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Abstract
Increasing global competition, market uncertainties and high product variance are a few of the factors posing challenges to the existing manufacturing
industry. Having a quick response to market fluctuations and adapting to
changing customer demands while maintaining shorter lead times and low
costs are a few of the major challenges. The main focus of this thesis is on
Evolvable Production Systems, which is one of the promising solutions to deal
with the emerging manufacturing challenges by changing the conventional
manufacturing systems towards a more flexible, intelligent and adaptable
approach.
Although promising, further research is needed in several directions for a
wider industrial acceptance of EPS. The directions include but are not limited
to methodological aspects, tool support, etc. throughout the development life
cycle.
This thesis aims to provide a basis for a holistic model-based development
methodology for evolvable production systems. One of the main contributions
of this work is the identification of major architectural elements (i.e stakeholders, concerns, viewpoints and views) and their dependencies on each other.
This work shall serve as a basis for establishing a well-defined architectural
framework for EPS.
The second important contribution of this thesis is the development of a
domain specific modeling language (EPS- DSL) based on the existing EPS
ontology. The DSM platform does not only store the domain knowledge
in the form of models but also provides support for the re-use of these
models, i.e. enables utilization of the domain ontology during system
development. Moreover, the automatic code generation support for the
module library presented in this work, significantly reduces the risks of
information discrepancies when transferring data from one abstraction level
to another. The existing EPS ontology is also evaluated from a holistic
perspective and resulted in contributing a few improvement suggestions for
achieving a seamless model based development approach.
Evaluation of Simulink/SimEvents as a modeling and simulation tool
for EPS is the third main contribution of this thesis. One of the main
advantages of evaluating this tool for EPS is the opportunity to analyze the
complete system behavior on a single modeling platform. The integration of
agent-based system behavior (discrete event) with dynamic system behavior
(continuous & discrete time) provides a holistic modeling approach and
implies less information inconsistencies.
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Terminologies
Due to the diversity of the work presented in this thesis covering various research
aspects, the terminologies that have been used may have different understanding
for people with different technical backgrounds. This chapter describes the
terminologies and definitions in the context they are used in this thesis.
Production/Manufacturing: The available literature does not provide a consensus on the precise definitions of production and manufacturing. In some cases,
manufacturing is defined as a super-set of production [20, 38], while others consider
production as superior to the manufacturing system [44, 53]. Also, these terms are
often used synonymously in the literature. In this report, the terms manufacturing
and production will be used interchangeably both referring to the whole system
including, design, planning, assembly, testing, calibration, quality control, logistics,
management and marketing, i.e. the complete cycle from raw material to the enduser.
Levels of Abstraction: The levels of a system hierarchy corresponding to
different complexity and detail levels. The higher the level of abstraction, the less
is the complexity of the details describing that particular level. It is to be noted
that the abstraction levels can be perceived differently when working in different
domains.Considering software architectures the coding languages are abstracted
as high and low levels. In an electronic design the levels could be abstracted as
transistor, Integrated circuit, PCB, etc. In the context of this thesis, the levels
of abstraction in a production system are classified as system, line, cell, device,
component and control levels.
Ontology and Meta-model: An ontology (sometimes referred to as the
descriptive model of a system) provides only the descriptive information about the
concepts, terminologies and their relationships within a domain. A meta model,
whereas, represents, specifies and fully describes the system and its concepts both
in terms of behavior and structure [73].
1
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Cyber Physical Systems: CPS is a term used for an integrated system based
on communication network, embedded control and computations linked together
with physical processes [5].
Stakeholder: A person, team or organization having an interest in a system is
known as system stakeholder [13, 14].
Views & Viewpoints: An architecture view addresses one or more concerns of
the system stakeholders and is governed by a viewpoint. The viewpoint provides
conventions to construct, interpret and analyze the corresponding views using
models, notations, design rules, languages, etc. [14]
Agents: An agent can be a human, software, machine, etc. It is an autonomous
and social entity, i.e capable of decision making while interacting with other agents
within a system for the fulfillment of a common design objective.
Multi-Agent System: The interaction, communication and cooperation of two
or more agents to solve a common problem, that cannot be handled by a single
agent is called as MAS.
Adaptability: The ability of a single module or a component to modify its
behavior according to the changing environment[69].
Evolvability: The ability of a system as a whole to modify the adaptability of
individual modules and their interaction for the fulfillment of different objectives is
known as evolvability [69].
Evolution in Manufacturing: Evolution in the context of manufacturing
systems is defined as [69]:
“Any entity/object is evolvable from one state to another, within a dynamically
changing environment, when its constituents may adapt to these changes whilst
maintaining a fully functional interaction with one another. This new resulting
interaction represents the evolution.”
Modularity: It is the degree to which a system’s components may be separated
and recombined. In industrial design, modularity refers to an engineering technique
that builds larger systems by combining smaller subsystems.
Functionality: The ability to perform a task or a function. The set of functions
that something is equipped to perform.
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Sustainability: The term sustainability refers to the development of balanced
man-made systems to meet the present human needs without disturbing the
environment and natural resources for future generations [32]. It is built upon the
three main pillars, namely; environmental sustainability, economic sustainability
and social sustainability, also referred to as the triple bottom line.
Software Intensive Systems: Systems that are greatly influenced by the
software throughout their life cycle stages [1].
Self Management: The concept of self management forms the basis for autonomic computing [46]. This includes self-configuration, self-optimization, selfhealing and self-protection.
Autonomic Computing: Autonomic computing refers to the self-management
of large networks of shared computing resources with administratively defined highlevel objectives [46].
Complexity Theory: Complexity theory investigates the simple causes leading
to complex behaviours in dynamic and non-linear systems. It deals with the
complexity resulting due to the disturbances in the order and structure of chaotic
organizations [42, 43].
Artificial Life: This field of research is concerned with the behavioral artificial
intelligence (AI) derived from biological metaphors. The study of systems, processes
and evolution of the living organisms is the main focus of artificial life (ALife) [48].
Emergence: Emergence or emergent behavior is defined as the behavior of a
system resulting due to the interactions and relationships of its constituent parts.
Thus emergent behavior can never be predicted or controlled by only considering
the properties of the individual components themselves, but also their interactions
and dependencies on each other in the system.
Self-Organization: Self-organization is a concept derived from swarm intelligence (the behavior of swarms of ants, bees and other living organisms) [26]. It
mainly refers to the coordination of the entities resulting in organization and order
from an initially chaotic and disordered system. The communication between these
creatures using specific signals to inform each other is of utmost importance.

Chapter 1

Introduction
1.1

Background

The manufacturing industry, particularly in Europe is facing several challenges
mainly due to the increasing global competition, unpredictable market conditions,
mass customization and high automation costs [59, 67]. One of the main challenges
is the timely provision of the products based on market demands while maintaining
a low product and manufacturing cost. This demands significant changes in
the conventional manufacturing approaches towards more flexible, intelligent and
adaptable systems. Such systems should be capable of achieving reduced lead
times, improved down-times, quick response to market fluctuations, and adapting
the production systems according to the changing customer demands.
Typically an industrial environment comprises of large dedicated productoriented systems often designed for a particular product. Any support for the
unforeseen and unplanned product variance or change in demand due to market
fluctuations is achieved only at the expense of high investment costs and extensive
engineering efforts causing significant delays in the lead times.
Several modular approaches have been proposed to deal with the current
manufacturing challenges such as Flexible Manufacturing Systems (FMS) [77],
Reconfigurable Manufacturing Systems (RMS) [60], Holonic Manufacturing Systems
(HMS) [33] and Evolvable Production Systems (EPS) [69], etc. Each of these
approaches aim at tackling the existing manufacturing challenges by providing
different solutions and alternatives. While some have certain limitations in their
applicability to only pre-defined product configurations, others are aimed towards
achieving flexibility and adaptability to a greater extent [64].
Although promising, a wide scale industrial adoption of these emerging
paradigms is limited by several factors related to system complexity, performance,
legislative requirements, safety, availability of tool support and a well-defined
methodology covering all aspects of the development life cycle [51, 69]. To overcome
these issues, there is a need to follow a holistic approach for the development
5
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activities throughout the system life cycle.
One of the major challenges for achieving a holistic approach is the identification
of stakeholders and their concerns, defining related architectural viewpoints and
views, and establishing their relationships with each other, along with the
identification of the applicable abstraction levels [13, 14].
It can also be beneficial to integrate different views and related modeling &
simulation tools for system analysis. For example, a combination of agent behavior
with the dynamic systems (e.g. robot kinematics) in order to completely analyze
the overall system behavior.
Ideally a methodology providing a seamless model-based development approach
is required to manage design complexity and information management between
system stakeholders, similar to the one presented in [31]. The key characteristics
of such a methodology include a centralized source of information and automated
transformation of models between different abstraction levels as well as development
tools [74]. This centralized information source should contain complete domain
knowledge and can be represented by using a domain specific modeling language
(DSL is further explained in Section 3.3).

1.2

Objectives and Research Questions

This thesis addresses the above mentioned challenges. The major objectives and
related research questions towards fulfillment of the main goal are discussed as
follows:
1. Objective: Identification of the system stakeholders and their concerns
and classification of viewpoints and views as a basis for the architecture
development of adaptable production systems.
• RQ1a: Who are the relevant stakeholders and what are their concerns
in an adaptable production system?
• RQ1b: What are the architectural viewpoints and views relevant to
an adaptable system and their relationship with the stakeholders and
concerns?
2. Objective: Evaluation of using an integrated discrete-event and continuous
time modeling and simulation approach for analyzing adaptable manufacturing systems.
• RQ2a: What are the essential requirements for simulation and analysis
of adaptable production systems?
• RQ2b: To what extent can Simulink/ SimEvents fulfill the modeling and
simulation requirements and be used as an integrated tool approach?
3. Objective: To investigate the possibility of using a model-based development
approach for adaptable manufacturing paradigms.
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• RQ3a: Is it possible to develop a domain-specific modeling language
based on the existing EPS ontology?
• RQ3b: Given a DSL for EPS, What can be the potential benefits of its
usage?
– To which extent is it possible to automatically generate EPS code
from the DSL?
• RQ3c: What artifacts are needed to complement the existing ontology
to achieve a well-defined meta-model for EPS development?

1.3

Scope and Delimitation

Several manufacturing approaches based on the principles of plug and produce have
been proposed over time with the aim of providing adaptability and flexibility to
the overall production systems, as mentioned in Section 1. This thesis, however,
mainly focuses on the Evolvable Production Systems [24, 69] and all the results
are derived while considering the main developments in EPS regarding reference
architectures, control, tools and methods, etc. Following is the delimitation of the
this work considering the research objectives defined in Section 1.2:
• The viewpoints and respective views defined in this work are based solely on
the stakeholders and their concerns relevant to the narrow System of interest
(SOI) (Section 3). This implies that the wider SOI, e.g. logistics and planning
domain, business model considerations, etc. are not considered for this work.
• The work related to modeling and simulation targets the system behavior
mainly related to the control architecture. The modeling activities related
to additional aspects such as business, logistics and planning are thus out of
scope of this work.
• This work does not evaluate the agent based modeling approaches, rather the
focus is on evaluation of a hybrid discrete event and continuous time modeling
and simulation approach.
• The modeling and simulation work covered in this thesis targets a higher level
of abstraction, i.e. the system level. Hence, the modeling details related to
the lower abstraction level, i.e. agents and their individual behaviors, such
as message exchange, java threads and other lower level details are not the
focus of this work.
• The simulation results derived in this work are based solely on using
Simulink/SimEvents. In particular, SimEvents (a Simulink block set for
discrete event simulation) is evaluated for modeling and simulation of the
agent-based behavior of EPS given the fact it can be combined with other
Simulink blocks to analyze a wide range of control system aspects. Other tools

8
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such as Modelica [16], Ptolemy II [17], Anylogic [2], AutoMod [4], 3DRealize
[19], etc. are out of scope of this work.
• Only the domain specific modeling approach for information management has
been considered for evaluating the Model-based development in this thesis.
Other MBD aspects (discussed in Section 3) are not covered in this work.
• Several tools related for the implementation of domain specific modeling exist.
In this work, MetaEdit+ has been used to implement the EPS-DSL.

1.4

Research Methodology

The overall research methodology adopted for achieving the individual research
objectives towards the fulfillment of the main goal is shown in Fig. 1.1. Following
is a brief description of the methodology:
The first step towards Objective 1 is the identification of the system stakeholders. The work presented in Paper A regarding the application of systems
thinking & systems engineering tools in production systems has been extended for
the stakeholder analysis of adaptable manufacturing systems (Section 4.1). The
stakeholders are then used for identifying the related concerns considering the EPS
challenges defined in Paper B. The resulting lists of stakeholders and concerns, the
existing reference architectures for APS [33, 69] and the standard for architecture
description (ISO/IEC/IEEE 42010) [14] were then used to further identify and
define the architectural viewpoints of the system. The viewpoints were then mapped
to a matrix containing stakeholders and concerns.
The final step in achieving Objective 1 is to define the major possible views
and their characteristics (function, behavior and structure) along with their
relationships with the levels of abstraction in an adaptable production system.
Depending on the system granularity level, each viewpoint can be instantiated into
one or more views, each corresponding to a different level of abstraction. A list of
possible views is thus provided with the definition of each view in the context if
EPS.
As a first step towards the fulfillment of Objective 2, a simulation requirements
framework based on the existing reference architectures [33, 69] has been defined.
Simulink/SimEvents as a modeling and simulation tool has been evaluated in this
work according to the requirements framework.
The development of a domain specific modeling language based on the existing
EPS ontology is the foremost step towards achieving Objective 3. The resulting
DSL provides a tool support for automatic code generation for a part of EPS
and is then evaluated as a possible MBD approach for EPS development. The
DSL further resulted in evaluating the existing EPS ontology from a usability
perspective for achieving a seamless model-based methodology. Since a meta model
requires completeness of information to effectively model a system, a few important

9

Figure 1.1: Research Methodology
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suggestions for the improvement and modification of the ontology have also been
proposed in Section 4.7.

1.5

Thesis Outline

This Chapter provides a background and motivation for the work done in this thesis.
The overall objectives of the work and the respective research questions are also
discussed followed by the scope of the work and research methodology. The rest of
the thesis is structured as follows:
A brief introduction to EPS and its state-of-the-art is discussed briefly in
Chapter 2. Chapter 3 describes the theoretical framework required for a better
understanding of the results and the related work is discussed in Chapter 3. The
results corresponding to the research questions are provided in detail in Chapter
4. The thesis is concluded with a critical review of the work along with a brief
discussion on the future prospects in Chapter 5.

Chapter 2

Evolvable Production Systems:
State-of-the-Art
Several efforts have been made over the last couple of decades to tackle the issues
and challenges pertaining to the existing manufacturing industry. Several new
manufacturing methods based on different strategic and operational approaches
have been proposed, each mainly aimed at improving the production system
capabilities to cope up with increasing product variance, mass customization, and
market uncertainty [33, 60, 69, 77]. Evolvable production system based on the
concept of plug & produce is one of the most promising paradigms among the next
generation of production systems.
The potential target market for EPS is considered to be the SMEs with
high product diversity and low investment capabilities. The idea is to enable
the SMEs, the core of any industrial economy, to retain sustainability in the
global manufacturing market. The modularity, adaptability and scalability features
offered by the EPS approach provides the companies with an opportunity to
adopt industrial automation at low capital investments. Moreover, the production
capacity could also be increased gradually as per the volume requirements. Thus,
making EPS suitable not only for high variance in SMES but also for high volume
production ramp-up in larger industries.

2.1

Basic Concept

The concept of evolvability for dealing with dynamic conditions and emergent
behaviors has been recognized as important and beneficial in several areas, for
example, the software industry [29]. It involves constant evolution of a system over
its life cycle to meet the changing stakeholder requirements, new business models
and other environmental aspects.
For assembly systems, the evolvability concept was introduced by Onori in
2002 [63], and has inspirations from several other research domains (Fig. 2.1),
11

12

Chapter 2: EPS: State-of-the-Art

namely ; autonomic computing, complexity theory, artificial life, emergence, selforganization, agents [63, 64, 69]. In comparison to the existing systems having
limited configuration capabilities and handling a predefined set of products, an
Evolvable Production System offers adaptability according to the changing product
demands by incorporating run-time modifications and dynamic up-gradation of
the system. In addition, a modular architecture with intelligent, agent-based,
distributed control enables EPS to offer real-time Plug & Produce at the fine
granularity level (i.e. adaptability at the level of sensors and actuators), along
with its responsiveness towards emergent behaviors [69].

Figure 2.1: EPS inspirations from other research domains [64]
An EPS is built on the basic definition of a system where “the whole is greater
than the sum of its parts” [21, 49, 65]. The EPS modules are individual entities
with simple, well-defined & unique functionality and standard interfaces, combined
together to form a complex system. The interactions between the modules may
result in certain situations which are not pre-comprehended, i.e. emergent. EPS
exploits these emergent properties of a system and effectively tackles them to make
the overall system evolvable.
The main characteristics provided by the EPS concept as defined in [69] are:
• “Optimized Functionality”: simple, dedicated, process-oriented modules
combined to form complex cells.
• “Optimized Orchestration”: achieving control system agility through multiagent based, distributed control approach..
• “Adaptability”: dynamic upgrade-ability and scalability offered by modular
architecture provides economic feasibility
• “Robustness”: modular, task-oriented equipment with embedded controllers
reduces maintenance time and effort.
The life cycle of an EPS also differs significantly from a conventional system’s
life cycle stages, shown in Fig. 2.2, with three main stages namely; synthesis,
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evolution and decommissioning [52]. In contrast to a conventional system, with a
linear transition over the life cycle stages, an EPS has a closed iterative loop in its
utilization stage referred to as the“Evolution” stage . This circular loop imposes
certain considerations that are to be taken into account when developing systems
like EPS which requires a constant update of its dynamic activities and traceability
of the system modifications in an efficient way.

Figure 2.2: A comparison of life cycle stages - conventional systems versus EPS [52]
Following sections provide a brief description of further state-of-the- art
developments in EPS.

2.2

EPS Methodology

The EPS methodology proposed in [64, 68, 69] comprises of a reference architecture,
domain ontology, and modeling tools & methods to aid in the system development,
visualization and interpretation, and are discussed as follows.

Reference Architecture
A basic reference architecture has been defined providing essential information that
a production system must possess in order to fulfill the criteria of an evolvable
system. It is composed of the following three main elements:
1. Principles provide the core foundation for an EPS to be built upon. There
are two principles for establishing the system design process in EPS; (1) An
innovative product design is possible only when no constraints are imposed on
the assembly processes, (2) Production systems under a dynamic environment
need to be constantly evolvable, i.e. capable of exploiting the emergent
behaviors occurring in the system [69, 75].
2. Technical Positions cover the decisions concerning the design and implementation of EPS for describing the ontology, protocols, standards and specifications
for each of the architectural element [69, 75]
3. Templates and Partial Models consist of graphs, diagrams, visual representations, rules and relationships governing the system elements and re-usable
models [69, 75].
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Knowledge Model
Being a knowledge-based and software intensive system, the accuracy of the runtime decision-making and the extent of self-management in EPS is dependent on
the completeness of the knowledge model [22, 69] also [ref: [IEEE 1471:2000]. The
main aim of the knowledge model is to support the design and development process
throughout the life cycle of the system by capturing the domain knowledge in an
efficient way. The basic structure of the EPS - KM is shown in Fig. 2.3 [64, 65, 69].

Figure 2.3: EPS Knowledge Model[64]
It has been categorized into different knowledge domains showing the involvement of various stakeholders, each contributing towards the development of a
complete and comprehensive knowledge model. This includes enterprise knowledge
domain, product knowledge domain (including production system design), execution
knowledge domain, and learning knowledge domain. The information from each
domain can be integrated and represented using a common domain ontology and
standardized knowledge templates. The developed knowledge model can then be
used further to address the different views & viewpoints in EPS (refer to Section
4.2 for further details).

2.3

Control Architecture

In order to achieve a completely evolvable system, it is required that the system
constituents at the lowest level of hierarchy have the highest rate of flexibility [69].
Thus, in EPS the main focus is towards providing control system agility to achieve
production system evolvability.
The control architecture in EPS is based on the concept of multi-agent systems,
mainly due to its concept of actively communicating and interacting agents within
a society of similar agents and its ability to exploit the emergence in a system.
For example, the creation of complex skills by simple interactions between two or
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more individual modules (having basic skills) is an example of emergence in EPS.
Moreover , the selection of MAS for EPS control system is also supported by the
availability of well-defined high-level protocols such as FIPA [25, 79].
Each physical module in an EPS is an intelligent, autonomous and skillbased entity called mechatronic agent, which is an integration of the mechanical
equipment, controller with a compatible interface and a software agent [41]. All
the agents interact and communicate with each other forming a social network.
They can coordinate to self-organize and reconfigure themselves according to the
changing environment and operating conditions. The modular architecture enables
the addition/removal of equipment during run-time and also allows for dynamic
scalability of the system. The increased level of autonomy and decision-making
power vested in the machines is to minimize the human efforts required for system
modifications, and to hide the system complexity under a higher abstraction level.
The real-time coordination between the modules enables the system to handle
complex situations and respond efficiently to emergent behaviors [69].

Figure 2.4: EPS Control Architecture with Agent-Based Approach adopted from
[39, 72]
Fig. 2.4 shows the basic EPS control architecture adopted from [39, 72].In the
figure, a mechatronic agent is modeled as Machine Resource Agent (MRA) which
provides a simple skill (e.g. move, pick, place, glue, drill, etc.) to the system known
as atomic skill. The transport mechanism (e.g. conveyor, automatic-guided vehicle,
etc.) is abstracted by the Transport Agent (TA). Each MRA and TA registers its
availability and sends periodic status updates (e.g. skill, process time, position,
etc.) to the Yellow Pages Agent (YPA). A YPA is essentially, a central database of
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the system resources. The set of skills required by each new product are mapped
into a Product Agent (PA), a virtual representation of the physical product. The
PA sends a request for the required skills to the Coalition Leader Agent (CLA). The
CLA determines the most efficient combination of skills for the implementation of
the required process sequence based on the equipment information from the YPA.
Each new skill combination is called a composite skill. The allocation is followed by
task assignments and acknowledgment signals between CLA and respective MRAs.
In addition to the above, additional agents and communication signals can also
be used. For example, if a required skill set cannot be processed by the system,
the information can be sent to the HMI Agent for further operator action. A
Deployment Agent is also used which acts as an interface between the software
agents and real time hardware platform to physically deploy the agents, etc. All
the decision-making activities including resource allocation, route planning, etc.
should be dynamic based on real-time decision making.

Further Advancements
A few of the other recent advancements related to EPS technological development
include; an ontology to support evolvable assembly systems comprising of product,
process, and assembly equipment domain [7, 57], utilization of JADE (Java Agent
Development Environment) platform for implementation of agent-based control
architecture [72], a visualization tool for retrieval of the information exchanged
between agents [41], a dynamic skill-configuration methodology [34, 35], data
mining support for dynamic layout configuration [62], self-organizing algorithms
and reconfiguration alternatives through simulation support [61], etc. Moreover,
a demand-responsive planning architecture to support the strategic decisionmaking for operational management in EPS [23] and an innovative business model
supporting the evolvability of such systems [58] have also been proposed.

Chapter 3

Theoretical Framework and
Related Work
The theoretical background and related work of this thesis is provided in detail in
the respective appended papers. This chapter details the additional background
information and related work that is not covered in the papers.

3.1

Systems Thinking and System of Interest

The theory of systems thinking dates back to 1930s when an Austrian biologist
Ludvig Von Bertalanffy [78] argued that the laws for closed systems cannot be
applied for open systems interacting with an active environment. Since then, the
systems theory has been adopted to holistically analyze the complex behaviours
of open systems in various domains, such as biology, cybernetics, social sciences,
software engineering, etc. Systems thinking is strongly related to the field of
operational research, organizational management and decision-making [49] and is
defined simply as:
“It is in the nature of systemic thinking to yield many different views of the
same thing and the same view of many different things.” [21].
Application of systems engineering and systems thinking includes several steps
starting from the basic stakeholder analysis leading up to the life cycle management
of the system [13]. Several modeling tools and methods have been developed over
time to assist in adopting the systems approach [36].
The foremost step towards the stakeholder analysis is to define the system
boundaries based on different levels of interest. In this thesis, Flood and Carson
method [42] has been used which specifically sets up the boundaries between the
system elements, and categorizes them into the following four domains:
1. Narrow System of Interest (NSOI): The main focus and point of interest is
the NSOI, containing the most relevant system elements. A mobile phone
assembling system can be an example of NSOI.
17
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2. Wider System of Interest (WSOI): The external elements affecting our NSOI
are often categorized as WSOI. However, this may vary depending on the
perspective and interest of the user. For example, supply chain activities
may fall within NSOI or WSOI depending primarily on the level of system
analysis.
3. Narrow Environment: This is the environment where our NSOI is located
and being directly affected. For example, an organizations’ policies.
4. Wider Environment: The wider environment is not directly related to the
NSOI and WSOI but may have a direct impact of the changes in this
environment, e.g. policies at a national or global level.

3.2

Architecture Description

The architecture description for our system of interest, i.e. adaptable production
system includes several elements which form the basis of the architecture. This
includes but is not limited to identifying the stakeholders and their concerns,
viewpoints, views and levels of abstraction based on the ISO/IEC/IEEE 42010
standard for architecture descriptions [14].

Figure 3.1: Dependencies between different architectural elements for adaptable
manufacturing systems (adopted from ISO/IEC/IEEE 42010 [14])
Fig. 3.1 shows an overview of the dependencies and relationships between
different system elements and related architectural aspects. The stakeholders define
their concerns for the system which are then framed by one or more viewpoints.
Several views can be instantiated within a single viewpoint depending on the level of
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abstraction. Each level of abstraction can be defined under different view categories
as having function, structure and behavior.
Several views and viewpoints have been proposed in the reference architectures
for adaptable production systems [33, 75]. The work presented in this thesis
complements the existing viewpoints and further defines and categorizes them
into distinct viewpoints and corresponding views. The classification is based
on the stakeholder requirements and concerns with reference to the architecture
descriptions provided in ISO/IEC/IEEE 42010 [14]. This work has major
inspirations from the architecture descriptions and dependencies for cyber physical
systems and in particular automotive systems [27, 30, 40]. Also, the relationship
between the views and different levels of abstraction has been derived from the
Y-model as described in [28].

3.3

Model-Based System Development

Model based development is an engineering approach for system development using
models instead of codes and text files. The concept of model driven engineering is
not new and has been used in several domains since a long time. For example, the
use of CAD tools for modeling in mechanical and electrical engineering domains.
MBD approach has been adopted by several cyber physical systems like
automotive and aerospace industries for their control system and software development to manage design complexity, managing domain knowledge and increasing
productivity. MBD does not only improves the system understanding and
interpretation by using models instead of text descriptions, but also increases the
overall development productivity by allowing the re-use of standardized models
throughout a system’s life cycle [74].

Domain Specific Modeling
One of the approaches of achieving model based development is domain specific
modeling. Due to its evident benefits such as code generation, model re-use, etc.
the use of DSM is not limited to the computer industry but is also used in other
domains. For instance, AutomationML for industrial automation[3], East-ADL for
automotive [6], etc.
DSM raises the level of abstraction by using the domain concepts and familiar
symbols for modeling the system, enabling better involvement of the domain
users and stakeholders into the development process. Moreover, the automatic
source code generation (Java, C++, STL, etc.), text file generation for system
documentation and code generation for simulation and testing models (e.g.
Simulink) are a few of the factors for efficient information management supported
by DSM. The use of DSM also allows for the early validation of the design, ensuring
that the process is followed as specified by the defined rules and relationships
[45, 47].
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Automation Markup Language (currently being developed as a part of IEC
62714) is an XML-based domain specific language for standardized data exchange
among the heterogeneous engineering tools in the domain of industrial automation
[3]. The DSL presented in this paper however focuses on a different abstraction
level. The possibilities of integrating the DSL with AML shall be explored as a
part of the future work.
A meta model related to Holonic manufacturing systems has also been developed
[76] using UML. However, it is limited to only the control system modeling for
holons/agents. The EPS meta model presented in this thesis, on the other hand
covers product, process and module related knowledge as well as captures generic
operational knowledge.

Chapter 4

Results
The results corresponding to the thesis objectives and research questions (as
discussed in chapter 1) are provided in detail in the following sections.

4.1

Result 1a: System Stakeholders and Concerns
Identification

Stakeholder identification is the first step towards the development of a well-defined
methodology based on holistic approach. Flood and Carson method [42] was used
to identify the system stakeholders and to classify them according to the narrow
and wider system of interests. Fig. 4.1 provides a list of the major stakeholders.
Only the stakeholders under the narrow SOI domain are considered for this work.

Figure 4.1: Stakeholders involved in the development of an adaptable manufacturing system
21
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The identification of the main requirements and concerns relevant to the system
stakeholders is the next step towards the architecture development. The major
concerns considered in this work are: system safety, robustness, flexibility, mobility,
security, performance, functional safety, autonomy, cost, standardization, real-time
compatibility, tool chain integration, information management, verification and
validation, and traceability. For further description of each of the challenges and
concerns, the readers are referred to Paper B.

4.2

Result 1b: Architectural Viewpoints, Views and Levels
of Abstraction in EPS

This section discusses the viewpoints, views and their relationship with the levels
of abstractions with reference to the evolvable production systems.

Classification of Viewpoints
Three major viewpoints for the architecture description of EPS are; Implementation
viewpoint, Functional viewpoint and Operational viewpoint. The implementation
viewpoint is further categorized into hardware, software, and deployment viewpoints, while the operational viewpoint has two sub-categories, i.e. usability and
communication viewpoints. The different viewpoints are shown in Fig. 4.2 and a
brief description of each viewpoint is as follows:

Figure 4.2: Classification of EPS viewpoints
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Figure 4.3: Mapping of viewpoints with reference to system stakeholders and their
concerns
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1. Implementation Viewpoint: This viewpoint covers mainly the technical
aspects related to the implementation and development of a system. It is
further divided into three main categories:
• Hardware viewpoint
• Software viewpoint
• Deployment viewpoint
2. Functional Viewpoint: The functional viewpoint covers the performance
and functionality related aspects of a system. The focus is on what the system
is supposed to do (e.g. process production orders, manufacture, self-configure,
etc.)
3. Operational Viewpoint: This viewpoint covers the operation related
concerns of the system stakeholders, including how the system will be
monitored, controlled and managed. It is further divided into the following
categories:
• Usability viewpoint
• Communication viewpoint
The usability viewpoint covers the concerns related to operational details and
management of the system, where as the communication strategies and information
flow between the stakeholders, different abstraction levels and corresponding system
elements is provided in the communication viewpoint.

Mapping of Viewpoints with Stakeholders and Concerns
The identified viewpoints are further mapped to the system stakeholders and
concerns as shown in Fig. 4.3 in the form of a “viewpoint matrix” adapted from
[30]. The concerns are plotted on the x-axis and the stakeholders are on the yaxis. The different colors representing the different viewpoints are used to cover
the stakeholder versus concerns area in the graph to show the respective mapping.
The mapping follows the correspondence rules defined in the ISO/IEC/IEEE 42010
standard [14], i.e. a concern can be framed by one or more viewpoints, whereas a
viewpoint may also cover various concerns simultaneously.

Views And Their Relationship With Levels Of Abstraction
Depending on the level of abstraction and system granularity level (Section 2),
every viewpoint can be instantiated into one or more views, each corresponding to
a different level of detail. The major possible views defined in this work are shown
in Fig. 4.4. This work has inspirations from an automotive architecture description
[40] as discussed earlier in Section 3.2 . Following is a brief description of each of
the views:
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Figure 4.4: Major possible views for EPS

• Software view provides a detailed representation of the software architecture
of a system. The details about function blocks, software components, source
codes descriptions, etc. are often provided in the software view.
• Hardware view represents the mechanical, electrical and electronic characteristics of a system. It typically consists of sensors, actuators, manufacturing
equipment, ECUs, communication interfaces, buses, etc.
• Control view covers the aspects related to the control system functionality.
• Deployment view covers the placement strategies and issues related to the
deployment of software agents onto the physical controllers.
• Use case view represents the user interactions with the system.
• Timing view covers the timing related aspects of the system, including;
message exchange delays, bus communication delays, response times, etc.
• Network view describes the connections between the system elements including the software and hardware topologies.
• Information view represents the information management strategies between
different stakeholders and system elements. It covers the aspects related to the
completeness of information and efficient communication flow in the system.
• Allocation view specifies the allocation of resources in the system as per
the product requirements. Resource allocation algorithms and strategies are
covered in this view.
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Each of the view is further defined as having three basic aspects: (i) Function
(ii) Behavior and (iii) Structure, which are governed by the modeling formalisms,
tools and other conventions defined in the corresponding viewpoint. The basic
relationship between the levels of abstraction and EPS views inspired by the Ymodel [28] is shown in Fig. 4.5.

Figure 4.5: Levels of abstraction in EPS

4.3

Result 2a: Modeling and Simulation Requirements for
EPS

Based on the EPS reference architecture discussed in Section 2 and the identified
architecture viewpoints and views in Section 4.2, a modeling and simulation tool is
needed which shall be capable of fulfilling at least the following major requirements:
1. Modeling Formalisms:
a) Discrete event simulation is required due to the fact that agent behaviors
are driven by events.
b) There must be a provision for continuous time and discrete time
simulation to incorporate system dynamics, e.g. robot kinematics,
control parameters such as PID control, etc.
2. Dynamic Flexibility:
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a) There should be a possibility to scale the system model; i.e. addition or
removal of modules during simulation. Following are the two possible
scalability scenarios:
i. Dynamic scalability
ii. Run- time scalability
b) The simulation tool shall be capable of supporting dynamic path routing.
For example, estimating transportation paths and routing the assembly
components/products based on real-time calculations.
c) The simulation tool shall be capable of dynamic scheduling, i.e. allocation of resources depending on the equipment availability after the
product request has been received.
3. Visualization:
a) The tool should be able to visualize production flow and assembly
processes for a better understanding of the production system at an
operational level.
b) Visualization of simulation results, e.g. statistics and timing aspects
should be available for a complete analysis.
4. Timing Aspects:
a) It should be possible to efficiently manage the modeling complexity due
to the increasing number of agents, both in terms of time and effort.
In an ideal situation, the increasing complexity should not increase the
simulation time drastically.
b) There should be a possibility of performing timing analysis for total
assembly manufacturing time using a single model; including assembly
time, and also time for negotiation between agents, resource allocation,
computations, and communication delays between network & modules.
5. Usability and Efficiency:
a) The tool may be able to provide the option of code generation from the
simulation model for:
i. Agent based programming (Java)
ii. Internal programming of the equipment , e.g. robot parameters
iii. Interface or wrapper between agent code and equipment controller
code
iv. Control system tuning (e.g. PID)
b) There should be a possibility of simulation model generation from
external tools to enable model-driven engineering
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c) Implementation and testing of complex algorithms must be possible in
the tool, e.g. resource allocation algorithms
Fig. 4.6 provides an overview of the simulation requirements discussed in this
section.

Figure 4.6: Simulation Requirements for Evolvable Production Systems

4.4

Result 2b: Evaluation of Simulink / SimEvents

The evaluation of Simulink/ SimEvents with reference to the requirements framework defined in the above section is discussed as follows:
• Modeling Formalisms: The agent based control in EPS implies an event
driven system whose behavior can be modeled using a discrete event
formalism. Also, the machine dynamics (e.g. robot kinematics), communication between the system modules, computational delays, implementation
of complex algorithms (such as for resource allocation), etc. need a modeling
environment supporting both continuous and discrete time simulations.
Simulink combined with its SimEvents block set provides an integrated
single platform for modeling and analyzing a system from different aspects,
i.e discrete event, discrete time and continuous time which implies less
information inconsistencies. Moreover, other equipment related physical
constraints such as mobility and space limitations are also possible to be
modeled in the Simulink environment.
• Dynamic Flexibility:
The dynamic scalability, i.e. addition and removal of equipment modules
and agents is possible when using SimEvents as a simulation tool. The extent
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to which it is feasible depends on the number of routing paths, since all
the possible paths are to be pre-connected to each module, with a switch
providing the ability to connect or disconnect from the system depending
on the process requirement. The use of switch to simulate the addition or
removal of equipment, however, limits the possibilities of having run-time
scalability.
Similarly, the dynamic path routing depending upon the system requirement is also possible by using a switch mechanism.
The allocation of resources (both assembly and transport), i.e. dynamic
scheduling is however mainly dependent upon the algorithms and can be
done in run-time.
Although SimEvents does not have the same level of flexibility as Java based
multi-threaded environment it is still usable for the an integrated modeling
formalisms approach, i.e. combined simulation of physical dynamics and
agent-based behavior. This is especially true for small to medium scale
assembly systems with a limited number of machines and hence skills.
• Visualization: The visualization of production system (including
animated production flow, robot movements, conveyors, assembly process,
etc.) is possible using a 3D Animation blockset in Simulink. However, using
the blockset is not trivial and requires complex modeling efforts itself. Also
the visualization results are not as efficient as compared to the dedicated
production visualization tools.
For the visualization of the simulation results , Simulink / Matlab
provides a good analytical support, e.g. for time-related aspects, statistical
results, signal variations, etc.
• Timing Aspects:
One of the limitations of Simulink is the increased simulation time taken
by SimEvents with increasing number of agents and algorithm complexity.
However, this limitation is more dependent on the processing power of the
machine than on the tool and can be handled by using a computer with high
speed processing and computational power.
The hybrid modeling approach in using Simulink enables a possibility of
performing a timing analysis for the total assembly time concerned
with different modeling formalisms, i.e. discrete event, continuous time
and discrete time aspects.
The timing analysis including negotiation
time, resource allocation time, computing delays and communication delays
between network and modules is possible using a single modeling platform.
• Usability and Efficiency:
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There is a possibility of direct code generation from a Simulink model in
certain programming languages such as C, C++ and STL (PLC programming) for the equipment internal programming and control system tuning,
etc. However, for the generation of Java code for agent-based implementation,
a wrapper is to be used with the C/C++ code which is not quite an efficient
approach. Also, the interface code between the agent source code and the
equipment’s controller is not possible to be directly generated from a Simulink
model.
Another advantage is the use of embedded Matlab function in Simulink and
the attribute function block in SimEvents to provide an efficient way to
implement and test different algorithms even of higher complexity. For
example, resource allocation algorithm (as discussed in Paper C).
However, the increasing system complexity due to the increased number
of agents affects the required modeling effort drastically. This can be
eliminated by the automatic generation of the simulation model from
external tools which is not trivial when using SimEvents. This is due to
the fact that Matlab does not provide a well- defined interface / API for
SimEvents as it does for its other blocksets. However, the situation might
change in future with the increasing demand of SimEvents API.
Fig. 4.7 and Fig. 4.8 show the summary of the tool evaluation in a tabular
form.

4.5

Result 3a: Development of EPS - DSL

A domain specific language EPS- DSL for EPS has been developed based mainly
on the existing ontology [55], [56], [54], [70]. The five major parts of the DSL are
discussed as follows:
1. Project View: This part defines the overall scope of the project, such as business case, operational constraints, planning & scheduling, cost requirements,
manufacturing environment, milestones, etc. The information regarding
different assembly scenarios based on product variants is also defined in this
module. Fig. 4.9 shows the project view of the EPS meta model.
2. Product View: This view (left hand side artifacts in Fig. 4.10) models all
the information related to the product and its variants, if any. For example,
the product assembly requirements, volume, components, supporting materials, etc. The connection between the two components is represented by an
assembly interface which is further identified as a Male_Component_Port or
a Female_Component_Port depending on the liaison and connection type.
All the interface types defined in the meta model are shown in Fig. 4.11.

31

Figure 4.7: A summary of the Simulink/ SimEvents Evaluation for EPS (Part a)
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Figure 4.8: A summary of the Simulink/ SimEvents Evaluation for EPS (Part b)
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Figure 4.9: Meta model for Project View: EPS-DSL
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Figure 4.10: Product and Process Views from EPS-DSL

3. Process View: The process view describes the sequence of operations and
tasks needed according to the product assembly requirements defined in
‘product view’. The product and process views from EPS-DSL are shown in
Fig. 4.10 The processes are linked with each other via the process interfaces.
The process interface, in general, consists of a Control_Port for determining
operation sequence, a Parameter_Port for transfer of information regarding
measured parameters between processes, and a Decision port to support
the logical decision making during an operation/task. The processes are
categorized as Multi_Task, Task and Operation. The type of each entity
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refers to the different types of processes available in general. For example,
OperationType can be a ‘handling operation’, ‘welding operation’, ‘loading
operation’, etc. Further types of processes and their details are provided in
the EPS ontology [55].
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Figure 4.11: Interface descriptions defined in meta model based on EPS ontology

4. Assembling System Configuration: Fig. 4.12 provides an overview of the
system configuration meta model. The process requirements serve as the input
for modeling the assembling system configuration. The lowest hierarchical
level in this view is the equipment unit which has one or more Atomic Skills
required to perform a specific assembly process. The higher levels consisting
of several equipments can be workstations, cells, lines or assembly clusters.
The flow of material between each equipment is modeled via a Material_Flow
port with each having one output flow and at least one input flow of material.
An example of EquipmentUnitType is the ‘PickAndPlaceUnit’. Other types
and details of EquipmentUnitType and WorkstationType are provided in [54].
5. Module to Process Mapping: A Module_Library is created based on all
the equipment modules and their respective skills available in the system.
After the configuration of the assembly system based on the product and
process requirements, the next step is the mapping of available modules to
the required processes. It is to be ensured that each of the process activities
is assigned a corresponding module providing the required skill. This step
also helps in identifying the missing skills in the system.

EPS-DSL shall be further extended to include the complete implementation and
functional details, as discussed in Section 5.2.
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Figure 4.12: Meta model for Assembling System Configuration:EPS-DSL

4.6

Result 3b: Observed Benefits of EPS -DSL

The use of DSM for developing a system based on EPS approach provides a
major advantage of effective information sharing among the system stakeholders
at different abstraction levels. It provides a common platform for defining domain
concepts, ontology, reference architecture and their inter-relationships. A few of
the other advantages are discussed as follows:
1. Graphical modeling of EPS provides a mean for a better understanding
and interpretation between several stakeholders. The use of domain concepts
and terminologies to define the system, increases the level of abstraction and
enables better comprehension by the domain users. In addition the possibility
of hierarchical modeling helps in managing the system complexity. Fig. 4.13
shows the hierarchical method in which the product assembly is defined in
MetaEdit+.
2. Early design validation is possible by defining rules and relationships
between the modeling artifacts to check the model for any discrepancies.
This early detection of errors saves a lot of effort and cost as compared
to the errors detected at a later development stage. Models are checked
during modeling for basic constraints by utilizing live checking mechanism in
MetaEdit+ [15]. For example, a product requirement should have at least one
product assembly defined (see Fig. 4.10). A warning is generated in case of
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undefined assembly for a product requirement. This feature helps in guiding
through the development process.

Figure 4.13: Product Assembly Requirements hierarchy for EPS as defined in
MetaEdit+

3. Modeling of operation knowledge is another major benefit achieved by
using DSM for EPS. There is not only a possibility to specify the operational
and project related details, such as business case, manufacturing environment, product variance, milestones, deadlines, labor and cost constraints,
performance parameters, etc. but this information can also be utilized in
developing the actual system model. For example, a relationship can be
defined between the maximum project cost and the number of equipments
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used, which will guide the system development to not to exceed the allowed
cost limit when mapping modules to the processes.
4. Automatic code generation from the developed system model can substantially reduce the efforts needed for programming during the design phase
as well as in improving the code efficiency. Moreover, the dependency of
code on the model ensures that any change in the system design is reflected
automatically in the source code, thus minimizing information loss. The
agent-based code for the final system in place can be divided into two parts,
one of which is always static and the other part of the code related to machine
resource agents (Fig. 2.4) is dynamic and varies from one machine to another.
The tool support provides generation of code for the the skill related part of
machine resource agents. The generated Java code is compatible with the
original source code of the industrial prototypes [18, 66]. The underlying
generator extracts the information regarding the equipment modules and
their associated skills from the developed system model and updates the code
accordingly with the changes in the system design (i.e. addition / removal of
modules).
5. System specifications and documentation can be directly extracted from
the system model by using the text generator support. This also leads to
automated information transfer from one stakeholder to another.
6. Automated requirements verification is applied on the operationskill/module mapping to verify the assembly process requirements. For this
purpose a generator is developed which essentially navigates through the
requirements and compares the mapping. A list of unmapped requirements
are indicated which can be utilized for further action like their mapping to
the system configuration, design modification or reasoning for not mapping a
requirement.

4.7

Result 3c: Identified Areas for Ontology Improvement

To effectively utilize the EPS ontology for addressing various system views,
there is a need to focus on its completeness such that it includes comprehensive
knowledge from each of the knowledge domains covering different abstraction levels.
Moreover, the maintenance of knowledge model should be such that it is updated
autonomously with the changes in the domain knowledge [50, 71]. The following
suggestions for the improvement of existing EPS ontology are provided based on
the observations during the development of EPS - DSL:
• The existing EPS ontology covers three main domains; namely, assembly
process, product and assembling equipment. However, in an EPS the
equipment modules are mainly represented as skill providers, i.e. having
atomic or composite skills required for the process execution. Since the
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concept of skill is governed completely by the agent-based control architecture,
there is a need to include the agent-related concepts and their relationships
into the ontology. This helps in completeness of information while developing
the meta - model and also enables efficient utilization of the model by the
supporting tools. For example, source code for the product agent concerning
the product components and their respective assembly sequences can be
generated directly from the model, if and only if the agent relationships are
well incorporated into the model.
• The operational constraints covered in the project scope of the EPS ontology,
including performance, cost and labor constraints need to be further elaborated and well-defined in the ontology so that it can be effectively utilized for
system analysis. For example, the performance constraint itself is too wide to
be defined and utilized directly in the model. However, if we further categorize
it into timing, speed, efficiency, etc. and define the parameters and units for
each of them while also defining their relationships with the overall system
performance, it might be useful while developing the model. Similarly, cost &
labor constraints and other operational details (manufacturing environment,
product variance, space limitations, etc.) are also to be well-defined in the
ontology. A snapshot of the Project View from MetaEdit+ is shown in Fig.
4.14.
• In addition to the operational details, the architectural elements (e.g. tasks,
process, etc.) are also required to be complemented by properties such as
timing delays for analysis in the context of the overall project scope.
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Figure 4.14: A snapshot of EPS Project View in MetaEdit+

Chapter 5

Discussion
This thesis provides a basis for a holistic development approach for adaptable
manufacturing systems, particularly with reference to EPS. The main contributions
include the identification of stakeholders and their concerns, classification of
architectural viewpoints and views and their inter-relationships.
Moreover,
a modeling & simulation tool (Simulink /SimEvents) was evaluated under a
simulation requirements framework for adaptable manufacturing systems. The
result provided a possibility to combine different modeling formalisms on a
single simulation platform. Another contribution is the development of a DSM
based language (EPS - DSL) to evaluate the feasibility of using a model-based
development approach for adaptable manufacturing systems.

5.1

Critical Analysis

This work considers the stakeholders from the narrow SOI while defining architectural viewpoints and views. The inclusion of stakeholders from the wider SOI (e.g.
demand planning and logistics) will further broaden the scope of this work and will
contribute to the addition of further views into the architecture framework.
Also, the identification of concerns in this work are mainly based on a literature
review with focus on adaptable and evolvable production systems. To further
explore the associated challenges in detail, there is a need to expand the literature
review with a wider scope, including challenges from other similar domains (e.g.
automotive). Moreover, the survey results which complemented the identified
challenges were limited to one industry. A more comprehensive survey involving
more companies (both SMEs and large industries) and personnel from different
areas of expertise and age groups can provide a better perspective and further
strengthen the results.
The developed EPS-DSL is mainly based on the existing ontology and hence
provides code generation support for only a part of the overall system, i.e. the
module library with specific skills. However, as the DSL will be expanded
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further to incorporate the agent-related artifacts and details associated with its
implementation, the tool support for code generation can also be extended to cover
a wider scope.

5.2

Future Work

The EPS-DSL in its current form has been developed as a proof of concept and is
mainly based on the existing EPS ontology. As an extension of this work, the EPSDSL shall be further developed by explicitly defining the operational knowledge
so that it can be utilized in the actual system development. Industrial standards
such as ISA95 which establish the standards and protocols to integrate the control
systems at the shop floor level to the operations at the enterprise level can be used
to facilitate this objective. Moreover, the DSL shall be further improved in terms
of both visualization and contents as a matured information management support
for utilization in industry.
Another important future consideration of this work is the evaluation of the
model re-use criteria with respect to the the modeling and simulation tool. At
present, the automatic generation of SimEvents model is non-trivial given the fact
that Matlab does not provide a well defined interface / API for SimEvents as it
does for its other blocksets. However, the situation might change in future with the
increasing demand of SimEvents API.
Moreover, conformance to the existing industrial standards like IEC 61511 [11],
IEC 61508 [10], ISO 13849 [12] for functional safety, IEC 61131-3 [8]and IEC
61499 [9] for programmable controllers and open architectures, etc. for EPS is
a challenging task. The work in this thesis can be extended in this area. This
includes but is not limited to (a) extension of ontology to incorporate the artifacts
from the standards such as risk analysis and safety functions, etc., (b) providing
analysis support to enable verification & validation at different development stages
as required by these standards, and (c) code generation mentioned in Section 5.1.
Another aspect which is left for future work is the inclusion of artifacts in the
EPS-DSL which can enable detailed modeling and analysis. Complementing the
work in this thesis with the one presented in [37] is one of the possible approaches
in this direction.

Acronyms and Abbreviations
Following is a list of abbreviations and acronyms used in this thesis:
EPS Evolvable Production System
EAS Evolvable Assembly System
APS Adaptable Production System
JADE Java Agent Development Environment
MAS Multi-Agent System
ABM Agent Based Modeling
ISA International Society of Automation
ISO International Organization for Standardization
IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronics Engineers
MES Manufacturing Execution System
DRP Demand Responsive Planning
RMS Reconfigurable Manufacturing System
FMS Flexible Manufacturing System
FAS Flexible Assembly System
HMS Holonic Manufacturing System
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BMS Bionic Manufacturing System
V&V Verification and Validation
MBD Model Based Development
DSM Domain Specific Modeling
DSL Domain Specific Language
UML Unified Modeling Language
KPI Key Performance Indicator
CPS Cyber Physical Systems
SOI System Of Interest
ECU Electronic Control Unit
LoA Levels of Abstraction
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Abstract
This paper presents a case study of the application of systems engineering & systems
thinking on a gas-sensors manufacturing company, SenseAir AB. Like other Small
and Medium Enterprises (SMEs) the company faces certain challenges due to the
increased competition in the global manufacturing market. These challenges include
but are not limited to; having shorter lead times, reduced down-times and quick
adaption to diverse customer demands while striving towards sustainable and lowcost production. However, to embrace the emerging technological innovations in the
traditional production setup, identification of the existing strengths and weaknesses
and impact analysis of modifications on the system elements is required. Thus, a
need to analyze the existing production systems with a holistic i.e. as a System of
Systems perspective arises. The main aim of this paper is to explore the challenges
and opportunities in the incorporation of advanced intelligent manufacturing
paradigms into conventional production systems, using systems engineering and
systems thinking concepts, tools and techniques. The results shall serve as a basis
for defining system architecture and change management model from a life-cycle
perspective.

A.1

Motivation

Modern SMEs in the manufacturing industry are facing several challenges due
to the increased global competition and customer awareness towards adopting
efficient, low cost and sustainable products. Unpredictable market demands,
product diversity, higher production volumes, environmental considerations and
changing business models, are a few of these challenges [10]. The manufacturing
companies need to rethink their strategies and focus more on adapting the emerging
production paradigms to remain competitive in the new era of global growth and
innovation.
A production system, in general, can be considered as a “System of Systems”
(SoS) [5]. Its level of efficiency and effectiveness depends not only on the system
itself (input, outputs and conversion processes), but is also affected by a number of
external factors (supply chain, environment, regulations, IT support, etc.) having a
direct or indirect impact on the overall system behavior. This makes the adoption
and incorporation of new and innovative manufacturing techniques into existing
conventional production systems a non-trivial task. There is a need to focus on
both the required physical modifications and the impact of these changes on other
non-physical system elements. An extensive exploration of the existing strengths,
weaknesses and opportunities is needed from a wider perspective. This can be
achieved by applying a holistic systems approach based upon systems engineering
& systems thinking theory on the subject SoS [7].
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The main objective of this case study is to apply the concepts from the systems
engineering & systems thinking domains on the production system of SenseAir
AB, and to evaluate the possible challenges related with a paradigm shift from
conventional to advanced production solutions. SenseAir AB located in Sweden is
one of the world’s leading companies in Non-Dispersive Infrared (NDIR) gas sensing
technology. The state-of-the-art gas sensors are extensively used in applications
for building ventilation, air quality control, automotive industry, mining, poultry,
etc. The company in addition to designing innovative products, also believes in
manufacturing them with the highest quality standards. The emerging market
trends and technological innovations have made it inevitable for the company to
adapt advanced manufacturing techniques and enhance its personnel capabilities
within production systems and automation [3]. The main emphasis is on adopting
sustainable production solutions considering social, ecological and economical
aspects.
The systems perspective utilized in this case study involves both systems
engineering and systems thinking. The concepts that are utilized are derived from
the ISO/IEC/IEEE 15288 standard [1] that is concerned with processes for life
cycle management. The results though derived from a gas-sensors manufacturing
plant, can also be applied for a general analysis of other small and medium sized
production systems.
The paper is structured as follows: Section A.2 provides an overview of
the systems thinking and systems engineering concepts, paradigms, tools and
methodology adapted for their application. The implementation of system concepts
and the observed results are briefly described in section A.3. The paper is concluded
with a discussion and future challenges in section A.4.

A.2

Systems Engineering and Systems Thinking

Analyzing a system from a holistic perspective while considering the needs,
responsibilities and limitations of all the stakeholders involved requires ‘systemic
thinking’. Systems thinking is derived from the wider field of systems science and
is strongly related to the operational research, organizational management and
decision-making [9]. Russel Ackoff [4], defines systemic thinking as;
“It is in the nature of systemic thinking to yield many different views of the
same thing and the same view of many different things.”
Several modeling tools and methods have been developed over time to assist in
adopting the systems approach [7]. Application of systems engineering and systems
thinking generally includes the following steps:
• Identification of system of interest (SOI) and system boundaries
• Recursive Decomposition of the system into system elements or subsystems.
• Arranging in network & hierarchical topologies for understanding structural
properties
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• Development of mental models (system descriptions) using tools such as
system archetypes, influence diagrams, rich pictures, systemigram, root-cause
method, system-coupling diagrams, link-loops and delays, etc.
• Mathematical modeling or quantitative analysis
• Understanding stakeholders’ needs and requirements
• Development of a new or modifications in the existing system architecture
• Development/ modification of change management and information management models
• Life Cycle Management
In this case study, the analysis covers the steps up to the quantitative analysis.
Further identification of stockholders’ needs for new paradigms, modifications in
the architecture descriptions and other management models are intended as future
work.

A.3

Implementation and Results

To begin with the system analysis on our production system, the system elements
and respective boundaries have been identified using the Flood and Carson Method
[8], which provides a clear distinction between the narrow and wider SOI and
environments (Fig. A.1).

Figure A.1: System elements and boundaries
The systems is then recursively decomposed into its elements and then arranged
in hierarchical and network topologies which led to further classification as natural,
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abstract and physical systems, clarifying the structural properties of the system.
Fig. A.2 shows the hierarchical structure of the SenseAir production system. The
production system is divided into seven main subsystems, each of which is a unique
system itself comprising of a leader and its team responsible for the assigned tasks.
Each subsystem can be further decomposed into lower levels, and this decomposition
can further go down depending on the SOI. This not only helped in identifying the
contributions of the elements even at the lowest levels of hierarchy but also the
risks and bottlenecks associated with each of them were identified.

Figure A.2: Hierarchical structure of the production system at SenseAir
The next step in system analysis is the transformation of the system descriptions
into a mental model. In this study, two mental models have been used. First is
the Systemigram tool [6] which is selected due to its ease of use and a better
visual interpretation. The Systemigram showing relationships, dependencies and
constraints within the system is shown in fig. A.3.
The second mental model utilized in this case study is called the Systems
Coupling Diagram [9] as portrayed in fig. A.4. It provides a different perspective of
the systems and their utilization. Systems that are utilized in supporting responses
to situations, including both technical and non-technical systems are referred to as
system assets. These assets are instantiated as required in a respondent system
that interacts (shown by double bars) with a situation system. At least one
control element must be incorporated in the respondent system, which responds
to emerging situations utilizing the assets effectively. This respondent system can
be a temporary solution or itself a sustained, life-cycle managed asset, depending
on its nature, type and utilization.
The main assets for our production system are the Inventory, warehouse,
assembly robot, labeling robot, skilled workers, calibration equipment, soldering
robot, glueing robot, etc. After the identification of the relevant characteristics
and system assets, a System Coupling Diagram has been developed and used to
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Figure A.3: A mental model of the system using Systemigram tool
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Figure A.4: System Coupling Diagram [9] (figure courtesy of H. Lawson)

analyze the system performance for a couple of situations, as detailed below.
1. Situation 1 - Efficient utilization of resources: Sensor X station has two
pick & place robots for its assembly during normal operation. Due to market
turbulence, the demand for sensor X was reduced to half during a certain
time period. This rendered the second robot idle during reduced operation.
How to utilize the resources efficiently?
Respondent System: The team leader of sensor group X (the control
element in this case) decided to utilize the skills of the pick & place robot 2 in
automating the labeling of the product which was done manually. Thus minor
changes were made in the system, the end-of-the-arm tooling was changed and
parameters of the robot were adjusted. The robot 2 was then utilized as a
labeling robot.This can be termed as a temporary respondent system, created
to deal with a particular situation at a particular time.
Result: This not only helped in significantly reducing the delivery time,
but also saved a tremendous amount of manual work. Thus resulting in an
efficient and effective utilization of the available system resources.
2. Situation 2 - Timely fulfillment of orders with limited resources:
Sensor Y station has a robot for soldering components on the PCB. The
Customer Specific Assembly (CSA) station also performs soldering operations
that are completely manual and are done on both sensors X and sensors Y
before final packaging. During a time period, orders for sensor X increase
and its production rate becomes double, while sensor Y is being produced at
the same rate. However, the CSA station now receives increased amount of
total work but it has the same amount of available resources. How to fulfill
the orders on time with the same number of limited resources?
Respondent System: To deal with this situation, one of the proposed
solution is the sharing of soldering robot between CSA and sensor Y station.
An analysis was performed on the system components and their compatibility
with the soldering robot. The soldering robot is then re-scheduled and
prioritized such that it can be shared by the CSA station when sensor Y
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assembly is idle, and can be provided back to sensor Y station when it needs
to perform the soldering operation. In this way, the assets can be utilized in
a more efficient way without burdening any of the stations in the production
line. Since it included several departments in the production team, the control
element in this case is the Operations group.
Result: The result was a reduction in labor costs, since no manual workload
was increased. The automated soldering process helped in timely fulfillment
of orders, which in turn resulted in customer satisfaction.
A quantitative analysis has also been performed in addition to the qualitative
analysis for a better understanding of the system behavior including emergent
properties. Simulink/SimEvents [2] is used as the tool to model the dynamics of the
system. The SimEvents model of the SOI is shown in fig. A.5. The main elements of
the production system along with their responses resulting from various interactions
have been observed which provides a better insight into the inter-dependencies and
limitations of the system from a behavioral perspective.

Figure A.5: Behavioral model of the system using Simulink/SimEvents

A.4

Discussion

The application of Systems Engineering & Systems Thinking theory and its models
on the production system enabled in identifying the potential risks and hazards
associated with the system. The identification of the bottlenecks also led to
the integration of the product design process earlier into the production system
using methods such as DFA (Design For Assembly), etc. Potential improvement
projects for the product design were also initiated internally. The recursive
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decomposition of the system helped in determining the hidden complexities of
the system and initiated some new ideas to tackle these complexities as well
as to explore new methods for improving the overall production yield. Also,
the system-coupling diagram has proven to be a very useful tool for analyzing
different situations, particularly when shifting the production system paradigm.
The Systemigram provided an overview of the important elements of the system
and their relationships. The quantitative analysis performed in this paper on
traditional production systems can be combined with the SimEvents analysis on
intelligent manufacturing paradigms [11] to provide a comprehensive and holistic
view of the system. The results from this case study shall serve as a basis for
developing system architecture according to the stakeholders’ requirements for the
adoption of the emerging manufacturing paradigms. A change management model
and a life cycle management model shall also be developed.
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Abstract
Recent mass customization trends and increasing global competition has posed
many challenges for the current manufacturing industry, particularly in Europe.
Having a quick response to market fluctuations and adapting to customer demands
while maintaining shorter lead times and low cost are a few of the major challenges.
This paper focuses on Evolvable Production System (EPS), which is one of the
emerging cyber physical systems in the manufacturing domain to address these
challenges. The main objectives of this paper are: a) to identify the potential
areas which may require modifications for the wide-scale implementation of the new
manufacturing paradigms in the existing industrial setup, and b) to investigate the
risks, challenges & opportunities associated with the concept realization in industry
within each identified area. The results are derived based on both an extensive
literature study as well as a survey carried out at an SME.
Keywords: Evolvable Production Systems, Challenges, Innovation, Opportunities

B.1

Introduction

The dynamic market conditions, increasing global competition and variance in
customer demands are a few of the factors demanding significant changes in the
traditional manufacturing approaches. There is a need for achieving shorter lead
times, reduced down-times, low investment costs, increased safety and security
levels for networked architectures, and life-cycle assessments based on triple bottom
line [28, 32]. The results from recent industrial and research efforts such as, Flexible
Manufacturing Systems (FMS) 44], Reconfigurable Manufacturing Systems (RMS)
[25], Holonic Manufacturing Systems (HMS) [10] and Evolvable Production Systems
(EPS) [30] have shown the potential of using modular, intelligent and adaptable
systems to deal with these challenges [13, 32, 33, 42].
This paper mainly focuses on EPS which is one of the most promising emerging
paradigms aimed at revolutionizing the manufacturing industry by incorporating
adaptability, self-reconfiguration and intelligence at the shop-floor level [29, 34].
The main objectives of this paper are:
1. To identify the potential areas requiring modification for a wider industrial
acceptance.
2. To investigate the challenges and risks associated with each area.
The remaining paper is structured as follows: Section B.2 provides a brief
introduction to the EPS paradigm. Related work and research methodology are
discussed in sections B.3 and B.4, respectively. In section B.5, the potential areas
and their associated challenges and risks are detailed. The paper is concluded with
a brief discussion in section B.6.
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Evolvable Production Systems (EPS) - An
Introduction

EPS is one the most promising emerging paradigms among the next generation
of production systems. Its modular architecture with intelligent, agent-based and
distributed control, offers real-time Plug & Produce at the fine granularity level
(i.e. adaptability at the level of sensors and actuators) [29]. Fig. B.1 shows the
inspirations from other research domains enabling the concept of evolvability in
production systems [33, 34].

Figure B.1: EPS Research Enablers [33, 34]
In comparison to the existing systems having limited configuration capabilities
and handling a predefined set of products, an EPS offers adaptability and scalability
according to the changing product requirements and market demand, respectively,
by enabling run-time modifications and dynamic upgradation of the system.
The core of EPS is based on the concept of skills which are required to perform
production processes. The pre-configured standard modules offering distinct skills
are added and removed from the system as per process requirements of a particular
product. When a new product or its variant is introduced, the only requirement
is to plug in the required skill module and start producing. It requires minimal
engineering efforts as compared to the existing systems, due to the self-managing
properties incorporated in the system. This process-oriented approach makes the
system more focused towards the manufacturing activities & tasks and directly
influences the product design process instead of being itself product-dependent.
State-of-the-art of EPS A few of the recent advancements related to EPS
technological development include; the concept of a reference architecture [30,
34], an ontology to support evolvable assembly systems comprising of product,
process, and assembly equipment domain [3, 21], utilization of JADE (Java Agent
Development Environment) platform for implementation of agent-based control
architecture [43], a visualization tool for retrieval of the information exchanged
between agents [15], a dynamic skill-configuration methodology [11], simulation tools
for self-organizing algorithms [27], etc.
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A demand-responsive planning architecture has also been introduced to support
the strategic decision-making for operational management in EPS [8].
The true potential of a technological innovation can only be realized if it is
supported by a successful business model [9, 12, 36]. Hence, an innovative business
model supporting the re-usability of intelligent equipment modules from a pool of
shared resources has also been proposed to fully exploit the true economic potential
of EPS and to maximize the associated benefits [22].
The re-usability of the equipment modules facilitated by the process-oriented
approach of EPS, not only adds to the economic advantage, but also contributes to
the long-term environmental sustainability by reducing raw material costs for new
equipment manufacturing.
Despite the advancements and developments in this area, and several successful
industrial demonstrators, the overall acceptance of these emerging production
paradigms at a larger scale is limited by certain factors. This paper discusses
in detail some of the major issues related to the industrial implementation of these
paradigms, with main focus on EPS.

B.3

Related Work

The existing literature on EPS mainly focuses on its technical aspects and business
& planning models as discussed in section 2. To the best of authors’ knowledge
there exists no work which specifically targets EPS in the context of investigating
the challenges associated with its industrial realization.
This paper, however, can be considered as a complement to the results from
previous research efforts in identifying the challenges faced by the industrial agents
for the acceptance in industry [17–20, 24, 35, 37]. It particularly it evaluates the
identified challenges in the context of evolvable production systems and provides
the pros and cons of each.
In addition, challenges in a few more areas such as, functional safety, information
management, system integration, ethics, and IPR & legislative requirements for
adaptable systems, in general, are also proposed and discussed.

B.4

Methodology

An iterative methodology has been adopted to achieve the objectives of this
paper. To identify the potential areas needing modification and further research &
development efforts, the first step was to conduct a generic literature study with
the terms Evolvable and Adaptable in the context of production, manufacturing
and assembly systems as the main criteria. After the identification of main areas,
a reiteration of the literature review process was carried out for achieving objective
2, i.e. investigation of challenges related to these areas. The selected literature was
further narrowed down by focusing on the production systems with multi-agent
control approach.
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To further strengthen the work, a brief survey was also conducted at an SME
(SenseAir AB) through short interviews, to complement the results and findings.
One of the main reasons for selecting this SME is its active involvement & interest
in the research related to EPS [6, 39, 40]. The views and comments were recorded
with the consent of the interviewees and are summarized in appendix A.
The results from the existing literature and survey were used to support and
enhance the initially identified areas. Finally the challenges within each area are
elaborated and discussed in detail in the following sections with reference to the
similar challenges from other research domains.

B.5

Challenges and Requirements for the Next Generation
Manufacturing Paradigms

This section discusses in detail the challenges and requirements within the identified
areas in context of EPS. Overall seven major areas are identified following the
above mentioned methodology, namely; technical aspects, design & development
process, multi-disciplinary information management, adoption of existing industrial
standards and protocols, business aspects, IPR and legislative issues, and ethical
concerns. Each area is further classified into sub-parts. The EPS viewpoints
mentioned in reference architecture [30] are the major basis for the classification.
In addition, the industrial acceptance factors mentioned in previous surveys
[17, 20, 24], and related issues in similar research domains [9, 23, 38, 44] are
also taken into account for the classification. For example, the technical aspects
mentioned in i related to hardware, software and communication network are
evaluated further for four main aspects, namely; safety, standardization, limitations
in flexibility and cost. In addition, a security-related challenge is also included in
the communication network field. The remaining areas from ii to vii are discussed
individually providing details of the associated challenges, respectively.
1. Technical Aspects
a) Hardware
• Safety: To achieve a highly flexible and autonomous system, it has
to be equipped with advanced sensing mechanisms to react timely
in case of unexpected events / emergent behaviours. This increases
the system complexity and in turn makes the system more costly.
Thus, there exists a major trade-off in minimizing the system cost
and increasing its autonomy within the safety limits, at least with
the available equipment and existing infrastructures.
• Standardization: There is a need to develop standardized hardware modules with open interfaces to avoid compatibility issues
during system integration. This remains a challenge until the
benefits of adaptable systems are fully recognized by the industry.
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• Limitations in flexibility: The mechanical equipment available
today is not easy to move and re-organize physically. For implementing certain reconfiguration and self-organization algorithms adopted
from artificial intelligence (AI) and bio-inspired systems to achieve
highly reconfigurable systems, this remains a major challenge.
• Cost: The main challenge associated with the mechatronic hardware development is to provide modules with embedded intelligent
controllers while maintaining the equipment cost to a minimum. The
decentralized approach for EPS requires a lot of activities which at
present are carried out at design time, such as optimization. This
can lead to the requirement of a controller having high processing
power, memory, etc. Each added functionality contributing to the
agility of the equipment increases the cost, making the overall system
less economically viable with existing equipment and facilities.
b) Software
• Safety: At present, the general safety related industrial systems
programming does not support evolvability and agility; i.e. dynamic
addition and removal of components not known at the time of
software compilation. In addition, it will also be a challenge to
differentiate between the safety- and non-safety related softwares
and to ensure the safety of the system is not affected by noncompliant softwares.
• Standardization: Standardized modules and interfaces are required between different software developers or service providers.
There is a need for an explicitly defined architecture to be followed
by the industry for emerging manufacturing paradigms (such as an
open architecture defined for automotive industry [1].
• Limitations in flexibility: The existing protocols and message
exchange formats for multi-agent systems (MAS) are not currently
optimized for efficient performance in real-time applications [16, 18].
This issue, if not resolved, may remain a major obstacle in the
acceptance of EPS by the industry at a larger scale.
• Cost: A change in conventional automation programming towards
agent-based programming required a whole new set of expertise not
widely available within the industry at present. This adds another
challenge to make the paradigm shift cost effective.
c) Communication Network
• Safety: Communication delays and failures affecting the synchronization of system modules during run-time operations may cause
serious consequences leading to chain of unexpected events. The
challenge is how to calculate such performance parameters during
run-time. The deployment of a software agent with reference
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•

•

•

•

to its physical placement in the system in a complex networked
system is one example of evaluating performance parameters in a
network. In case of a production environment this may cause serious
synchronization issues, if not addressed properly.
Standardization: The standardization of the communication
protocols and interfaces for the EPS approach is another major
challenge that needs to be addressed.
Limitations in flexibility: The limitations on the number of
maximum modules in a network, real-time network constraints,
and communication delays/failure are to be given importance when
considering general networked architectures, and so is the case with
EPS.
Security: Assurance of network security over which the modules
are communicating and the information is being transferred is
another challenge faced by EPS. Apart from the security threats
as encountered by any general networked system, an EPS is more
vulnerable to data security and hacking issues due to its online
database. The information regarding product parts, available skills,
machine parameters, required manufacturing processes, etc. in the
online EPS repository is available to be accessed by the system
modules over the communication interface. Therefore, there is a
possibility of data misuse in case of a cyber-attack. This could
even lead to serious proprietary issues if the information is illegally
transferred to the competitive companies.
Moreover, unauthorized access to the network may also result in
altering the desired functionality of the system causing malfunctions.
There is also a possibility of abuse of the physical equipment for
causing harm or injury to the personnel. In case of a production
environment where hazardous raw materials are involved, the abuse
of the system may even have fatal consequences.
Cost: The need for reliable protocols, secured networks and faster
communication requires significant increase in the overall system
cost. Thus another trade-off has to be made between network
security and cost which remains a challenging task.

2. Design and Development Process
• System Specifications: One of the foremost activities in any development process is defining the system specifications. The major challenge
in EPS is to specify a system which is evolving with time and maintaining
the changes in the specifications throughout system’s life-cycle.
• Verification and Validation (V&V): The execution of validation
and verification (V&V) activities in an evolvable system with real-time
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configurations during the design phase is a challenging task [23, 44].
As compared to modern practices where verification and validation is
performed before commissioning, a lot of activities will be carried out by
the machines themselves and at run-time. Thus risk management with
agile approaches becomes significantly important.
• Tool chain and Tool Integration: There is a plethora of design
tools available for various purposes depending on the user requirements.
For example, Matlab /Simulink for control algorithms, Agent-Based
Modelling (ABM) tools for discrete events, etc. There is a need to
find synergies between the activities and integrate to find a better
development flow [38]. This is a challenge in general for systems
development, and becomes even more challenging for agile systems like
EPS.
• System Integration: There is also a need for a well-defined integration
methodology [18] to support the overall development process. Hence, the
need for open and standard interfaces becomes evident.
3. Multi-Disciplinary Information Management
The basic structure of the EPS knowledge model (KM) [29, 30, 34] is
shown in Fig. B.2. It has been categorized into different knowledge
domains showing the involvement of various stakeholders, each contributing
towards the development of a complete & comprehensive knowledge model.
This includes enterprise knowledge, product knowledge (including production
system design), execution knowledge, and learning knowledge domains. The
information from each domain can be integrated and represented using
common domain ontology and standardized knowledge templates, where the
knowledge templates are defined as re-usable diagrams, graphs, objectives and
rules describing the system functions [33]. This common domain knowledge
can be used further to address the different views & viewpoints in EPS [5, 33].
• Completeness of Information: Being a knowledge-based system,
the accuracy of the run-time decision-making and the extent of selfmanagement in EPS is dependent on the completeness of the knowledge
model [7].To effectively utilize the developed EPS ontology for addressing
various system views (e.g. behavioural and structure views), there is a
need to focus on its completeness such that it includes comprehensive
knowledge from each of the domains. Moreover, the maintenance of
knowledge model should be such that it is updated autonomously with
the changes in the domain knowledge [19, 37].
• Efficient Information Transfer: Another important challenge associated with knowledge-based systems is related to data acquisition and
information management [7]. With autonomous industrial systems like
EPS, information management is even more important due to increased
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Figure B.2: The EPS Knowledge Model [34]

system complexity and involvement of various stakeholders. There is
not only a need to provide an efficient information transfer within and
outside the respective domains but also information traceability should
be made effective. Any discrepancies in the information flow may result
in increased costs, unexpected delays and in some cases may even be the
cause of fatal safety hazards.
4. Adoption of existing Industrial Standards and Protocols Existing
industrial standards and protocols are a result of several years of experience,
history of accidents and industrial statistics. The greatest challenge in this
area is the modification of various standards for the accommodation of the
evolvability concept [20, 24]. This is not trivial, particularly from a safety
perspective and the biggest risk is the non-acceptance by the standardizing
organizations due to the uncertainty and emergence factor associated with
such systems [19, 20]. However, the modifications in the standards will
certainly result in a paradigm shift bringing a small- scale revolution in the
industry. This area is of utmost importance and requires major efforts for
proving EPS’s viability as the next generation manufacturing paradigm.
Following are a few examples of the existing industrial standards which require
modifications to accommodate the agile approach:
• Functional Safety (IEC 61511, IEC 61508): Nearly all industrial
systems can be considered as safety critical systems [26], as when
physical machines are involved, a slight miscalculation resulting in
abrupt movements may have fatal consequences. There exist several
standards related to safety. In particular, IEC 61511 and IEC 61508
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or their derivatives like EN ISO 13849 are related to functional safety.
These standards specify integrity levels for different safety functions.
However, in a self-managing system with autonomous machines capable
of intelligent decision-making with minimum human interference, the
identification of safety functions and their requirements, like integrity
level will be a non-trivial task.
Furthermore, there is a need for alignment and integration of processes
from functional safety standards during the generic development of EPS.
One effort in this regards which can be adopted from the automotive
industry is the alignment of ISO 26262 with EAST-ADL [2] where the
latter can be used for dynamically- configurable automotive systems.
• PLC Programming Languages (IEC 61131-3): The control
architecture of EPS is based on multi-agent systems [43]. Thus, the
existing programming standards need to be updated to fully exploit the
EPS potential. Inability to modify the standard accordingly may result
in reluctance by the industry as non-standardized practices are usually
not preferred, in general.
• Enterprise to Control System Integration (ISA 95): ISA 95
establishes the standards and protocols required to integrate the control
systems at the shop floor level to the operations at the enterprise level.
It may facilitate the market openness and vendor compatibility by
integrating the existing automation standards with the agile approach
[20].
• Distributed Control and Automation (IEC 61499): This standard is aimed at providing an open architecture for the next generation
of distributed control and automation. Functional Block is the main
concept in IEC 61499 which acts as an interface between different
distributed modules. There is a need to incorporate the EPS architecture
requirements into this standard or to make appropriate changes in the
existing EPS according to the concepts provided in the standard.
5. Business Aspects
The biggest challenge in the adoption of the new business model for EPS is
in changing the organizational structure and the underlying mental models.
This is termed as strategic re-architecting by Pisano [36], i.e. challenging
the existing industrial architecture. Moreover, the technology readiness level
(TRL) and the concept maturity directly affect the implementation of the
new business model.
Another business-related aspect is the unforeseen costs required for maintenance, personnel training and long-term support for intelligent, agentbased manufacturing approaches [20] which affects the adoption of such new
paradigms.
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6. Intellectual Property Rights (IPR) and Legislative Issues
The fact that the system consists of several individual modules (not necessarily from a single provider) and the equipment is not owned by the industrial
user may give rise to issues related to ownership and responsibilities. Due to
the emergent nature of the system, there can be unknown situations, which
may even result in serious consequences. The legal responsibilities in such
cases are to be explicitly defined.
Also, the back tracking in case of a system failure may not be trivial in open
architectures, such as EPS. For example, the equipment may function well
individually but their integration under certain conditions may give rise to
some unexplained behaviour. Thus, the importance of development process
becomes even more evident for such systems.
The ultimate opportunity in using such systems is however, the benefits
reaped from the open innovation concept.
7. Ethical Concerns
The emerging autonomous technologies are vulnerable to many open questions
regarding their ethical implications. There always exist some compromises
between the risks and benefits of the new technology, such as temporary
advantages versus long term risks, group benefits against individual losses,
replacement of human workforce by machines, blame shift (e.g. people
considering machines responsible for the mistakes and delays), etc. [41].
The utilization of self-learning robots, intelligent assembly equipment and
other autonomous machines in parallel with the human operators in the
production facilities is expected to be the norm of the future manufacturing [4]
. The machines shall not only be used for performing physical tasks related
to service and maintenance but shall be extensively employed for making
independent control and logical decisions, such as in adaptable manufacturing
approaches. This increasing use of autonomic computing can be viewed as an
extension of human cognitive capabilities analogous to the use of machines for
extending human physical power in industries [14]. Thus there arises a need
for the adaption of an ethical code of conduct for these emerging production
paradigms where the steering responsibility is being shared between humans
and intelligent machines.
Table B.3 provides a summary of the inferred results discussed above along with
the associated opportunities and risks within each area.

B.6

Conclusion

Evolvable assembly systems are “fully reconfigurable mechatronic systems that
exhibit emergent behaviour” [33]. Several benefits offered by EPS include, reduced
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down-times, shorter lead times, robustness, dynamic scalability, low capital
investments, sustainability, process-based system, etc. Despite being one of the
most promising paradigms in the next generation manufacturing systems, there are
several challenges that need to be addressed before this concept is realized at a
wider scale in industry.
Updating the functional safety standards and the incorporation of EPS architecture in the existing industrial programming standards is considered as one
of the most important areas identified in this paper, needing significant research
activities. On the other hand, the most developed area in which most of the EPS
advancements have been made is identified to be the agile control system. The
industrial prototypes developed using the agile control architecture [3, 6, 31, 43]
and the configuration & visualization tools [11, 15, 27] can prove to be the initial
step in the implementation of EPS in industry.
To cope up with the existing manufacturing challenges, stand-alone technology
cannot be a problem solver. Adaptable control system, innovative business model,
flexible production strategies and increased levels of automation are all the factors
needed together to support the innovation process through evolvability. All these
factors favour EPS as a possible paradigm innovation, i.e. changing mental models
and challenging the existing industrial architecture to provide an innovative process
for adaptable manufacturing.
The evaluation of EPS presented in this paper is the first step towards identifying
the associated challenges. The issues identified are based on the challenges discussed
in the available literature as well as from similar issues in other research domains.
Moreover, the survey served as another tool in identification of challenges and
provided some important reflections. For example, the answers vary depending
on the age group, with relatively younger people (30-45 years) accepting the idea
more openly and considering it practical enough to be adopted by an industry by
overcoming challenges. People belonging to relatively older age group considered
intelligent machines in industry as science fiction.
Another observation was that the people with experience of working at a shop
floor considered this approach having more risks than opportunities at present.
While the interviewees related to product design were more positive in having a
flexible system capable of producing literally anything without limitations. A more
comprehensive survey involving more companies (both SMEs and large industries)
and personnel from different areas of expertise and age group can provide a better
perspective and further strengthen the results provided in this paper.

Appendix A
From Conventional to Evolvable Production Systems: A
Survey from SenseAir AB
SenseAir AB is a medium sized company located in Delsbo, Sweden, and is one of
the world’s leading manufacturers of Non-Dispersive Infrared (NDIR) CO2 sensors
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and controllers. Like other SMEs, SenseAir faces several challenges due to the
increased competition in the global manufacturing market. The main emphasis is
to strive towards adopting sustainable and agile production solutions considering
social, ecological and economical aspects. However, to embrace the emerging
technological innovations in the traditional production setup, identification of the
existing strengths and weaknesses and impact analysis of modifications on the
system elements is required.
Survey Methodology To complement the results presented in this paper, a
brief survey was conducted at SenseAir by interviewing the personnel from different
departments (Production, logistics, product design, system developers, and change
management) as well as different age groups. All the interviewees were explained the
EPS concept with its technological and business aspects and then asked questions
individually according to a prepared questionnaire. The first question is an open
question to get a general opinion, while the rest of the questions are based on the
identified areas as detailed in section B.5 this paper. The views and comments were
recorded with the consent of the interviewees and summarized. The questionnaire
is as follows:
1. What do you think of the EPS idea in general? What can be the risks,
challenges and opportunities if this concept is adopted by SenseAir?
2. What will be the challenges related to the implementation of proposed
business model?
3. What can be the difficulties in the realization of an agile control system
with respect to the hardware, software and communication interfaces used
in today’s system?
4. How can the IPR issues and system integration concerns be resolved in EPS
as compared to existing systems?
5. Will there be a need for significant changes in the information management
process than that used in the current setup?
6. How do you perceive safety requirements for such systems?
7. Are you comfortable with the idea of intelligent heavy machines with real-time
decision making, working in parallel with humans?
8. In existing setups, the product is mainly influencing the design of the
production systems. What will be the challenges in implementing processoriented production systems, where the product design is to be modified
accordingly?
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Observations
The interviews resulted in several interesting observations and some new insights
about the possible challenges associated with the industrial implementation of EPS.
Though everyone considered the concept as appealing and interesting, some even
called it ‘science fiction’ or ‘future-future system’. The observations varied widely
depending on the area of expertise people are working in and also to the age group
they belong to. Following is a summary of the insights from the interviews:
1. Changing mental models and traditional mindsets was identified as the most
challenging task generally related to EPS. Another suggestion was to utilize
some of the features from EPS in the existing work flow at SenseAir. For
example, the flexible routing concept for an efficient performance optimization
and effective resource utilization.
2. The Business model was considered quite attractive in terms of reduction in
capital investment. However, the supply-to demand ratio for the equipment
providers may be a risk. Another point highlighted in relation to the business
model was the demographic challenges. The location of a company and the
duration for hiring equipment can play an important role in the adoption of
the new business model.
3. The use of advanced sensing mechanisms & feedback systems (e.g. vision
systems, RFIDs, etc.) was emphasized to ensure correct functionality and
safety of the system. Data security was also considered as a very important
issue.
4. System integration was considered as a major problem if open and standardized interfaces are not used. The views on resource sharing varied quite a
lot. While some considered benefiting from external cooperation as the main
factor for success in next generation manufacturing businesses, the others
were quite skeptical of this approach.
5. The automation of information flow was considered important in both
existing and future setups. A common stakeholders’ language and standard
documentation formats could result in lesser information discrepancies.
However, due to lack of efficient information management tools for industrial
applications, manual ‘one-to-one’ communication was preferred by a few.
6. The need for stringent safety requirements and updated functional safety
standards was considered most important for autonomous systems like EPS.
7. Increased industrial automation and need for collaborative robots was
generally appreciated and emphasized upon.
8. More forward thinking at design phase, integration of product design into
production development process, Design for Manufacturing (DFM) and
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modular product design were some of the suggestions to improve the overall
development time.
Another important area highlighted during these interviews was the consideration and involvement of the ‘operators’ as one of the major stakeholders in the
implementation of EPS. In skill-based systems, the operators who have expertise
in certain skills may have job insecurities and may be threatened by the overall
skill replacement architecture offered by EPS. Though not directly related to
technological implementation, this social issue is to be tackled beforehand. This
could otherwise create resistance in adopting this approach.
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Abstract
High automation cost is one of the major challenges to cope up with the variance
in customer demands, both in terms of product diversity and quantity. Evolvable
Production Systems (EPS)is one of the approaches targeting this challenge. It
provides features such as self-configuration and adaptability. Although a promising
approach, there is still a need for further enhancements from methodological
perspective for a wider industrial acceptance. This paper mainly aims at the
exploration of tools and methods for similar concepts from other engineering
domains as a step towards a well-defined methodology for EPS. In particular,
SimEvents is evaluated as a tool for analyzing EPS from a control viewpoint.
The main contribution of this paper is guidelines for modeling an EPS using
Simulink/SimEvents.
These guidelines in future, can serve as a basis for
a methodology incorporating automated model generation and a platform for
verification and validation of different algorithms related to EPS. The work is
validated and demonstrated by a preliminary case study.

C.1

Introduction

The need for shorter lead times, reduced downtime, minimized outsourcing of
assembly tasks, increased safety, environmental friendliness, life-cycle management
of the systems and at the same time reduced cost for different products and
their variants are a few of the challenges faced by the current manufacturing
industries [19]. One of the approaches to deal with these challenges is the Evolvable
Production System (EPS) [17, 20] incorporating adaptability, reconfiguration and
intelligence at the shop-floor level. An EPS is based on the Plug & Produce
principle having modular architecture with intelligent, agent-based, distributed
control [18]. The modularity allows dynamic and run-time modifications including
addition/removal of system modules in comparison to existing systems which have
limited configuration capability and handle a predefined set of products. The
control architecture of an EPS has inspirations from several research domains [20],
namely; Complexity Theory [5], Autonomic Computing [13], Artificial Intelligence
[25] , Emergence [11], Multi-agent systems [29] and Self-organization.
In contrast to its counterparts such as Holonic [8], Reconfigurable [15] and Flexible Manufacturing [27] systems, an EPS adopts a process oriented approach.This
in turn makes the system more focused towards the process activities, tasks and
sub-tasks and directly influences the product design process. In addition an EPS
offers adaptability at fine granularity at the shop floor level (i.e. at the level of
sensors and actuators) along with its responsiveness towards emergent behaviors in
a system [20].
A few of the latest developments related to EPS include but are not limited
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to the concept of a reference architecture [20], an ontology to support evolvable
assembly systems [23], utilization of JADE (Java Agent Development Environment)
platform for coding and implementation of agents [7], a visualization tool for retrieval of the information exchanged between different agents [9] and a methodology
for configuring skills of an EPS [10]. These developments were carried out under
European projects like EUPASS [1] and IDEAS [18].
Although the above mentioned efforts are considerable, further work is required
for a wide scale industrial utilization of EPS to ensure characteristics such as
reliability, safety and integrity of the system. One of the major directions for
further work is a well-defined methodology i.e. “tools and rules” [12] for EPS
covering various aspects of the development life cycle ranging from requirements
specification and analysis, system and component analysis to testing. For example,
it can be useful to analyze the behavior of the overall system which not only
include agents but also characteristics such as robot dynamics modeled using laws
of physics. The development of such a comprehensive methodology in turn implies
enhancements which include but are not limited to a) Exploration of analysis
and development tools from other engineering domains for their applicability to
EPS, b) integration of the existing EPS solutions and guidelines for their combined
usage and d) minimizing information inconsistencies during the transitions between
different development stages using techniques such as automatic code generation to
ensure a safe and secure system.
This paper addresses a part of the above mentioned enhancements with the
major focus on exploration of tools. The main contributions are as follows:
1. Evaluation of SimEvents (a Simulink blockset for discrete events simulation)
for analysis of EPS. The selection of SimEvents is motivated by extensive
industrial usage and the support provided by Simulink for different development aspects such as requirement specifications, verification, validation as
well as code generation for different processing platforms. Moreover, the
integration of system dynamics (e.g. robot kinematics) and other physical
constraints with a discrete event system model is also a possibility. For a
detailed description of Simulink/SimEvents the readers are referred to [3].
2. Guidelines for modeling a generic EPS using SimEvents which can be used to
model and analyze a wide range of physical scenarios and control algorithms.
The structure of the paper is as follows: A brief description of the related work
is in section C.2, which is followed by an overview of the EPS architecture along
with the modeling & simulation requirements discussed in section C.3. In section
C.4 and C.5 the evaluation methodology and implementation guidelines for EPS
are provided respectively, followed by the case study in section C.6. The paper is
concluded with a discussion in section C.7.
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Related Work

Several tools such as [6, 28] exist for simulating manufacturing systems with agentbased behavior and their response to changing environments. Due to their scope
targeted towards agent-based simulation, additional tools are required for modeling
other aspects of the system like physical constraints. To reduce the number of tools,
integrated approaches like [16] where Simulink is integrated with an agent based
tool can be considered. The integrated approach can on one hand be non-trivial
for some tools due to several reasons such as IP (Intellectual Property) issues and
on the other hand gives rise to an increased cost. Also any indiscrepencies in the
integration can lead to possible information inconsistency. This paper explores the
possibility of using Simulink as an all-in-one tool for control system analysis of EPS.
In particular it evaluates SimEvents for modeling and simulation of the agent-based
behavior of EPS given the fact it can be combined with other Simulink blocks to
analyze a wide range of control system aspects. The work in this paper is inspired
from [14], [21] and [2] focusing on aspects similar to EPS from other industrial
domains such as scheduling for air traffic, self-reconfiguration in automobiles and
generic resource allocation from a pool of resources, respectively.

C.3

EPS Architecture, Modeling & Simulation
Requirements

Several architectures can be envisioned for an EPS depending on the level of
abstraction and viewpoint [17] such as control, demand planning, business, etc. Fig.
C.1 shows a variant of one of the several possible configurations of a representative
architecture [24] from control viewpoint.

Figure C.1: EPS Control Architecture [24]
An EPS consist of several agents. Each equipment (e.g. robot) in the system is
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considered as a mechatronic agent [9] (An integration of mechanical equipment,
controller with compatible interface and a software agent). In Fig. C.1, a
mechatronic agent is modeled as Machine Resource Agent (MRA) which provides
a simple skill (e.g. move, pick, place, glue, drill, etc.) to the system known as
atomic skill. The transport mechanism (e.g. conveyor, automatic-guided vehicle,
etc.) is abstracted by the Transport Agent (TA). Each MRA and TA registers its
availability and sends periodic status updates (e.g. skill, process time, position,
etc.) to the Yellow Pages Agent (YPA). A YPA is essentially, a database of the
system resources. The set of skills required by each new product are mapped into
a Product Agent (PA), a virtual representation of the physical product. The PA
sends a request for the required skills to the Coalition Leader Agent (CLA). The
CLA determines the most efficient combination of skills for the implementation of
the required process sequence based on the equipment information from the YPA.
Each new skill combination is called a complex skill. The allocation is followed by
task assignments and acknowledgment signals between CLA and respective MRAs.
In addition to the above, additional agents and communication signals can also
be used. For example, if a required skill set (in turn a part/product) cannot be
processed by the system, information can either be sent to the HMI Agent for
further operator action, the Deployment Agent which acts as an interface between
the software agents and real time hardware platform to physically deploy the agents,
etc.
Based on the above EPS architecture description, a modeling and simulation
tool is needed which shall be capable of analyzing at least the following:
1. Discrete event characteristics due to the fact that agent behaviors are driven
by events.
2. Physical constraints imposed by the industrial equipment and other regulatory standards.
3. Timing aspects, such as total assembly time, including computation, negotiation, resource allocation, process, communication times etc.
4. The analysis should be in accordance with the EPS methodology [20], with
an efficient information transfer between various experts related to different
views.
5. The analysis tools should be easily incorporated in the development process of
EPS. Ideally, it should be possible to combine different modeling formalisms,
such as continuous & discrete time, and discrete-events.

C.4

Evaluation Methodology

The work followed an iterative and incremental methodology where verification
and validation is carried at each stage. Each type of agent was developed and
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tested separately for varying number of inputs and outputs. For CLA, two different
algorithms were tested. In the first algorithm, the allocation was made based on
the first available skill while in the second scenario the resource allocation was
based on the shortest assembly time in case of availability of several similar skills.
This was followed by increasing the number of parameters such as location and
possible paths. In a similar manner each agent type was developed with increasing
parameters. All the agents were integrated and finally validated using the case
study described in section C.6.

C.5

Guidelines for Modeling an EPS Using
Simulink/SimEvents

The modeling of the EPS architecture according to the details provided in the
previous section resulted in some generic guidelines for its implementation in
SimEvents. The readers are strongly advised to refer to [3] especially the concept of
event, entity and its attribute before proceeding with this section. In the following
text the blocks shown in the figures are mentioned in single quotes and their
corresponding SimEvents blocks with an italic text.
The description of the common blocks is provided below, followed by a detailed
description of each agent.

Figure C.2: Input Handler Block

1. A separate subsystem block is created for each new agent in the model.
2. To handle the different possible skill combinations and their respective paths
in the SimEvents environment, each MRA has an ‘input handler’ and an
‘output handler’ block. Each I/O handler has m input and n output ports,
where m and n represents the maximum number of possible routes to and
from the handler, respectively. The routes are determined by the number of
complex skills and are fixed for a simulation setup.
The input handler block consists of a path combiner block shown in Fig. C.2,
which provides a single path for the unassembled product to the machine
resource.
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Figure C.3: Output Handler Block

The output handler shown in Fig. C.3 comprises of an output switch and
an attribute function block to route the product to the next resource in
the process sequence. A single server block with zero service time is used
in between the switch and the function block to avoid race condition in
simulation. An output handler block is also provided in the CLA subsystem.
The attribute function block contains the resource allocation algorithm in the
case of CLA.

Product Agent (PA)
The Product Agent is modeled as an entity with its required process sequence
attached as an attribute to it. In Fig. C.4, the block ’Unassembled Products’ is
an entity generator. The process requests are generated using a repeating sequence
block,(’Process’ in Fig. C.4). Alternatively a random number generator block can
also be used. The set attribute block is used to ’Set Process Request’ on each
generated entity. A ’buffer’ for the unassembled products is implemented using a
FIFO queue block. The entity is then sent to the Coalition Leader Agent.

Figure C.4: Product Agent

Coalition Leader Agent (CLA)
The CLA is modeled as shown in Fig. C.5 :
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1. All the MRA and TA status values coming from the YPA are set as attributes
on the product entity using Set Attribute block and fed into the attribute
function (AF) which is the main part of the ’Output Handler’ block. The AF
is used for (a) testing different algorithms provided that a list of all possible
skills is already present in AF and (b) implementing resource allocation
algorithm which on the basis of the data from the YPA allocates the most
efficient MRA(s) and respective TA. The allocation is added as an attribute
on the entity.

Figure C.5: Coalition Leader Agent

2. For simplicity, the ’status request’ signal (from CLA to YPA) has not been
considered for this work.
3. The output handler routes the product via the allocated TA to the respective
MRA(s).

Machine Resource Agent (MRA)
The MRA contains Machine Resource subsystem in addition to input and output
handler. The machine resource is adapted from [2]. It consists of an entity generated
at the simulation start which is the main resource and can be allocated to perform
a task. On task allocation, the entity enters the block/release mechanism. This is
achieved by using an entity combiner (Block Resource) which blocks the resource, a
single server with time defined by the machine process time, and an entity splitter
(Release Resource) to release the resource. During the process the machine status
is busy and is updated in the YPA. After completion of the task, the resource
returns to its block and is available for a new task. The ID, atomic skill, position
and process time of the resource are to be set by the user as parameters within the
machine resource block.
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Figure C.6: Machine Resource Agent

Transport Agent (TA)
For this paper, TA is assumed to be a resource offering the atomic skill transfer.
Hence it is modeled similar to an MRA, with a resource and its block/release
mechanism. The I/O handler blocks are not needed for transport mechanism block.
A basic TA is shown in Fig. C.7.

Figure C.7: Transport Agent

Yellow Pages Agent
The signals from MRA (status, ID, skill, process time and position) and TA (status,
ID and transfer time) are sent to YPA, which multiplexes the common signals and
transmits them to the CLA. Fig. C.8 shows the skill registration from each MRA
to YPA.
For connecting / integrating above mentioned agents, the output ports of each
TA are fed into a routing block, the output ports of which are connected to the
MRAs. The last port of the routing block is for the products that could not be
assembled due to unavailability of resources. The assembled entity after being
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Figure C.8: Registration of Skills to the Yellow Pages Agent
processed in the MRA goes through a path combiner block (used for combining all
possible paths to a single point) and is fed to the finished product counter.

C.6

Case Study

The implementation guidelines are validated using a preliminary case study for an
industrial prototype system from the Vinnova UDI project [4] for the assembly of
an alcohol sensor for automotive industry. The experimental setup is shown in Fig.
C.9, while Fig. C.10 shows the SimEvents implementation model. As shown in the
figures, the main equipment are an industrial robot (ABB IRB120), an automatic
tool changer, grippers (G1, G2, G3), and a conveyor belt offering the atomic skills,
namely; Move (Skill ID 6), Change G1/G2/G3 (Skill ID 1/2/3), Pick (Skill ID 4),
Place (Skill ID 5) and transfer, respectively. All the skills are provided by agents
modeled as MRAs except for the transfer skill which is modeled as a TA.

Figure C.9: GASENS Project- Prototype Assembly Cell
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Figure C.10: UDI Project GASENS implementation using SimEvents
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The product consists of three main parts (P1, P2, P3). P1 is the base object on
which other two parts are to be assembled. Since each part has a different process
sequence, therefore in this model they are considered as separate PAs with unique
process requests. The skills required by each PA (set as entity attributes in the
Product Agent Block) are shown in Table C.1.
The CLA receives status of all the available skills from the YPA. To avoid the
figure complexity, the signals from YPA to CLA are not directly connected, instead
are routed using Simulink’s GoTo and From signal routing blocks with tag visibility
set as global. Based on the implemented algorithm in CLA, the respective MRAs
are allocated. In this case study, the CLA allocates the resources if and only if all
the required MRAs are available at the time of calculation, i.e. beginning of the
process.
After the resource allocation, the unassembled product moves to the conveyor
belt, which depending on the CLA decision, either sends it for assembly to the
respective MRA or to the ’Unfinished Products’ block. The routing between
Conveyor Belt (TA) and the allocated MRA is implemented using a path combiner
and an output switch block. Both the ’Finished’ and ’ Unfinished’ product blocks
are modeled as entity sinks.
A start timer block after PA and its corresponding read timer block at the end
of the assembly process is used to measure the assembly time. The number of ’total
product requests’, ’products waiting in buffer’, ’unassembled products’ and ’finished
products’ is also determined by utilizing the support provided by SimEvent such
as an entity counter.
Table C.1: A mapping of required complex skills
Complex Skill

Skill ID

(CSk)
Part 1(P1) assembly

Required Atomic Skill

ASk Sequence

(ASk)
7

Move, Pick, Place,

[6 1 6 4 6 5]

Change G1
Part 2(P2) assembly

8

Move, Pick, Place,

[6 2 6 4 6 5]

Change G2
Part 3(P3) assembly

9

Move, Pick, Place,

[6 3 6 4 6 5]

Change G3

C.7

Discussion

The guidelines on using SimEvents for simulating EPS have been presented. A
major benefit of using SimEvents Attribute Function block for different agents
especially in CLA is the possibility of testing different algorithms. At the same
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time the Attribute Function block can be converted into a Simulink’s embedded
matlab function followed by automatic generation of C/C++ support provided by
Simulink. The generated code can later be used with a wrapper function in a Java
based environment such as JADE.
Two major limitations are increased simulation time taken by SimEvents and
modeling effort with increasing number of agents and algorithm complexity. While
the former is dependent on the processing power of the machine used for simulation,
the latter can be eliminated by automatic generation of Simulink model (mdl-file)
or a Matlab script (m-file) to generate Simulink models from a GUI such as [9] for
multi-agent platforms. The generation of SimEvents model is non-trivial given the
fact that Matlab does not provide a well defined interface / API for SimEvents as
it does for its other blocksets. However, the situation might change in future with
the increasing demand of SimEvents API.
Although SimEvents does not have the same level of flexibility as Java based
multi-threaded environment it is still usable for the objective purpose i.e. combined
simulation of physical dynamics and agent-based behavior. This is especially true
for small to medium scale assembly systems with a limited number of machines and
hence skills.
Some efforts have been carried out in other engineering domains in terms of
mapping formal models such as UML to SimEvents [22] as well as automated
generation of Simulink models from UML[26], etc. The results from these efforts
can be re-utilized to realize system specifications described using formal methods
such as UML, if required.
The case study measured one timing aspect i.e. delay between product arrival
and end of assembly. However, a comprehensive timing analysis is left as future
work. The planned work includes further enhancement of the model by adding
the dynamic parameters of the resource agents (e.g. robot movements, conveyor
parameters, etc.).
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Abstract
Evolvable production system (EPS) is one of the most promising emerging
paradigms among the next generation of production systems dealing with challenges
such as market unpredictability, high product variance and increasing automation
costs. One of the major challenges faced by EPS for its wider industrial realization
is the harmonization of its existing research activities such as the ontology and
reference architecture with the agent-based control, dynamic skill-configuration
methodology and self-organization algorithms while also considering the aspects
of operation management and business models. In addition, the integration
with existing industrial standards, targeting aspects like functional safety, system
integrity, etc. is also required. This paper addresses the challenge by providing
an extendible DSM (Domain Specific Modeling) based support for modeling an
EPS. The work is a basis for a model-based and architecture-centric methodology
applicable throughout the development life-cycle of an EPS.

D.1

Introduction

Typically an industrial environment comprises of large dedicated product-oriented
systems, which are often designed for a particular product or a class of product.
Any support for the product variance or market fluctuations is achieved only at
the expense of high investment costs and extensive engineering efforts causing
significant delays in the lead times. Several modular approaches have been proposed
to deal with these challenges such as Flexible Manufacturing Systems (FMS) [30],
Reconfigurable Manufacturing Systems (RMS) [17], Holonic Manufacturing Systems
(HMS) [4] and Evolvable Production Systems (EPS) [24]. While RMS and FMS have
certain limitations in their applicability to only pre-defined configurations, both
HMS and EPS have wider coverage related to aspects such as flexibility, dynamics
and adaptability.
As compared to HMS, EPS is a relatively new paradigm providing the concept of
real-time plug & produce up to the level of fine granularity at the shop floor level [21].
Although promising, a wide scale industrial adoption of paradigms like EPS and
HMS is limited by certain factors including, but not limited to, the concerns related
to dependability [19], fulfillment of legislative requirements such as functional safety
standards (e.g. IEC 61508) and tool support throughout the development life cycle.
This in turn requires a well-defined methodology to enable development, operation
as well as maintenance in a cost-effective manner.
The required methodology can ideally be achieved by a seamless model-based
development platform similar to the one presented in [3]. The key characteristics
of such a methodology include a centralized source of information and automated
transformation of models between different abstraction levels as well as development
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tools. Domain-specific modeling, transformation engines and generators are two key
technologies to realize such a methodology [29].
This paper presents an effort towards the envisioned methodology. The major
contributions of the presented work are:
1. Development of EPS-DSL; a Domain Specific Language (DSL) and
2. Foundation for tool support for utilizing EPS-DSL
In addition to the above, the work also provides a basis for EPS requirements
verification and support for automatic code generation for the equipment(s) under
consideration. .
The remaining paper is structured as follows: An introduction to the EPS
concept along with the recent advancements and challenges is provided in section
D.2. The main results, are presented in sections D.3 and D.4. Section D.5 provides
an overview of the related work. The paper is finally concluded with a discussion
in section D.6.

D.2

Evolvable Production Systems

Introduction
Evolvable production system is one of the emerging paradigms which tend
to revolutionize the manufacturing industry by incorporating intelligence, selforganization, adaptability and reconfigurability at the shop floor level [24]. A
modular architecture with intelligent, agent-based, distributed control enables EPS
to offer real-time plug & produce at the fine granularity level i.e. adaptability
at the lowest level of system hierarchy (e.g. sensors and actuators). The
real-time coordination between the modules also enables the system to handle
complex situations and respond efficiently to emergent behaviors [21], [24]. Unlike
conventional systems, the EPS life cycle comprises of three stages (as shown in Fig.
D.1): Synthesis, Evolution, & Decommissioning [23], [12]. An iterative loop in the
evolution stage, which caters for most of the life-cycle period, poses the need for an
efficient development process to avoid any information inconsistencies resulting in
unexpected system behavior.

Figure D.1: EPS vs. Conventional Life Cycle
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Control Architecture
The core of EPS is its control architecture which is based on the concept of multiagent systems [31]. Each physical module in an EPS is an intelligent, autonomous
and skill-based entity called mechatronic agent [27], [7], which is an integration of
the mechanical equipment, controller with a compatible communication interface
and a software agent. As shown in Fig. D.2 all the agents interact and communicate
with each other forming a social network, enabling the overall system to be selfmanageable [11]. For more information the readers are referred to [6], [27].

Figure D.2: EPS Control Architecture with Agent-Based Approach [6], [27]

Recent Advancements and Challenges
A few of the recent advancements related to the overall EPS development include;
the concept of a reference architecture [24], an ontology to support evolvable
assembly systems [26], utilization of JADE (Java Agent Development Environment)
platform for implementation of agent-based control architecture [27], a visualization
tool for retrieval of the information exchanged between different agents [7], a
dynamic skill-configuration methodology [9], algorithms for self-organizing behavior
[20], operational management through demand-responsive planning [2], and a
innovative business model supporting the re-use of EPS modules [16], etc. One
of the major challenges faced by EPS today is the harmonization of these efforts
with each other as well as with the existing industrial standards targeting aspects
like functional safety, system integrity, etc.
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EPS-DSL

The EPS-DSL defined in this paper is mainly built upon the EPS ontology1 . [14],
[15], [13], [25]. The five major parts of the DSL are discussed as follows:
1. Project View: This part defines the overall scope of the project, such as business case, operational constraints, planning & scheduling, cost requirements,
manufacturing environment, milestones, etc. The information regarding
different assembly scenarios based on product variants is also defined in this
module. Fig. D.3 shows the project view of the EPS meta model.
Project

1
Business Case

2..n

Milestone
+ Cost Constraints
Start 1
+ Labour Constraints
End 1
+ Performance Constraints Milestone Milestone
1..n
Production_scenario

1
Manufacturing
Environment
+ Spatial Constraints
+ Services Provided
+ Operational Conditions

Assembling Scenario

1..n
Product
Requirements
+ Volume

System
Requirements

0..n
Process
Requirements

Figure D.3: Meta model for Project View: EPS-DSL
2. Product View: This view (left hand side artifacts in Fig. D.4) models all the
information related to the product and its variants, if any. For example, the
product assembly requirements, volume, components, supporting materials,
etc. The connection between the two components is represented by an
assembly interface which is further identified as a Male_Component_Port or
a Female_Component_Port depending on the liaison and connection type.
All the interface types defined in the meta model are shown in Fig. D.5.
3. Process View: The process view describes the sequence of operations and
tasks needed according to the product assembly requirements defined in
‘product view’. The product and process views from EPS-DSL are shown in
fig. D.4 The processes are linked with each other via the process interfaces.
The process interface, in general, consists of a Control_Port for determining
operation sequence, a Parameter_Port for transfer of information regarding
measured parameters between processes, and a Decision port to support
the logical decision making during an operation/task. The processes are
categorized as Multi_Task, Task and Operation. The type of each entity
1 For

the difference between meta model and ontology refer to [28].
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Process
Requirements
Process_Variant
0..n
Production
1..n
Process
Multi_Task_
Variant
1..n
Multi_Task
0..n

Product
Requirements
+ Volume

+ Multi_Task_Type

Assembly_Variant
0..n
1..n
Product
Assembly
SubAssembly_
Variant
1..n 1..n
Product
SubAssembly
Component_
Variant

0..n
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0..n
Process_
Interface
0..n

1..n
Task
+ TaskType
0..n

Assembly_I
nterface
0..n

1..n
Component

1..n

Operation
+ OperationType

Figure D.4: Product and Process Views from EPS-DSL

refers to the different types of processes available in general. For example,
OperationType can be a Âťhandling operation’, ‘welding operation’, ‘loading
operation’, etc. Further types of processes and their details are provided in
the EPS ontology [14].
Parameter_
Port
+ Type: In/Out

Control_Port
+ Type: In/Out
Material_Flow

Decision
+ Condition

Interface

+ Type: In/Out
Assembly_Interface
Neutral
Port

Female_
Compone
nt_Port

Process_Interface

Male_
Componen
t_Port

Liaison
+ Type

Figure D.5: Interface descriptions defined in meta model based on EPS ontology
4. Assembling System Configuration: Fig. D.6 provides an overview of the
system configuration meta model. The process requirements serve as the input
for modeling the assembling system configuration. The lowest hierarchical
level in this view is the equipment unit which has one or more Atomic Skills
required to perform a specific assembly process. The higher levels consisting
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of several equipments can be workstations, cells, lines or assembly clusters.
The flow of material between each equipment is modeled via a Material_Flow
port with each having one output flow and at least one input flow of material.
An example of EquipmentUnitType is the ‘PickAndPlaceUnit’. Other types
and details of EquipmentUnitType and WorkstationType are provided in [13].
System
Requirements
1..n
Assembly_
Cluster_Variant
0..n
Assembly

Module_Library
+ Skills
1..n
1..n

Module

1

Cluster
Atomic_Skill
Assembly_Line
_Variant
0..n

1..n
Assembly
Line

Assembly_Cell
_Variant
0..n

1..n
Assembling
Cell

Workstation_
Variant

+ Type
2..n
1..n
1..n

Material_Flow
+ Type: In/Out
1..n

1..n
0..n

Composite_Skill
+ Type

Workstation
+ WorkstationType

instaceOf
1..n

Equipment_
Unit_Variant
0..n
Equipment Unit
1..n
+ EquipmentUnitType

Figure D.6: Meta model for Assembling System Configuration:EPS-DSL
5. Module to Process Mapping: A Module_Library is created based on all
the equipment modules and their respective skills available in the system.
After the configuration of the assembly system based on the product and
process requirements, the next step is the mapping of available modules to
the required processes. It is to be ensured that each of the process activities
is assigned a corresponding module providing the required skill. This step
also helps in identifying the missing skills in the system.

D.4

Tool Support for EPS-DSL

The EPS-DSL has been implemented in MetaEdit+ (a DSM tool) [18]. The choice
of MetaEdit+ is motivated by its features such as flexibility in terms of graphical
symbols and reduced time for proof of concepts as compared to other tools based
on technologies like EMF (Eclipse Modeling Framework). The following features
are realized:
• Graphical Modeling of EPS providing a means for better understanding
and interpretation between several stakeholders. Models are checked during
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modeling for basic constraints by utilizing live checking mechanism in
MetaEdit+. For example, a product requirement should have at least one
product assembly defined (see Fig. D.4). A warning is generated in case of
undefined assembly for a product requirement. This feature helps in guiding
through the development process.
• Automated Requirements Verification is applied on the operationskill/module mapping to verify the assembly process requirements. For this
purpose a generator is developed which essentially navigates through the
requirements and compares the mapping. A list of unmapped requirements
are indicated which can be utilized for further action like their mapping to
the system configuration, design modification or reasoning for not mapping a
requirement.
• Code Generation: The code for a final system in place has one large part
which is always static and another part of the code related to machine resource
agents (Fig. D.2) which varies from one machine to another. The tool
support provides generation of code for the the skill related part of machine
resource agents. The generated Java code is compatible with the industrial
prototype from the IDEAS[22] and GASENS [1] project. The underlying
generator extracts the information regarding the equipment modules and
their associated skills from the developed system model and updates the code
accordingly with the changes in the system design (i.e. addition / removal of
modules).

Figure D.7: Model-based development of EPS
Fig. D.7 shows the current status of the implementation as well as a part of
the envisioned architecture-centric model-based framework. The green box depicts
the part of meta-model derived directly from the EPS ontology. In addition to
that, the domain concepts have been extended with the system configuration and
requirements mapping, shown by the yellow box. This enabled verification of the
process, product and equipment requirements in relation to the overall system
configuration.
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The box shown in blue with slotted lines in the figure represent the additional
viewpoints that are required as an extension of the meta model for a well-defined
EPS methodology on a single unified platform. In terms of automatic generation,
the implementation code for the equipment modules has already been generated,
as discussed above. The generators for the simulation tools, testing models, etc.,
can be utilized in the extended model for a detailed system analysis. The results
from various analysis tools can then be used as a feedback for updating the model
and even the meta model itself, if required.

D.5

Related Work

A skill configuration methodology for modular assembly systems has been developed
in [8] emphasizing the need for a unified platform. However, the methodology is
based on a multi-agent approach, using industrial agents for system requirements
and skill configuration which is a lower abstraction level as compared to the work
presented in this paper. A virtual environment for EPS is proposed in [5]. The
environment based on an integration of EPS ontological artifacts to EAST-ADL;
a DSL for automotive embedded systems. Although relevant there exist several
issues with the implementation of the virtual implementation. For example, a skill
is mapped to a task which is contradictory to the EPS ontology. Another modelbased approach towards run-time configuration for adaptable production systems
is proposed in [10]. The focus is on ICT tools for reducing changeover time and
efforts. In contrast this paper targets design phase of adaptable systems.

D.6

Discussion

The paper presented a DSM based approach as the first step towards a unified
platform for an efficient and cost-effective development of EPS. The presented DSL
and tool support covers most of the latest EPS developments. EPS is a relatively
new field and hence subject to further developments in several areas. Therefore, the
presented DSL and tool support will in turn be updated with new developments.
A few of the possible new developments are as follows:
One of the features of the EPS ontology is the support for the project scope,
description of manufacturing environment and the project milestones. However,
the constraints (e.g. performance, cost, labor, etc.) need to be further elaborated
and well-defined in the ontology so that it can be effectively utilized for system
analysis. In addition, architectural elements (e.g. tasks, process, etc.) are also
required to be complemented by properties such as timing constraints for analysis
in the context of the overall project scope.
Moreover, the Industrial standards like IEC 61511, IEC 61508, ISO 13849 for
functional safety, IEC 61131 for programmable controller and ISA 95 (ISO /IEC
26224) for enterprise and control system integration, etc. are currently addressed to
a limited extent in the overall system design process. Especially the requirements for
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analysis, testing, verification and validation (V&V), hazard and risk identification,
etc. needs to be incorporated in the overall methodology. This in turn implies
addition of more views and viewpoints in the architecture modeling.
EPS and HMS both being based on the concept of industrial agents, share a lot
of common concepts. Therefore, synergies can be exploited to develop a meta-model
which is suitable for both the paradigms.
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