without alter-
ing the overall product and process specification contents, the respective models
are updated and managed separately.

5.4. Defining Objectives

Concrete manufacturing service configurations and combinations and thus related
agile production networks are established based on a customer’s or product de-
signer’s product idea. Accordingly, the main objective of the manufacturing ser-
vice configuration and combination is to implement this product idea. However,
to prepare its execution, the responsible customer or product designer has not
only to define this product or process objective, but also to decide on further
strategic objectives, i.e. costs, lead times, or quality, in order to prioritise manu-
facturing services with identical or similar outcomes, as well as to select the most
appropriate alternative.

5.5. Connecting Manufacturing Services

After defining the manufacturing service capabilities to be utilised and prioritising
further selection criteria, two different approaches can be taken to configure and
combine manufacturing services:

◦ The preparation of a pre-defined template, which already includes the man-
ufacturing services needed to implement a product of a certain type. These
templates can either be prepared for this purpose only, or extracted from the
data model by reusing previously specified manufacturing service configura-
tions and combinations.

◦ Alternatively, customers or product designers can freely configure and com-
bine manufacturing services from scratch, and use templates, if applicable,
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5. Defined Method

only for sub-trees in their manufacturing service combination. However, de-
pending on the complexity of the product, sound expertise in related produc-
tion processes and components is required to configure and combine manu-
facturing services from scratch, while templates simplify this configuration
and combination, thus addressing the needs of less skilled customers.

Whichever approach is used, specific manufacturing service combinations must
be created either by adapting existing templates, or by selecting and integrating
appropriate manufacturing services from the common repository. In doing so,
manufacturing services must be compared with each other in order to ensure that
the most suitable ones are integrated. This search and selection process can be
supported by suggestions based on application context conditions, which recom-
mend the inclusion of manufacturing services that belonging to a certain category
or including a certain type of parameters. The selected manufacturing services
are instantiated to prepare their parameterisation. Connections in the form of
basic dependencies are established between these manufacturing service instances
to represent the structure of the intended product tree or process chain.

In the next step, the parameters of the selected and combined manufacturing
services are configured to address the specific needs of the customer’s individually
defined end-product. While setting respective values, it must be ensured that
the output of a certain manufacturing service is compatible with the input of the
one into which it should be integrated. This can be supported by an IT tool
which compares and suggests parameter categories to be involved and checks the
compatibility of parameter value ranges.

It may be the case that a manufacturing service combination is intended not only
to be used to manufacture a particular customer-specific product, but also as
template for other customers, e.g. if a product designer specifies a new product
which can be further detailed by customers. If so, in addition to configuring re-
lated parameters, their restrictions and application context conditions relevant to
connecting the selected manufacturing services must be defined. These relevant
rules need to be selected and implemented in the same way as the ones applying
to parameters within single manufacturing services (see section 5.3). Depending
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on the expertise of the product designer, this can also be supported by the recom-
mendation of potential dependencies based on previously defined manufacturing
service combinations, from which probable application context and parameter
restriction endpoints are extracted.

Before executing an order implementing the specified product, the feasibility of
the related manufacturing service configuration and combination must be veri-
fied, particularly if connections between manufacturing services were established
which are not covered by recommendations, i.e. previously defined dependen-
cies between related categories and parameters. To do so, as with generating
recommendations for dependencies, reasoning mechanisms are used to generate
warnings by inversing respective results. Additionally, the feasibility of parameter
restrictions needs to be verified throughout the manufacturing service tree.

The recommendations and warnings provided by the system when creating and
verifying of manufacturing service combinations are not strictly binding, since
they indicate probabilities of respective dependencies. The accuracy of these
probabilities depends on the quality and extent of the knowledge base that in-
cludes previously defined manufacturing service combinations and therefore does
not cover every feasible option per se. Consequently, product designers and cus-
tomers with sufficient expertise in related products and production processes are
able to confirm newly established connections between manufacturing services
which were not recommended, and for which warnings were generated.

Finally, after generating, verifying, and confirming the manufacturing service com-
bination, its data model is used as basis for determining the respective order,
which is then dispatched to the agile production network management, were it is
further processed and executed.

5.6. Assessment Optimisation

Since the quality of application context and parameter restriction recommenda-
tions or warnings strongly depends on the number of pre-defined dependencies,
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newly created manufacturing service combinations are stored to a common plat-
form repository. In this way, knowledge is gained about the included dependencies
and potentially further detailed manufacturing service or parameter categories.
This also goes hand-in-hand with other methods for defining ontologies, which
follow an incremental approach and extend ontology contents in stages to iter-
atively improve them (cf. Stuckenschmidt 2009, pp. 162–164). As a result, the
amount and extent of dependency and category models, and thus the size of the
knowledge base for reasoning mechanisms used when configuring and combining
manufacturing services, is extended incrementally during the application of the
developed method and system. This storage process takes place automatically for
all created manufacturing service combinations, thus maximising the knowledge
base. To retain the confidentiality of individual manufacturing service configura-
tions and combinations, they are not used as product type templates by default,
but only queried for the purposes of validation and verification.

The described extension of the knowledge base and related re-use of previously
defined dependencies results in improved reasoning results. These improvements
are achieved in two ways. Firstly, the availability of additional dependencies for
recommendations results in a larger amount of potentially recommended depen-
dencies. Together with an increased granularity of the category model, it also
leads to a more differentiated prioritisation of recommendations. Secondly, the
reasoning mechanisms themselves can be improved by adjusting the number of
iterations for including adjacent manufacturing service or parameter categories
during the assessment of dependencies. This is because the number of iterations
can be decreased as the number of already existing dependencies increases, re-
sulting in smaller and thus less fuzzy solution spaces for potential dependency
endpoints.

The optimised reasoning mechanisms are then available when further manufactur-
ing service combinations are created, which are again stored and used for further
incremental knowledge base extensions and assessment optimisations.
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5.7. Summary of Procedural Steps

To provide a guideline for configuring agile production networks for individualised
products, table 5.1 summarises the steps of the developed method which have been
explained in detail beforehand.

Method stage Procedural steps
Strategic
considerations
(manufacturer)

Business strategy decision to share manufacturing capabilities.
Selection of the manufacturing service to be published, de-
pending on the scope of the manufacturing company and stra-
tegic decisions.
Definition of the level of detail and customisation options for
the manufacturing service. These depend on the confiden-
tiality of the respective product or process details, as well as
on the complexity, granularity, flexibility, and degree of IT
integration of the related production system.

Analysis and
modelling
(manufacturer)

Entering the specific manufacturing service contents, i.e.
product and process properties, their customisation options
and contractual details, into the pre-defined schema.
Alignment of common terms, i.e. units and product, process,
and parameter categories, with existing definitions provided
by the platform’s data models.
Definition of necessary rules, i.e. application context condi-
tions and parameter restrictions, which apply to the integra-
tion of the manufacturing service.
Publication of the manufacturing service description on the
platform to make it accessible by potential customers. This
also includes regular updates of frequently changing manufac-
turing service information, especially the availability of related
capacities.
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Defining
objectives
(customer)

Definition of an individual product idea or process objective.
Determination and prioritisation of other strategic objectives,
in particular low costs, short lead times, or high quality.

Connecting
manufacturing
services
(customer)

Selection of manufacturing services and/or pre-configured
templates which contribute to the targeted product or pro-
cess result.
Receive recommendations for connecting manufacturing ser-
vices based on manufacturing service categories and properties
from previously defined dependencies.
Linkage of manufacturing services, including the configuration
of parameter values for the selected and linked manufacturing
services.
Optional inclusion of application context settings and para-
meter restrictions in the dependencies, thus preparing the con-
figuration result for reuse, potentially supported by appropri-
ate recommendations.
Verification of configured parameter values, established de-
pendencies, and related application context settings and para-
meter restrictions by means of reasoning mechanisms. These
utilise previously defined dependencies of manufacturing ser-
vice and parameter categories, and execute parameter restric-
tions with custom or limit values.
Confirmation and order placement.

Assessment
optimisation
(IT platform)

Knowledge base extension by storing data models of newly
defined manufacturing service configurations and combina-
tions, particularly dependency details and potentially added
category refinements.
Detail assessment queries according to the rising number of
dependency models and enhanced levels of detail of category
models to make recommendations and warnings more precise.

Table 5.1. Summary of procedural steps
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6. Model and System
Conceptualisation

To prepare the implementation of the method and model for efficiently configur-
ing agile production networks, which are tailored to individual customer requests,
based on manufacturing services, this chapter describes the concept of the in-
tended solution in the form of an IT system. The separate components of the
solution are identified and drafted, taking into account their integration and in-
teraction. The solution enables the creation and configuration of data models for
manufacturing services and their dependencies to form agile production networks.
It also allows them to be assessed, and related knowledge to be utilised and reused
during the process of generating further manufacturing service combinations.

6.1. Structure of the Proposed Solution

The proposed solution consists of three major components, which are shown in
figure 6.1: Information about manufacturing services to be shared, with related
customisation options and constraints are represented by means of a principally
static data model, i.e. manufacturing service description. This must be prepared
by manufacturers and include all information needed to specify the technical,
logistical, and economic aspects of the capabilities and capacities provided. In
addition, dependencies must be modelled by service consumers who configure agile
production networks for their personalised products by connecting manufacturing
services, including the category-related and parameter-induced impact on them.
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Reduced Efforts for agile production network configuration
Improved quality of agile production network configuration

Production network 
configuration

Customer Request
Knowledge Base

6.4 Reasoning 
(recommendations & 

warnings)

6.3 Dependencies
6.2 Manufacturing 

Service 
Descriptions

Previous configurations 
& combinations

Providing / registering 
manufacturing facilities

Figure 6.1. Solution approach for agile production network configuration

Both models are integrated to a knowledge base, which serves as index for manu-
facturing services and forms the basis for reasoning dependencies and their feasi-
bility in order to provide recommendations and warnings aiding the configuration
of agile production networks by non-experts. By means of these modelling and
reasoning steps, the defined method is expected to reduce the effort involved in
configuring agile production networks and improve the quality thereof (see also
section 5).

6.2. Manufacturing Service Descriptions

The structure of the data model, which represents the properties and function-
alities of manufacturing services, is derived from the intended scope, application,
and alternative implementation options for manufacturing service descriptions as
explained in the following.

6.2.1. Contents of the Data Model

The requirements indicate that the model for manufacturing services must de-
scribe all the information needed by production network partners or customers to
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use them. This includes general information required for administrative purposes,
primarily details about the manufacturing service provider. However, the most
relevant content of the descriptions is information about the input and output of
the respective production processes. Therefore, the data to be included in the de-
scriptions is identified based on the definition of production processes as product
transformation, i.e. value adding processes (see figure 6.2). Customers request

Products
Information

Services

Output

Feedback and Control

Resources
• Labour
• Materials
• Information
• Machines, Tools & 

Technology
• Funds

Input

Transformation
Process

Figure 6.2. Product transformation by manufacturing services according to Slack,
Chambers et al. (2010, pp. 11–14)

specific output from a manufacturing service, i.e. a process result or product,
which is to be delivered in time and sufficient quality. To achieve this, related
input for the transformation process must be supplied in the form of resources,
i.e. raw material, machines and tools, labour, information, and funds. For per-
sonalised products, the representation of these input and output properties must
reflect related conditions and restrictions to ensure that the customer-specific
product definitions can be manufactured without exceeding limits given by ma-
chines, tools, or other involved resources. Consequently, the parameterisation of
manufacturing service properties is integrated into their descriptions by including
related options and restrictions. As customisable parameters are applied for vari-
ous kinds of manufacturing service properties, manufacturing service descriptions
need to include a generic parameterisation concept that can be integrated to each
property as required.

In addition to specifying manufacturing service properties, the descriptions must
be transferred to other production network participants. To do this, the descrip-
tions are implemented as encapsulated, self-contained documents which include all
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necessary information and can be processed by different stakeholders who extract
or edit the information they are interested in.

Based on these considerations, a generic manufacturing service description is draf-
ted as visualised in figure 6.3, which also lists examples related contents in the
context of Organic Light-Emitting Diode (OLED) production. This manufactur-
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Figure 6.3. Contents of manufacturing service descriptions

ing service description represents a framework into which properties describing
product, process, or contractual aspects of the manufacturing service are embed-
ded. These properties are specified by means of parameters. If they can be adjus-
ted to customer-specific needs, the parameter components reflect this by including
related options and constraints. Additionally, product and process properties are
assigned to respective categories in order to make them comparable across com-
pany boundaries. To address the need for frequent updates of the availability
of manufacturing services, a separate component is integrated into the manufac-
turing service model, which can be updated and handled independently of other
manufacturing service description contents.
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6.2.2. Application Context of Manufacturing Service
Descriptions

The usage of manufacturing service descriptions is shown in figure 6.4. Relevant
contents must be extracted from factory-internal systems either manually or with
the aid of (semi-)automated mapping mechanisms, depending on the capabili-
ties of the respective factory IT systems. To select related product and process
categories, guidance given by a centralised knowledge base providing standardised
classifications ensures that these categories are appropriately interpreted and used.

Agile Production Network Infrastructure
& Knowledge-base

Manufacturing service provider & related IT systems

Information exchange
based on manufacturing
service descriptions

Customer Interface
Manufacturing 

service repository

Previous 
configurations & 

dependencies
Category Trees

Figure 6.4. Exchange and processing context of manufacturing service descriptions

When manufacturing service descriptions are made available to potential custom-
ers, they are transferred to a repository in the agile production network infra-
structure. From there, they can be selected for configuration and integration into
specific agile production networks, i.e. customer-specific product trees or pro-
cess chains. To do so, customers interact manually with the system, aided by
automated information processing. Therefore, manufacturing service description
contents need to be readable for both, humans and machines.
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6.2.3. Approach for Implementing Manufacturing Service
Descriptions

To enable information to be processed by humans and automatically, an XML
based representation is widely applied. This also addresses the envisaged support
of existing standards, since XML implementations exist for several relevant spe-
cifications such as B2MML, MyOpenFactory, or eCl@ss. Further advantages of
XML representations can be extracted from the respective standards (Bray, Paoli
et al. 2006, Fallside and Walmsley 2004):

◦ XML Schema Definitions (XSDs) allow manufacturing service descriptions to
be validated regarding data types and completeness.

◦ Extensibility of XML schemas and related documents, which is achieved by
means of namespaces and references to their elements. This enables multiple
XML documents with complementary content to be linked. Furthermore,
any elements support the inclusion of data elements which are not explicitly
specified during the definition of XML schemas.

◦ The possibility to embed text and binary data in XML documents, enabling
the integration of other data formats, such as those used for product descrip-
tions.

Compared to XML, the JavaScript Object Notation (JSON) has equivalent ad-
vantages and is even faster to read and process (json.org 2006). However, many
common standards do not support it yet, whereas XML became established longer
ago. To overcome this issue and integrate these standards into JSON documents,
transformation mechanisms as described by Boyer, Gao et al. (2011) can be ap-
plied. Consequently, JSON is regarded as suitable format for representing manu-
facturing service descriptions.
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6.3. Representation of Dependencies

Equivalent to the approach for creating manufacturing service descriptions, con-
cepts have also been developed for implementing dependencies between manufac-
turing services. These are described in the following.

6.3.1. Dependency Types and Contents

As explained in section 3.3, there are different kinds of dependencies between
manufacturing services which need to be considered when configuring agile pro-
duction networks. Furthermore, dependencies must reference manufacturing ser-
vices without having an impact on the self-contained descriptions of these. Con-
sequently, a separate representation of dependencies is developed containing in-
formation as shown in figure 6.5, which also gives an example of dependency
contents in organic semiconductor processing.
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Figure 6.5. Contents of Dependencies

The structure of agile production networks is defined by means of dependencies
which represent parent-child relationships between manufacturing services and
include related quantities and alternatives. Therefore, dependency specifications
include a child reference which points to the output of a specific manufacturing
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service, as well as a parent reference, i.e. the next manufacturing service in the
product tree or process chain receiving input from the previous one.

To set the application context for each manufacturing service in the agile produc-
tion network, the parent-child relationships must be extended with information
concerning the required pre- and post-conditions for the manufacturing services
to be connected. For instance, assembly processes require multiple components,
tempering and finishing processes are usually executed before final assembly but
after forming processes, and, in the semiconductor industry, lithography must be
performed before applying etching or doping processes to wafers.

Furthermore, links between manufacturing service parameters and their contents
need to be established to express the impact of specific parameter settings on other
manufacturing service characteristics. For instance, the selection of a specific ma-
terial, geometry, or surface characteristic may influence the range of customisation
options for the other properties. This type of dependency occurs within single
manufacturing services, as well as throughout product trees or process chains.
The rules formulated to represent them must consider two types of logic relations
between parameters:

◦ Calculations which either calculate output characteristics or update minimum
or maximum values for available parameter ranges according to specific cus-
tomer configurations. As an example, the size of an OLED lighting element
frame is defined by the number n and outline of the involved OLED elements:

lframe = n · lOLEDelement + (n − 1) · lOLEDdistance + 2 · lframenotch (6.1)

◦ Conditionals which represent dependencies that cannot be expressed by a
stand-alone formula. This applies to all parameters that do not refer to a
continuous range of values. For instance, the colour of an OLED can have
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discrete values, such as white, blue, green, or orange, for which different
transparency options are available:

((colour = (“green” ∨ “blue” )) → (transparency ≤ 10%))
∧((colour 	= (“green” ∨ “blue” )) → (transparency ≤ 45%))

(6.2)

Also a combination of both, calculations and conditionals, may be necessary to
model parameter dependencies if discrete outcomes resulting from conditionals
are used to calculate further parameters. An example for this is the power con-
sumption Poled of an OLED lighting element which depends on its Area Aoled, and
its colour:

((colour = (“white” ∨ “blue” )) → (Poled = Aoled · 2.308
100

W

cm2 ))

∧((colour = (“green” ∨ “orange” )) → (Poled = Aoled · 1.846
100

W

cm2 ))
(6.3)

6.3.2. Approach for Implementing Dependencies

In addition to the criteria applying to the selection of a technology to describe
manufacturing services (see section 6.2.3), it must be considered that different
kinds of rules need to be implemented when modelling dependencies: category
based application context settings, and calculations and restrictions of parameter
values.

There are different options for modelling the application context of manufacturing
services by connecting their categories. The relationships between manufacturing
service categories could be represented by mapping tables as they are used in rela-
tional data models. However, when considering the application of such models for
validation and reasoning purposes, related queries become complex and time con-
suming because they must be assembled from various partial queries which request
information about a manufacturing service, its category, relationships with which
this category is involved, categories contributing to these relationships, and man-
ufacturing services assigned to these categories. Graph-based data models and
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data bases overcome these issues since they focus on representing ontologies and
relationships between entities by describing objects (nodes) and their relationships
to one another (edges) (Angles 2012). Therefore, they can represent relationships
between manufacturing service categories directly without workarounds such as
mapping tables, which results in queries being processed faster. Additionally, the
representation of bidirectionally ramified category trees, which need to be estab-
lished to classify and compare manufacturing services, can also be implemented
by means of related graph structures.

To represent calculation and restriction rules, there are various rule languages and
interpreters. For instance, Semantic Web Rule Language (SWRL) enables rules to
be integrated into OWL ontologies (O’Connor, Knublauch et al. 2005), and Rule
Markup Language (RuleML) combines standards which model rules or data trans-
formations, such as Production Rule Representation (PRR), SWRL and Exten-
sible Stylesheet Language Transformations (XSLT) (Boley, Paschke et al. 2016).
Furthermore, various proprietary rule and workflow engines, such as Drools, Jess,
and Jena, provide specific languages which, although generally providing a wider
range of features for representing rules, do not express them in a standardised
format.

These rule languages and related interpreters mainly focus on inferences from ex-
isting ontologies, or on the definition and execution of workflows. When trying to
combine this with the expression of calculations and conditionals, the complex-
ity of rule expressions increases disproportionately to the number of parameters
and conditions which need to be considered. This makes them unsuitable for use
by manufacturing service providers, product designers, and customers who are
usually not familiar with the coding of complex expressions.

Besides this, calculations and conditionals must uniquely reference the parameters
which they connect. This means that it is not sufficient to include references to
general parameters. Instead, the rules must point to unique parameter instances
and values within specific manufacturing service configurations. However, rule
languages and engines often define generic rules which are applied for all instances
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of a class or object type, or which react to pre-defined events. None of these
variants fulfils the requirements for representing calculations and conditionals.

By contrast, these requirements can both be fulfilled by applying spreadsheets.
They also address the need for usability, since most manufacturing service pro-
viders, product designers, and customers are used to respective tools. Appro-
priately configured tables enable variables to be inserted into cells by means of
interfaces to other IT systems, which are integrated via a Real-Time Data (RTD)
server. If these variables represent references to specific manufacturing service
parameters and their values, these references can then be used in further formulas
and conditionals or combinations thereof, which are described by standard spread-
sheet expressions. The results of these formulas, i.e. cells where the results are
located, can again be linked to the IT system by means of references which point
in the opposite direction and write back the resulting values to manufacturing
service parameters and their restrictions.

From these considerations it can be deduced that it is not productive to imple-
ment dependencies using one of these technologies but rather to combine semantic
technologies and spreadsheets. Java classes and related interfaces can serve as
backbone for modelling manufacturing services and their dependencies because
they are able to represent the structure and contents of the JSON representations
of manufacturing service descriptions, as well as to integrate interfaces to graph-
based models and RTD servers, i.e. spreadsheets, as illustrated in figure 6.6.
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Figure 6.6. Technology stack for dependency models

6.4. Reasoning of Dependencies

To assist customers with combining manufacturing services, i.e. to provide rec-
ommendations and warnings when establishing dependencies, it is essential to
assess the feasibility of the intended relationships between the respective manu-
facturing services. To do so, the potential restrictions and requirements of these
relationships must be analysed in order to ensure the completeness and correct-
ness of dependencies and resulting manufacturing service combinations. This can
be achieved by taking into account previously defined dependencies between man-
ufacturing services, which enables knowledge about practicable combinations and
rules to be derived.

6.4.1. Objectives and Required Information

The assessment of the feasibility of manufacturing service configurations and com-
binations, i.e. the related dependency reasoning, can be split into different as-
pects: support with establishing the application context of a specific manufactur-
ing service, assessment of the validity and correctness of parameter restrictions
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configured by the customer, and the recommendation of potentially lacking para-
meter restrictions to simplify and accelerate the overall configuration procedure.

Establishing the Application Context

As mentioned in section 6.3.1, the application context of manufacturing services
can be defined via dependencies between their product and process categories.
Related statements like “OLED Lamination requires an OLED substrate and a
cleaned top substrate” can be used to check the correctness and completeness of
manufacturing service combinations which involve processes or products of the
same category.

To do this, inferences are derived from existing dependencies, as shown in figure
6.7. In this example, a manufacturing service X from category A has been linked

Precondition

Parent MfgService X

Child MfgService Y MfgService
Category B

Precondition

Parent MfgService Z

Child MfgService N MfgService
Category ?

Verified Combination New Combination

MfgService
Category A

MfgService
Category A

Reasoning (validation / suggestion)on Precondition

Parent MfgService Z
ory A Category A

Reasoning (validation / suggestion)

ervice Child MfgService N MfgService

gg (( gggg ))

Figure 6.7. Exploitation of application context knowledge

to a preceding process (manufacturing service Y from category B). Based on this
information existing in the knowledge base, a new manufacturing service combi-
nation involving a manufacturing service Z, which also belongs to category A, is
checked against the same precondition which leads to a recommendation for con-
necting a process from category B. In doing so, the ramified structure of categories
must be considered, thus allowing these rules to be specified independently of the
level of detail of a specific manufacturing service’s category.

For the OLED lamination process example mentioned above this means that
a newly defined manufacturing service combination is identified as potentially
incorrect or incomplete if the connected manufacturing service also includes a
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lamination process but links it with a top substrate component which is coated
instead of cleaned. At the same time, carbon dioxide snow cleaning or a wet
chemical etching process, which both belong to cleaning subcategories, would be
identified and recommended for a potentially required or reasonable connection.

The ability of manufacturing services of similar categories to be replaced by one
another increases with the degree of overlap of their typical properties. Thus, this
reasoning can be refined, and related assessment results improved, by considering
the types of properties which are assigned to manufacturing services of a specific
category.

Verification of Parameter Restrictions

In addition to establishing and assessing the application context of manufactur-
ing services in order to verify the endpoints of dependencies, i.e. connections
between manufacturing services, the verification of linked parameters and related
restrictions focuses on the contents of these dependencies. It ensures that the
parameter values of involved manufacturing services do not exceed the limits set
by their value ranges or available discrete values. The verification applies to the
settings of all manufacturing services integrated into a specific product tree or
process chain. Consequently, the impact of customer-specific end-product charac-
teristics on all manufacturing services providing input into the end-product must
be verified. This can be realised by reversely and incrementally executing the cal-
culations and conditionals defining dependencies between the input and output
parameters of manufacturing services as shown in figure 6.8, which illustrates an
example of one iteration.

First, it is verified whether the specified end-product (result of manufacturing
service X) is achievable within the limits of the respective input parameters, and
the specific values of these input parameters are set to meet the output specifica-
tion by reversely executing related calculations or conditionals. Then, these input
parameters are mapped with the output parameters of the contributing manufac-
turing service A by solving the related dependency rules. Again, the required
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Figure 6.8. Verifying manufacturability through reverse parameter resolution

input parameters for that manufacturing service A are calculated to achieve the
required output while considering related limits, etc. As a result, warnings are
generated for customer configurations requiring invalid parameter settings for any
manufacturing service involved.

However, this approach only provides a solution for the verification of existing
dependencies between manufacturing service parameters. Additional inferences
are necessary to assess completeness and recommend dependencies.

Recommendation of Parameter Restrictions

Inferences which verify or recommend dependencies between parameters can be
realised by considering related parameter categories, similar to the usage of man-
ufacturing service categories for establishing application context. The example in
figure 6.9 illustrates this concept: Dependencies are established between specific
manufacturing service parameters in the form of calculations and conditionals. If
manufacturing services of the same category, or manufacturing services described
by the same property types, are combined at a later stage, the calculations and
conditionals to be configured should point to parameters of the same types.
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Figure 6.9. Extrapolation of relationships between parameters

To achieve this, not only must the generic relationships between manufacturing
service categories be modelled, but also the properties of manufacturing services
be categorised and relationships between them set up. In other words, the know-
ledge base and inference mechanisms used for representing, storing, and reasoning
the application context of manufacturing service combinations must be extended
by appropriate models and rules for representing and determining relationships
between associated parameter categories.

6.4.2. Approach for Implementing Dependency Reasoning

To implement dependency reasoning concepts as they are described above, the
applicability of several AI methods has been evaluated. In doing so, key criteria
were extracted from requirements and concepts drafted and mapped against the
features of some common AI methods described by Russell and Norvig (2014),
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Karaboga, Gorkemli et al. (2014), and Delen and Sharda (2008). Table 6.1 shows
an overview of the results of this evaluation.
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Handling discrete, structured data X X X X X X
Search in manufacturing category and
dependency graphs

X - - - - -

Consideration of multiple constraints X X X X - -
History-based calculation of priorities /
probabilities

- X - X X X

Extensibility / learning mechanisms X X - - - X

Table 6.1. Overview of relevant AI methods

As it can be seen there, none of these AI methods addresses all the require-
ments on the intended solution. Therefore, a combination of a semantic network
with conceptual ideas from artificial neural network and bee colony approaches
has been selected. This enables graph search and prioritisation of search results
based on previously gathered samples, which are both suitable for considering
multiple criteria. In detail, this means that a semantic network is used to repre-
sent the knowledge about manufacturing services and related dependencies, and
to derive suggestions for dependencies based on inferences regarding categories.
The priorities of recommended dependencies derived from the knowledge base are
calculated from the number of previously established links between manufactur-
ing services equivalently to the weights of connections between different neurons
in neural networks. Furthermore, priorities are derived from manufacturing ser-
vice and parameter categories and adjacent positions in the category tree in a
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similar way as potential additional targets are selected in the artificial bee colony
algorithm.

Besides the functionalities provided by reasoning mechanisms, the approach to
implement the representation of dependencies has been considered when selecting
technologies for implementing this dependency reasoning concept. Since depen-
dencies related to the application context of manufacturing services are repre-
sented by graph-based models, the reasoning mechanisms for assessing such de-
pendencies must be able to query these models, and to derive information about
the feasibility of respective manufacturing service combinations from them. This
can be achieved by applying inference rules which can be expressed by languages
such as SPARQL and SWRL, or equivalent proprietary query languages of graph-
based databases. Neo4j, a graph-based database which also is compatible with
RDF ontologies, provides the ability to process both: its native query language
Cypher and SPARQL inference rules (Neo Technology Inc. 2016, Hoyer 2014).
Depending on the need for standard compatibility or performance, inference rules
can be expressed and applied by using one of these languages respectively.

For establishing application context, related queries must comprise complex rela-
tionships which include multiple nodes of the graph-based models, i.e. parameter
and manufacturing service instances and related categories. Furthermore, these
inference rules can be used to implement reasoning of recommendations and poten-
tial restrictions for dependencies between parameters. However, respective rules
are not restricted to connections between categories, i.e. nodes of a particular
type, but need to consider parameter categories in the context of the manufactur-
ing service to which they are assigned, as well as the related product or process
category.

Such graph-based reasoning mechanisms, which handle complex and spanned de-
pendencies, can also be applied throughout multiple manufacturing services or
even whole product trees or process chains. For instance, etching processes may
affect or even eliminate results from previous semiconductor processes, such as
deposited layers and structures, and not only on the result of the immediately
preceding process.
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To ensure that these relationships between multiple manufacturing services are
not only feasible regarding product, process, and parameter categories, but also
regarding specific product and process settings in the form of parameter val-
ues, the assessment of associated dependencies must also include the verification
of restrictions of parameter values throughout a series of dependencies. Since
the related calculations and conditionals are represented by spreadsheets, their
correctness can be checked by setting the input parameters of the spreadsheets
to their respective maximum or minimum values, and comparing the resulting
outputs with the limits of the input parameter restrictions for the subsequent
manufacturing service. This is done throughout the whole tree of dependencies
by iteratively testing each dependency rule.

Besides identifying appropriate manufacturing services and parameters to be con-
nected, customer decisions for configuring and combining manufacturing services
are supported by prioritisation of potential connections. To do so, the similarity
of previously established dependencies is analysed regarding the manufacturing
services linked and their input and output. In this context, similarity is defined
as the degree to which dependencies overlap with regard to related manufactur-
ing service categories and parameter types. Furthermore, the number of similar,
i.e. probably matching dependencies already in existence, is considered when
prioritising dependency recommendations.

When reasoning dependencies, it does not make sense to verify all dependency
aspects simultaneously because this, for example, would waste time and effort
involved in reviewing and proposing parameter restrictions for combinations of
manufacturing services with incompatible categories. Therefore, dependency rea-
soning is executed according to the level of detail of the related dependency in-
formation, as shown in figure 6.10.
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Figure 6.10. Reasoning sequence for dependency assessment and recommendation

6.5. Concept Summary

The previous sections define models and system functionalities supporting the con-
figuration and combination of manufacturing services to implement agile produc-
tion networks. In doing so, three major pillars for establishing, recommending and
assessing dependencies between manufacturing services have been identified:

◦ Manufacturing service descriptions, which represent information about man-
ufacturing services and their properties in a standardised format.

◦ Dependency models, which contain information about existing links between
manufacturing services regarding their application context, as well as their
associated parameters, values, and restrictions.

◦ Reasoning mechanisms, which utilise the knowledge base containing infor-
mation about existing manufacturing services and dependencies in order to
derive recommendations and feasibility statements for newly established man-
ufacturing service combinations. This is achieved in three steps, according
to the level of detail or concerned dependencies: Establishing the application
context of combined manufacturing services by means of product or pro-
cess categories, identifying potential relationships between parameters and
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their restrictions based on parameter categories, and verifying relationships
between parameters by considering selectable parameter values.

These system components are implemented using semantic models which represent
manufacturing services and their dependencies, as well as semantic rules, calcu-
lations and conditionals which are applied during reasoning. The next chapter
describes this implementation, as well as the integration of respective system
components.
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This chapter describes the implementation of the concepts for models and related
reasoning mechanisms specified in chapter 6. First, the realisation of manufac-
turing services is explained. Then, the representation of the various types of
dependencies between them and related queries are detailed in bundles according
to the reasoning steps for assessing the manufacturing service combinations they
contribute to. In doing so, the structure and contents of the models, assessment
queries, and their integration are described generically before explaining how they
are implemented in a software system by means of specific technologies.

The models of agile production networks, i.e. manufacturing services and depen-
dencies, are designed using Unified Modelling Language (UML) class diagrams.
The key elements of this notation are shown in figure 7.1.

Figure 7.1. Relevant UML notation elements (Wazlawick 2014, pp. 113–132)

Generic objects are represented in the form of classes like Object A and B. Classes
representing the context of this work are, for example, ManufacturingService,
ManufacturingServiceCategory, or Parameter. Each class contains attributes (e.g.
X, Y, and Z ) which specify characteristics of the related object by means of pre-
defined data types. These data elements can be unique identifiers, names and
descriptions, or any other specific information. Classes may be linked to one
another via associations which define that Object B belongs to Object A, as is the
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case for a product or process category to which a specific manufacturing service is
assigned. An object (A) can also reference itself, for instance categories in a tree
structure with children that are also categories. For these links, related quantities
are indicated by the variables m and n, which define that Object A refers to n
instances of Object B, and each instance of Object B can contribute to m instances
of Object A. In doing so, typical values and ranges for these variables are 0..* for
any quantity, 1 if exactly one object is assigned via the association, or 1..* if a
minimum of one object is included.

7.1. Manufacturing Services and their
Customisation Options

This section specifies the structure and implementation of the data model for
manufacturing services in order to cover all aspects relevant to configuring agile
production networks. The model structure defined in section 6.2.1 is refined, im-
plemented by means of a standardised format (see section 6.2.3), and supplied to
the overall software system for supporting agile production network configuration
as a basic component referenced by dependency and reasoning solutions.

7.1.1. Contents and Structure of Manufacturing Service
Descriptions

As outlined in section 6.2, manufacturing service descriptions contain information
about providers, product or process categories, their characteristics and related
parameters, as well as contractual aspects. They are implemented in the form of
an independent model document to ensure that each manufacturing service can
be integrated to multiple agile production networks.

There are two ways of integrating relevant information to manufacturing service
descriptions: Contents which are only assigned to one specific manufacturing
service can be inserted directly into the descriptions in the form of inclusions,
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i.e. attributes which cannot be reused in other object instances. Accordingly,
information which can be associated with more than one specific manufacturing
service must be integrated to manufacturing service descriptions as references.
This also simplifies the management of contents as it avoids redundancies and
corresponds with the concept of clustering information in classes according to their
logical affiliation. Therefore, the latter is chosen as key concept for integrating
information to manufacturing service descriptions. Figure 7.2 shows the resulting
class diagram for manufacturing service models.

Figure 7.2. Data model of manufacturing service descriptions

To use manufacturing services and their descriptions in agile production network
infrastructures, information about the providing organisations, including com-
pany address, bank account details, and industry sector need to be shared. This
enables requests and orders to be dispatched to providers in order to implement
customer-specific configurations. In this context, it must be considered that a
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manufacturer may provide multiple manufacturing services, but that each spe-
cific manufacturing service only has one provider.

When classifying manufacturing services, it is essential to considered that a man-
ufacturing service can potentially be assigned to several product or process cat-
egories. For example, lamps are classified by eCl@ss as category 27 “electrical,
automation, and process control technologies”, but desk lamps could also be
grouped into the category “office equipment” and may be the result of an “as-
sembly” process at the same time. Vice versa, each product or process category
can be implemented by multiple manufacturing services.

All properties of a manufacturing service, e.g. for an organic semiconductor pro-
cess as shown in figure 6.3, must be related either to its input or output. Typically,
input properties describe process parameters and raw materials, while output
properties specify the resulting product. The detailed description of manufactur-
ing service characteristics is implemented using parameters to determine their
values. Parameters must be able to include any data type – from simple figures
and terms like the length and colour of a process result, through to the complex
objects as they are needed to integrate CAD models. This is implemented by
including generic objects and byte arrays, which allow any figure, text, reference
to another class instance, or files to be integrated.

To support the customisation of manufacturing services, their configuration op-
tions, i.e. details of adjustable input and output properties, need to be integrated
into the representation of parameters. In doing so, available parameter values
are defined by applicable boundaries of parameter ranges which are indicated by
related minimum and maximum values, and by sets of selectable discrete
parameter values. If dependencies exist between the parameters of a manufac-
turing service, the calculations and conditionals to express them are integrated
into respective dependency classes including references to concerned parameters,
as illustrated in figure 7.3.

Due its generic structure and data elements, this parameter and dependency
model can be used to represent different kinds of manufacturing service para-
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Figure 7.3. Parameter and dependency model

meters: characteristics which are selected by customers like the appearance of a
product, those resulting from customer configurations like the energy consump-
tion of a resulting product or required input materials for the process, as well as
tolerances specifying the quality of a process result which may depend on other
configurable parameters.

The quality of process results is a key element of SLAs. Related parameters
are clustered together with other details about properties, such as guarantees
and costs, thus representing the contractual details of a manufacturing service.
Each of these characteristics is modelled in the form of parameters. Accordingly,
the contractual details of a manufacturing service can be regarded as a special
group of properties to which these parameters are assigned.

Information about the availability of manufacturing services, which must be
shared throughout the production network in order to align and balance lead times
and capacity utilisation among contributing participants, also can be integrated
to manufacturing service descriptions via references. This enables information
about the availability of a manufacturing service, primarily process set-up and
lead times, capacities, current utilisation, or already confirmed production jobs
and capacities which are reserved to fulfil them, to be updated without editing
entire manufacturing service descriptions.
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To ensure that the data model conforms to existing standards that already provide
lean data structures for certain information, the contents and structure of classes
containing information which is already modelled by these standards have been
aligned respectively. For instance, information about manufacturers, including
their contact details, address or bank account, are implemented according to
the myOpenFactory standard (myOpenFactory Software GmbH 2009), which
also defines a data structure for product classifications. The WSLA specification
provides a model for representing SLA parameters, which are specified by name,
unit, and data type attributes, similar to the Parameter object described above.
However, both standards have been developed either for exchanging business doc-
uments in production networks that do not consider personalised products, or for
addressing the specific needs of software service quality management. For this
reason, appropriate data elements have been reused, but adapted or extended to
enable their integration into manufacturing service descriptions supporting the
customised configuration of agile production networks.

7.1.2. Integration into Agile Production Networks

In contrast to manufacturing service descriptions, complete definitions of agile
production networks do not need to be exchanged between production network
participants. However, related information must be modelled so that it can be
handled by IT systems used to configure and operate agile production networks.
Figure 7.4 shows the relationships between agile production networks, the man-
ufacturing services and their dependencies involved, which are explained in the
following.

It may be the case that the same process is integrated into multiple agile pro-
duction networks, but configured with different parameter values. Consequently,
references to manufacturing service instances representing configured, executable
manufacturing services must be integrated into the agile production network struc-
ture instead of linking generic manufacturing service descriptions.
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Figure 7.4. Model for representing agile production networks

The manufacturing service instances contain references to the related manufactur-
ing services embodied by them. These serve as access points to general information
about the manufacturing services, primarily providing organisations and category
assignments. Additionally, manufacturing service instances state the specifically
configured characteristics of an executable manufacturing service to be integrated
into an agile production network. In detail, they reference respective parameter
definitions, specify their values, and potentially further limit related restrictions,
thus meeting the needs of the specific manufacturing service combination and
related dependencies. Property groups do not require instantiation because the
parameter instances refer to their generic definitions from the manufacturing ser-
vice description and are thus already assigned to respective property groups.
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When modelling an agile production network, a root node must be defined for its
tree structure in the form of a manufacturing service instance, which uniquely
identifies the final product to be delivered and ensures that there is only one
process completing the overall agile production network operation. This simplifies
the management and operation of agile production networks by IT systems, and
addresses the need for clear responsibilities in the production network, e.g. for
the delivery of the end-product.

Starting from the root node, the structure of an agile production network can be
designed by establishing dependencies between manufacturing services, i.e. their
instances. For this, dependencies must include references to parent and child
manufacturing service instances (see section 6.3.1). All parent-child relationships
between manufacturing service instances must fulfil the condition that each in-
stance has maximum one parent, but may have various children. This results in
the agile production network having a stringent tree structure. This tree struc-
ture defined by branches and levels of dependencies, as well as the integration
of manufacturing services into it via specific instances, allows manufacturing ser-
vices to be distinctly arranged, even when they are integrated into production
networks several times, i.e. repeated at different stages in the product tree or
applied to different branches of the tree structure, as is the case with grinding
processes, which are executed in a sequence with increasingly fine-grained tools,
or coating processes which are performed on several parts of a product before it
is assembled.

7.1.3. Exchange, Management, and Storage of Data
Elements

Manufacturing services, their configurations and combinations not only need to
be modelled, i.e. represented by respective classes and their instances, but also
be created, exchanged, managed, and stored by means of an appropriate software
infrastructure in order to support the configuration of agile production networks
with an IT system.
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To aid this, appropriate JSON schemas are developed (see section 6.2.3), which
need to be handled by the underlying IT infrastructure. The functionalities re-
quired for this must be implemented throughout all levels of the corresponding
software system. Figure 7.5 illustrates the stack of software system components
enabling to handle data elements consistently throughout all levels, from the data-
bases used to store information and make it accessible for future usage up to the
exchange of manufacturing service descriptions via web services and customer
interactions.
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Java Business 
Objects
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Figure 7.5. Manufacturing service model representations at different software system
layers

The backbone of this stack of software components are Java classes, which are im-
plemented according to the class models shown in figures 7.2, 7.3 and 7.4. They
serve as the core of the implementation of manufacturing service descriptions,
since they can be used to integrate libraries for generating the respective JSON
documents and database tables. This is implemented using annotations, i.e. par-
ticularly marked comments which serve as commands for runtime environments,
compiler, or application servers, but do not impact the actual program sequence
(Daum 2007, pp. 181). The annotations integrated to the Java classes map JSON
and database elements to Java classes and their attributes. In addition to repres-
enting the structure and contents of JSON documents and databases, Java objects
can be directly processed by programs implementing the business logic to be ap-
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plied to the respective data elements. This business logic provides functionalities
for managing manufacturing services, as well as for establishing and administer-
ing agile production networks, related manufacturing service instances and their
dependencies. These management methods supply interfaces to manufacturing
service providers, product designers, or customers in the form of web services or
Graphical User Interfaces (GUIs) which are able to handle or edit JSON doc-
uments specified by respective Java classes and their annotations. Figure 7.6
shows an excerpt of a manufacturing service description for the same sample used
in figure 6.3 to illustrate the contents manufacturing service descriptions.

{ “manufacturingService”: {
“id”: “2”,
“name”: “OLED lamination”,
“description”: “glues OLED elements between substrates”,
“providingOrganisation”: {

“name”: “OLED manufacturer A“,
“industryBranch”: “Electronics”,
“address”: “some street 21, 12345 some town”, ...},

“category”: [
{“id”: “27”, “name”: “lighting elements”},
{“id”: “38”, “name”: “glueing (assembly)”}],

“outputProperty”: [{
“name”: “geometry”,
“parameter”: [

{“id”: “211”, “name”: “length”, “unit”: “mm”, 
“minimum”: “30”, “maximum”: “300”, null},...]}, ...],

“inputProperty”: [{
“name”: “base substrate”,
“parameter”: [

{“id”: “219”, “name”: “thickness”, “unit”: “mm”, 
“minimum”: “0.5”, “maximum”: “3”}, ...]}],

“contract”: {
“warranty”:[

{“id”: “226”, “name”: “duration”, “unit”: “a”, 
“minimum”: “1”, “maximum”: “3”}, ...],

...}
}}

Figure 7.6. Excerpt from a JSON representation of a manufacturing service

The JSON representations of manufacturing services correspond with the UML
class model defined in figure 7.2. They are used to publish respective contents to
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the production network management infrastructure by sending it as payload of a
web service request.

After receiving a manufacturing service description via the web service interface,
the business logic methods store it to the linked databases. This is achieved by
appropriate persistence mechanisms implemented at data management level to
control database access operations and the related mapping of database contents
and Java objects. This takes place in both directions: Writing access and the
transformation of information from Java objects to database contents is imple-
mented to store, update or delete information, and reading access and reverse data
transformation are supplied for executing queries. In doing so, general informa-
tion about manufacturing services, especially about their providing organisation
and properties, are stored in a relational database, i.e. in the form of tables.
Information about the structure of agile production networks is held in a graph-
based database, which corresponds with the related manufacturing service and
dependency tree layouts. There, dependencies are implemented as edges, linking
nodes that refer to manufacturing service instances.

In addition to this division of the representation and management of manufac-
turing services into the described horizontal layers, the technology stack is also
divided into vertical segments. This allows each component of manufacturing ser-
vice descriptions to be managed separately. As a result, providing organisations
and categories can be managed independently of specific manufacturing services.
This also conforms to the modularity of manufacturing descriptions, making them
compatible with potential future extensions.

7.2. Establishing Application Contexts

As explained in section 6.3.1, the application context of manufacturing services is
determined by assigning related product and process categories to dependencies
in order to express pre- and post-conditions. These are the components and pre-
liminary processes which provide the input required for a certain manufacturing
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service, or subsequent processes which are needed to complete it. The correctness
and completeness of relationships between manufacturing services, and thus the
structure of the agile production network, can be verified based on these applica-
tion context rules. The following sections explain in detail how the concept for the
dependency models and related reasoning mechanisms based on manufacturing
service categories, which are outlined in sections 6.3 and 6.4, are implemented.

7.2.1. Category Structure

As mentioned in section 7.1.1, a specific manufacturing service category can be
assigned to multiple manufacturing services, and vice versa. For this reason, as
well as to address the need for categories to be uniquely defined, which is required
to compare manufacturing services, these categories must be managed indepen-
dently of manufacturing services. Furthermore, they must be positioned in a
branched structure which defines parent-child relationships between categories,
i.e. which subcategories belong to which specific category. This structure must
be extendable to include additional product or process classifications, which may
be provided in the future. Additionally, the category model needs to represent ex-
isting classifications, such as eCl@ss or GPC, to ensure conformity with standards.
The contents of these standards, i.e. category numbers, names, and descriptions,
can also be used to fill the related category database initially. Figure 7.7 shows
the class model for representing manufacturing service categories, which results
from these considerations.

Figure 7.7. Category model

In addition to representing manufacturing service categories, their integration
with sequences of manufacturing services must also be modelled to set respective
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application contexts (refer to section 6.3). This is achieved by extending the agile
production network model from figure 7.4 with dependencies between categories,
as shown in figure 7.8.

Figure 7.8. Integration of application context into the dependency model

In doing so, categories of interlinked manufacturing service instances are refer-
enced via their generic manufacturing service description because categories are
general classifications which cannot be instantiated.

Pre- and post-conditions for executing manufacturing services are added to the
dependency model by means of ApplicationContextCondition objects, which allow
optional or mandatory requirements on manufacturing service sequences to be
specified. The contents of these pre- and post-condition elements are defined by
references to two category instances: the source category, which is assigned to
any manufacturing service for which the condition applies, and the destination
category, which specifies the type of products or processes which must precede or
follow this manufacturing service. An example is illustrated by the red arrow in
figure 7.9.

As with the Dependencies forming manufacturing service trees, ApplicationCon-
textCondition objects are implemented as edges in graphs where Categories are
represented by nodes. Together with the bidirectionally branched structure of
the category tree (see self-referencing category in figure 7.7), this results in a net-
work of relationships between categories, as shown in figure 7.9. Classifying of
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Figure 7.9. Relations between categories

categories with the aid of a branched structure results in vertical relationships
between categories. The application context of manufacturing services, which
defines required category sequences in agile production networks, is represented
by horizontal relations. This two-dimensional network structure must be con-
sidered when assessing of manufacturing service combinations.

7.2.2. Assessment of Agile Production Networks Based on
Categories

Based on the model described in the previous section, manufacturing service se-
quences are assessed based on categories by reasoning feasible category combin-
ations from this model, i.e. from existing dependencies that include application
context information. Appropriate reasoning mechanisms are implemented by ap-
plying sequences of queries to the database. The content of these queries and
their combination to form complex reasoning mechanisms is explained in the fol-
lowing.

Appropriate manufacturing services y which can or need to be connected with a
manufacturing service x selected for integration into an agile production network,
can be derived by executing the following reasoning steps:
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1. Directly matching manufacturing service categories: The result of this rea-
soning step is the amount of all manufacturing services Y , for which equation
7.1 is valid.

Y = { y | T (y)}; T (y) = (Rrequires(cx, cy) ∨ Rrequires(cy, cx))
∧(RhasCategory(x, cx) ∧ RhasCategory(y, cy))

(7.1)

2. The set of results from the previous step can be extended by considering
specialisations cz of categories cy, which results in the additional amount of
relevant manufacturing services z (see equation 7.2).

Z = { z | T (z)}; T (z) = RhasChild(cy, cz) ∧ RhasCategory(z, cz) (7.2)

3. Similar to step 2, the number of categories, and thus related manufacturing
services to be considered as reasoning results, can be extended by adding
adjacent category nodes cj of cy to the query space by applying equation 7.3.
This results in an amount of manufacturing services j whose categories are
similar, i.e. potential alternatives to the ones of manufacturing services y.

J = { j | T (j)}; T (j) = RhasChild(ci, cj) ∧ (cj 	= cy) ∧ RhasChild(ci, cy)
∧RhasCategory(j, cj)

(7.3)

In the same way, the environment of cx can be extended to increase the search
space for relevant manufacturing service categories cy by also considering subcat-
egories (reasoning step 2) and adjacent categories (reasoning step 3) of category
cx in step 1.

The results of reasoning steps 2 and 3 can be extended iteratively by including the
children of categories cz identified in step 2 and adjacent categories of ci (parent
category as partial result of step 3), etc. To achieve valid results when executing
these reasoning steps, the number of iterations to be performed has to be limited.
It has to be considered that the appropriate maximum number of iterations nmax

increases with the number of vertical edges in the category tree m, and with the
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level in the category tree my on which the directly matching categories cy are
found (see equation 7.4). The factor 0.5 is regarded as maximum applicable to
achieve valid results. The reliability of results derived by executing such iterations
increases with lower factors.

n ∈ N; m ∈ N; m > 1
nmax ≤ (m − my − 1) · 0.5

(7.4)

To obtain an indication of the probability of connections to users who design
products and configure related agile production networks, the results of these
reasoning steps must be prioritised. This is achieved by combining conceptual
ideas from neural networks and swarm intelligence algorithms, particularly by
adding weighting factors, i.e. priorities, to the identified potential connections
based on their distance from direct category matches. To implement this, inter-
sections are created between different category result groups.

In doing so, the derived categories c are put into order according to their distance
from those which have direct category matches. Furthermore, manufacturing
service categories cy1 to cyl

are compared with each other to identify overlaps and
refine the order of categories. The priority of manufacturing services y (for z

and j accordingly) resulting from category-based assessment with one iteration is
calculated according to equation 7.5.

cyk 	= cyl

A1 = (Yk ∩ (Zl ∪ Jl)) ∪ (Yl ∩ (Zk ∪ Jk))
A2 = (Zl ∪ Jl) ∩ (Zk ∪ Jk)
A3 = (Zl ∪ Jl) ∪ (Zk ∪ Jk)

prioritya(y) = (y ∧ A1) + (y ∧ A2) + (y ∧ A3)

(7.5)

This is illustrated by figure 7.10, with area A1 having the highest priority com-
pared to other areas (priorityA1 = 3), i.e. it includes the most likely categories
and related manufacturing services that can be connected to the manufacturing
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service x. Accordingly, the priorities of areas A2 and A3 correspond with lesser
probabilities.

Cy1

Cy2

Cz1,j1

Cz2,j2

A1

A2A3

A2

A2

A3

Figure 7.10. Prioritisation of reasoning results by means of intersections

In addition to considering query space intersections, the number of dependencies
which combine manufacturing service instances of two specific categories is rel-
evant when prioritising related reasoning results. Consequently, the relevance of
each category environment cy is rated by the number of connections which are
established to it from a source of category cx:

Dy = { d(y) | T (d, y)}; M(d) = 1
T (d, y) = RhasSourceCategory(d, cy) ∧ RhasTargetCategory(d, cx)

∧(RbelongsTo(d, miy))
prioritycardinality(y) = prioritya(y) · |Dy|

(7.6)

Figure 7.11 shows some excerpts of this incremental approach implemented to
select potential manufacturing service categories and to prioritise them for sug-
gestions. The queries listed there represent the steps for extracting all directly
matching categories (and thus manufacturing services) for a certain category iden-
tifier in a first step. The search results are then extended by looking at their sub-
and neighbouring categories following the reasoning steps explained above. To
do so, the native query language of the graph database selected to store the data
model, Cypher (see section 6.4.2) is used, i.e. configured and executed, by the
Java business logic and persistence mechanisms.

Besides proposing and checking the application context of dependencies, i.e. the
categories of their endpoints, the number of connections which need to be es-
tablished for a specific manufacturing service during the configuration of agile
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MATCH(cx)–[:REQUIRES*1]-(cy)
WHERE cx.id = {id}
RETURN cy.id

MATCH(cy)-[:HASCHILD*1]-(cz)
WHERE cy.id IN {ids}
RETURN cz.id

MATCH(cy)-[:HASPARENT*1]-(ci)
WHERE cy.id IN {ids}
AND (ci)-[:HASCHILD*1]-(cj)
RETURN cj.id
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Figure 7.11. Query on category relations and prioritisation of results

production networks is validated. For instance, assembly processes require the
inclusion of at least two components. To implement this, the amount of depen-
dencies specified for previously defined manufacturing service instances mii of the
same category or category group ci is expressed by equation 7.7.

Di = { d | T (d)}; M(d) ≥ 1
T (d) = RhasSourceCategory(d, ci) ∧ RbelongsTo(d, mii)

(7.7)

The minimum of all cardinalities |Di| can be used as recommendation for the
minimum number of dependencies to be established for a specific manufacturing
service instance. This number, together with the prioritised category solution
spaces cy from above, serves as basis for assessing agile production network struc-
tures. The following sections describe how more details are added to these in
order to refine results.

113



7. Design and Implementation

7.3. Detailing Reasoning Results Based on
Involved Parameters

To improve the prioritisation of reasoning results for manufacturing service com-
binations based on manufacturing service categories (see section 7.2.2), the kinds
of parameters related to the involved manufacturing services are considered. To
do so, parameter categories are used to identify potential parameter restrictions,
i.e. calculations and conditionals, to be implemented on parameters of linked
manufacturing services.

7.3.1. Modelling of Parameter Categories

To utilise knowledge about property types when assessing dependencies between
manufacturing services, category information must be assigned to parameters.
For this, the parameter model is extended by a ParameterCategory element, as
shown in figure 7.12.

Figure 7.12. Integration of parameter categories into the data model

Like manufacturing service categories, parameter categories can be detailed in a
branched structure that defines hierarchical relationships between parameter cat-
egories. For instance, parameters such as length, width, or curves, which define the
dimensions and shape of a process result, can be assigned to respective parameter
categories to ensure the comparability of manufacturing service characteristics.
Additionally, these length, width, and curve categories may be subcategories of
a parameter category geometry, whereas parameter categories like colour or pat-
terns may belong to a parent category for optical properties.
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To use parameter category information when assessing agile production networks,
it must be integrated into the context of related application contexts and para-
meter restrictions. As shown in figure 7.13, this is achieved by referencing para-
meter categories via their related manufacturing service instances and parame-
ters and comparing the results with parameter categories involved in previously
defined dependencies. To enable this, ParameterRestrictions are implemented
as connecting elements between related parameter instances, which additionally
reference logical expressions from spreadsheets.

Figure 7.13. Integration of parameter categories into the context of dependencies

In contrast to assigning ApplicationContextConditions to dependencies in order to
represent relationships between manufacturing service categories, there is no ob-
ject designed which would directly integrate relationships between parameter cat-
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egories into dependencies. This is because parameter categories serve as secondary
information for further detailing the application context or definition parameter
restrictions applicable to respective dependencies. Therefore, parameter catego-
ries are integrated into dependencies indirectly via related parameter instances
for parameter restrictions, and via the chain of category, manufacturing service,
and related parameters for application context conditions.

7.3.2. Increasing the Level of Detail of Reasoning Results

The parameter categories of manufacturing service input and output properties
are mapped to identify potential connections, and thus improve the assessment of
application contexts, as described in section 7.2. An example of this is the selec-
tion of an appropriate manufacturing service as input for a coating process which
requires a specific surface structure. Possible options for manufacturing services
to be linked to that service, which result from the category mapping described
above, could be a grinding, polishing, or etching service. However, the quality of
reasoning results, i.e. category matching, could be improved by comparing the
properties of the process results achieved from those services with those specified
as input parameters for the coating process. In this case, this means that if the
coating manufacturing service has an input parameter belonging, for example, to
the category “surface roughness”, all manufacturing services with output para-
meters of the same category are supposed to match better than others.

The comparison of parameter categories is used to extend the verification of appli-
cation context conditions described in section 7.2.2 in order to improve its results.
Therefore, it is implemented on the basis that there is a manufacturing service
x for which manufacturing services y recommended for connection have been
identified and prioritised by exploring the relationship Rrequires(cx, cy) between
their categories cx and cy.

Assuming that a manufacturing service y belonging to category cy is required
as an input for a manufacturing service x from category cx, the parameters of
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these manufacturing services pyout
and pxin

are derived by applying the condi-
tions RhasInputParameter(x, px) and RhasOutputParameter(y, py). Vice versa, equivalent
relationships RhasOutputParameter(x, px) and RhasInputParameter(y, py) apply if a man-
ufacturing service from a category cy must be executed after x.

For each of the resulting parameters px and py, the related parameter categories
pcx and pcy are retrieved via the relationships RhasParameterCategory(px, pcx) and
RhasParameterCategory(py, pcy) in order to compare them. If pcx is equal to pcy, the
relationship between manufacturing services x and y is assigned a higher prior-
ity, since manufacturing service y implies that it will provide the kind of output
required as input for manufacturing service x. However, not all input and out-
put parameters of manufacturing services to be linked have parameter categories
which correspond directly. For instance, the surface roughness achieved by a given
manufacturing service may not only affect the required grain size, but also the
time and force required for a subsequent polishing process. Therefore, relation-
ships between parameter categories, which are specified in the context of already
existing dependencies, are used to extend this matching mechanism. To do this,
the involvement of parameter categories in parameter restrictions forming part of
previously defined dependencies between manufacturing services is analysed, and
the following condition checked. A parameter restriction pri, which is defined by
dependency d (RincludesParamRestriction(d, pri)), must connect an input parameter of
manufacturing service x with an output parameter of manufacturing service y. To
be more precise, connections between instances of parameters pi and the respec-
tive manufacturing services mi have to considered: RintegratesOutput(pr, piy) and
RintegratesInput(pr, pix). The relevant paramters py and px, and their categories pcy

and pcx are derived from this. Finally, the parameter category pcy of the output
parameter py is treated as if it would match pcx directly. These steps to enhance
the relevant result space for the assessment are expressed by equation 7.8.
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Py = { py | T1(py) ∧ (T2(py) ∨ T3(py))}
T1(py) = ((RhasInputParamenter(x, px) ∧ RhasOutputParameter(y, py))

∨(RhasInputParamenter(y, py) ∧ RhasOutputParameter(x, px)))
∨(RhasParameterCategory(px, pcx) ∧ RhasParameterCategory(py, pcy))

T2(py) = pcy = pcx

T3(py) = (RintegratesOutput(pr, piy) ∧ RintegratesInput(pr, pix))
∨(RintegratesOutput(pr, pix) ∧ RintegratesInput(pr, piy))

(7.8)

Furthermore, the range of relevant parameter categories can be extended by con-
sidering the environment of the parameter category pcy in the related parameter
category tree (see equations 7.9 and 7.10), similarly to extending the search space
for manufacturing services based on their categories, as described in section 7.2.2,
equations 7.2 and 7.3.

Pz = { pz | T (pz)}; T (pz) = RhasChild(pcy, pcz) ∧ RhasCategory(pz, pcz) (7.9)

Pj = { pj | T (pj)}
T (pj) = RhasChild(pci, pcy) ∧ (pci 	= pcy) ∧ RhasChild(pci, pcj)

∧RhasCategory(pj, pcj)

(7.10)

In addition to using the categories of manufacturing services and parameters to
detail reasoning results, the value ranges of respective parameters are considered
to ensure that manufacturing services can be connected. For the parameters
px and py, the respective minimum and maximum values are compared after
converting their values according into the related parameter units if required.
In doing so, the parameter ranges of the related parameters px and py must
overlap, or the respective arrays of available discrete values must include matching
values:

Yvalues = { y | T (y)}
T (y) = (pvy ∈ Vx) ∧ RhasV alue(py, pvy) ∧ RhasParameter(y, py)

(7.11)
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Figure 7.14 and equation 7.12 visualise the steps to detail dependencies based
on categories of manufacturing services and parameters, and mapping parameter
values.

pvx

pvy

pcx pcy cy
A1 A2

A3

Figure 7.14. Further detailing of reasoning results

A3 = A1 from equation 7.5
Y = { y | T (y)}; T (y) = RhasParameter(y, py,z,j); py,z,j ∈ Py,z,j

A2 = A3 ∩ Y

A1 = A2 ∩ Yvalues

prioritytotal = prioritycardinality(y) + |A1| + |A2| + |A3|

(7.12)

For each step, overlaps between the specifics of the manufacturing services x and
y are identified. These are then used as basis for the next intersecting step.
As a result, manufacturing services with matching parameter values, parameter
categories, and appropriate service categories (area A1) are recommended with the
highest priority, while manufacturing services with fewer overlaps, such as those
from area A2 for matching manufacturing service and parameter categories and
area A3 for manufacturing services from suitable categories only, are given lower
priority. If the number of equivalent results is too high for manual assessment, they
are further detailed by considering the number of matching parameter categories
or values, which corresponds to the size of areas shown in figure 7.14.

7.3.3. Reliability of Reasoning Results

When determining overlaps of parameter categories and related values, and de-
riving related dependency recommendations, the amount of information available
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strongly affects the reliability of these reasoning results. This reliability depends
on the following factors:

◦ The number of previously defined dependencies between manufacturing ser-
vices, as they serve as knowledge base for suggesting potential future connec-
tions.

◦ The level of detail of categories assigned to the manufacturing services, since
a more detailed specification of the manufacturing service to be linked al-
lows contributing services to be selected more precisely. In this context, the
granularity of the overall branched category structure also plays a role, since
it affects the informative value of category mapping results, for which the
neighbourhood of a certain category is considered.

◦ The proportion of a manufacturing service’s parameters with matching para-
meter categories and values. This is related to the total number of parameters
of a manufacturing service: The more details specified, the higher the number
of matching attributes required to ensure a sufficient informative value of the
matching result.

◦ The relevance and significance of a manufacturing service’s parameters for
the respective process or product. For instance, a manufacturing service may
have optional or highly variable parameters which do not require to match
well, whereas it may be essential for parameters representing key character-
istics of the related process or product to match exactly.

From these considerations, it can be derived that the failure rate for reasoning re-
sults λ, which is inverse to the reasoning reliability, can be expressed by equation
7.13 with k being the number of previously existing dependencies and l represent-
ing the granularity of categories.

lim
k→∞ λ = 0 and lim

l→∞ λ = 0 (7.13)

It can be seen, that an infinite knowledge base would be required to eliminate
potentially incomplete or incorrect recommendations. However, this is not ap-

120



7.3. Detailing Reasoning Results Based on Involved Parameters

plicable, since not all potential dependencies and subcategories for products and
processes are modelled due to reasons of efficiency, and due to the intended pur-
pose of the method and system, which is also to configure production networks
for new individual products. Instead, the number of details of the manufacturing
service to be connected, i.e. existing dependencies and category tree granularity,
is compared with the respective average throughout the whole system.

Another way of expressing the estimation of failure rates of reasoning results
is described by equation 7.14, with s representing the proportion of matching
parameters in the total set of a manufacturing service’s parameters, u the total
number of parameters belonging to the manufacturing services intended to be
linked, and t the overlap of parameter sets between new and existing dependencies.
This relation can be detailed by considering the relevance and usage frequency
of parameters for the respective process or product description by integrating a
weighting factor w.

lim
s→1

λ = 0; s = t

u
=

t∑

i=1
wi

u∑

i=1
wi

(7.14)

7.3.4. Application of Reasoning Results

In the process of reasoning the feasibility of manufacturing service dependencies
based on product and process categories, two objectives are addressed: the gen-
eration of recommendations, i.e. the identification of potential dependencies, and
the verification of created dependencies in order to provide suggestions for im-
provement or issue warnings to product designers and customers. In both cases,
reasoning based on the category network is executed in the same way, i.e. by ana-
lysing existing connections between manufacturing service categories. Whereas
recommendations for dependencies result from a search for the most common
connections between categories and manufacturing services, warnings are gener-
ated for connections between categories and manufacturing services which are
located furthermost from these obvious connections. Thus, warnings indicating
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that customer-defined dependencies may not be feasible are generated by invers-
ing the recommendation results. In the example from section 7.2.2, this means
that they are issued for dependencies where the category cy of the linked manu-
facturing service is located outside the solution space resulting from the described
reasoning steps.

Due to the prioritisation and reliability estimation steps described in sections 7.3.2
and 7.3.3, a dependency between the manufacturing services x and y will be
strongly recommended if there is an overlap in all prioritisation and intersection
steps, as well as if the reliability of recommendations is estimated to be high
based on the listed criteria. Accordingly, dependencies for which only subsets of
the assumptions apply are recommended with reservations. Due to the inverse
character of warnings, they are issued for connections between manufacturing ser-
vices for which no or only small overlaps exist in previously defined configurations,
especially in cases where the reliability of the assessment is thought to be high.

Apart from being used to prioritise potential links between manufacturing ser-
vices, the method described for matching parameter categories and values can
also be applied to identify parameters of linked manufacturing services for which
parameter restrictions ought to be implemented. The conditions to be fulfilled for
such recommendations are the same as those for recommendations of dependencies
connecting manufacturing services: Parameter categories of the linked manufac-
turing services must match or be integrated into previously defined parameter
restrictions, and their value ranges overlap.

The overall validation and verification mechanisms applied to the dependencies
between manufacturing services focus on their contents and semantics. Validating
the related syntax is not considered, since this is covered by the implementation
of the underlying data structure in the form of the respective JSON schema and
related validators. These are supplied via the agile production network infra-
structure technology stack and are therefore automatically integrated into the
respective system components.
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7.4. Verification of Manufacturing Service Links
Based on Parameter Restrictions

While manufacturing services are linked and the related parameter restrictions
configured by product designers or customers, the feasibility of the whole process
chain resulting from this must be ensured. To do this, not only must the probabil-
ity and completeness of dependencies be checked as described in sections 7.2 and
7.3, but also their correctness and manufacturability regarding parameter config-
urations. This can be achieved by verifying parameters of a certain manufacturing
service instance, i.e. configured values and value range boundaries, as well as the
impact which they, together with the defined parameter restrictions, have on
subsequent process steps. This section explains the expression, integration, and
application of parameter restrictions implemented to support this objective.

7.4.1. Representation and Execution of Parameter
Restrictions

As described in section 6.3.2, parameter restrictions are modelled by means of
spreadsheets, which are used to configure calculations and conditionals express-
ing the relations between manufacturing service parameters. When configuring
these parameter restrictions, it is necessary to reference respective parameters
forming part of manufacturing service models. As explained in section 6.3.2, this
is implemented by extending the technology stack from figure 7.5 with an RTD
server which integrates parameter definitions from manufacturing services and
their instances into calculations and conditionals in the form of spreadsheets (see
figure 7.15). In doing so, it automatically refreshes the input parameters of the
calculations and conditionals with values from parameter definitions, and forwards
the output parameters from the formulas in the spreadsheet to the web service to
update the data model in the graph database.
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Figure 7.15. Manufacturing service model representations extended with expressions
of parameter restrictions

To know which spreadsheet to use for which parameter restriction, these are
referenced in the respective ParameterRestriction object (see figure 7.13, thus
enabling the system to access and execute its contents if required.

For each parameter restriction, one spreadsheet is implemented which includes
references to all related input and output parameter instances, as well as the cal-
culation and conditional expressions linking them. Figure 7.16 shows the struc-
ture of these spread sheets. The parameter references handled there may not only
point to actual values configured during the specification of personalised products,
but also include related minimum or maximum values which are used to execute
conditionals.
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Figure 7.16. Spreadsheet for expressing parameter restrictions
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In this way, both types of parameter restrictions, i.e. service-internal parameter
dependencies and dependencies between parameters of linked manufacturing ser-
vices, can be represented. However, the origin of parameter values needs to be
differentiated: Parameter restrictions belonging to dependencies between man-
ufacturing service instances in specific manufacturing service combinations must
reference parameter instances, while dependencies between parameters of the same
manufacturing service are implemented by referencing these parameters in gen-
eral. These restrictions apply to all instances of a manufacturing service and its
parameters, and therefore are instantiated together with them.

7.4.2. Verification of Parameter Restrictions

To verify a whole product tree or process chain that has been created by aggre-
gating and individually configuring various manufacturing services, the parameter
restrictions assigned to respective dependencies are executed incrementally. In do-
ing so, the parameter value settings of the most granular manufacturing service
instances, i.e. the sources of the overall production process, are used as input
parameters for all related parameter restrictions. These include references to
these parameters and are associated with the dependencies of the respective man-
ufacturing service combination. The results of these parameter restrictions, i.e.
their output parameters, are then used as input for parameter restrictions of the
next dependency, which could also be a service-internal restriction calculating the
output or limits of potential process results based on this input settings. The
output of this restrictions is again used as input for the parameter restrictions of
the next dependencies, and so on.

During each of these steps, the parameter restriction outputs, i.e. the parameter
value settings for the following step, are compared to the range or set of available
values valid for the related parameter. This workflow is also illustrated in figure
7.17. There, can be seen that the component for managing manufacturing service
configurations and combinations and related dependencies plays a major role in
this process. It executes queries on dependency trees to find parameter restrictions
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Figure 7.17. Workflow for the incremental verification of parameter restrictions

which need to be considered during the verification procedure. Furthermore, it
extracts and specifies input parameters for the discovered restrictions, processes
their output parameters for further usage, and determines the warnings to be
displayed to customers based on conflicts between parameter settings and available
discrete values or value ranges.

7.5. System Integration and Deployment

The overall IT system for modelling and linking manufacturing services in or-
der to establish agile production networks consists of several modules, with each
one managing respective information separately. Figure 7.18 gives an overview
of the interaction between these components and the overall structure of the im-

126



7.5. System Integration and Deployment

plemented software system. The arrows point to the components which other
management components use by integrating them via respective web service in-
terfaces. These web service interfaces are provided separately for all components
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Figure 7.18. Software system components and interfaces

based on the technology stack shown in figures 7.5 and 7.15, which includes ele-
ments for database access, business logic, and user interaction via web services or
GUIs, and is implemented for each component to manage related data models.

In addition to this basic functionality provided by all components for the respec-
tive data elements, the component for managing manufacturing service combi-
nations and related dependencies is utilised to verify connections between manu-
facturing services step-by-step. This includes methods accessing the dependency
model, such as the reasoning and assessment of dependencies based on manufac-
turing service and parameter categories as explained in sections 7.2 and 7.3, as
well as the verification of parameter restrictions described in the previous section.
The dependency management component provides separate methods to do so, in-
cluding appropriate interfaces for each of these mechanisms. This enables users,
i.e. customers, to select functionalities to be used according to their product and
process knowledge.
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To implement the recommendation, validation, and verification mechanisms for
manufacturing service dependencies, the manufacturing service combination and
dependency management component must closely interact with other components
managing data related to manufacturing services and categories. To support
that, these components provide appropriate persistence and search mechanisms
via respective web service interfaces.

When implementing the overall software system, existing technologies, libraries,
and frameworks have been used which contribute the following features:

◦ Persistence mechanisms for storing data models are implemented by using
the standard Java libraries for Neo4j which enable to access the database and
handle respective data objects without additional interfacing, parsing, and
marshalling mechanisms.

◦ A communication infrastructure, including the provision of web services,
related interfaces and JSON objects, as well as related data model trans-
formation and syntax validation, is offered by Java API for RESTful Web
Services (JAX-RS) libraries, which are integrated to the respective manage-
ment components via annotations.

◦ These JAX-RS libraries also include a framework for implementing security
mechanisms required when applying web services, primarily user authen-
tication and encryption of messages or data elements by means of Secure
Sockets Layer (SSL) certificates. Further security measures are implemen-
ted with Firewall settings and an Apache Webserver to restrict access to the
overall software solution.

◦ A WildFly application server, which provides a runtime environment that
enables IT services, i.e. the components shown in figure 7.18, to be deployed
and operated, and accessed via the web.

Based on this technology stack, further features addressing industrial acceptance
have been implemented. Privacy, i.e. the restriction of access to specific man-
ufacturing service details, agile production networks, and order information to
authorised users, is realised by linking system users to manufacturing service
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provider or customer objects which are controlled by the organisation manage-
ment component. This link enables authorisation to be enforced directly when
executing queries on the database. To do so, respective user and organisation
variables are integrated during query creation in the form of additional condi-
tions. Responsiveness, i.e. availability, connectivity, and performance of the
overall system, can be maintained by deploying the overall IT system, including
databases and application server, on a cloud environment. This also makes it
easier to operate the system. To ensure usability of the overall IT system, a web
portal serves as user interface for manufacturing service providers and customers
as described by Yip, Jagadeesan et al. (2011). This web portal includes graph-
ical front-ends for managing manufacturing services, establishing agile production
networks, and handling related orders. Depending on the amount of information
provided for each manufacturing service, the configuration and combination of
manufacturing services can be supported by the graphical representation of the
resulting product, as implemented by Yip, Corney et al. (2013).
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In the previous chapters, the objectives and requirements of agile production net-
work management to support personalised production have been analysed, and
a method, model, and IT system have been developed to configure and com-
bine manufacturing services respectively. To evaluate the overall fulfilment of the
objectives and requirements by the developed method, model, and IT system,
the following sections describe the procedure for testing these developments and
present the related assessment results.

8.1. Evaluation Criteria and Selection of the
Application Example

The method and system implementation described in this thesis are evaluated
based on the objectives and requirements identified in chapter 3, which are com-
pared to the features of the developed method, model, and IT system. The fulfil-
ment of most of these requirements can be assessed straightforwardly by analysing
the respective model and system components. However, especially when it comes
to the fulfilment of the method objectives in general, primarily the reduction in
efforts to configure agile production networks, it is not possible to measure and
assess it in that way. Therefore, an application example is used to evaluate the
benefits of the method and supporting system related to method objectives and
industrial success criteria.

The most important criterion for selecting this application example is the need to
implement an agile production network. Consequently, the product must require
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to be personalised, and the related manufacturing infrastructure should supply
maximum customisation options when implementing the application case. Fur-
thermore, in line with the focus of the method, which is on the configuration of
agile production networks, i.e. combination of manufacturing services, the pro-
duction of the personalised product should require the involvement of multiple
manufacturing services executed by different production sites or companies. An
application example from the organic semiconductor industry was chosen, which
includes process steps with different degrees of automation and flexibility. It also
encompasses the possibility to vary the number of manufacturing service instances
to be integrated in order to reflect variations in product complexity. This allows
developments to be assessed with regard to industrial context variations.

The quantifiable benefits of agile production network participation strongly de-
pend on the specific application case and the business context of the involved
companies. Therefore, the method and system objectives were tested and eval-
uated to prove the concept and obtain qualitative results. For this reason, the
evaluation does not consider the quantitative measurement or calculation of Key
Performance Indicators (KPIs) like return on invest. Instead, it estimates the ful-
filment of business objectives based on the “Net-Check” approach of Schuh, Boos
et al. (2009). Thus, it identifies the main benefits of agile production networks
as well as efforts required to configure them with and without using the method
and IT system and puts the results in relation to each other.

8.2. Fulfilment of Requirements

The fulfilment of the requirements on the method, model, and system is explained
in tables 8.1 and 8.2, which outline corresponding solutions and include references
to the sections giving details of their implementation.
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Requirement Solution / method features
Req01: Description of
modelling procedure

Explained by the method stages strategic considera-
tions, analysis and modelling, defining objectives, and
connecting manufacturing services (5.2–5.5)

Req02: Description of
model transformation

Derivation of recommendations and warnings by as-
sessing dependencies between manufacturing services
(7.2, 7.3, 7.4, and 5.5).

Req03: Description of
model usage

Using data structures and contents when connecting
manufacturing services, especially if aided by assess-
ment features (5.5)

Req04: Modelling lan-
guage

Data models / JSON structures for representing man-
ufacturing services and dependencies (6.2.3)

Req05: Integrated mod-
elling language and pro-
cedure

Usage of data models for manufacturing services and
dependencies during method application (see fulfil-
ment of Req01, sections 7.1.1, 7.2.1, and 7.3.1).

Req20: Integration into
factory-internal
processes and
infrastructures

Extraction of manufacturing service details from pro-
duction infrastructure (5.3). This is fulfilled in prin-
ciple, but additional mapping mechanisms and tools
are necessary to automate the extraction and ex-
change of manufacturing service descriptions and
availability information.

Req21: Integration
with product and
process design

Definition of the product idea (5.4) and configuration
of parameters to implement it (5.5); option to inte-
grate manufacturing service descriptions directly into
respective product configurators (7.5).

Req22: Compatibility
with existing standards

Integration of product and process classifications into
manufacturing service categories (7.2.1); Model for
information about participating organisations on the
basis of the myOpenFactory standard (7.1.1), which
also provides a document structure for order pro-
cessing.
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Req23: IT security and
privacy

Standard security solutions as they are part of the
framework used for system implementation; author-
isation is enforced during database access by extend-
ing respective queries with user and organisation in-
formation (7.5).

Req24: Responsiveness
and usability

Availability and short response times are achievable
through cloud deployment; web portal for user in-
teraction, into which graphical interfaces for product
configuration can be integrated (7.5).

Table 8.1. Fulfilment of requirements on the method

Requirement Solution / model and system features
Req06, Req07, Req08,
Req09: Manufacturing
service model, Param-
eterisation, and depen-
dencies between param-
eters

Manufacturing service data model, including proper-
ties and their customisation options (available param-
eter ranges and discrete values), contractual terms,
and service-internal parameter restrictions (7.1.1).

Req10: Flexible level of
detail for manufactur-
ing services

Manufacturing service descriptions allow different
granularities (7.1.1); selection of appropriate level of
detail described in respective method stage (5.3).

Req11: Online availa-
bility of manufacturing
services

Contractual terms integrated into the manufacturing
service model as a separate item (7.1.1), which can
be regularly updated without affecting other aspects
of the manufacturing service description.

Req12: Common access
point for manufacturing
services

Manufacturing service management component
which, among others, serves as common manufactur-
ing service repository (7.5).

Req13: Comparability
of manufacturing ser-
vices

Manufacturing service and parameter categories to
align the interpretation of products, processes, and
their properties (7.2.1 and 7.3.1).
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Req14, Req15, Req16:
Separate model for
defining dependencies
between manufacturing
services, expression of
dependency rules

Dependency data model (7.1.2), including application
context and parameter restriction expressions (7.2.1
and 7.4.1).

Req17, Req18: Gather
knowledge from exist-
ing configurations, de-
rive suggestions and as-
sess feasibility of de-
pendencies

Application context assessed based on manufactur-
ing service and parameter categories from previously
defined dependencies (7.2.2 and 7.3.2); parameter re-
strictions assessed based on parameter categories, ap-
plicable value ranges, and spreadsheet rule execution
(7.3.2 and 7.4.2).

Req19: Extensibility of
the knowledge base

Storage of newly created manufacturing service de-
scriptions and categories to the common repository
(7.5 and 5.6).

Table 8.2. Fulfilment of requirements on the model and system

As shown by this assessment, all requirements on the method, model, and system
are fulfilled by the developments. The fulfilment of requirements Req20, Req21,
Req23, and Req24 could be improved when the IT system is further refined for
industrial application. This would include extending security mechanisms to pre-
vent injection attacks, or strengthening the system’s position as a single point of
interaction for users by smoothly integrating the method and system into factory-
internal processes and tools, as well as with graphical product design tools, which
are commonly used for product specification. However, additional mapping mech-
anisms or interfaces would be required, which would need to be adapted to the
specific needs of the respective industry sector or company.
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8.3. Filled Research Gaps

In addition to validating the fulfilment of requirements, the impact of the de-
veloped method, model and system on the research gaps identified in chapter 4
has been evaluated as it can be seen in table 8.3.

State of the art Progress beyond
Description of manufacturing services

Product-based models for the descrip-
tion of geometries such as STEP,
IGES, or DXF

The developed model structure in-
cludes product and process aspects,
as well as their classification, cus-
tomisation options, and contractual
details at the same time and in a
human and machine-readable format,
thus enabling users to create or use the
contained information without shift-
ing between multiple models or even
systems.

Semantic-based manufacturing system
and process descriptions as developed
by (Negri, Fumagalli et al. 2016,
Hoffmeister 2013, Ameri, Urbanovsky
et al. 2012)
Representation of contractual inform-
ation of web services (Keller and Lud-
wig 2003) and text-based service
descriptions as provided by USDL
(Kiemes, Novelli et al. 2012)
Configurability of product specifica-
tions is achieved by STEP extensions
(Pratt, Anderson et al. 2005) or X3D
applications (Yip, Corney et al. 2013),
production processes can be con-
figured using variables and bounda-
ries as described by (SiLA 2013, Kon-
rad 2012, SEMI E139-0709).
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Classification of manufacturing services
Semantic categorisation approaches
(Lu, Shao et al. 2014, Tao, Zhang
et al. 2012, Giess, McMahon
et al. 2009) are limited to related
system boundaries.

The developed category model enables
the integration of classification stan-
dards to the category tree, thus com-
bining the advantages of existing sys-
tems, extendibility and validity beyond
system boundaries.Relevant standards are classifying in-

dustrial sectors, products, and man-
ufacturing processes (NACE, ISIC,
CPC, eCl@ss, DIN 8580:2003-09).

Combination of manufacturing services
Orchestration of IT services by means
of SoA-based workflow definitions such
as BPMN, WS-BPEL, XPDL, YAWL,
or ESB configurations

The developed solution combines the
representation of knowledge about
manufacturing service capabilities and
dependencies which apply to connec-
tions of them. As a result, it enables
the flexible combination of manufac-
turing services similar to existing solu-
tions for IT service orchestration.

Product-oriented production config-
uration focusing on parameterising
single production systems (Ost-
gathe 2012, Bengel 2010), or
workflow definition and execution
focusing on factory-internal product
routing (Pfrommer, Stogl et al. 2014,
Muckenhirn 2005)
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Knowledge management for agile production networks
Models for product and process con-
straints focus on the determination
of manufacturability in previously
dedicated production systems (Hotz,
Felfernig et al. 2014, Shukor and Ax-
inte 2009).

The manufacturability assessment of
customer-specific manufacturing ser-
vice configurations and combinations
by means of a knowledge-based reason-
ing mechanism validates the feasibility
of single components or process steps
as well as completeness and correctness
of dependencies.

Assessment of connections, mainly in
the form of semantic match-making
between manufacturing services, does
not include the validation of com-
pleteness and feasibility of connections
(Ameri and Patil 2012, Cai, Zhang
et al. 2011, Jang, Jeong et al. 2008).

IT solutions for agile production networks
Existing IT solutions address sub-
sets of the objectives, e.g. web-
based market places and semantic
match-making mechanisms (Ferreira,
Sarraipa et al. 2014, Ameri and
Patil 2012), as well as workflow
configuration and service orchestra-
tion (Schulte, Hoenisch et al. 2014,
Wang and Xu 2013, Rauschecker,
Stöhr et al. 2013, Ameri and McAr-
thur 2013, Rahman, Sadik et al. 2008)
which are implemented as centralized
or agent-based systems.

One integrated solution covering the
whole process from modelling know-
ledge about manufacturing services to
utilizing the knowledge while individu-
ally configuring and combining manu-
facturing services.

Table 8.3. State of the art and progress beyond
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This progress beyond the state of the art includes developments closing the re-
search gaps summarised in section 4.6:

◦ An integrated, holistic manufacturing service model, which includes related
parameterisation options and restrictions

◦ Representation of dependencies and constraints which apply to combinations
of manufacturing services

◦ Manufacturability assessment of customer-specific manufacturing service con-
figurations and combinations by means of validating completeness and cor-
rectness of dependencies

These developments are applied in the context of a method for guiding manufac-
turing service providers and customers through the process of agile production
network configuration by means of appropriate models and tools.

8.4. Application Case “Organic
Semiconductors”

To assess the developments and the achievement of business objectives in practice,
the method, model and system have been tested in the application context of the
European research project ManuCloud (Meier, Seidelmann et al. 2010), which
dealt with the provision of a manufacturing-as-a-service infrastructure for custom-
isable organic semiconductor products. The manufacturing services considered in
this project provide organic LED (OLED) and photovoltaic (OPV) elements, as
well as lamination and framing processes to assemble glass substrates, OLED, and
OPV elements. These manufacturing services were stored to the common manu-
facturing service repository and used to specify customer-specific facade elements
(see figure 8.1).

During the evaluation, the related manufacturing service combinations were used
to extract previously defined dependencies to assess the feasibility of a newly cre-
ated combination. For this new manufacturing service combination, an individual
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Figure 8.1. Facade element (left) and related manufacturing service tree (right)

product was specified in the form of a room divider, which is produced by a subset
of the same manufacturing services as the facade elements, i.e. OLED elements
which are laminated and framed.

The achievement of the method objectives was evaluated by analysing the efforts
and know-how required to model, configure, and combine manufacturing services.
These mainly depend on data structures, user interfaces, and the quality of reason-
ing results. To evaluate the latter, i.e. the reliability of dependency assessments,
the manufacturing service repository was extended with additional products and
processes which were not meant to be integrated to the actual room divider con-
figuration. These have different categories with varying analogies to the ones to
be connected.

8.4.1. Modelling and Provision of Manufacturing Services

A precondition for configuring and combining manufacturing services is that the
required manufacturing services are modelled and made available via the common
manufacturing service repository. Table 8.4 gives an overview of some typical
properties of the OLED, OPV, lamination, and framing processes and their avail-
able values, for which manufacturing service descriptions have been created.
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OLED OPV Lamination
(and framing)

Length (mm) min: 75, min: 300, min: 500,
max: 150 max: 1200 max: 1840

Width (mm) min: 50, min: 290, min: 400,
max: 76 max: 330 max: 1000

Shape any 2D-Layout any 2D-Layout rectangle
Thickness (mm) 1.9 0.5 min: 10, max: 16
Colour white, blue, orange,

green
blue, green –

Transparency (%) min: 0, max: 45 min: 0, max: 20 –
X-Position child
service n (mm)

– – min: 15,
max: 985

Y-Position child
service n (mm)

– – min: 15,
max: 1825

Table 8.4. Excerpt of organic semiconductor manufacturing service properties

The shown properties mainly cover geometric and optical characteristics of the re-
sulting products, since these are most relevant to the customer-specific design and
process configuration. The full range of properties modelled for the OLED, OPV
and lamination and framing processes is described in appendix A. These mod-
els, including internal parameter restrictions, represent the product and process
know-how of the manufacturer which is relevant in the context of the application
example. They have been created by process experts from the manufacturing
service providers using a graphical user interface (see figure 8.2). In this way,
the developed JSON structures were filled as input for the manufacturing service
management component inserting the contents to the common database.

To represent the internal parameter restrictions which apply to the manufactur-
ing services, respective spreadsheets were filled in and referenced from related
dependency models. Figure 8.3 shows an excerpt of such a spreadsheet contain-
ing the calculation of an OLED’s energy consumption from the example explained
in section 6.3.1 (equation 6.3). In addition to the parameters as such, the models
described in appendix A also list the calculations and conditionals which apply
to them.
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Figure 8.2. Web interface for inserting manufacturing service characteristics
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Parameter 
Instance Id

2
38 =RTD(“rtd.progid”; ; A2) =IF (OR (B2=“white”; 

B2=“blue”); (B3·2.308/100); 
(B3·1.846/100))

=RTD(“rtd.progid”; ;
E2;C2)

35

3 29 =RTD(“rtd.progid”; ; A3)

4 … … …
5 Application of different constants, depending 

on the actual value of the parameter with Id 38.

Figure 8.3. Excerpt of a parameter restriction defined for the OLED element

8.4.2. Connecting Manufacturing Services and Assessing
Dependencies

The facade element and room divider both consist of OLED elements which are
laminated and framed (see figure 8.1). To generate the respective manufacturing
service tree, in a first step appropriate manufacturing services providing organic
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semiconductor and assembly processes were selected from the common manufac-
turing service repository. After making this selection, a further manufacturing
service was created for which parameters were configured in the same way as
for single manufacturing services, i.e. via the GUI shown in figure 8.2. The
parameters of the manufacturing services were integrated into calculations and
conditionals in order to model parameter dependencies throughout the manufac-
turing service tree for the facade element. The knowledge modelled in this context
is detailed in appendix B.

The dependency assessment mechanisms were tested by inserting additional man-
ufacturing services into the service repository and selecting them when combining
manufacturing services for the room divider. These additional manufacturing
services were assigned to product or process categories or described by types of
properties differing from those connected previously when specifying the facade
element. Furthermore, a replacement for the OLED process was implemented
which has the same categories and property types, but different parameter value
ranges.

Testing has been restricted to the provocation of warnings, since recommenda-
tions and warnings are generated based on the same query mechanisms, and ef-
forts and know-how required to connect manufacturing services for this relatively
simple product are not expected to be reduced drastically by recommendations.
In alignment with the assessment mechanisms for manufacturing service depen-
dencies, the tests have been divided into two main test steps:

1. Selecting and connecting manufacturing services from the common reposi-
tory: The compatibility of product and process categories, parameter cat-
egories, and related value ranges was checked by the developed system as
described in sections 7.2.2 and 7.3.2. To do so, this process was repeated
for several different manufacturing service combinations. In particular, the
OLED manufacturing service was replaced by manufacturing services, which
are either assigned to different categories or specified by properties differing
from the ones of the organic semiconductor processes previously integrated
into facade element specification.
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8.4. Application Case “Organic Semiconductors”

2. Establishing and verifying parameter restrictions: The quantity, position,
and shape of OLED elements to be installed in the room divider affect its
size and shape. Accordingly, parameter restrictions were implemented to
adjust the related minimum and maximum values. To check their feasibility,
the verification mechanism described in section 7.4.2 was executed and the
derived warnings compared with the intended results, especially for those
restrictions which were designed to exceed respective limits for this purpose.

As a result, warnings were generated for the combinations of manufacturing ser-
vices created during the evaluation as shown in the overview given by table 8.5.
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Drilling X X X A
Substrate Coating X B
Organic Semiconductor Process spe-
cified by used materials

X B

Process providing OLEDs of different
sizes

0

OLED Process involved in facade ele-
ment specification

0

OLED with geometry exceeding lam-
ination / framing limits

X n.a.

Table 8.5. Overview of organic semiconductor test case results

8.4.3. Know-How Maintained in the System

When executing the method in the context of the application example, know-how
of experts in semiconductor products and processes has been modelled, stored,
and used for assessing combinations of manufacturing services by applying the
developed system. These models cover OLED and OPV product and process
characteristics including their customisation options and restrictions which are
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determined by the manufacturing equipment of the involved manufacturing ser-
vice providers. The manufacturing service descriptions and service-internal de-
pendencies representing them were filled by the experts and stored to the system
in order to supply them to agile production networks later on. In the same
way, the application context of these manufacturing services was modelled by the
experts to ensure that their know-how about pre- and postconditions to be ful-
filled by product trees or sequences of manufacturing processes can be applied to
agile production networks to which the manufacturing services modelled by them
are integrated later on. Furthermore, the combination of manufacturing services
forming a facade element was implemented by the experts to provide a first set
of dependencies serving as knowledge base for assessing further ones created by
non-experts. Details of the modelled manufacturing services and dependencies,
i.e. the knowledge of product and process experts gathered in the system, are
listed in appendix A and B.

By storing the models to the knowledge base, they were made available to other
system users, especially to those with less product or process know-how, via the
system.

8.4.4. Evaluation of Benefits

In addition to the verification of the fulfilment of functional requirements of the
method, system, and model, the benefits of the developments regarding business
objectives were evaluated by potential users of the method and system. Especially
manufacturers operating highly configurable manufacturing equipment were iden-
tified as relevant stakeholders, as well as persons and companies acting as designers
on behalf of end-users.

Since the monetary quantification of the benefits of agile production networks and
the related method and system cannot be calculated directly, the “Net-Check”
approach developed by Schuh, Boos et al. (2009) was applied, which quantifies
benefits of cooperations between companies and efforts involved in their estab-
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lishment and utilisation by means of ordinal scales. Figure 8.4 outlines the steps
to be conducted when applying this method.

Selection of 
relevant 
categories for 
invest and 
benefits from a 
checklist
Reduction of 
evaluation efforts 
by focussing on 
key aspects

Weighting and 
prioritising 
categories of 
benefits
Quantification of 
objectives and 
their achievement 
(per benefit 
category)

Assessing 
efforts invested 
on an ordinal 
scale

Assessing the 
impact of each 
invest category 
on benefit 
categories by 
means of an 
ordinal scale

Analysis and 
conclusion of 
results, e.g. as 
top 3 invests to 
achieve top 3 
objectives or the 
identification of 
idle invests

Defining relevant
categories

of invest and benefits ts 

Assessing 
benefits

Assessing 
invest

Assessing the 
impact of invest 

on benefits

Analysis of 
results

Figure 8.4. Overview of the “Net-Check” approach according to Schuh, Boos et al.
(2009)

According to the objectives described in section 1.1, the benefits applying to
manufacturing service providers and consumers were selected from an overall list
of potentially relevant benefit categories. The selected benefit categories were
rated, i.e. weighted and prioritised, by stakeholders using an ordinal scale ranging
from 0 (no benefit) to 10 (most important strategic objective). The result of this
selection and rating can be seen in table 8.6.

Benefit Rating
Manufacturers

Potential increase in sales 7
Access to additional market segments 5
Improved utilisation of existing resources 2

Consumers (end-customers and product designers)
Utilisation of external competencies and resources 6

Table 8.6. Categories of benefits and their average rating per stakeholder group

Efforts which must be invested by manufacturing service providers and consumers
to establish and use agile production networks were also taken from a generic list
provided by Schuh, Boos et al. (2009). They were rated by stakeholders in the
same way as benefits on a scale ranging from 0 (no efforts) to 10 (very high efforts)
for both cases, participation in agile production networks without and with using
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the developed method and system aiding related activities. Table 8.7 shows the
result of this rating of efforts to be invested. It can be seen that especially the
efforts for common documentation and design guidelines, standardisation and
transparency of cooperation processes, and the selection and alignment of partners
could be reduced considerably by applying the developed method and system.

Efforts to be invested Rating without
method and

system

Rating with
method and

system
Manufacturers

Know-how management and protec-
tion

1 4

Common documentation and design
guidelines

4 1

Standardisation and transparency of
cooperation processes

5 1

Installation and usage of IT infrastruc-
ture and tools

6 4

Standardisation and modularisation of
products / offered services

3 3

Consumers (end-customers and product designers)
Coordination of overall activities 7 5
Selection and alignment of partners 6 2
Overall cost controlling 4 3

Table 8.7. Categories of efforts to be invested by different stakeholder groups and
their average rating

To assess the relevance of effort reductions achieved by the method and system
for the stakeholders’ objectives, the impact of each effort category on the benefits
was evaluated. From a manufacturer’s perspective, the standardisation and trans-
parency of cooperation processes was identified to be most relevant for increasing
sales by entering additional markets and improving the utilisation of resources
through participation in agile production networks. For manufacturing service
consumers, the selection and alignment of partners contributes most to accessing
external competencies and resources, which is also aided by common documenta-
tion and design guidelines, if provided and followed by manufacturers.
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This means that the efforts required to participate in agile production networks
are reduced for both, manufacturers and consumers, by applying the developed
method and system, thus proving that the developments described in this thesis
contribute to the achievement of overall business objectives of the stakeholders and
are valuable for industrial application. While applying the method and system,
according to section 7.3.3, it has to be considered that the degree to which the
business objectives can be achieved depends on the overall reliability of the method
and system, which is determined by the size of knowledge base, i.e. the number
of previously configured products and agile production networks.

8.5. Evaluation Summary and Conclusion

Based on the execution of the application case, not only were the technical func-
tionalities of the developments assessed, but also the achievement of business
benefits stated in section 2.3.4. It has been demonstrated that the developed
method for the personalised configuration and combination of manufacturing ser-
vices is applicable in practice, and that it contributes to reducing the know-how
and efforts required to configure agile production networks.

In this context, although the ability to individualise products is given in prin-
ciple, it depends on the capability of the specific manufacturing services to be
personalised. For example, when it comes to organic semiconductor products,
i.e. OLED and OPV elements, masks must be prepared for each specific shape,
resulting in high efforts and costs for total customisation. Accordingly, manufac-
turing technologies providing a high individualisation capability, such as stamp
matrix sheet forming (Simon, Zitzlsberger et al. 2014), incremental sheet forming
(Emmens, Sebastiani et al. 2010), or additive manufacturing technologies (Guo
and Leu 2013), are promising candidates for integration into agile production
networks.

The efforts to model manufacturing services as they occur for manufacturers are
regarded as applicable for the chosen levels of detail, provided that the man-
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ufacturing services will be integrated into multiple agile production networks,
which requires a respective platform reach. This, together with the result of the
“Net-Check” approach, which confirms the reduction of efforts, especially of such
for common documentation and design guidelines as well as standardisation and
transparency of cooperation processes, approves that it can be beneficial for man-
ufacturers to provide their services to agile production networks. Furthermore,
the efforts and know-how required to select and align appropriate partners, which
also includes the specification of products and their components, were proven to
be reduced by applying the developed solution. This means, that the barriers for
consumers of manufacturing services could be lowered.

By applying this business context while validating the method, model structures
and functionalities of the IT system, there were 3 conditions identified, for which
the application of the developed solution has the most potential. Considering
the know-how required from manufacturing service consumers, the reliability of
assessment results, i.e. recommendations and warnings (see section 7.3.3), and
effort involved in modelling manufacturing services as provider, this is the case

◦ for configuring agile production networks for complex products or processes,
since the greatest efforts and know-how are needed for these when identifying,
establishing, and verifying links, application context settings, and parameter
restrictions.

◦ if numerous product specifications and related agile production network con-
figurations, i.e. manufacturing service combinations, are available in the
knowledge base, since these are necessary to ensure the quality of assess-
ment results. A high number of participants contributing to the platform as
manufacturing service providers or customers would facilitate this.

◦ if manufacturing processes which are linked via dependencies are provided
by flexible production facilities with a high degree of automation, since these
have clearly defined ranges for customisation options and support the auto-
mated implementation of individual product specifications.
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These overall evaluation results have been summarised in table 8.8 by comparing
them with the overall objectives of the method listed in chapter 3.

Objective Achievement
Obj01: Support personal-
isation of products

Achieved through parameterising manufacturing
services and customer-specific manufacturing ser-
vice configuration and combination.

Obj02: Manufacturability
assessment

Achieved by dependency assessment mechanisms.
However, the quality attained depends on the ex-
tent of the knowledge base.

Obj03: Reduction of know-
how and efforts involved in
the configuration and com-
bination of manufacturing
services

Achieved by dependency assessment mechanisms.
However, the degree of their usefulness depends
on the extent of the knowledge base.

Table 8.8. Achievement of method objectives
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To remain competitive, European manufacturing enterprises are increasingly fo-
cusing on their core business and processes, as well as on personalising their
products. Together with an increasing product complexity, these trends lead to
the need to configure production networks ad-hoc according to customer-specific
product designs. When implementing concepts and methods to address this de-
mand, appropriate IT systems must be applied to ensure their efficiency and
benefits for the parties involved.

Product customisation tends to move forward from configurations based on pre-
defined options towards personalisation which is not restricted by product en-
gineering, but only by the available capabilities and capacities of manufacturing
resources. These manufacturing capabilities need to be shared with and supplied
to potential customers or product designers. To achieve this, service orientation
is established in manufacturing, resulting in the provision of manufacturing ser-
vices representing product components or process steps, which can be combined to
form agile production networks. In the past, production networks have invariably
been established in the long term. However, to support total customisation, more
flexible concepts are required. Their implementation must allow manufacturing
services to be substituted by others, or production networks to be configured ad-
hoc according to customer-specific orders. Several methods and IT systems exist
which support specific tasks when configuring agile production networks, such as
the flexible configuration of manufacturing resources, communication among pro-
duction network partners, and product configuration. However, up till now there
has been no integrated solution which allows customers to seamlessly configure
individual products and related production networks. To solve this problem, the
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aspects of the manufacturing system, production network, and customisation need
to be integrated. Furthermore, it is necessary to reduce the efforts and know-how
required to individually configure products and production networks in order to
enable end-customers and product designers without extensive manufacturing ex-
pertise to utilise manufacturing services. Both can be achieved by providing a
method and system for individually configuring and combining manufacturing
services.

In order to develop this method and system, the requirements of the involved
parties, i.e. manufacturing service providers and customers or product designers,
have been analysed and put into a general context. These requirements cover
the description and provision of manufacturing services, their selection and con-
nection, as well as the assessment of manufacturing service configurations and
combinations based on knowledge gained from previously defined agile produc-
tion networks. Besides functional requirements, industrial success criteria such as
compatibility with existing standards or IT security were also considered in order
to ensure efficient application and acceptance of the developments in practice.

Existing solutions from research and standardisation have been evaluated regard-
ing the fulfilment of the gathered requirements in order to identify gaps that
need to be bridged. In doing so, appropriate research fields have been explored
in detail. These include the modelling of manufacturing capabilities, their para-
meterisation and categorisation, the orchestration of services and configuration of
manufacturing workflows, as well as existing knowledge-based approaches to sup-
port these activities. Furthermore, the ability of overall solutions to manage agile
production networks has been analysed. As a result, no solution, i.e. method and
IT system, could be identified which completely covers the specified requirements,
since existing solutions either focus on the creation of static supply chains or are
limited to a subset of tasks conducted during agile production network config-
uration. The basic need for research was identified to be a method for guiding
agile production network participants through the configuration process, suppor-
ted by appropriate information models representing manufacturing services and
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their connections, as well as by IT functionalities ensuring the manufacturability
of the generated configurations.

To address these research gaps, the defined method for configuring and combining
manufacturing services for personalised production provides guidance for manu-
facturing service providers and consumers, i.e. customers or product designers.
It describes how to use the related model and system to share manufacturing ser-
vices with potential customers, and reduce the efforts and know-how required to
configure agile production networks. This includes the consideration of strategic
objectives in order to decide about participation in a respective platform, the gen-
eration of manufacturing service and dependency models, their utilisation to assist
end-customers and product designers, as well as the assessment of the feasibility
and manufacturability of created product and production network configurations.
Furthermore, the knowledge base and related dependency assessment mechanisms
are improved incrementally while the solution is used, thus contributing to the
sustained and successful application of the method.

The software system, which has been implemented as a tool aiding the execution
of the method, consists of a data model for manufacturing services and IT func-
tionalities for assessing combinations of manufacturing services. According to the
requirements, the model represents all manufacturing service properties needed
when configuring and combining manufacturing services. This includes related
product and process characteristics and their customisation options, as well as
information about the availability of capacities and contractual conditions, which
are needed to integrate the manufacturing services into production networks. Ad-
ditionally, dependencies between manufacturing services, which are established
when configuring agile production networks, have been modelled. These repre-
sent the structure of the related manufacturing service trees, define the application
context of certain manufacturing services, i.e. pre- or postconditions for their exe-
cution, by means of related product or process categories, and specify restrictions
which may apply to manufacturing service parameters and their customisation
options. During the process of individually configuring and combining manufac-
turing services, suggestions for improving dependencies are generated by analysing
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previously defined dependencies which are stored in a common knowledge base.
Three major assessment steps are taken to do this: First, the compatibility of
combined manufacturing services is checked by analysing their application con-
text, i.e. relationships between respective product or process categories. Then,
the results are detailed by considering related manufacturing service properties.
Finally, all parameter restrictions, i.e. the effects which the adjustment of certain
parameters has on the value or applicable range of other parameters, are verified
throughout the established manufacturing service combination. These assessment
steps enable recommendations or warnings regarding the configuration and com-
bination of manufacturing services to be given to the system users, including
indications of their prioritisation and reliability. Altogether, the developed IT
system consisting of data models and algorithms, enables to efficiently execute
the method to configure agile production networks.

In addition to testing the functionalities of the overall solution, i.e. method,
model, and IT system, the achievement of its business objectives has been vali-
dated by applying it in the context of an application case from the organic semi-
conductor industry. In doing so, the applicability of the solution in practice was
evaluated by rating relevant benefits and efforts to be invested by manufacturing
service providers and consumers when participating in agile production networks.
Especially the efforts for common documentation and design guidelines, standard-
isation and transparency of cooperation processes which need to be invested by
manufacturers, as well as efforts and know-how required for the selection and
alignment of partners by manufacturing service consumers could be reduced by
the developed solution. At the same time, these efforts are contributing most to
the objectives to potentially increase sales for manufacturers, and utilise external
competencies and resources for manufacturing service consumers. This confirms
that the developed method, model, and system contribute to the achievement
of overall business objectives of the stakeholders and are valuable for industrial
application. Furthermore, the solution turned out to be beneficial especially for
configuring complex products, if utilising flexible automated manufacturing sys-
tems in the context of agile production networks, and if numerous pre-defined
configurations are available in the knowledge base.
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In addition to the results of the work described in this thesis, which proved that
the developed method, model, and system can contribute to reducing the efforts
and know-how required to configure agile production networks for personalised
products, these developments have the potential to serve as basis for further im-
provements and research.

Reasoning results achieved during dependency assessment could be further im-
proved, which could also contribute to improving efficiency when configuring agile
production networks. To do so, further tools and algorithms need to be included
to the dependency assessment. For instance, simulations could evaluate the im-
pact of certain dependencies and configurations in more detail, and further AI
methods and tools could increase the correctness of ontologies and related infer-
ences by justifying reasoning results, remembering results from previous reasoning
steps, or recognising inconsistencies in the knowledge base.

In the process of preparing the IT system for industrial application, further im-
provements are required regarding its security mechanisms, responsiveness, and
usability, i.e. the intuitivity of user interaction. Furthermore, the complexity
arising and efforts incurred when executing modelling tasks could be reduced
by integrating the system more closely into related external IT tools for graph-
ical product design. Up till now, this integration has been implemented through
transferring specific parameter values unidirectionally to the manufacturing ser-
vice models. If this is extended by automated data extraction and the feedback
of verification results from and to the product design, the intuitive usage and
efficiency of manufacturing service configuration could be improved.

In the same way, the efficiency of generating manufacturing service descriptions
could be increased by adding an interface to automatically extract capabilities
and capacities from the respective production IT systems. Vice versa, orders and
related specific manufacturing service configurations would have to be fed back
to these systems (semi-) automatically. Thus, to fully exploit the potential of the
developed solution, it would have to be integrated into an overall management tool
for agile production networks, which covers all operations, from the description
of manufacturing services to the execution of orders.
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Appendix

A. Manufacturing Service Models

This appendix describes the knowledge about single manufacturing services which
was modelled in the context of the application case. In doing so, relevant product
and process parameters have been identified, and their customization options and
ranges, as well as their impact on each other have been analysed. The results of
this modelling work can be seen in tables A.1, A.2 and A.3.

Parameter Parameter Internal Values
Category Dependencies

Geometry

[1] Part Length 300mm ≤ p1 ≤ 1200mm
[2] Part Width 290mm ≤ p2 ≤ 330mm
[3] Part Area p3 = p1 · p2

[4] BorderLength 10mm ≤ p4 ≤ 30mm
[5] BorderWidth 10mm ≤ p5 ≤ 30mm
[6] Cell Width 15mm
[7] Active Width p7 = n · p6; n ∈ N

p7 = p2 − 2 · p5

[8] Active Length p8 = p1 − 2 · p4

[9] Active Area p9 = p7 · p8

Mechani-
cal

[10] Thickness 0.5mm
[11] Substrate foil
[12] Weight p7 = 0.7 kg

m2 · p3

155



Appendix

Optical
[13] Transparency {0;5;10;15;20}%
[14] Colour {blue; green}

Electrical

[15] Voltage p15
1 = f(p7

p6
, p13, p14)

[16] Current p16
1 =

f(p6, p7, p8, p13, p14)
[17] Power p17 = p15 · p16

[18] Efficiency p18
1 = f(p13, p14)

SLA

[19] Price p19
1 =

f(p3, p9, p13, p14)
[20] Process lead
time

16 hours

[21] Delivery date p21
1 =

f(utilization2, p20)
[22] Warranty 3 years

Table A.1. Parameter details of an OPV manufacturing service

Parameter Parameter Internal Values
Category Dependencies

Geometry

[23] Part Length {75;150}mm
[24] Part Width 50mm ≤ p24 ≤ 76mm
[25] Part Area p25 = p23 · p24

[26] Active Length (p23 = 75mm
→ p26 = 58.4mm)
∧ (p23 = 150mm

→ p26 = 128.9mm)
[27] Border Width 5mm ≤ p27 ≤ 7.5mm
[28] Active Width p28 = p24 − 2 · p27

[29] Active Area p29 = p26 · p28

1Simplified expression
2From other system
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Mechani-
cal

[30] Thickness 1.9mm
[31] Substrate glass
[32] Weight p32 = 0.0035 g

mm2 ·p25

Electrical

[33] Voltage ((p26 = 58.4mm)
→ (p33 = 9V ))
∧ ((p26 = 128.9mm)
→ (p33 = 10V ))

[34] Current p34
1 = f(p29, p38)

[35] Power p35 = p33 · p34, equa-
tion 6.3

[36] Efficiency p36 = (p41 + p44)/p35

Optical

[37] Transparency ((p38 = {0;5;10;20;30;45}%
(“green” ∨ “blue”))
→ (p37 ≤ 10%))
∧ ((p38 	=
(“green” ∨ “blue”))
→ (p37 ≤ 45%))

[38] Colour {white; blue;
green; orange}

[39] Colour tem-
perature front

p39
1 = f(p38) p39 ≤ 3200K

[40] Luminance
front

p40
1 =

f(p26, p28, p38)
[41] Luminous
flux front

p41
1 =

f(p29, p37, p38)
[42] Colour tem-
perature rear

p42
1 = f(p37, p38) p42 ≤ 2400K

[43] Luminance
rear

p43
1 =

f(p26, p28, p37, p38)
[44] Luminous
flux rear

p44
1 =

f(p29, p37, p38)
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SLA

[45] Price p45
1 =

f(p25, p37, p38)
[46] Process lead
time

p46
1 = f(p37)

[47] Delivery date p47
1 =

f(utilization2, p46)
[48] Warranty 3 years

Table A.2. Parameter details of an OLED manufacturing service

Parameter Parameter Internal Values
Category Dependencies

Geometry

[49] Part Length {94.6;142;284}mm
[50] Part Width {56.5;71;94;142}mm
[51] Part Area p51 = p49 · p50

[52] Active Length p52
1 = f(p49) {77.8;125;264}mm

[53] Active Width p53
1 = f(p50) {39.3;53.8;76.8;125}mm

[54] Active Area p54 = p52 · p53

Mechani-
cal

[55] Thickness 1.5;1.7mm
[56] Substrate {glass; foil}
[57] Weight p57

1 =
f(p51, p55, p56)

Electrical

[58] Voltage 10.5V
[59] Current p59

1 = f(p54)
[60] Power p60 = p58 · p59

[61] Efficiency p61 = p66/p60
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Optical

[62] Transparency 0%
[63] Colour white
[64] Colour
temperature

{2800;4000}K

[65] Luminance 3000 cd
m2

[66] Luminous p66
1 = f(p54, p64)

flux

SLA

[67] Price p67
1 =

f(p49, p56, p53)
[68] Process lead
time

14 hours

[69] Delivery date p69
1 =

f(utilization2, p68)
[70] Warranty 3 years

Table A.3. Parameter details of a second OLED manufacturing service

In addition to these independent manufacturing services, table A.4 shows the
model of a facade module which is assembled from the results of other manu-
facturing services such as the three described above. This includes parameter
dependencies across manufacturing services, i.e. between the components and the
final assembly process and related product.
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Parameter Parameter Internal Values
Category Dependencies
Assembly [71] No of areas on

module
[1; n]; n ∈ N

Assembly
/ Area
template3

[72] Type of ele-
ments in area

OPV, OLED, Glass

[73] Reference to
element instance

Identifier of existing
manufacturing service
instance, including spe-
cification parameters

[74] No of ele-
ments vertical

[1; n]; n ∈ N

[75] Distance of
elements vertical

5mm ≤ p60

[76] No of ele-
ments horizontal

[1; n]; n ∈ N

[77] Distance of
elements hori-
zontal

5mm ≤ p62

[78] Orientation of
elements

0;90°

[79] Area Length p79
1 = 400mm ≤ p79

f(p73, p74, p75, p78) ≤ 1600mm
[80] Area Width p80

1 = 400mm ≤ p80

f(p73, p76, p77, p78) ≤ 1000mm
[81] Vertical p81

4 = 0mm ≤ p81 ≤ 1200mm
position of area f(p71, p79

3, p81
3, p82

3)
[82] Horizontal p82

4 = f(p71, p80
3, 0mm ≤ p82 ≤ 600mm

position of area p81
3, p82

3)

3instantiated for all of the p71 areas during configuration of the particular customised product
4Verification against other areas to prevent overlaps, simplified expression
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Installa-
tion

[83] Top Margin 50mm
[84] Bottom 50mm
Margin
[85] Frame width 30mm ≤ p85 ≤ 70mm
[86] Junction box
position

{top;bottom},
{right;left}

Geometry

[87] Module p87
1 = 500mm ≤ p87

length f(p79
3, p81

3, p83, p84) ≤ 1840mm
[88] Module width p88

1 = f(p80
3, p82

3) 400mm ≤ p88

≤ 1000mm

Mechani-
cal

[89] Thickness p89 = f(p73
3) 10mm ≤ p89 ≤ 16mm

[90] Weight p90
1 = f(p87, p88,

p89, p73
3, p74

3, p76
3)

Electrical

[91] Voltage in p91
1 = f(p71, p72

3,

p73
3, p74

3, p76
3)

[92] Current in p92
1 = f(p71, p72

3,

p73
3, p74

3, p76
3)

[93] Power in p93 = p91 · p92

[94] Voltage out p94
1 = f(p71, p72

3,

p73
3, p74

3, p76
3)

[95] Current out p95
1 = f(p71, p72

3,

p73
3, p74

3, p76
3)

[96] Power out p96 = p94 · p95

SLA

[97] Price p97
1 =

f(p71, p73
3, p74

3, p76
3)

[98] Process lead p98
1 = f(p71, p74

3,

time p76
3, p87, p88)

[99] Delivery date p99
1 = f(p71, p73

3,

p98, utilization2)
[100] Warranty 3 years

Table A.4. Parameter details of a lamination and framing manufacturing service
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Appendix

B. Modelled Categories and Application
Context

To complete the models of the manufacturing services, related products and pro-
cesses have been categorised. In doing so, eCl@ss has been applied before further
detailing the categories with custom definitions. Figures B.1 and B.2 show an ex-
cerpt of the category trees for products and processes which resulted from that.

22 Construction technology  

27 Electric engineering, automation, 
process control engineering

22-57 System for solar energy usage

27-11 Lighting installation, device 

22-57-02 Photovoltaics

27-11-06 Light medium

27-11-06-35 LED-module 

27-26 Component (electronic)

27-26-15 Opto-component

Figure B.1. Product categories from eCl@ss used in the context of the application ex-
ample

162



B. Modelled Categories and Application Context
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Appendix

These categories provide the basis for the application context of the manufacturing
services which are modelled as described in appendix A. Accordingly, table B.1
shows the application context rules applied which are used to assess dependencies
established in the context of the application case.

Source Service Category Application Con-
text Type

Sink Service Category

Manufacture of organic semi-
conductor element

precondition Glass (for OLED process 1,
specialisation of substrate)

Manufacture of organic semi-
conductor element

precondition Foil (for OPV process, spe-
cialisation of substrate)

Manufacture of organic semi-
conductor element

precondition Substrate

(for OLED process 2)
Component (electronic) postcondition Electrical connection

(wiring/bonding/soldering)
Manufacture of organic semi-
conductor element

postcondition Joining (lamination)

Lamination precondition Substrate
Lamination precondition Opto-component

(organic semiconductor)
Lamination postcondition Assembly (framing)

Table B.1. Modelled application context conditions
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The increasing demand for individualised products, as well as rising product 
complexity, are challenging while managing production networks. To coun-
ter this, it is necessary to efficiently configure agile production networks 
while reducing the necessary know-how at the same time. This thesis 
proposes an IT-based method for connecting customisable manufacturing 
services to do so.

First, this includes the provision of manufacturing services by manufacturers 
publishing service descriptions on a common platform. These services can 
then be selected, configured, and connected to establish agile production 
networks. While configuring the networks, potential dependencies between 
the combined manufacturing services and their properties must be con-
sidered. To support this, the developed system provides recommendations 
derived from previously-defined connections between manufacturing ser-
vices.
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