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Abstract

Automation has been long used to increase productivity, quality, repro-
ducibility and reliability in production factories. This strategy has been fruit-
ful in the presence of stable markets and mass production environments, since
it was possible to cost-effectively produce one or few variants of specific prod-
ucts using dedicated or flexible manufacturing systems. However things are
changing. The emergence of globalisation, market turbulence and sustainabil-
ity requirements is challenging production companies to devise new strategies
to offer large product diversity, keep low inventories, and timely produce small
batches of customised and personalised products.

Agile shop-floors that can be promptly deployed and re-configured with
minimum integration and programming efforts are perceived as a promising
strategy to tackle this problem. Accordingly, companies and researchers have
targeted the development of modern ICT infra-structures to support scal-
able and interoperable control systems, plug&play production modules and
responsive factories through co-operative and self-organising control systems.
This has led to the advent of the Plug and Produce (P&P) concept, where
different production modules can be plugged in the system and start working
autonomously without ceasing production.

P&P systems support structure and functionality transformations through
plug/unplug of modules, and dynamic production and fault-tolerance through
self-organization. This will naturally increase its complexity in design, oper-
ation and exact performance predictability, and therefore it sets the need for
the definition of methodologies and decision supporting tools that can help
system designers and production managers deciding which layouts and con-
figurations could accommodate constantly changing production requirements
(i.e. different product plans and volumes).

Most research in P&P systems has been focused on the development of
interoperable pluggable modules, the necessary reference architectures and
standard interfaces to support plugability and the real-time control system
that renders the system autonomous and reactive to dynamic changes. Less
attention has been drawn to the design and configuration of P&P systems
and methodologies that can support the adaptation and reconfiguration of
P&P systems to accommodate constantly changing requirements. This thesis
focuses exactly on those points, aiming at providing a reconfiguration method-
ology that can contribute to the increase of agility and sustainability of P&P
systems.

The proposed reconfiguration methodology enables the systematic gener-
ation and assessment of reconfiguration alternatives for P&P systems. For
this purpose, it uses graph theory and a set of metrics to assess the poten-
tial performance of different reconfiguration alternatives. The experimental
tests provided present evidence that the use of the proposed methodology
can help designers selecting a suitable reconfiguration alternative whenever
new product requirements are posed. The use of this methodology can there-
fore increase the agility and sustainability of P&P systems and potentially
contribute to their industrial deployment.
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Sammanfattning

Automation har länge använts för att öka produktiviteten, kvalitet, re-
producerbarhet och pålitlighet i produktionsanlähhningar. Denna strategi har
varit effektiv sålänge man har haft stabila marknader och massproduktions-
miljöer, eftersom det var möjligt att påett kostnadseffektivt sätt producera
en eller ett fåtal varianter av specifika produkter som använder dedicerade
eller flexibla tillverkningssystem. Men saker och ting förändras. Framväxten
av globalisering, marknadsturbulens och hållbarhetskrav utmanar produk-
tionsbolag att utforma nya strategier för att erbjuda stora, individ-anpassade
produktutbud, hålla låga lager, och i rätt tid producera småserier av kundan-
passade och personliga produkter.

Att ta itu med detta problem, Agila tillverkningsystem har uppfattats som
en lovande strategi där man kan snabbt ställa om och (åter) konfigurera med
minsta integration och programplanerings insatserna. Följaktligen har företag
och forskare riktad utvecklingen av moderna IT infrastrukturer för att stödja
skalbara och kompatibla styrsystem, plug&play produktionsmodulerna och
konfigurerbara fabriker genom kooperativa och självorganiserande styrsystem.
Detta har lett till tillkomsten av Plug and Produce (P&P) konceptet, där olika
produktionsmoduler kan anslutas i systemet och börja arbeta självständigt
utan att orsaka stilleståndstider.

P&P system stödjer strukturella och funktionella transformationer genom
snabba modul-inkopplingar, och assisterar dynamisk produktion och feltole-
rans genom självorganisering. Detta kommer naturligtvis att öka dess kom-
plexitet i konstruktion, drift och exakt prestandamätning, vilket leder till
behov av metoder och besluts stödjande verktyg som kan hjälpa systemut-
formare och produktionschefer beslutar vilka layouter och konfigurationer är
möjliga/effektiva under ständigt föränderliga produktionskrav (dvs olika pro-
duktplaner och volymer).

Forskningen inom P&P system har varit inriktad påutveckling av "intero-
perabila"(driftskompatibla) systemmoduler, de nödvändiga referensarkitektu-
rer och standardgränssnitt för att stödja plugability, samt realtidsstyrsystem
som gör dessa system självständiga och reaktiv till dynamiska förändringar.
Mindre uppmärksamhet har riktats mot design och konfiguration av P&P
system och metoder som kan stödja anpassningen och omstruktureringen av
P&P system för att tillgodose ständigt föränderliga krav. Denna avhandling
fokuserar just pådessa punkter, som syftar till att ge en omkonfigureringsme-
tod som kan bidra till en ökning av smidighet och hållbarhet av P&P system.

Den föreslagna omkonfigureringsmetoden möjliggör systematisk genere-
ring och bedömning av omkonfigureringsalternativ för P&P system. För detta
ändamål använder metoden grafteori och en uppsättning av mätmetoder för
att bedöma den potentiella prestandan hos olika omkonfigureringsalternativ.
De experimentella undersökningar som presenteras bevisar att användningen
av den föreslagna metoden kan hjälpa konstruktörer att välja en lämplig om-
konfigureringsalternativ när nya produktkrav ställs. Användningen av denna
metod kan därför öka flexibiliteten och hållbarheten i P&P system och po-
tentiellt bidra till en förbättrad industriell utveckling.
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Chapter 1

Introduction

This chapter provides an overview of the current production environment and the
observed research gaps. More particularly, it will deal with the limitations of tra-
ditional systems and the inherent design and configuration approaches to cope with
constantly changing environments. Research questions and hypothesis, aimed re-
search contributions, research methodology and limitations are also presented. The
chapter is finalized with the thesis outline that details the structure of the thesis and
subsequent chapters.

1.1 Background

Production companies are increasingly suffering from the effects of the emergence
of globalisation, environmental conciousness, sustainability requirements and other
socio-economic changes [Jovane et al., 2008]. The rise of a global fierce environment
with turbulent markets and continuously changing customised demands is pressing
companies to produce better, faster, cheaper, and greener. Albeit the efforts to
thrive in such environments, it is not trivial for companies how they should devise
a sustainable manufacturing strategy that encompasses several trade-offs and con-
flicting goals: local jobs vs outsourcing, job creation vs automation/productivity,
proprietary vs open-source technology development, short-term vs long-term strate-
gies, etc. These factors are forcing companies to re-think their production philoso-
phies and practices and one thing is clear: in order to survive in this dynamic
environment it is imperative that they are able to continuously adapt to the pro-
duction context with minimal economical, ecological and social impact [Wiktorsson
et al., 2008].

In other words, companies must target agility and sustainability requirements
and incorporate them holistically in their business. Sustainability in manufacturing
and services should be thought-out as operations strategies similar to agile manu-
facturing, lean production and business process re-engineering due to their relation
to satisfying social and environmental objectives without disregarding the economic

1
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objectives of an organization [Gunasekaran and Spalanzani, 2012]. Agility involves
the capability to effectively respond to changes and should be perceived as an op-
portunity to gain strategic advantage over any possible situation [Zhang and Sharifi,
2007]. In the production domain, agility can only be targeted if the manufacturing
system has embedded the capability of changing/adapting its capabilities/resources
in order to cope with new production requirements [Barata, 2003]. Several aspects
render this goal challenging, but the main one goes back to the conceptual roots of
automation systems.

Automation has been applied since the 20th century to increase productivity,
quality, reproducibility and reliability in production factories. Likewise, it has
also been used to reduce labour costs and dependency on skilled workers, save
energy and material, and improve safety. Automation systems have been histori-
cally designed to produce a large quantity of indistinguishable products 1, or more
recently smaller amount of products of pre-defined types 2, based on forecasted
demand. These systems are designed to cope with limited changes and exhibit a
fully predictable behaviour, and justly when the forecasted conditions hold true
these systems do behave as designed (if failures and other unexpected events are
disregarded). Whenever the forecasted conditions change or unexpected events
arise not only they fail to exhibit a fully predictable behaviour as they originate
intermittent/ceased production and large re-engineering, setup and maintenance
costs [Onori and Oliveira, 2010]. This renders the traditional design and operation
of typical automated solutions inadequate to cope with changing environments and
expose their inability to fulfil sustainability and agility requirements [Hanisch and
Munz, 2008].

In the current business environment, it is extremely difficult for companies to
predict the type and range of products that will have to be developed, volumes
of production and lifespan of the products. Uncertainty regarding orders con-
strain massively the development of both dedicated and flexible solutions since
they present cost-effective solutions only in stable environments. When subjected
to continuous change and new production requirements, the costs associated with
these systems rise considerably mainly due to the need of integration of new man-
ufacturing components and re-programming (if not complete re-design and new
installation of systems). For this reason there has been an increase of interest
on the topics of agile supply chains and agile manufacturing systems. Driven by
roadmaps such as MANUFUTURE [Jovane et al., 2009], a strong research effort
has been directed towards modularity and distributed characteristics of systems and
architectures to promote systems that can autonomously and dynamically adapt
to cope with changing environments. As the business paradigm shifts towards an
increased customization and personalization, companies urge for agile shop floors in

1This is referred in literature as dedicated manufacturing systems and corresponds to the
traditional vision of a manufacturing system.

2This can be defined as flexible manufacturing systems which target the operation of the
system in several previously anticipated production scenarios through hard-coded configurations.
These concepts will be further elaborated in Chapter 2.
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order to follow dynamic market demands and cope with volatile business opportuni-
ties [Maffei, 2012,Hu et al., 2011]. This reality augments the need of manufacturing
systems that are rapidly deployable and reconfigurable and that can autonomously
accommodate the required changes with minimal integration/programming effort
and therefore maximum cost-effectiveness and sustainability [Onori and Oliveira,
2010].

To address these goals, a set of fundamental requirements have been identified:
full integration of heterogeneous software and hardware systems, open system ar-
chitecture, quick response to internal and external disturbances and fault-tolerance
at all system levels [Shen et al., 2006]. In line with these requirements several
modern production paradigms have emerged in the last two decades aiming at of-
fering responsive and cost effective solutions for unstable markets driven by product
customisation. Some examples are Bionic Manufacturing Systems [Ueda, 1992], Re-
configurable Manufacturing Systems [Koren et al., 1999], Evolvable Production Sys-
tems (EPS) [Onori and Barata, 2010], Holonic Manufacturing Systems [Van Brussel
et al., 1998] and Changeable Manufacturing Systems [Wiendahl et al., 2007]. They
share a set of core principles such as modularity, structure, heterogeneity, autonomy,
interaction and dynamics [Ribeiro et al., 2008a]. Likewise, they display a similar
standpoint regarding design objectives by seeking: 1) the encapsulation of modules’
functionalities as services to enable their seamless integration in production systems
to tackle interoperability between systems and modules; 2) enhance re-usability of
legacy equipment and systems and; 3) provide the fundamental guidelines to attain
sustainable and agile production systems.

Given the aforementioned design objectives, the development of Plug and Pro-
duce (P&P) modules with scalable, interoperable and self-organizing control sys-
tems has been recognised as an important research target in order to enhance factory
responsiveness [Jovane et al., 2009]. P&P systems typically rely on the concept of
intelligent product [Wong et al., 2002,McFarlane et al., 2013], allowing each prod-
uct/part to be transported independently and to manage its own production by
requesting transport and process executions. This makes them suitable to handle
aspects related to the dynamic plug and unplug of production modules, equip-
ment failures and change of process plans and volumes on the fly with near-zero
reprogramming efforts [Leitão et al., 2015,Onori et al., 2012].

Most research in P&P systems has been focused on the development of inter-
operable pluggable modules, the necessary reference architectures and standard
interfaces to support plugability and the real-time self-organising control that ren-
ders the system autonomous and reactive to dynamic changes. Less attention has
been drawn to the development of methodologies that can support the adaptation
and reconfiguration of P&P systems to accommodate constantly changing require-
ments. These are major issues to be addressed since P&P systems aim at providing
reconfigurable and fault-tolerant solutions for dynamic environments. P&P systems
are build for change and therefore have a different nature than traditional automa-
tion systems which are build as optimal solutions for static environments. Hence it
is vital to investigate how the reconfiguration of P&P systems can be continuously
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supported in order to enhance their sustainability and agility.
This research effort has been strengthened by the Industry 4.0 initiative which

aims at a fourth industrial revolution through Cyber-Physical Systems (CPS), The
Internet Of Things (IoT) and Internet of Services (IoS). These concepts and tech-
nologies are perceived as facilitators to the implementation of Smart Factories, en-
abling seamless integration of Cyber-physical modules, decentralized decisions, and
the communication, cooperation and exchange of services among CPS and humans
through the IoT and IoS infrastructure [Jazdi, 2014]. CPS can then be defined as
engineered systems that target the integration of computational and physical com-
ponents in a networked environment [Lee et al., 2008]. They seek composability,
adaptability, scalability, resilience and security that goes beyond today’s embedded
systems. These can be supported by the advances in sensor and communication
technology, the proliferation of distributed systems, embedded computing and web
technology, resulting in the aimed link between the physical and the cyber world.
Furthermore, the use of cyber-physical components that are seamlessly integrated
in the system is perceived as a tremendous apparatus to improve productivity, effi-
ciency, adaptability and fault-tolerance both at product and system levels [Brettel
et al., 2014,Lee et al., 2013].

The progress introduced by research in the topics of CPS and P&P systems is
expected to bring substantial advantages to the design and operation of production
systems and empower system adaptability, re-usability and sustainability. Never-
theless, in order to extend the life cycle of systems and tackle different business
opportunities, it is required a reconfiguration methodology that can provide the
necessary support to the adaptation of systems every time a new scenario is posed.

1.2 Problem Statement

System redesign and reconfiguration methods are scarce and the available ones
focus mainly on machine level [Bi et al., 2008]. Consequently system reconfigura-
tion is typically a non-systematic process that is highly dependent on human skill,
expertise and intuition [Bi et al., 2008]. Despite the fact that valid system reconfig-
urations can be found, this process is often expensive, time consuming and does not
consider many feasible alternatives [Ferreira et al., 2010]. Naturally this constrains
the possibility of adapting the system to follow new product requirements. Albeit
the research efforts in this area, the lack of systematic reconfiguration method-
ologies, assessment methods and supporting tools induce difficulties in predicting
when a reconfiguration should occur and how the reconfiguration process should be
driven [Ferreira et al., 2010]. This problem is present also in P&P systems given
their infant development stage and the lack of research in this topic.

The adaptation of P&P systems exhibits a shift from reprogramming to recon-
figuration. The change of structure and system behaviour is possible without re-
programming by adding and removing modules from the system which will trigger
dynamic interaction between the self-organising modules. This ability to dynami-
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cally handle any necessary changes (within the system’s designed physical limits)
gives P&P systems a superior proficiency to tackle the change of products and pro-
cesses, deal with scalability issues (e.g. resize system, number of modules or prod-
ucts) and perform quality and economical improvements. This creates favourable
conditions to quickly reconfigure P&P systems to continuously follow production
demands.

It is therefore important to develop a reconfiguration methodology that ad-
dresses several aspects, such as the definition of reconfiguration triggers (when
can/should a reconfiguration take place), reconfiguration method (how should a
reconfiguration be done) and reconfiguration assessment (what is the performance
gain of a reconfiguration). These definitions are fundamental to define the require-
ments for future decision support tools that integrate reconfiguration, planning and
operational activities and allow the user to make an informed decision regarding
the best reconfiguration to choose for the next observation horizon. This raises the
following research question and proposed hypothesis:

RQ: Which methods and decision support mechanisms should be developed
in order to improve the agility and sustainability of Plug and Produce Systems
to tackle constantly changing production orders?

H: Agility and sustainability of Plug and Produce Systems, to tackle con-
stantly changing production orders, can be improved if there is a reconfigura-
tion methodology that enables the systematic generation, validation and assess-
ment of reconfiguration alternatives that do not require system re-engineering
and re-programming.

This question and hypothesis will be sub-divided and addressed through the
definition of two sub-research questions and hypothesis:

RQ 1.1: Considering a given P&P system layout with specific plugging
interfaces and a set of P&P modules, how can all reconfiguration alternatives
be generated when new production requirements are posed?

H 1.1: When new production requirements are posed, all reconfiguration
alternatives for a given P&P system layout with specific plugging interfaces
and a set of P&P modules, can be generated if all the combinations of modules
in the available interfaces are enumerated and posteriorly compared with the
required production plans using a graph abstraction.
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RQ 1.2: How can P&P reconfiguration alternatives be assessed in order
to select the most promising one for the given production requirements?

H 1.2: P&P reconfiguration alternatives can be assessed, in order to select
the most promising one, if there is a set of metrics that based on the graphs of
the system and production plans enables the estimation of system performance
through the measurement of product travel time, visit of non-value-adding
stations, routing flexibility and distribution of products in transport paths and
stations.

1.3 Aimed Research Contributions

The work presented in this thesis aims at defining a suitable framework and sup-
porting methodology that enable the rapid configuration/reconfiguration of P&P
systems. P&P systems differ substantially from traditional ones in terms of system
design, configuration and operation. Hence new research domains have been estab-
lished, which have been tackled by different research efforts in the past years. This
work aims at bridging some identified gaps between different areas (see Figure 1.1,
where the specific target of this thesis is highlighted in orange).

At strategic level is important to know which modules are available to use and
have a business model to support decisions regarding developing, buying or leasing
new modules. At this level it is also important to know if there are P&P systems
available that can be reconfigured to cope with new product requirements or if new
systems need to be developed, bought or leased. These complex decisions should
dictate if orders should be accepted or rejected.

At physical level, the product should be designed according to the available mod-
ules/processes and the production workflows should be constructed including the
necessary production precedences and constraints. Ideally, this should be an itera-
tive process including the selection of the necessary modules and strategic decisions
regarding the lease or buy of new modules. Finally, using the selected modules, the
P&P system can be quickly reconfigured to better match the production require-
ments. This is the main aspect covered in this thesis since currently there is no
reconfiguration methodology that exploits P&P ability. It is important that this
is properly linked with a dynamic planning approach and Self-Organising Control
in order to dynamically decide the right product to produce at the right time in
the right resource. Another important research field concerns the development of
a P&P deployment methodology but this aspect is vaguely covered in this thesis.

At operational level the extraction and use of production data will play an
important role in linking three major blocks: the P&P system reconfiguration,
Self-Organising Control and Dynamic planning.

Within the highlighted research domain, the envisioned work contributions are:
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Figure 1.1: Plug and Produce research domains

• C1: Analysis of current reconfiguration methods and redefine the role of
reconfiguration in Plug and Produce Systems. The limitations of current
reconfiguration practices and methodologies will be highlighted and the re-
configuration strategies that may render Plug and Produce Systems rapidly
reconfigurable and reusable will be formulated.

• C2: Methodology to model different P&P systems and generate different
configurations. This methodology will extend the general EPS methodology
to incorporate reconfiguration activities.

• C3: Method to reduce the solution space and filter under-performing re-
configurations recurring to probabilistic distributions that estimate the self-
organising behaviour of the system. The final reconfiguration selection will
be performed according to performance metrics that indicate the expectable
performance of the system.

• C4: Plug and Produce Architectural considerations to enhance rapid recon-
figuration and re-usability of systems and modules.

• C5: Prototypic implementation of decision support tools that are fundamen-
tal to validate the proposed reconfiguration methodology. The set of deci-
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sion support tools implemented should allow the generation, assessment and
simulation of several reconfiguration alternatives, as well as the performance
assessment of operational results.

1.4 Limitations and Assumptions

This thesis aims at providing a contribution to the field of plug and produce sys-
tems. The concepts presented widely apply to all modern manufacturing paradigms
aiming at P&P, however they have different architectures and methodologies. In
order to bring clarity to the discussion and enable architectural and methodology
considerations and implementations the EPS paradigm will be selected as an in-
stance of a P&P system. Additionally this thesis intersects several different research
areas such as Design&Configuration, Planning and Control. This dictates the need
of clearly stating assumptions and limitations for this work:

• A1: No complex planning considerations are performed and the system re-
configuration starts when specific orders are accepted for production. It is
therefore assumed that decision of accepting orders and grouping them has
already been performed.

• A2: Even though the EPS methodology defends an interactive process be-
tween product design and available resources this interaction is not hereby
considered. It is assumed that the process of reconfiguration starts with avail-
able orders for the production of products which design is final. Analogously
the matching between the required processes and the module selection is not
covered in this work. It is assumed that the system reconfiguration starts af-
ter the human expert has selected the P&P system and modules considering
compliance, capacity and redundancy aspects.

• A3: The proposed method for reconfiguration is not fully automatic. The
intention in this thesis is the consideration of all feasible reconfiguration so-
lutions and the reduction of complexity in its analysis and selection. This
allows the user to make an informed decision based on his/her know-how and
experience.

• A4: Due to Plug and Produce infancy, there is a lack of operational data and
most existent systems have a prototypic nature. Therefore the implementa-
tion and validation of the proposed methods can only be validated recurring
through a simulation environment. In the simulation model random failures
and pluggability were not considered which means that the effects of all un-
expected disturbances that may occur in a real shop floor could not be fully
tested.

The EPS community is vast and encompasses several research fields and part-
ners, and contributions are found in a multiplicity of projects. Consequently, it is
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extremely difficult to present and relate all the developed work under EPS umbrella
and only the most important details are presented. This work will aim at maxi-
mum compliance with the work previously developed in the context of EPS but it
is recommended that the reader follows the suggested literature in section 3.2 for
more details.

Finally this thesis will focus primarily in the Assembly domain given the fact
it has been the main focus of the EPS paradigm. Assembly is the final produc-
tion stage and it is characterized by being very labour intensive, which has led to
the migration of assembly lines to low wage nations. The development of P&P
systems and reconfiguration decision support tools can potentially contribute to
cost-effective automation of this value-adding process, allowing companies to oper-
ate locally and maintain precious process knowledge [Onori and Oliveira, 2010].

1.5 Research Methodology

The work hereby presented follows the classical scientific research method depicted
in Figure 1.2, which consists on the systematic investigation of the research problem
by collecting and analysing information that can lead into the validation of new
research facts or conclusions.

The first step in the research methodology is the definition of the research prob-
lem. As previously mentioned, this thesis research problem focuses on the problem-
atic of improving the sustainability and agility of P&P systems in order to tackle
constantly changing orders. The research problem subsequently narrows down the
study field in which the literature search focuses. This will consist of step 2, where
observations are collected and used to build a strong background knowledge regard-
ing the application field and the state of the art of existent approaches. During
this step it is fundamental to empower critical thinking and deeply analyse and
document the advantages and disadvantages of different approaches and why they
have failed or succeed. Given the multi-disciplinary nature of this work, the liter-
ature search has focused in several domains: Automation and control paradigms,
methods to design, configure and assess production systems, Machine Learning and
Data-Mining approaches to exploit generated operational data and finally Graph
Theory and Complex Networks methods as modelling facilitators.

The fulfilment of these tasks, must result on an assertive literature review that
highlights pros and cons of different approaches and enables the researcher to devise
a novel approach that can potentially solve the problem in hand. The interaction
with domain experts and the use of critical and creative thinking should result
in the establishment of a sound research hypothesis that addresses the identified
problem. A fundamental aspect when building the hypothesis is making sure it is
clear and objective and that the inherent limitations and assumptions are properly
identified. Under the scope of this work, it is proposed a reconfiguration methodol-
ogy to improve the agility and sustainability of P&P systems in order to tackle the
challenges imposed by dynamic production environments on system reconfiguration
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Figure 1.2: Research Methodology (adapted from Scientific Research Methodologies
and Techniques handouts of Professor Camarinha-Matos)

activities.
Having set the research hypothesis, the experimental phase starts, where the

conceptual framework and demonstrator are developed to subject the hypothesis
to thorough scrutiny. The multi-disciplinary domain of this thesis and the nov-
elty of P&P systems render these steps quite challenging (Design experiment, Test
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Hypothesis and Result Assessment) since P&P systems are limited to a few exam-
ples of prototypic implementations, few data is available and it is expensive and
time-consuming to develop them. For this reason experiments have to be designed
recurring to simulation and the hypothesis testing is limited to a limited amount of
test-cases. Hence a Test-bed that allows the testing of proposed hypothesis under
various scenarios must be developed. In the scope of this thesis this consisted on the
development of a system architecture, simulation tool and set of decision support
tools that enabled the testing and validation of the work.

When testing and validating the hypothesis, it is fundamental to carefully se-
lect the metrics and data collection methods and make sure that there is precaution
against bias. Hence an important aspect considered in this thesis concerned how
well the simulation model reflects reality and the identification of limitations and
boundary testing conditions. If the result assessment is positive and a proof of con-
cept is achieved then the new findings must be published, otherwise the hypothesis
and/or problem can be reformulated. The proof of concept verifies that the tested
hypothesis is feasible and helps establishing a roadmap for future research. In case
the new findings falsify the hypothesis those should also be published in order to
increase the body of knowledge available in the research community.

Given the novelty of this work, the validation of this work through peer ac-
ceptance in established scientific conferences and journals becomes fundamental
apparatus to validate it. The acceptance of the work means that it is acknowledged
and validated by scientific peers which are experts in the research field.

1.6 Thesis Outline and Relevant Publications

The work hereby presented follows the methodology previously presented and the
outline depicted in Figure 1.3. The subsequent chapters of this thesis and relevant
publications are organized as follows:

• Chapter 2 - In this chapter it is provided the State of the Art on impor-
tant topics concerning this thesis, as well as important supporting concepts.
This will include important aspects of production system design,configuration,
planning and control. Furthermore it will be provided a literature analysis on
Machine Learning, graph theory and complex networks since those concepts
are important on this thesis.

– Article 1 - Neves, P., Onori, M., "Evolvable Production Systems: Ap-
proach towards Modern Production Systems", Proceedings of the 6th
CIRP-Sponsored International Conference on Digital Enterprise Tech-
nology,Hong Kong, 2009.

– Article 2 - Akillioglu, H., Neves, P., Onori, M., "Evolvable Assembly
Systems: mechatronic architecture implications and future research", 3rd
CIRP Conference on Assembly Technologies and Systems CATS2010,
Norway,2010.
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– Article 3 - Maffei, A.; Onori, M.; Neves, P., Barata, J. "Evolvable Pro-
duction Systems: Mechatronic Production Equipment with Evolutionary
Control", Emerging Trends in Technological Innovation, Springer, 2010,
133-142.

• Chapter 3 - Here is provided a comprehensive review on Plug and Produce
Systems. This will include the definitions, application context and techno-
logical enablers. Still in this context, as an example of a Plug and Produce
system the EPS paradigm will be detailed. This will constitute a frame of ref-
erence regarding EPS systems design and operation which development was
motivated by the needs identified in the introduction section.

– Article 4 - Neves, P., Dias-Ferreira, J., Onori, M, Barata, J., "Context
and Implications of Learning in Evolvable Production Systems", 37th In-
dustrial Electronics Conference IECON11, Melbourne, Australia, 2011.

– Article 5 - Akillioglu, H., Maffei, A., Neves, P., Dias-Ferreira, J., "Oper-
ational Characterization of Evolvable Production Systems", CIRP Con-
ference on Assembly Technologies and Systems CATS2012, Michigan,
USA, 2012.

– Article 6 - Neves, P., Dias-Ferreira, J., Akillioglu, H., Maffei, A., Onori,
M., "Evolvable Production Systems: Recent Developments and Research
Directions",Swedish Production Symposium SPS2012,Lund,2012.

• Chapter 4 - This chapter will cover aspects regarding reconfiguration of P&P
systems and the main conceptual contributions of this thesis will be found here
such as the context and drivers, as well as the generation of configurations
and its evaluation.

– Article 7 - Neves, P., Dias-Ferreira, J., Onori, M., Ribeiro, L., Barata, J.,
"Prospection of Methods to Support Design and Configuration of Self-
Organizing Mechatronic Systems", IEEE International Conference on
Systems, Man, and Cybernetics - IEEE SMC 2013. Manchester, United
Kingdom.

– Article 8 - Dias Ferreira J., Ribeiro L., Akillioglu H., Neves P., Maffei
A., Onori M., "Characterization of an Agile Bio-inspired Shop-Floor",
International Conference on Industrial Informatics - INDIN14, Porto
Alegre, Brazil, 2014.

– Article 12 - Neves, P., Ribeiro, L., Dias-Ferreira, J., Onori, M., Barata,
J., "Layout validation and re-configuration in Plug&Produce Systems",
Accepted to International Journal of Assembly Automation, 2016.

• Chapter 5 - This section will detail the actual work implementations developed
under the scope of this thesis to validate the contributions aimed by this
thesis. This will include decision support tools to generate and assess layouts,
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simulate plug and produce systems and assess their results and finally extract
rules to explain the relation between the metrics proposed.

– Article 9 - Neves, P., Ribeiro, L., Onori, M., Barata, J., "Performance
Assessment in Self-organising, Mechatronic Systems: A First Step to-
wards Understanding the Topology Influence in Complex Behaviours",
Technological Innovation for Collective Awareness Systems, 75-84.

– Article 10 - Neves, P., Ribeiro, L., Dias-Ferreira, J., Onori, M., Barata,
J., "Exploring reconfiguration alternatives in Self-Organising Evolvable
Production Systems through Simulation", International Conference on
Industrial Informatics - INDIN14, Porto Alegre, Brazil,2014.

– Article 11 - Neves, P., Ribeiro, L., Dias-Ferreira, J., Maffei, A., Onori,
M., Barata, J.,"Data-mining approach to support layout configuration
decision-making in Evolvable Production Systems",IEEE International
Conference on Systems, Man and Cybernetics (SMC2014),San Diego,United
States,2014.

• Chapter 6 - The experiments performed to validate both the tools and the
contributions of chapter 4 are presented here.

– Article 12 - Neves, P., Ribeiro, L., Dias-Ferreira, J., Onori, M., Barata,
J., "Layout validation and re-configuration in Plug&Produce Systems",
Accepted to the International Journal of Assembly Automation, 2016.

• Chapter 7 - This section will finalize the thesis by providing concluding re-
marks, a final overview on the contributions and a critical review. Finally it
will provide the envisioned future research for this work.
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Figure 1.3: Thesis Outline



Chapter 2

State of the Art and Supporting
Concepts

This chapter intends to cover the existent literature in the identified research do-
main. Due to the novelty of the research domain, there is limited literature regarding
the design, configuration and operation of Plug and Produce Systems. For this rea-
son this chapter will duly review traditional production systems so its limitations
can be identified and discussed. Some supporting concepts and enablers such as Ma-
chine Learning and Graph Theory are also presented since they represent important
concepts for this research.

2.1 Production Systems

2.1.1 Evolution and Trends in production
Industrial production started around the 19th century and since then the social,
economical and technological aspects have played crucial role in the requirements,
strategies and decisions regarding the organisation of manufacturing processes and
system development. Changes in these factors have therefore influenced the evo-
lution of the manufacturing industry and gave rise to several business paradigms
across the times. These business paradigms aimed at developing business models
that reflected the most adequate way of creating value for the company given the
current social, economical and technological conditions 1.

The evolution of production and business paradigms is depicted in Figure 2.1
and its main characteristics in terms of production goals, customer involvement and
the requirements for manufacturing systems are summarized in Table 2.1. Produc-
tion started in the 19th century with the beginning of craft production. During
this era products were tailored to suite customer needs and made one item at a

1For a more detailed perspective of business models in production automation please refer
to [Maffei, 2012]
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Figure 2.1: Evolution of production and business paradigms (adapted from [Barata,
2003]

time. The workers used simple but flexible tools and took part in different phases
of the production process. There was no process standardization and therefore each
item was "unique" and created from scratch. One drawback of this approach was
the lack of common product parts that could be incorporated in several identical
products and the dependency on the worker know-how and skills to achieve a good
product quality. The production was slow and the products were expensive but it
was possible to respond to any unpredictable market need.

Mass production was incepted to tackle the drawbacks of craft production and
make products available to everyone at an accessible price and with standard qual-
ity. Mass production targeted the production of large quantities of non-diversified
products at an accessible price by establishing a production line that used stan-
dard components and complex division of labour [Barata, 2003, Leitao, 2004]. A
main difference to the previous era is the fact that the customer had to adapt to
the available items and not the other way around which resulted on a predictable
market.

As the social life standards evolved the demand for more diversified products
increased and the production started to incorporate several standard products that
were offered to the customers. The developments in technology helped this tran-
sition and automation started to be used. So typically under mass production
companies started to have several dedicated production lines with dedicated equip-
ment and fixed automation.

This led to the emergence of the Lean production paradigm in the seventies.
Its main goals were achieving high productivity with very little inventories and
waste. The main philosophy behind it was that activities that do not add value
and consume resources should be discarded. Hence the main difference to mass
production was the decrease of tool investment, manufacturing space, human re-
sources, inventories, etc. and focus on achieving zero defects, low costs and high
product diversity [Womack et al., 2007]. The main applications of lean production
have been found on the automotive and electronic sectors that are characterized by
stable markets with high volumes and low product variety.
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Type of
produc-
tion

Craft
Produc-
tion

Mass
Produc-
tion

Lean
Produc-
tion

Agile
Produc-
tion

Mass
Customi-
sation

Personali-
sation

Environ-
ment

Unpredic-
table

Stable Fairly
Stable

Unpredic-
table

Unpredic-
table

Unpredic-
table

Market One to
one

Mass
market

Segmented
markets

Mass one
to one

Mass one
to one

One to
one

Product
variety

Highly
cus-

tomised

Very
limited

Limited Customi-
sed

High
variety
and

customi-
sation

Very high
variety
and

personal-
isation

Product
volume

One High
volumes

Small
volumes

All
ranges

All
ranges

All
ranges

Equip-
ment

Simple
tools

Dedicated
lines

Flexible
lines

Highly
flexible
lines

Highly
flexible
lines

Agile
lines

Worker
Skills

Highly
skilled

Limited
skills

Multi-
skilled

Multi-
skilled

Multi-
skilled

Multi-
skilled

Strategic
focus

Highly
cus-

tomised
products

Few
standard
products
at low
cost

Quality,
produc-
tivity
and

flexibility

Flexibility
and high
respon-
siveness
to unpre-
dictable
change

Customi-
sed high
quality
products
at low
cost

Highly
cus-

tomised
products
with high
quality at
low cost

Table 2.1: Differences between business production paradigms (adapted from
[Leitao, 2004])

In the nineties there was a raise of interest in achieving production systems that
could be continuously adjusted to unforeseen production requirements in a quick
and cost-effective manner. The focus changed and a new business paradigm was
born: agile production. Agility shared some principles of lean production but ex-
tends it further incorporating not only aspects of product design, customer value,
logistics. ability to change, human knowledge and skills but also the the ability to
form alliances to target new business opportunities [Kidd, 1995]. Agile manufactur-
ing implies that the enterprise integrates design, engineering, manufacturing, sales,
marketing and sales therefore ICT infrastructures are considered a key enabling
point of this paradigm [Goldman et al., 1995,Yusuf et al., 1999].

When the demand for diversified and customised products raised the mass cus-
tomisation paradigm was introduced. The main goal of mass customisation is to
achieve high quality and customised products at lower possible cost. To tackle
these problems there was a grow of interest in developing flexible production sys-
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tems that could accommodate several product variants with short modifications
and setup times.

Mass customisation was introduced focusing on delivering customised high qual-
ity products to the customers at an affordable price. To achieve this Mass cus-
tomisation enforced the increase of flexibility and agility in systems and this era is
characterized by having many manufacturing paradigms that tried to tackle these is-
sues. Examples are Flexible Manufacturing Systems (FMS), Bionic Manufacturing
Systems (BMS), Reconfigurable Manufacturing Systems (RMS), Holonic Manufac-
turing Systems (HMS), Changeable Manufacturing Systems (CMS) and Evolvable
Production Systems (EPS). Apart from FMS, they did not reach yet enough matu-
rity to be implemented in industrial applications. Some differences between them
are highlighted in [ElMaraghy, 2005,Barata et al., 2007,Tharumarajah, 1996], yet
several contact points are found. The main goal in all of them is to achieve high
quality customised products (many variants) at all production volume ranges (from
small batch to high volume) at low cost. Furthermore it is necessary that this is
accomplished in an agile way since current markets are very turbulent and unpre-
dictable and the production systems need to be prepared to change the production
context (both products and volumes) instantly and cost effectively.

One of the ways used to deal with high product diversity is the definition of
product families. Each product family has several variants based on standard com-
ponents that were previously mass produced by the same company or sub-suppliers.
The complex part was then shifted to have a well designed assembly stage where
the workers or highly flexible and agile systems could put together the standard
components to achieve the different final products. More recently a new busi-
ness production paradigm has been unveiled: production personalisation [Hu et al.,
2011]. Mass customisation and personalisation are different since they have differ-
ent goals and consumer participation. Mass customization targets economy of scope
through market segmentation by designing variants according to a product family
architecture and allowing customers to choose the design combinations. On the
other hand, the goal of personalized production is towards value differentiation by
engaging customers in the design process and achieving efficacy of the products [Ko-
ren, 2010]. The key differences between mass production, mass customisation and
personalisation are summarised in Figure 2.2.

As the business paradigms evolved, two major keywords have been commonly
used when referring to production systems: flexibility and agility. Even though they
are sometimes used interchangeably they should be distinguished and used in the
right context. A simple way of differentiating them is by associating flexibility to
the ability of responding to expected changes and agility to the ability of responding
to unexpected changes. There is still use for both the same way that there is still
need for mass production in the current times. It is important however to bear in
mind that it will still be the current social, economical and technological aspects
as well as the production context and customers that will dictate if there is a need
to be flexible or agile. Hence in this thesis flexibility will be associated with having
a pre-defined set of choices prepared to respond to future well-defined expected
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Figure 2.2: Differences between business production paradigms (adapted from [Ko-
ren, 2010])

situations, while agility will imply to be prepared for evolution i.e. to respond to
any unforeseen changes by having a more generic approach to change.

2.1.2 Production Categorisation

The development of systems is usually constrained by the current technology and
production context. It is possible to distinguish several production types, layouts
and volumes that will influence the decision-making of developing a system. Ac-
cording to production orders we can classify manufacturing systems as [Leitao,
2004,Maffei, 2012]:

• make-to-stock - production is done for stock based in forecast orders (e.g.
textile and shoe industry).

• assembly-to-order - final products are assembled after receiving a customer
order (e.g. automotive industry).
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• make-to-order - production of product starts after the customer order (e.g.
machine tools production).

• engineer-to-order - similar to make-to-order but in this case one product of
a kind is designed and manufactured for a specific application according to
customer specification hence the system is basically a prototype built to allow
the production of a specific product (e.g. space electronics)

• configure-to-order - targets mass customisation through modularisation of
hardware and software to quickly configure the system to cope with specific
customer needs. In this case, instead of selling off-the-shelf, the products are
tailored according to available product specifications in consultation with the
customer (e.g. medical systems such as X-ray machines).

• plug-to-order - corresponds to an extension of configure to order combined
with the analogy of plug and play in the computer world. The goal is to
have autonomous process modules that can be seamlessly integrated in any
system with the aid of artificial intelligence in order to avoid mechanical
and software re-integration issues. According to product specifications the
necessary modules can be plugged in the system in order to produce the
necessary orders.

Regarding production volume a manufacturing system can be classified as [Leitao,
2004]:

• Job shop - Corresponds to the production of very small volumes (often even
one) of a great variety of products. Typically are used generic equipment and
tools and in the same factory many different products are produced.

• Batch - Consists in the production of many medium size quantities of the
same product with not very high demand. Typically flexible equipment is
used and several variants of the same product family are produced in the
same factory.

• Mass Production - Corresponds to the production of one or few products
in very large volumes. The equipment and factory is typically completely
dedicated to a particular product. (e.g. production of light bulbs).

Regarding production layout manufacturing systems can be classified as [Leitao,
2004,Hasan et al., 2012]:

• Fixed position - The product is fixed due to its big size or weight and the ma-
chines or operators go to it and execute the needed operations (e.g. produce
an aircraft).

• Product flow layout - The machines or workers are disposed in a flow line
that follows the order of the production processes to reduce to transport time
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between production steps. The product can be transported manually, by
conveyors, robots or Auto Guided Vehicles (AGVs). It presents high benefits
for mass production, however it is sensitive to product changes leading to high
costs in transport re-engineering. Furthermore for several product variants it
requires the duplication of many machines and transportation between them.

• Process or functional layout - The machines are grouped according to manu-
facturing process and therefore the product will be routed to a specific group
if it needs that kind of operations. It is advantageous in the case of job-shop
and batch production due to lower equipment investment however it requires
more complex planning and control solutions.

• Cellular layout - The machines are typically dedicated and grouped into cells
to process families of similar parts. The arrangement of machines inside each
cell follow the processing sequences of the of the identified part families. Cellu-
lar layouts are typically used when there is stable and high demand of specific
part families and they consist of implementations of Cellular Manufacturing
Systems [Singh, 1993].

• Hybrid Cellular layout - This layout combines the process layout with the
cellular layout and includes both cells dedicated to high demand part families
and machines arranged according to processes to deal with low demand parts.

2.1.3 System Evaluation
The Design and operation of manufacturing systems have great economic impor-
tance since on them depends the productivity and profitability of a company. For
this reason efforts have been conducted to develop metrics which can help measuring
factory performance and promote continuous manufacturing productivity improve-
ment. Productivity measurement and improvement are two issues that should be
considered together, since to be able to improve factory performance, one must
own adequate mechanisms to evaluate it. The evaluation of Production Systems
is commonly performed based on four fundamental aspects: Time, Quality, Cost
and Flexibility [Chryssolouris, 2006]. It is not possible to simultaneously optimize
all; hence decisions regarding design and operation of manufacturing systems are
supported by trade-offs between them establishing the performance requirements.
These factors have several derivatives which are used to carry performance evalua-
tion of systems and support decision-making.

Cost

Manufacturing Costs are associated with several aspects such as facilities, equip-
ment, materials, labour, energy, etc. In the context of system configuration the costs
include the ownership of resources or services (fixed cost) and their use during the
system life-cycle (recurring cost that derives from operation and maintenance of



22 CHAPTER 2. STATE OF THE ART AND SUPPORTING CONCEPTS

the resource or service) [Semere, 2005].Other considered costs are the yield cost
(related to quality performance) and capacity extension cost (related to capacity
flexibility).

Quality

The quality factor often refers to customer satisfaction and can be traced back to
two factors: design and manufacturing (i.e. how the production process met the de-
sign specifications and keeps intended features and properties of a product). When
a large number of parts are produced it is important to analyse the repeatability of
the manufacturing process and usually statistical quality control is used. However
with the increase of customisation often low volumes are required and therefore
such analysis might have to be pondered. Manufacturing quality regards meeting
some process with a certain tolerance level that has to be adjusted accordingly to
give the necessary quality level but the less possible cost. For instance the under-
estimation of a manufacturing process tolerance might lead to the impossibility to
assemble a final product but at the same time the over-estimation of a tolerance
might introduce unnecessary costs. Quality tends to become a qualitative, rather
than quantitative measure partly due to the fact that adequate measurement sys-
tems would require very high costs.

Time

In manufacturing systems time usually refers to the time a manufacturing system
can respond to changes in design or volumes (Time to Market/Volume), and the
time a product takes to be produced in the system (production rate). The first
one is intrinsically connected to the adaptability of the system and how it can
accommodate changes while the second one is connected to factors such as machine
cycles, machine breakdowns, quantity of buffers and queuing algorithms, etc. The
production rate of a system is commonly used since it reflects the pieces produced
per unit of time when a machine is running with no interruptions. In case of
delays or machine breakdowns the actual production rate will reflect them, since
it measures the acceptable pieces produced by unit of time and it is called System
Yield. Two important factors regarding production rate are the failure rate and the
mean time between failures (MTBF). The first one is the ratio of the number of
failures of a component over the total period of time while the second is the inverse,
i.e. the total operational period of time divided by the number of observed failures.
Another important factor is the Mean time to repair (MTTR) that represents the
average time required to repair a failed component or device.

Failure Rate = Number of Observed Failures

Total Operational T ime
(2.1)

MTBF = total operational time

number of observed failures
(2.2)
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MTTR = Total Corrective maintenancetime

Total number of successful corrective actions during atime period
(2.3)

A valuable factor to analyse the breakdown behaviour of a machine is Avail-
ability which is the ratio between MTBF and MTBF plus the mean time to repair
(MTTR):

Availability = MTBF

MTBF +MTTR
(2.4)

Due to machine breakdowns and other unpredictable events, the System Yield
can never reach the level of the theoretical estimated production rate. For this
reason buffers are commonly deployed between stations to help decoupling failures
between machines and increase the total system performance.

Another important factor when considering the time performance of a manufac-
turing system is the analysis of throughput time. Throughput time is the sum of
all waiting, transport, setup, operation and load/unload time spent by the product
in all stations since it enters the system until it leaves the system.

ThroughputT ime =
n∑

i=1
(waiting+transport+setup+operation+loading/unloading)

(2.5)
On the other hand, Cycle time includes transport time, setup, operation and

loading/unloading of a product, not including the waiting time the product is sub-
jected to.

Cycle time =
n∑

i=1
(transport+ setup+ operation+ loading/unloading) (2.6)

In the context of P&P systems with dynamic routing of products and task
assignments, the waiting time presents an interesting aspect to study since some
configuration alternatives can result in poor performance due to large waiting times.
For this reason it is more interesting to evaluate the system Throughput time rather
than its cycle time.

The minimization of the manufacturing throughput time can typically be done
by reducing time for [Johnson, 2003]:

• Setup - Setup times can be reduced by using dedicated equipment which is
already considered in this research since modules typically have well-defined
functionalities and are not multi-purpose machines.
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• Processing - The processing time can be reduced by minimising time per
operation (which can also be achieved by the use of dedicated equipment). It
can also be reduced through reducing scrap or rework by using one piece flow
which is also considered in this research since in P&P context products/parts
typically travel independently and orchestrate their own production.

• Transport - The transport time can be reduced by minimising the time per
move and the number of moves. This can be achieved by grouping equip-
ment performing sequential operations, improve layout and increase station
capacity.

• Waiting - The waiting times can be reduced mainly by increasing resource
access, reduce process variability by using dedicated equipment and reduce
the number of queues. In the context of P&P systems this will include the
removal of non-adding value stations throughout the production path and
reducing the queuing time by balancing the load in stations and conveyors.

These main factors influencing setup, processing, transport and waiting times
are important for P&P systems but the main focus should be on reducing transport
time and the waiting time since those are the ones that introduce more variability
to the system performance.

Flexibility

Flexibility became a buzz word that due to its wide use has generated many dif-
ferent interpretations. In [Chryssolouris, 2006] flexibility is divided in three main
categories:

• Product Flexibility - Translates the ability of the system to economically
adapt to changing demands for various products and the usage of equipment
can be used across multiple life cycles.

• Operation Flexibility - Translates the ability of producing a set of products
using different machines, materials, operations and sequences.

• Capacity Flexibility - Refers to the system ability to deal with fluctuations of
volumes of different products in a performing and cost-effective way.

The main problem in past implementation of Flexibility concepts in systems
regards the fact that to achieve these kinds of flexibility the system was engineered
from the start accounting of specific possible changes. This leads to the achievement
of systems that can accommodate changes that were thought from the beginning
but not unforeseen ones. Further details on how to measure the flexibility of the
system can be found in [Chryssolouris, 2006].

Recently there has been a raise of interest to study reconfigurability rather than
flexibility. This shift is justified by the need to reconfigure the system to cope
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with unforeseen requirements and the need to increase re-usability of systems and
components given the increase of modularity and use of distributed control systems.
Some examples can be found in [Farid and McFarlane, 2006,Koren, 2010,Farid and
Ribeiro, 2014].

2.2 Automation and Control

This section will cover supporting concepts that fall under the automation and con-
trol scope. The advances of computational paradigms and technological solutions
throughout times have been very important in the advances of production automa-
tion since they introduced tremendous benefits in terms of efficiency, fault-tolerance
and adaptability.

2.2.1 Traditional Automation
Installations of automated production systems are composed of several process (e.g.
industrial robots, Computer Numerical Control (CNC) machines, etc.) and ma-
terial handling equipment (e.g. conveyors, Automatic Guided Vehicles (AGVs),
gantries,automatic storage and retrieval systems, etc.). Those are typically inte-
grated through a shop floor control system that aims at keeping the production
execution as close as possible to its plan. The inputs of shop floor control are the
production plans (e.g. material resource planning, etc.) and its outputs are su-
pervision information related to work in progress (WIP), inventories, machine data
(e.g. status, failures, etc.) and performance [Trentesaux and Prabhu, 2013].

The shop floor control typically has a SCADA (Supervisory Control and Data
Acquisition) system that handles the production supervision, data acquisition and
estimates key performance indicators (KPIs). The SCADA system is also respon-
sible to the transmission of this information to upper decision levels such as the
Manufacturing Execution System2(MES).

SCADA systems enable production managers to track customer orders and fol-
low the WIP, and its integration with MES ensures quality control and preventive
maintenance operations [Trentesaux and Prabhu, 2013]. The decision making in
traditional shop floor control with SCADA is mainly manual, and this lack of au-
tomated control is specially troubling in complex heterogeneous production envi-
ronments [Trentesaux and Prabhu, 2013].

The complexity associated with these environments raises the need to integrate
decision-making in shop floor control rather than simply execute and supervise the
production plans that have been pushed by MRP systems. In modern automation,
the shop floor control includes therefore decisions regarding scheduling, workload
management and capacity planning. This leads to a substantial overlap of modern

2MES is a control system that bridges the Enterprise Resource Planning and SCADA level
and allows the management and monitoring of WIP in a shop floor. It includes aspects related to
real time information of equipment, material and finished goods
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Figure 2.3: Supporting technology and necessary actions in different enterprise
levels according to the ISA-95 standard

shop floor control with both MES and Enterprise Resource Planning3(ERP) levels
[Akillioglu, 2015].

The levels of operation between traditional and modern shop floor control are
highlighted in the Figure 2.3 according to the ISA-95 standard4. Traditional au-
tomation focuses on control and supervision level, ensuring that the plans defined by
the management are followed but lacking decision-making to deal with disturbances
or rush orders. Modern automation on the other hand, targets the incorporation
of higher level decisions (integrates control, supervision and management level),
and therefore it also considers aspects related to scheduling, resource efficiency,
productivity, etc..

2.2.2 Modern Automation
As underlined in [Goldberg, 2012], automation roots can be found in the develop-
ment of autonomous systems in the presence of structured environments. Robotics

3ERP is business management tool that provides an integrated view of core business pro-
cesses using database information. ERP systems consistently keep track of business resources
(e.g. capital, raw material, production capacity, etc.) and business commitments (e.g. customer
orders,purchase orders,etc.)

4The ISA-95 standard defines consistent terminology and models to interface between enter-
prise and control systems [Scholten, 2007]
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research on the other hand focus on the development of autonomous systems that
incorporate intelligence and adaptability to cope with unstructured environments.
Modern automation intersects both fields: It seeks productivity and high quality
but it necessarily needs to trade-off predictability (e.g. static allocation of resources
that leads to a constant production time) with adaptability in order to cope with
unstructured/dynamic environments. Traditional automated systems present two
major shortcomings to thrive in dynamic complex environments:

• Systems are designed as optimised customised solutions for particular prod-
uct(s) and predicted demand(s).

• Automated solutions need long time to be developed leading to long ramp-up
times which constraints the possibility to change and follow the market needs.

As discussed above, traditional systems are not build for change (since they lack
decision-making ability) and therefore they cannot meet current changing environ-
ments. Therefore two crucial requirements must be addressed:

• System Agility: the system has to be rapidly deployable and reconfigurable

• System Sustainability: the system has no longer to be developed as a pro-
totypic machine customized for the current product but, rather, it has to
provide open solutions for evolving requirements.

Traditional automated solutions are built upon a centralized and hierarchical
control structure which offer a good production optimization but weak response
to change and therefore are not suitable to tackle changing requirements [Barata,
2003, Monostori et al., 2006]. Modern automation solutions aim at closing this
gap offering cost-effective and responsive solutions to address constantly changing
environments.

The Manufuture roadmap [Jovane et al., 2009] has pointed out the need of
cross-sectorial research to develop adequate IT structures to support scalable and
interoperable control systems, plug and play production modules and responsive
factories through co-operative and self-organising control systems. In line with
goals several research projects have paved the way to the creation of an essential
IT backbone for the implementation of modern production systems. Examples
of such projects are SOCRADES [De Souza et al., 2008], SIRENA [Jammes and
Smit, 2005a], IDEAS [Onori et al., 2012], IMC-AESOP [Colombo et al., 2014],
GRACE [Leitão et al., 2012] and PRIME [Di Orio et al., 2015].

A contact point between these projects is the development of architectures and
IT middleware to achieve ready to use intelligence and autonomy at device-level and
the management/orchestration between all the devices using functionality composi-
tion. This is typically accomplished through the use of Multi-Agent Systems (MAS)
and Service-Oriented Architectures (SOA) which constitute the most common ap-
proach to implement distributed control automation [Candido et al., 2009,Colombo
et al., 2014]. It is important to remark that both SOA and MAS have their roots in
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the computer science world and consequently they carry virtually none mechatronic-
oriented features. It is then fundamental that they are used as a vehicle to imple-
ment distributed control structures considering mechatronic restrictions since they
operate sensitive equipment and are aimed to run on low computational devices.

SOA paradigm defines mechanisms to publish, find and compose services based
on loose coupled logic promoting autonomy and interoperability between entities
which are desirable characteristics to promote reconfiguration. Despite its appli-
cability at shop floor level, SOA presents two main limitations: possibility of code
explosion to support all interactions between devices and the need of reprogram-
ming every time a new entity is added to the system [Ribeiro et al., 2008a].

The MAS paradigm, on the other hand, defines a group of autonomous and
self-organising agents that can cope with incomplete information of the world and
can communicate and negotiate with other agents in order to solve goals that one
alone cannot solve. The main advantage of using MAS at shop floor level is the
dynamic registration and deregistration of agents in the platform, decentralization
of functionalities and local autonomy.

The benefits of exploring MAS with service-orientation has been pointed out
in [Ribeiro et al., 2008a] and in many manufacturing MAS implementations agents
encapsulate their functionality and offer it as services even if they do not do so
explicitly. In the same way they seek services from other agents to complement
their internal functionalities and design goals. The loosely coupled nature of these
approaches enables the dynamic composition of complex services from simple ser-
vices and supports the dynamic plug and unplug of self-contained heterogeneous
mechatronic modules, which is desirable to increase system’s responsiveness and
tackle disturbances in the shop floor (e.g. machine failures, bottlenecks, volume
and product change, etc.) [Vrba and Marik, 2010].

Last years have witnessed a large number of projects and publications [Leitão
et al., 2015, Leitão and Vrba, 2011,Candido et al., 2009,Colombo et al., 2014] on
the application of SOA and MAS at device level to support system responsiveness
at shop floor level. This highlights the relevance of these systems in the European
research agenda and the wide academic belief that once they reach the right level of
matureness they might have high impact in the envisioned industrial applications.

2.2.3 Service-Oriented Production

The genesis of Service-Oriented Architectures (SOA) was triggered by the will to
reuse the functionalities of existing systems (or applications) and using them in
other applications rather than building them from scratch. SOA is based on the
concept of a service and it explores ICT infrastructures to make functionalities of
one system available as a service to other systems or applications. A service is a
self-contained unit of functionality and each service is built as a discrete piece of
code that can be reused throughout the applications. The application development
is done by changing the way an individual service interoperates with other services
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that make up the application, instead of the traditional code changes to the service
itself.

SOA is extensively used during software development and integration, since
it provides a powerful mechanism to tackle system modularity, interoperability
and scalability. SOA usage has boomed in the last decade due to its combination
with web-services. Web-services (e.g. eXtensible Markup Language (XML), Web-
Services Definition Language (WSDL), etc.) provide a standard way to interoperate
between heterogeneous software applications which highly facilitates the usage of
SOA by making available services that are independent from the particular tech-
nology used by the service provider and the client. This allows mutual use and data
exchange between programs of different providers without additional programming
or changing the provided services [Newcomer and Lomow, 2004].

Despite the technology used, SOA design philosophy has highly contributed to
the development of distributed systems given services’ loosely coupled and portable
nature. Manufacturing was one of the areas that was highly enriched with the
advent of SOA and web-services since it has improved the link across all the man-
ufacturing layers: business layer (Enterprise Resource Planning (ERP) systems,
Management, etc.), intermediate layer (Manufacturing Execution Systems (MES),
Planning and Scheduling, etc.) and manufacturing layer (shop floor devices such
as PLC as sensors). SOA enhances data-integration and agility in all processes
of a manufacturing company. Nevertheless the agility degree will be limited to
the by its least agile building block which highlights the importance of full service
integration [Candido et al., 2009].

Many projects and publications can be found regarding the application of SOA
in manufacturing and further details can be found in [Candido et al., 2009,Jammes
et al., 2005, Jammes and Smit, 2005b, Lastra and Delamer, 2006, Ribeiro et al.,
2008b,Candido et al., 2011]. Several authors have also realized the benefits from
merging SOA and MAS approach and develop service-oriented agents and that
has become a quite standard way to best tackle interoperability and autonomy
requirements [Ribeiro et al., 2008a,Ribeiro et al., 2008c,Mendes et al., 2009,Mendes
et al., 2010].

2.2.4 Agent-based Production

Definitions and Background

Agents have their roots in computer science and their applicability is vast and
diversified a fact which originated multiple different definitions depending on the
application domain. Agents are often neglected due to confusion with objects.
An Object encapsulates states, are able to perform actions, or methods on this
state, and communicate by message passing. An object can’t control when its
public methods are invoked and by whom and usually have passive behaviour.
On the other hand Agents can be seen as an extension of objects with higher
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degree of autonomy and proactiveness. Further details on this topic can be found
in [Wooldridge, 2008].

A comprehensive definition of agent is: "An autonomous agent is a system
situated within and a part of an environment that senses that environment and
acts on it, over time, in pursuit of its own agenda and so as to effect what it senses
in the future" [Franklin and Graesser, 1997]. An agent must then be able to interact
with the environment, make decisions based on its perceptions and act upon the
environment. The most important agents’ features are [Wooldridge et al., 1995]

• Autonomy - agents control their decisions, acting without direct control of
other programs or humans (in contrast to objects) and are able to accomplish
their delegated goal.

• Reactivity - agents have the ability to react to changes in the environment
where they are situated.

• Social ability - agents are able to communicate, negotiate or cooperate with
other agents in order to achieve their goals.

• Rationality - agents are rational since they can reason about their perceptions
to better achieve their goal.

• Proactiveness - agents are able to achieve their design objectives exhibiting
goal-directed behaviour.

Agents have typically incomplete information about the environment so they
should never assume they have complete control or knowledge over the environment,
and perceptions must be considered only as partial knowledge of the environment
(agents are built for change). Furthermore agents’ environments have typically dy-
namic and stochastic characteristics which leads to very complex scenarios. Hence
choosing suitable agent architecture is crucial so that agents can fulfil their de-
sign purposes. According to [Wooldridge et al., 1995] Agent architectures can be
categorized as:

• Deliberative - Deliberative Agents decide their behaviour based on informa-
tion gathered from the environment they are emerged on or other agents.
The most well-known deliberative architecture is the BDI (Beliefs-Desires-
Intentions) [Rao et al., 1995].

• Reactive - Reactive Agents react on changes of the environment they are
emerged on or interaction with other agents without keeping a state of the
environment.

• Hybrid - Hybrid Agents are a mix between the two previous cases, having a re-
active and deliberative component, where usually the reactive component has
precedence over the deliberative to ensure quick reaction to critical changes
in the environment.
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A Multi-Agent System (MAS) is a composition of several agents (with incom-
plete environment information) that communicate and cooperate, in a decentralized
and asynchronous manner. Despite the fact agents act autonomously determining
their actions based on their perceptions of the environment it is crucial that their
individual local decisions attain coherent global behaviour (hence the classic anal-
ogy to ants and their behaviour). MAS usually exhibit collective and emergent be-
haviour attaining results that are broader than the sum of individual contributions.
They are organized according to specific principles of organisation and operation
(architecture, messaging, negotiation, etc.) and are supported by an agent platform
(registration, de-registration, communication, etc.) [Marik and McFarlane, 2005].

In order to communicate agents need to "speak the same language" and have
a common understanding of concepts [Serugendo et al., 2006]. The semantic com-
plexity of messages exchanged by agents dictates the need of Agent Communication
Language (ACL) to enable communication and coordination of agent’s actions in
society. ACL-FIPA standards [Odell and Nodine, 2006] were developed by FIPA
(Foundation for Intelligent Physical Agents) to support agent interoperability and
interaction and they are widely used in agent implementations. Several Agent
platforms exist to support the development and execution of Multi-Agent Sys-
tems such as Madkit [Gutknecht and Ferber, 2000], Jack [Howden et al., 2001],
Cougaar [Helsinger and Wright, 2005] and JADE5 [Bellifemine et al., 1999]. The
use of standard FIPA protocols might drop system performance in some cases but
it is fundamental to ensure robust well-structured communication and integration
between heterogeneous agents [Ribeiro et al., 2011c].

Behaviours and Interaction Protocols

Behaviours The agent’s behaviours define their proactive and reactive actions.
Hence, JADE implements several behaviours that facilitate the design of Multi-
agent Systems. The class behaviour has two methods that can be override:

• action() - defines the action of the agent when the behaviour executes.

• done() - defines the stop condition of the behaviour and is always executed
after the action().

This behaviour class is extended to form several other useful behaviours:

• Simple Behaviour - a simple behaviour which can be extended in different
ways when the other behaviours don’t quite fit the design needs.

• Cyclic Behaviour - this behaviour is executed repetitively as long as the agent
is alive, which means the done() method always return false.

5In this thesis, JADE has been selected to implement MAS, hence all agent implementations
will refer to it throughout this thesis.
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• Ticker Behaviour - this behaviour is similar to the cyclic behaviour however it
is ensured a period of wait before each execution. This behaviour is executed
periodically with the period being defined during its creation (e.g. behaviour
executes every 10 seconds).

• One shot Behaviour - this behaviour executes the action() method only once
and then dies. This means the done() method always returns true.

• Waker Behaviour - this behaviour is similar to the one shot behaviour however
instead of running when it is added to the agent it runs after the wake up
time defined during it’s creation (e.g. schedule behaviour execution for later)

Other behaviours exist such as the Parallel, Sequential, Finite State Machine,
Simple Initiator and Responder, etc. however since they were not used they are
not reviewed in this section. For more details on JADE behaviours please refer
to [Bellifemine et al., 2007].

FIPA messages and protocols One fundamental aspect of MAS is that each
agent can communicate and negotiate with other agents through the exchange of
messages. In order to support this, JADE follows FIPA standards to define the
format and semantics of the messages. The JADE Agent Communication Language
(ACL) has several attributes that can be used when exchanging messages and the
most important are:

• Performative - this is the FIPA message type such as Request, Inform, Pro-
pose, Agree, Refuse, etc.

• Receiver - this is the message receiver

• Sender - this is the message sender and it is filled automatically when a
message is created.

• Content - this is the message content and corresponds the most important
information that must be communicated to the receiver. This also used some-
times to share very complex structured information or objects by parsing them
to a String. This content will be later unparsed by the receiver to reconstruct
the complex information or object.

• Conversation ID - this field is important to keep track which messages relate
to which conversation to easily keep track of parallel conversations.

• Language - this specifies the language used in the content of the message.

• Ontology - this specifies the ontology of the message so both the sender and
receiver have a common understanding of the concepts in the message.

• Protocol - this specifies the protocol used such as FIPA-Request or FIPA-
Contract Net protocol.
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• Reply by - this is used to set a deadline to reply the message.

Another important aspect of agent communication is the compliance to FIPA-
protocols so a robust and standardised communication can be achieved. The two
most used protocols are the request and contract-net protocols. The Request Pro-
tocol is typically used to have a one to one interaction with another agent. In this
protocol the initiator sends a request to the participant which will subsequently
evaluate the request and reply to the initiator with a refuse message or agree mes-
sage. If the participant has agreed to perform to request it will allocate efforts to
fulfil this request and once the task is completed it will send a message to the ini-
tiator with the result (i.e. failure or inform). In the context of production systems
this protocol is typically used by the product to interact with a station and request
the execution of a process. Upon process completion the station communicates to
the product agent if the process was successfully completed or if there was a failure.

Figure 2.4: Fipa Request Protocol (extracted from [Odell and Nodine, 2006])
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Figure 2.5: Fipa Contract-Net Protocol (extracted from [Odell and Nodine, 2006])

The Contract-Net protocol is typically used to have a complex negotiation be-
tween one agent and several other agents. In this case the the initiator starts the
communication by requesting the other participants to send a proposal and will
then analyse all the proposals and accept the ones matching their needs and reject-
ing the other ones. After having his proposal accepted the participant will then try
to perform the agreed action and upon completion will inform the initiator about
the result (i.e. inform or failure). In the case of Production Systems this protocol
is typically used by the product to interact with different Stations that can perform
the process they need and check their status in order to decide which station should
they be allocated and routed to. In this case the product only accepts one offer
since it cannot travel to station A and B at the same time.

Multi-Agent Systems Applications in Industry

On the front line to support modelling and implementation of distributed man-
ufacturing systems one can find Agent-based Technology which relies on the im-
plementation of agents as autonomous decision-making units that achieve global
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goals through social interaction. Agents are autonomous problem-solving entities
capable of operation in dynamic environments and therefore provide a good so-
lution for dynamic and complex manufacturing environments. The use of agent
technology in industry is advocated in the presence of problems with the following
characteristics [Parunak, 1998,Barata, 2003]:

• Modular - Agents are suitable for applications that naturally possess modular
structure. The modularization of the system can follow two kinds of decom-
position: functional and physical. Physical decomposition is more suitable
for agent-based systems since it defines distinct sets of state variables that
are managed individually by agents which promote re-usability of software.

• Decentralized - Agents are well suited for problems that can be decomposed
into independent tasks. The resulting problem of decentralization will be
coordination between agents’ actions.

• Changeable - Modular and decentralized structure of agents enhances change-
ability since the presence of these 2 characteristics in agent architectures di-
minish reprogramming efforts in large scale. Modular structure enables the
system to be modified in different pieces of software while decentralized struc-
ture minimizes the impact of modifications in one module in other module’s
behaviour.

• Ill-Structured - Ill-Structured problems are characterized by not having full
information and therefore not being able to fully structure them. This is the
case of manufacturing environment since the environment is constantly evolv-
ing. Agents are suitable for this since an agent’s knowledge can be indepen-
dent from other agents and its knowledge can be focused on the environment
rather on the other agents (loosely coupled system).

• Complex - Agents are suitable for complex problems since they are by nature
suitable to decompose a complex problem into a set of simpler problems han-
dled by different agents. This enables an explosion of combination of agent’s
behaviours which can reduce massively re-programming.

The applicability of Agent technology in manufacturing is vast encompassing
different manufacturing levels. Problems such as real-time manufacturing control,
process planning and scheduling, material handling systems, enterprise integration
and collaboration, etc. have been considered suitable for agent application and last
years have witnessed a raise of interest for research activities in this field [Marik
and McFarlane, 2005,Monostori et al., 2006,Leitão, 2009,Leitão et al., 2015].

At more high level one can find examples of agent usage in supply chain and
enterprise collaboration. The complexity regarding the business environment has
grown massively in recent years. Business opportunities exist and are profitable,
however due to harsh competition there is a need to quickly embrace them. As
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SMEs constitute the large majority of European Manufacturing and total EU in-
come they need to be supported in the global competitive market since often they
cannot stand alone to tackle a business opportunity. This led to the advent of new
business paradigms such as Virtual Enterprises or Supply Chains among other forms
of Collaborative Networks [Camarinha-Matos and Afsarmanesh, 2005,Camarinha-
Matos et al., 2009].

These ways of operating intend to improve enterprises’ agility to make tempo-
rary alliances to be able to target business opportunities that they would not be
able to target alone (also known as coopetition [Wilhelm and Kohlbacher, 2010]).
Partners in such alliances share profits, risks and responsibilities joining efforts to
achieve one or more goals. It is deemed fundamental that alliances are established
and ran in an agile way and therefore it is crucial to have a network infrastructure
that enables adequate communication, negotiation and operation among partners.
Multi-Agent Systems can play a key role in these matters providing a support
mechanism to model and implement such collaborative networks [Barata, 2003].

Process planning and scheduling is another area where the use of Agent technol-
ogy has been investigated. Process Planning consists on selecting and sequencing
manufacturing processes to achieve the intended goal. Process Scheduling refers to
the selection among alternative plans and the assignment of resources to the ac-
complishment of the set of processes present in the plan. These two manufacturing
activities are fundamental for enterprise profitability since they can enhance time
to market by achieving optimization of resources and plans.

Limited manufacturing resources must be utilised in the most optimized condi-
tion in order to produce the desired productivity and profitability for an enterprise.
In this field the potential of applying Multi-Agent Systems has been realized and
research has been conducted in the past years. Main advantages of using MAS in
these activities are the dynamic adaptation to current shop floor environment (e.g.
failures, bottlenecks, etc.) through Agents’ communication and cooperation. MAS
distributed and cooperative solutions enable the optimization of resources for dy-
namically changing conditions [Marik and Lazansky, 2007,Leitão, 2009,Shen et al.,
2006].

The application of agent technology for real-time manufacturing control has also
been subjected to research. Agent solutions aim at achieving fault-tolerant and agile
control systems for manufacturing [Leitão, 2009, Leitão and Vrba, 2011,Metzger
and Polakow, 2011,Monostori et al., 2006]. Each manufacturing resource in the
production environment corresponds to one Agent forming a Multi-Agent System
of cooperating Agents that dynamically determine the best actions to achieve the
intended production goals. Hence a strong emphasis in coordination of Agents needs
to be considered and Agents should be able to pursuit their private optimization
goals without jeopardizing shared global production goals.

The main advantage of using MAS in shop floor is the decentralization of re-
sponsibilities and the local autonomy evidenced by agents. Such characteristics are
very desirable to achieve systems that are able to tackle central nodes of failure and
constant unpredictable events (machine failures, bottlenecks, volume and product
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change, etc.). Furthermore the autonomy, learning and self-organisation of agents
are viewed as desirable characteristics to facilitate quick system (re-)design and
(re-)deployment [Onori and Barata, 2009]. Besides saving integration costs to the
enterprise this will also highly enhance the ability of the shop floor and therefore
enable the enterprise to have quicker time to market and target different business
opportunities.

The last years witnessed the introduction of several Agent architectures for
manufacturing such as PROSA [Van Brussel et al., 1998] , COBASA [Barata and
Camarinha-Matos, 2003] or ADACOR [Leitão and Restivo, 2006].

In PROSA (product-resource-order-staff architecture) a holonic reference archi-
tecture for manufacturing systems uses three basic types of holons (product, order,
resource) and a higher level holon (staff) to abstract products, resources, orders
and logical activities. The resource holons are responsible for the control behaviour
through an information processing part. The product holon holds the process and
product knowledge. The order holon represent the tasks that can be executed by
the system. Finally, the staff holon aims to assist the basic holons.

COBASA is a multi-agent based reference architecture that supports fast adap-
tation and changes of shop floor control architecture with minimal effort. In the
COBASA architecture aggregations of intelligent modules (coalitions) are orches-
trated by coalition leaders in order to devise combined functionalities that match
the product requirements.

ADACOR is an agile and adaptive manufacturing control architecture that in-
creases agility and flexibility of enterprises, dealing with the need of fast reaction
to disturbances at shop-floor level. It introduces an adaptive control approach that
evolves in time to achieve a combination between global production optimization
and agile reaction to disturbances.

Regarding implementations, several examples of industrial applications of Agent-
Based Systems can be found in [Colombo et al., 2006,Monostori et al., 2006,Marik
and Lazansky, 2007, Pechoucek and Marik, 2008, Shen et al., 2006, Vrba et al.,
2011, Leitão and Vrba, 2011,Onori et al., 2012, Leitão et al., 2015]. These imple-
mentations intend to prove to suitability of using agent based systems at industrial
level to tackle highly complex and dynamic environments. The application of MAS
in industrial systems can benefit from the use of learning to enhance its performance
and it is expected that this factor will play crucial role to tackle complexity and
dynamicity present in the manufacturing environment [Shen et al., 2000,Monostori,
2003,Monostori et al., 2004].

Despite the advances and theoretical suitability of agent application in industry
there is still a long way to run before this paradigm is widely accepted in industry.
Some of the advantages and disadvantages are highlighted down with focus on shop
floor control [Shen et al., 2006,Marik and McFarlane, 2005,Marik and Lazansky,
2007]:

• High Robustness due to not having a centralized decision element.
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• Changes in the production system (add/remove equipments, layout change,
etc.) is handled by agents avoiding re-programming of systems.

• Changes in production plan and schedule can be handled by agents on the
fly.

• Cross Layer Integration among several levels of the enterprise.

• Cost of industrial MAS solutions is still expensive due to prices of embedded
devices and development of agents.

• Scalability problems with MAS associated with current IT limitations result in
limitations when it is intended to use thousands of agents running in parallel.

• Limitations on current agent platforms specially regarding performance on
embedded devices.

2.3 System Design and Configuration

2.3.1 Product Standardisation and Modularisation
Standardisation and modularisation of products have been a fundamental enabler
for increase productivity and lower costs of automatic production. Standardization
of products helped to maximize compatibility, interoperability, safety, repeatability,
and quality, playing a decisive role in the establishment of the mass production
paradigm. The production of affordable standard products played an important
role in expanding massively the customer target group. An example of this strategy
was the production of the model-T car and the illustrious quote from Henry Ford:
"Any customer can have a car painted any colour that he wants so long as it is
black.".

Many things changed since then. The demand for customised products at
near mass production cost has led to the establishment of the Mass Customisa-
tion paradigm [Pine, 1993]. As a result, the number of product variants offered to
the customers have raised massively over the years which has induced complexity
in the production stage. The increase of product variety has been tackled in great
extent through the concept of modularity. Modularity allows the subdivision of
complex products into smaller less complex parts that can be designed indepen-
dently and incorporated into different products. A modular architecture should
guarantee that the modules are self-contained building blocks with standard inter-
faces to enable the subsequent composition of modules to create different product
variants. This property is crucial to guarantee that different modules can be manu-
factured simultaneously and independently, which can lead to the reduction of the
total production time [Ericsson and Erixon, 1999].

When discussing modularity, an important aspect to consider is the trade-off
between product differentiation and standardization. Higher product variety can
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be achieved through the combination of many different modules (high modulari-
sation), however this can have a negative impact on costs. On the other hand,
the use of more common modules (higher standardisation) can reduce the number
of possible combinations and product variants but contribute to lower costs [Jose
and Tollenaere, 2005]. This has led to an increase of interest in topics of Delayed
Product Differentiation and Postponement since these methods can help finding
the optimal number of common and different parts between product variants and
the decoupling points for assembly lines to enable more cost-effective production
strategies [AlGeddawy and ElMaraghy, 2010b]. The goal of these methods is to
assure the product take its final identity as late as possible in the assembly stage
in order to reduce costs.

Modularisation is a strong enabler of product diversity by making manufactur-
ing more manageable but it poses significant challenges in the assembly stage to
deal with many complex assembly options. As the number of product parts and
production variants grow so does the complexity of designing and balancing assem-
bly lines. This task becomes even more challenging when the markets are unstable
and the production is dictated by unpredictable customised orders. Assembly is
still one of the most cost-effective approach to high product variety; nevertheless
further research on design, configuration, planning and operation of assembly sys-
tems that may support the continuous evolution of modular product architectures
is required [Hu et al., 2011].

2.3.2 Assembly Line Design
Assembly lines are flow oriented production systems composed by stations which are
aligned typically in a serial manner. Originally built for cost-efficient mass produc-
tion, they are now struggling to cope with constant re-design and re-configurations
imposed by high customisation and low volumes [Boysen et al., 2007]. The main
goal of Assembly Line Design (ALD) is the maximization of the ratio between
throughput time and required costs. ALD comprises decisions regarding equip-
ment selection and alignment of production processes including aspects such as
system capacity and work assignment. This activity is often carried out without
support of adequate tools and based solely on human experience and know-how.
Due to this fact many design alternatives are left unexplored and the quality of the
line design will be highly dependent on the competence of designer [Michalos et al.,
2012].

ALD embodies two main sub-topics: Assembly Line Balancing (ALB) and Re-
source Planning (RP). ALB more common problems consist in assigning tasks to
workstations to satisfy a specific objective function: minimizing the number of
workstations for a fixed production rate (type I); maximizing production rate by
minimizing the sum of idle time for a fixed number of workstations (type II); maxi-
mize line efficiency (type E); achieve feasible solution given the number of machines
and cycle time (type F) [Boysen et al., 2007,Boysen et al., 2008]. Considering the
state of the art of assembly line design one can find a vast number of contributions
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in literature regarding ALB especially regarding Simple Assembly Line Balancing
(SALB) which introduces several simplifications and restrictions to the General
Assembly Line Balancing (GALB) problem such as: homogeneous products, fixed
cycle times, deterministic operation times of tasks and serial layout line. RP prob-
lems on the other hand consider the case when more than one type of equipment
is available [Boysen et al., 2007]. The equipment should be selected according to
its suitability to perform the required task (i.e. task time, cost, etc.) and there are
several documented methods that do this using Integer Programming, Genetic Al-
gorithms and Neural Networks. Several approaches to solve ALB and RP problems
can be found in literature [Boysen et al., 2007, Becker and Scholl, 2006, Bukchin
and Rubinovitz, 2003, Graves and Redfield, 1988, Rekiek et al., 2002, Rekiek and
Delchambre, 2006,Scholl and Becker, 2006]. Most of them try to tackle these prob-
lems employing mathematical models, exact solutions and heuristics ending up in
simplified models that fail to reproduce the reality and therefore are rarely used in
practical industrial applications [Michalos et al., 2012].

Given the identified limitations, [Michalos et al., 2012] presents an approach in
the automotive domain where it is developed a multiple criteria decision-making
method to evaluate alternative assembly line designs through a search algorithm
that identifies the most suitable designs. The process is not exclusively done in
automatic way requiring the input of the system designer in respect to the possi-
ble combinations of configurations and operations. After this process is done the
algorithm will look into all possible configurations and decompose each task into
the potential operations in each configuration and later assign equipment to these
operations based on the established criteria. Some drawbacks of this method are 1)
due to the combinatorial explosion of cases this process can take up to several days
to perform; 2) combinations of configurations and operations have to be inserted
manually; 3) the overall system behaviour is not considered (e.g. no considerations
regarding how the different stations are connected and only considered operation
times); 4) the work seems tailored for single product line.

In [Li et al., 2011] it is presented a an approach to automatically generate sys-
tem configurations with equipment selection for automotive battery manufacturing.
The proposed method is based on a 2 loop optimization: outer loop to generate dif-
ferent task sequences based on genetic algorithm and inner loop for the assignment
of tasks to equipment based on an exhaustive search algorithm. This presents in-
teresting results in designing assembly system configurations considering assembly
sequence generation, equipment selection, task assignment and balancing consid-
ering non-sequential tasks. Nevertheless it presents some short-comings: 1) only
considers one product; 2) does not include material flow aspects and transportation
considerations.

In [Webbink and Hu, 2005] a set of algorithms to allow quick generation of as-
sembly system configurations and task assignment are presented. The work consists
in a three step approach where system configurations are generated first, followed
by the generation of the assembly sequences, and finally the assembly sequences
are matched with the configurations. In this approach no equipment selection is
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considered and the evaluation of solutions is not done automatically. There have
been also several tries to design layout models for delayed product differentiation.

In [AlGeddawy and ElMaraghy, 2010a] the authors use a model that analyses
product commonalities and selects the differentiation points complying with assem-
bly precedence constraints. This model is used to generate the assembly line layout
without having previously defined either the number or positions of the differenti-
ation points and supporting precedence constraints for each product. This model
does not consider however balancing aspects neither equipment selection aspects
having focused on the generation of feasible assembly sequences and generating a
layout that can accommodate delayed product differentiation.

Another example can be found in [Ko and Jack Hu, 2008], where a method to
make task-machine assignment and balance of manufacturing systems with asym-
metric layout designs is proposed. It supports task precedence, task serial/parallel
relations and demand satisfaction in asymmetric configurations and it considers a
representation of the system configuration and material flow. No equipment selec-
tion is considered and the objective function of the system balance is based on idle
time trying to minimize the machines used. It is also considered that all tasks can
be performed in any general machine and the system is designed for different steps
in estimated production scenarios.

The estimation of the production volumes and future variants are considered
always as inputs in the design of tailored production systems. Much work is done
on assembly line balancing to try to make the most effective assignment of product
tasks into the equipment to fulfil problems of type I, II, E and F. Some approaches
combine assembly sequence generation, equipment selection, system layout and
balancing problem holistically considering aspects such as equipment cost and pre-
dicted cycle times. However the fact that little work is found in real-life configura-
tion problems is an indicator that academic methods present limiting shortcomings
that render them impracticable [Boysen et al., 2008]. Some typical differences be-
tween research models and the real world problems are enumerated in [Falkenauer,
2005] and the ones related to automatic assembly are highlighted:

• Do not balance but re-balance - Most approaches assume that the problem
to solve will result in a newly built assembly line and possibly in a new
factory. This results on oversimplifications of models and the achievement of
non-practical solutions.

• Workstations have identities - Stations have their own identity and are differ-
ent. They might need different space constraints, restrictions, etc. (e.g. do
not place a welding operation next to a pain one, need compressed air supply,
etc).

• Unmovable Operations and Zoning Constraints - Some Operations need to be
performed in a specific workstation because thee equipment or part might be
too big or heavy and/or need supply of material.
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• Cannot Eliminate Workstations - Given the workstation identities the elimi-
nation of workstations might cause holes in the line since the other stations
maintained their identities. This can cause also problems in the transport
system.

• Need to equalize Loads - In many cases algorithms define an objective function
to minimize the line’s cycle time (i.e. minimize the maximum lead time over
all stations). However it is usually not advantageous to reduce this value
under the production target. So if the production target is met the goal
should be the equalisation of the loads among stations.

• Multi-product line balancing in average - More and more assembly lines need
to deal with the assembly of multiple products. hence to obtain real average
workstation lead times, those should be computed separately for each the
different products (with true operation durations) and averaged according to
the respective product percentages.

The straight-forward applicability of existent methods to P&P systems is not
possible given the different goals and implementation guidelines [Neves et al., 2013]:

• P&P systems are not built as tailored systems for specific products but instead
as responsive and cost-effective solutions for evolving requirements.

• P&P systems typically are designed with a specific number of advanced mecha-
tronic interfaces which can be exploited to plug and unplug equipment without
reprogramming. Consequently costs in integration and reprogramming (e.g.
equipment, conveyor lines, etc.) can be minimized by re-using those systems
and their structure and interfaces, changing only the equipment necessary for
new processes or volumes.

• Re-usability and compliance of specific process-oriented modules is fundamen-
tal unlike many methods which consider multi-purpose machines. Further-
more re-usability and plugability of modules enables configuration optimisa-
tion. The location of a specific module/machine might influence the overall
system behaviour and validity of the solution. Hence they should be handled
carefully when generating configurations.

• in P&P systems, assignment of tasks to equipment is done dynamically to
achieve a system behaviour which is reactive to faults and other disturbances
(e.g. queues). Therefore, in the presence of redundancy, it is not possible
predict surely the route of the product and visited stations. This can only be
approximated through probability distributions.

An important aspect when designing assembly systems for highly customised
orders is their ability to adapt and cope with change. This can be achieved by ap-
plying the correct level of automation and having the ability to change the degree
of automation whenever is necessary [Fasth-Berglund and Stahre, 2013,Wiendahl
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et al., 2007]. It becomes then important to measure the system complexity and its
impact on performance and reconfigurability. An example if given in [Zeltzer et al.,
2013] where a complexity measure for mixed-model assembly stations is provided.
Another example is given in [Fast-Berglund et al., 2013], where the authors investi-
gate the relations between complexity, quality and cognitive automation. A review
on sources of complexity in system design is provided in [ElMaraghy et al., 2012]
and it is argued that an increase in complexity by design is only justifiable if it
improves the system capabilities and performance. This is in fact the case of P&P
systems since their engineering design is more complex than traditional assembly
automation solutions, and they do provide added functionalities (e.g. plug and
unplug of modules on the fly, dynamic routing through self-organisation, etc.)

P&P systems aim at the decentralization of decision making and empowerment
of autonomy in entities to decide the best course of action to deal with changing
unpredictable environments. This goal is grounded on dynamic task-assignments
(supported by communication between entities and Self-Organisation) and sup-
ported also by the ability to plug/unplug modules in real time. This removes the
full predictability of the system behaviour, and it makes it hard to guarantee when
a specific production step will start and in which machine. These requirements
need therefore to be incorporated in models that aim at supporting reconfiguration
of these systems. Furthermore since it is unclear if a rush order will need to be pro-
duced or a failure will occur, the objectives of these systems should be focused on
reducing the average Throughput time considering the distribution of production
in the system and the equalisation of loads in the stations.

2.3.3 Approaches to System Design and Configuration
The design and configuration of a production system aims at generating the most
suitable configuration for the production of one or more product variants according
to the production strategy. The generated configurations must satisfy the produc-
tion and performance requirements by defining a layout, selecting resources and
assigning tasks to resources. The possible configurations include a massive num-
ber of alternatives that reflect different system layouts, task assignments and other
operational decisions.

Literature on manufacturing system design focus on the solution of simplified
portions of the overall problem (even though in reality they influence each other)
[Chryssolouris, 2006]:

• Resource requirement problem: the decision regarding how many resources
(e.g. machine, human, AGV, etc.) of each type are necessary for a specific
production horizon. This decision is dependent on factors such as layout and
accessibility of positions, process plans and volumes, operational policies, and
other constraints such as budget, space etc.

• Resource layout problem: the decision regarding the positioning of resources
in the factory to meet the production requirements.
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• Material flow problem: the decision regarding the type and configuration of
material handling systems.

• Buffer capacity problem: the decision regarding the necessary buffers and
their capacity to decouple the several processing stages across the manufac-
turing system.

When the number of products and parts grow, so does the size of the system
and necessary stations. This induces more complexity in the system design and
makes analysis of productivity and quality for each configuration more difficult. In
order to tackle this, several approaches were developed aiming at decreasing the
design complexity of product flow and process layouts and enable the generation
and evaluation of configurations. Those approaches include the use of deterministic
models, queuing models, discrete event simulation, axiomatic design and heuristics
[Groover, 2007].

Deterministic models are typically used to roughly estimate the production rate,
capacity and utilization; however in most cases they do not allow the evaluation of
queues and other dynamics. Consequently they frequently overestimate the perfor-
mance [Groover, 2007]. These models can be implemented through mathematical
programming techniques that optimize a specific algebraic objective function of
specific decision variables [Chryssolouris, 2006]. These exact methods converge to
a single solution which is every so often not feasible due to limiting conditions
not considered in the model [Shiyas and Pillai, 2014]. Consequently, the genera-
tion of alternative configurations that can be further scrutinized by the designer
might potentially lead to a more effective decision-support tools. An integer pro-
gramming model with a decomposition approach is proposed in [Chen, 1998] to
minimize material handling and machine costs and cell reconfiguration cost for
multiple time periods. Despite the interesting results, this method tries to do op-
timisations for multiple periods in a planning horizon which makes it unsuitable
for constantly changing environments. Furthermore some aspects of the model
are hard to quantify (e.g. machines moving cost, application of new layouts, etc.)
and some important aspects are disregarded (e.g. machine utilization, product mix,
etc.). In [Gupta et al., 2015] it is presented a methodology to identify the most per-
forming system configurations during early phases of design based on the expected
productivity, convertibility, scalability and incremental cost. The model presented
considers several important aspects of layout design however the work focuses on
the arrangement of similar machines in different configurations (e.g. serial, paral-
lel, etc.) while the pre-requisite of this work is to have heterogeneous processing
stations and a pre-defined layout which should not be modified. a similar example
is also found in [Abdi, 2009] but analogously similar machines are used and the
purpose of the work is finding the best layout configuration arrangement in terms
of serial and parallel relation of the machines.

Queuing models are used to describe the dynamics not present in deterministic
approaches but usually they allow only general modelling of queues and simple
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system configurations. They provide the user a way to design and evaluate the
performance of systems with queues. In some cases the performance of the system
is computed mathematically but in most cases simulation is required given the
complexity of the problem. Examples of the application of queuing models in
manufacturing can be found in [Papadopoulos and Heavey, 1996].

Discrete event simulation (DES) is used in later stages of design and it provides
the most accurate method to model the system dynamics [Groover, 2007]. Never-
theless, it is infeasible to test all possible configurations using simulation since it
would be very time consuming. For this reason it is usually used in later design
stages. A comprehensive review of DES publications regarding system design and
operation can be found in [Negahban and Smith, 2014]. A limiting factor of tra-
ditional DES is the dynamic decision making found in P&P systems to deal with
unforeseen orders. This challenge could be tackled using agent-based simulation
where each agent in the shop floor is mirrored into a simulation environment to
predict the dynamic decision take in different steps of production. ABS enables a
close match between the entities of the reality, the entities of the model and the
entities of the simulation which facilitates the software design and implementa-
tion [Parunak et al., 1998a].

Axiomatic Design (AD) provides a formal design methodology that uses matrix
methods to analyse the transformation of customer needs into functional require-
ments, design parameters, and process variables. An example is found in [Babic,
1999] where the use of AD provides the conceptual frame and methodology for
Flexible Manufacturing System design and the criteria for its evaluation. Other
interesting works using AD can be found in [Farid, 2015] proposing a formulation
to measure the static resilience of a system and in [Farid and Ribeiro, 2014,Farid
and Ribeiro, 2015] where a multi-agent system reference architecture for RMS is
quantitatively formalized.

Heuristics are usually applied to limit the solution space and achieve a time
efficient solution. Classical exact solution methods (e.g. enumerative, branch and
bound, linear programming, etc.) allow finding optimal solutions; however they
can be extremely time-consuming when solving real-world problems (e.g. large-
dimension, hardly constrained, etc.). Search methods find solutions by exploring
paths in the solution space and the inclusion of a heuristic will dictate how the
exploration will be performed. A good heuristic can help to find good solutions in
shorter time, but it can also fail if the best solutions are in the states it chooses
not to try. Given the NP-complete nature of design problems (e.g. cell formation)
heuristics have been widely used and examples can be found in [Renzi et al., 2014].
In [Ariafar and Ismail, 2009] a simulated annealing algorithm is used in a cellular
manufacturing context to find optimal layouts that minimize material handling
costs. To implement the algorithm an initial feasible solution is provided and
the objective function of the algorithm is defined as the material handling cost.
Afterwards a mechanism that generates alternative neighbour solutions is defined as
well as the start and stop conditions. Such model can derive layouts with minimum
material handling costs, however no consideration of station process times or queue
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generation are present and therefore it is hard to conclude about the final system
performance. A methodology to develop flexible layout designs is found in [Yang
and Peters, 1998]. This work enables the optimisation of the trade-offs between
material handling and machine rearrangement costs, however it considers similar
machines in the model.

Due to the growing of the solution space (caused by the increase of worksta-
tions, product types, material flow, etc.) methods based on graph theory and
complex network are starting to emerge to provide a structural analysis of the sys-
tems and detect potential bottlenecks or unbalanced workload distribution [Becker
et al., 2013, Becker et al., 2014, Blunck et al., 2014, Neves et al., 2014c]. Tradi-
tional industrial view is critical towards these approaches mainly due to its level
of abstraction which limits the inclusion of important mechatronic and operational
constraints [Alderson, 2008]. However they can provide an adequate tool to try
to link function and structure of systems and do preliminary system analysis that
can contribute to the reduction of the solution space and consequently reduce the
number of morose simulations.

Recent work also includes the structural analysis of layouts and assessment of
complexity. An example is found in [ElMaraghy et al., 2014] where the structural
complexity of system layouts are assessed based on metrics that evaluate the number
of connections, alternative paths, cycles, decision points and redundancy. Despite
the usefulness of this work in assessing the structural complexity of layouts, there is
no link between the product mix (types and volumes) to be produced, alternative
layouts and the resultant material flow in the system. It becomes therefore im-
possible to establish any relation between the expected performance of layout with
specific production orders. For example, a system layout might have a complex
structure in terms of connections, alternative paths or redundancy and depend-
ing on the specific production requirements and equipment/process allocation this
might add value or degrade the system performance.

In industrial applications the problem size, complexity and lack of suitable mea-
sures to define design goodness makes the use of decision making and optimisation
tools difficult. For this reason most designs are still generated by a human designer
and then evaluated and tested with simulation models. While this ensures that the
design is acceptable and does not lead to failures, it is not possible to guarantee
that the design is optimum or how close to optimum it is [Chryssolouris, 2006]. It is
then important that future methods enable a comparison between different design
and configuration alternatives and their performance optimality. Additionally, sys-
tems must be designed to fulfil evolving requirements without major re-engineering
costs and re-enforce the re-usability of components [Koren et al., 1999]. Finally,
commercial software tools that can assist in the design and configuration of manu-
facturing systems are scarce and lack graphical and user-friendly interfaces [Drira
et al., 2007].

Given the P&P goal of dynamic decentralized decisions and constant reconfig-
uration to tackle change, decisions have to be taken quick. There is a need for a
supporting methodology and decision support tools that can guide the user towards
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the selection of a high performing reconfiguration. The decisions are complex and
incorporate many different factors to select between many different possible alterna-
tives. These alternatives cannot be all studied and simulated given time constraints.
Hence, this process needs to be quick and user-friendly and it is fundamental that
the user can give his input (e.g. module A needs to be allocated in a specific po-
sition because of material supply) and also be able to understand why would one
configuration be potentially more beneficial than other.

2.4 Machine Learning and Data Mining

2.4.1 Introduction
In general computer problems are solved through the use of algorithms, i.e. a
sequence of instructions that enable the transformation of a given input in an
output. For example let us consider as an input a set of numbers and the output
an ordered list of these numbers. To carry on this task several algorithms exist and
according to the requirements and efficiency one can be selected to perform this
task. However not all tasks are solvable through the use of a particular algorithm.
For instance if we want to identify spam emails, we know the input (email with
characters) and the output (spam or not spam) however we do not know how to
transform the input in output because there is no evident algorithm for this task.
Hence in this kind of problems what we want is the machine to learn automatically
the algorithm for the task [Alpaydin, 2004].

Countless amounts of data are stored everyday with the purpose of extracting
useful information from it. The size and complexity of this data makes humans
unable to exploit it, and forces the use of computers [Marsland, 2011]. Machine
Learning (ML) has become a hot topic of research in the last decades as people
realized the potential of storing unlimited data and using very powerful computers
to extract useful information from it. Triggered by technological advances (e.g.
improvement of computational power and storage capacity, internet proliferation,
etc.), ML can be found in a wide range of applications from biology to online
shopping, from medical to bank frauds. Some examples are hospitals recording
patient information to investigate reaction to specific treatments and analyses their
adequateness, supermarket chains analysing what people buy to improve logistics
and make predictions, banks recording information about how clients spend money
to try to detect credit card frauds or recording information about users on their
online purchases to suggest buys to next webpage’s visitors.

Application of machine learning methods to identify patterns in a large volume
of data and build a simple model that explains the process is called Data Mining
(DM). Nevertheless ML is not simply a database problem (i.e. data mining), it is
also a branch of artificial intelligence. To be intelligent a system must be able to
learn and adapt to changes on the environment it is emerged on, releasing from the
system designer the task of identifying and providing solutions for every possible
situation. Some popular research fields for ML include the areas of robotics, vision
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and speech recognition. ML and DM overlap strongly in used methods but differ on
the main goal: ML goal is to predict outputs, based on known properties learned
from the training data while DM goal is the discovery of (previously) unknown
properties on the data.

Depending on the problem and context learning can have several definitions.
This thesis will highlight three definitions: The first one can be found in [Simon,
1983]:

• "Learning denotes changes in the system that is adaptive in the sense that
they enable the system to do the same task or tasks drawn from the same
population more effectively next time."

In [Mitchell, 1997] a wide definition of Learning is presented:

• "A computer program is said to learn from experience E with respect to some
class of tasks T and performance measure P, if its performance at tasks in T,
as measured by P, improves with experience E."

Another definition is presented in [Cherkassky and Mulier, 2007]

• "A learning method is an algorithm (usually implemented in software) that
estimates an unknown mapping (dependency) between a system’s inputs and
outputs from the available data, namely from known (input, output) samples.
Once such a dependency has been accurately estimated, it can be used for
prediction of future system outputs from the known input values."

ML is the use of methods to allow computers to adapt their actions/decisions so
that their knowledge better reflects the current situation and better actions/decisions
can be made. The selection of adequate features that define the learning problem
and how the data is processed are fundamental to achieve a valuable learning result.
If irrelevant features are selected for the particular problem or if the method to pro-
cess the data does not present an adequate solution for the particular problem then
learning will not be successful. Hence in the design of a learning element there are
three major issues to consider:

• The components to be learned;

• The feedback available to learn these components and;

• The used representation for the components.

The type of feedback available for learning is usually used to determine the
nature of the learning problem as there exists different types of machine learning
to deal with different problems [Russell et al., 1995]. The three main categories are
Supervised, Unsupervised and Reinforcement Learning and they are detailed in the
next sections.
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2.4.2 Learning types

Supervised Learning In this learning case it is provided a training set of exam-
ples including both the inputs and the desired outputs, and based on it the learning
algorithm tries to generalize correctly to all possible inputs by generalization. Two
major techniques exist in supervised learning: regression and classification. In re-
gression case the goal is to find a mathematical function that describes the relation
between inputs and outputs based on the known values. An example of regression
in supervised learning is presented in Figure 2.6. Given the input (house size) and
the output (price) we will need a mathematical function that generalizes the output
for all other possible inputs. And depending on the chosen hypothesis the outcome
can be different as illustrated. The not known value 750 (value that was not on the
training set) will have predicted value 150 in hypothesis 1 and 200 in hypothesis 2.
The regression problem consists in predicting continuous valued outputs based on
a given training set, mission that is hardened with the increase of the dimensional
spaces.

Figure 2.6: Example of regression case in supervised learning (adapted from [Ng,
2014])

The classification case consists in the use of a classifier function to analyse input
data and classify it according to previous knowledge. The main challenge is to
find decision boundaries that enable distinguishing between different classes. The
identified features are then used as inputs in the classifier function and depending
on their values they are classified resulting in a discrete valued output [Marsland,
2011]. An example is given in Figure 2.7 where given 2 features (age of patient and
tumour size) the classifier will classify the tumour as benign or malign. In red are
marked the malignant cases and in green the benign cases. As we can see in the
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example, using classifier 1 the tumour will be considered malign while using the
classifier 2 it will be considered benign.

Figure 2.7: Example of classification case in supervised learning (adapted from [Ng,
2014])

The advantage of using machine learning for classification problems is the capa-
bility of dealing with an infinite set of features and several kinds of classification.
The example described is a simple case of classification, however as complexity
(number of features, kinds of classification, etc.) arises so does the difficulty for the
human to deal with the problems and the more essential becomes to use machine
learning.

In order to apply supervised learning to a specific problem the first step is to
identify the features that give more information about the specific problem so that
the dataset can be collected. After that the data has to be pre-processed then the
training set can be defined [Kotsiantis et al., 2007]. The selection of fundamental
features and removal of irrelevant ones is an optimization problem that aims at
maintaining the quality of the set while minimizing it [Liu and Yu, 2005]. That
step is followed by the selection of the specific learning algorithm which is probably
the most important step into achieving an efficient learning system.

As depicted in Figure 2.8, in supervised learning the goal is to use a training
set to learn a function h : X → Y where the hypothesis h(x) is a "good" predictor
for the corresponding value of y. There is a common problem associated with
supervised learning and that is how well does the hypothesis predict the values
of unknown inputs or in others words given what was learned from the training
data does the hypothesis generalizes well for other examples? This is called the
generalization error and can be defined as the expected error on examples that are
not necessarily on the training set.
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There are two terms that define the type of generalization error in the model:
Bias and Variance. Bias corresponds to the inability of accurately capture the
structure in the data. This leads to an expected generalization error even if it is
used a very large training set. On the other hand variance represents the problem
of including patterns in the model that were present in the small training set but
that do not reflect the wider pattern of data. This leads to a generalization error
caused by having a hypothesis that fits perfectly the training set but not really
the data. Often, there is a trade-off between bias and variance. If the model is
too simple and has very few parameters, then it may have large bias (but small
variance); if it is too complex and has very many parameters, then it may suffer
from large variance (but have smaller bias).

Figure 2.8: General Supervised Learning Problem (adapted from [Ng, 2014])

Supervised learning is then used to learn patterns to predict a given output:
when we have a variable continuous output we are in presence of a regression prob-
lem; while when Y can only take a small number of discrete values we are in the
presence of a classification problem. The advantage of using this technique is the
learning of complex patterns with a good performance; however the downside of
this approach is that many samples of output examples are required. The main cat-
egories of Supervised Learning Algorithms are Logic Based (e.g. decision trees and
rule based classifiers), Perceptron Based (e.g. Artificial Neural Networks), Statis-
tical Learning (e.g. Bayesian Networks), Instance Based (e.g. Nearest Neighbour)
and Support Vector Machines [Kotsiantis et al., 2007].

Unsupervised Learning Unlike Supervised Learning here the correct answers
are not provided. The idea behind this learning approach is to let the learning
algorithm categorize the inputs based on their similarities [Marsland, 2011]. Un-
supervised learning is often called "learning without a teacher" since the learner
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adapts its behaviour based on the environment observations without being told to
associate given observations to given desired responses (supervised learning) and
without having any hints about the quality of a given response (reinforcement
learning). The typical result of unsupervised learning is a new explanation or rep-
resentation of the observation data that will contribute to better future responses
or decisions. In machine learning such representation is a set of concepts and rules
between these concepts, which give a symbolic explanation for the data [Oja, 2002].

In unsupervised learning it is impossible to do regression since the outputs for
some inputs are not known and therefore it is impossible to guess a regression
function. Hence classification is used to spot similarities between inputs and group
them in clusters representing different classes. There is no information regarding
the classes hence the aim of the unsupervised learning is to find clusters of similar
inputs in the data without being explicitly told which class they belong to. Since
there is no target data the learning process will be driven by inputs similarity.
Similar inputs will be clustered together while dissimilar inputs will not be clustered
together as presented in Figure 2.9.

Figure 2.9: Unsupervised learning: general clustering algorithm (adapted from [Ng,
2014])

Unsupervised Learning is then used to look for useful patterns in data without
examples of output existing several algorithms to achieve this goal such as the
k-Means algorithm, k-Nearest neighbours or Self-Organising Feature Map (SOM)
that is used in neural models [Marsland, 2011].

Reinforcement Learning In this case of learning the algorithm explores the
environment and receives a reward, which may be either positive or negative. The
algorithm is told if the answer is wrong or right but not how to correct it, trying
different actions until reaching the right answer, i.e. the action that has more
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reward [Marsland, 2011]. Reinforcement learning can be distinguished from other
kinds of learning based on two main characteristics: trial and error search but also
delayed reward since actions may affect not only the immediate reward but also the
next situation and, through that, all subsequent rewards [Sutton and Barto, 1998].

One of the challenges that arise in reinforcement learning is the exploration-
exploitation dilemma. In order to achieve big reward, a reinforcement learning
agent must prefer actions that were tried before and proved to be reward effective.
However it needs to try different actions in order to discover which ones give more
rewards. Hence in order maximize reward the agent has to exploit what it already
knows but also explore in order to make better action selections in the future. Some
examples of suitable reinforcement learning problems are [Sutton and Barto, 1998]:

• Player in a chess game: The choice of the player regards planning (antici-
pating possible replies and so on) and immediate intuitive judgements of the
desirability of particular positions and moves;

• An adaptive controller for a petroleum refinery: an adaptive controller can be
used to adjust parameters of a petroleum refinery’s operation in real time. The
controller optimizes the yield/cost/quality trade-off on the basis of specified
marginal costs without considering only the set points originally suggested by
engineers;

These examples exhibit characteristics that are typical of reinforcement learning
problems: interaction between an active decision-making agent and its environment
in which the agent tries to achieve a goal despite uncertainty about its environment
(e.g., the next chess position, the level of reservoirs of the refinery) and which
decisions will affect the options and opportunities available to the agent at later
times; unpredictability regarding full consequences of actions demands the agent to
monitor its environment frequently and react appropriately; the agent has explicit
goals since it can judge progress toward its goal based on what it can sense directly
(e.g. the chess player knows whether or not he wins, the refinery controller knows
how much petroleum is being produced); the agent can use its experience to improve
its performance over time (e.g. The chess player improves the intuition he uses to
evaluate positions). Hence not only the knowledge the agent has at the beginning of
a task influences what is useful to learn but also the interaction with environment
is used to adjust behaviour to exploit certain features of the task. Besides the agent
and the environment, a reinforcement learning system is composed by other four
fundamental elements:

• Policy - defines the learning agent’s way of behaving at a given time.

• Reward function - defines the goal in a reinforcement learning problem.

• Value function - specifies what is good in the long run.

• Model of the environment - tries to predict the next state and reward given
a state and action.
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Reinforcement learning has been successfully used in many problems but has to
be carefully used. Its main drawbacks are its slow learning rate and the sensitivity
of the reward function. The first one regards the necessity of building up all infor-
mation through exploration and exploitation in order to find the better solutions.
The second one is related to the unexpected results that can be introduced from
the selection of an inadequate reward function [Marsland, 2011].

Anomaly Detection Anomaly (or outlier) detection consists on finding patterns
in data that do not conform to an expected normal behaviour. Figure 2.10 illus-
trates an example of anomalies where most observations lie in regions N1 and N2
and therefore this is the normal behaviour. The points O1, O2 and region O3 are
anomalies since they are far away from the normal regions [Chandola et al., 2009].

Figure 2.10: Simple example of anomalies in a 2 dimensional dataset (adapted
from [Ng, 2014])

Anomaly detection consists in defining a region representing normal behaviour
and considering data outside that region as anomalies however this approach is not
as simple as might seem. Some of the difficulties that arise from this technique
are [Chandola et al., 2009]:

• Hard to define the normal region that defines all possible normal behaviours
as well as the associated boundary between normal and anomalous behaviour;

• Anomalies resulting from malicious actions are often camouflaged to appear
as normal actions which introduces difficulties in defining normal behaviour;
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• Normal behaviour usually evolves during time and current normal behaviour
might not be valid for the future;

• Different application domains imply different notions of anomaly so they can-
not be interchanged;

• Scarcity of labelled data for training/validation of models used by anomaly
detection techniques;

• Data often contains noise which tends to be similar to the actual anomalies,
becoming hard to detect what is noise and remove it.

In a manufacturing context, it might be interesting to study contextual anoma-
lies (i.e. the data instance is anomalous in a specific context) and collective anoma-
lies (i.e. a collection of related data instances is anomalous with respect to the entire
data set which means the individual data instances might not be an anomaly by
themselves but their occurrence together can be a collective anomaly). In [Chandola
et al., 2009] cases of usage of anomaly detection in industrial damage detection are
reviewed and more particularly fault detection in mechanical units and structural
defect detection.

Rule Induction Rule Induction(RI) methods include several paradigms such as
Decision Rules (DR), Association Rules (AR) and Rough Sets (RS).

DR are closed related to decision tree methods since they can be build based on
a previously generated decision tree or alternatively directly from data [Apté and
Weiss, 1997]. DR will then result from the linearization of the DT and the outcome
will be in the form of if clauses that corresponds to the conditions along the paths
(e.g. IF (condition 1) and (condition 2) then outcome).

AR methods extract rules that explain the relations between variables and use
interestingness measures to evaluate them. While in DR the target variable to be
classified is defined, in AR there is no pre-defined target variable [Ma, 1998]. AR
are employed typically in marketing activities, intrusion detection and continuous
production. The most famous has been the exploration of sales data of a super-
market to indicate which products should be placed close to each other. The use of
AR has enabled the extraction of rules such as onions, potatoes− > burger, which
indicates that if a customer buys onions and potatoes it is likely that he will also
buy hamburger meat [Agrawal et al., 1993]. The most well-known algorithms used
to support this process by mining frequent itemsets (i.e. set of item that are fre-
quently found together) are Apriori [Agrawal et al., 1994], Eclat [Zaki, 2000] and
FP-Growth [Borgelt, 2005]. An example of the application of AR in system design
is given in [Chen, 2003] where these are used in the cell-formation problem.

RS are suitable to discover redundancies and dependencies between the features
of objects to be classified [Pawlak, 1998]. RS theory provides a mathematical
approach using lower and upper approximations to deal with uncertain information
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and has proved to be useful in exploratory manufacturing applications for fault
diagnosis [Kusiak, 2001].

2.4.3 Learning in Multi-Agent Systems
The direct application of the ML algorithms to multi-agent architectures implies
the abstraction of the interactions between agents. This means that in a straight
forward application a ML mechanism can only work at agent level (single-agent
learning) without taking into account the interactions with other entities and their
influence. In a multi-agent learning approach systems are supposed to learn ac-
cording to the domain where the agents are embedded into. Even if an agent is
unaware of the presence of others their influence on the environment is reflected
in the learned behaviour and knowledge [Alonso et al., 2001]. Due to MAS com-
plexity there is a strong interest in applying machine learning techniques to help
tackle this issue. Contrary to single-agent learning Multi-agent learning requires
the presence of multiple agents and their interaction. Multi-agent learning term is
usually referred with two different meanings [Weiss, 1996]:

• In its stronger meaning it refers only to situations in which several agents
collectively pursue a common learning goal.

• In its weaker meaning, it refers to situations in which an agent pursues its
own learning goal, but is affected in its learning by other agents.

Agents are programmed with behaviours designed in advance, however in con-
stantly changing environments pre-designed behaviours may become inadequate
and learning new behaviours might improve dramatically the performance of the
agent or of the whole MAS [Stone and Veloso, 2000]. Hence the area of distributed
learning and cooperation in MAS became a hot topic of research and applications
of learning in MAS can be found in a very large spectrum of domains including
reinforcement learning, evolutionary computation, game theory, complex systems,
agent modelling, and robotics. Due to its broad application domain several types of
classification for learning in MAS can be found in literature and a good review on
this topic can be found in [Panait and Luke, 2005]. It is important to underline that
different agents in MAS, as in biological systems, are not forced to learn using the
same learning method. Most learning applications in MAS relate to reinforcement
learning since due to complexity inherent to agent interactions supervised learning
and unsupervised learning are not easily applicable [Panait and Luke, 2005].

2.4.4 Data Mining in Manufacturing
Huge amounts of data are generated every day in modern manufacturing environ-
ments which are collected and analysed to deal with inefficiencies and introduce
improvements. Increase of IT infrastructures has enabled data collection to encom-
pass areas such as product and process design, logistics, assembly, quality control,
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scheduling, maintenance, fault detection, etc. extending largely previous available
data and adding more reliability to it. Extracting knowledge from these operations
has been perceived as a tremendous opportunity to improve productivity and effi-
ciency both at product and system levels which is very desirable to reduce costs.
With this purpose Data Mining (DM) has emerged as a powerful tool to acquire
knowledge from all the collected information in manufacturing environments [Wang
et al., 2007,Choudhary et al., 2009].

The collected data is complex having large number of instances and many dif-
ferent attributes. Relating the data together and analysing simultaneously this
enormous amount of parameters presented itself as the major roadblock for manual
analysis and dictates the need to use DM to discover knowledge in Data. Classifi-
cation, Regression and Clustering techniques all have been used in different kinds
of domains of Manufacturing and they are extensively reviewed on [Wang et al.,
2007,Choudhary et al., 2009,Wang, 2007]. The discovery of knowledge in databases
(KDD) has been widely applied to unstructured data, being DM the specific step
of KDD that deals with extracting patterns from data. The other steps are data se-
lection, pre-processing and transformation, which are all important to structure the
data before the data mining process [Fayyad et al., 1996]. Association rules, classi-
fication, regression and clustering techniques have all been used in different kinds of
domains in Manufacturing and they are extensively reviewed on [Choudhary et al.,
2009,Wang et al., 2007,Köksal et al., 2011].

Despite the advances of IT infra-structures in manufacturing environment and
acquisition of large datasets of manufacturing data the generated knowledge ex-
traction and usage is still poor. This means that many companies are investing
enormously in IT infrastructures that enable data extraction; however this data is
not adding any value to the company since none or little knowledge is extracted
and used from it. Some reasons for this are stressed in [Wang et al., 2007]:

• Relations between control, process and quality variables are not fully under-
stood and defined.

• Poor link between decision making and the discovered knowledge on data since
much extracted knowledge relates to processes and not to decision making. It
is needed also to develop DM methods that give meaningful input for decision
making in levels such as system and product design, etc.

• There is no clear link between discovered knowledge and product design im-
provement. It is important to be able to transform raw manufacturing data
into valuable knowledge for product design.

It is crucial to further investigate these matters so that more and better knowl-
edge can be extracted from manufacturing data. This would help companies im-
proving decision making concerning product design as well as system design and
configuration.
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2.5 Graph Theory and Complex Networks

We live in a world of networks and we feel their impact on our life on a daily
basis. Independently of the topic in hand, virtually any complex system can be
modelled as a network where vertices are entities of the system and edges represent
the interactions between them. Networks of complex systems have been used to
model a wide range of interactions such as biological systems, social interactions
and many other self-organising systems [Watts and Strogatz, 1998]. The nature of
these interactions is highly complex, and therefore to understand the dynamics of
these systems, it is fundamental to investigate and characterize their structural and
topological properties.

2.5.1 General concepts of Graph Theory

Network Data is typically modelled or represented with a graph. A Graph G is
defined with a vertex set V that contains all the vertices (or nodes) and a edge set
E that contains the edges (or links) between them6. A graph is typically represented
using an adjacency matrix, which is an NxN Matrix A, where N is the number of
nodes and Ai,j = 1if(i, j) ∈ E and 0 otherwise, i.e. :

Ai,j =
{

1 if there is an edge between vertices i and j
0 otherwise

Bipartite graph: Bipartite graph is a graph which vertex set can be partitioned
into two disjoint sets V1, V2 so that every edge connects a vertex in V1andV2.

Directed graph: A graph is directed is the edges that connect its nodes have a
direction, otherwise the graph is said to be undirected.

Weighted graph: A weighted graph associates a weight (usually a real number)
to every edge in the graph. This means that some edges represent stronger connec-
tions than others and this is represented by substituting the non-zero values of the
adjacency matrix by a real number instead of always representing the connection
with an unitary value.

Connectedness: Two nodes of a graph are said to be connected if there is an
undirected path between them.

6In this thesis we interchangeably use the terms vertex or node to refer to elements of the
vertex set and edge, link or connection to refer to elements of the edge set
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Weakly and strongly connected graph: A graph is said to be connected if
there is a path between all pairs of nodes in the graph. In case the graph is directed
then it can be weakly or strongly connected. It is weakly connected if there is an
undirected path connecting any pair of nodes and it is strongly connected if there
is a directed path connecting any pair of nodes.

Complete graph: A graph is complete if all pairs of nodes are connected.

Subgraph: A graph F is a subgraph of a graph G (F ⊆ G) if:

• V (F ) ⊆ V (G), i.e. the vertices set of F is contained in the vertices set of G
and;

• E(F ) ⊆ E(G), i.e. the edges set of F is contained in the edges set of G.

Triplet: A triplet consists of three nodes that are connected by either two (open
triplet) or three (closed triplet) undirected edges. A triangle (or triad) consists of
three closed triplets, one centred on each of the nodes.

Network path: A network path can be defined as a sequence of vertices con-
nected by edges that can be followed to go from from one vertex in the network to
another vertex across the network. There might be several paths connecting two
vertices in the network and the shortest path can be measured in number of hops
or accounting also for the weights of hops. If there is no path connecting the two
vertices then conventionally the distance is defined as infinite.

2.5.2 Complex Networks’ Properties and Models
Along the years many researchers have tried to understand the nature and com-
plex interactions present in many different networks. To help characterizing the
networks, their evolution dynamics and even compare different networks several
definitions were introduced that are commonly used in network analysis. These
properties help researchers answering questions such as: what is the most impor-
tant or central entity in the network?; which entity have more influence on others?;
can the complex network be divided in smaller groups?; which connections are the
most important for the functioning of a group?; etc. The analysis of the prop-
erties detailed in this section 7 help researchers creating models that explain the
behaviours present in complex networked systems. Consequently these models al-
low us to make predictions of the network behaviour as a function of the parameters
affecting the system.

7The definitions and formulas in this section are based on [Freeman, 1979, Newman, 2008,
Opsahl et al., 2010,Opsahl and Panzarasa, 2009].
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Network Properties

Shortest Path: The study of shortest paths in complex networks is an interesting
property to study. It measures typically the shortest path in terms of number of
nodes that need to be traversed to reach the destination node from the origin node.
In a weighted network it can also measure the sum of the weights from origin
until destination. In the case of undirected networks the shortest path from a to
b is necessarily the same of b to a, while in directed networks these values can be
different.

Diameter: The diameter of a network is given by the greatest distance between
any pair of vertices. To calculate it one must find the shortest path between every
pair of vertices and the diameter will correspond to the maximum length found in
all these shortest paths.

Average Path Length: The average path length of a network corresponds to
the average distance along the shortest paths for all possible pairs of network nodes.
This measure allow us to infer in average how much hops are necessary to go from
one node to another. This is a simple but very important property and it has been
found that many complex networks present a relatively small average path length.

Degree Centrality: Centrality of a vertex measures its importance in the net-
work and conventionally the higher the centrality of a node the higher its impor-
tance. There are four main measures of centrality: degree, betweenness, closeness
and eigenvector. The centrality degree corresponds to the number of edges that are
incident or attached to it. In mathematical terms the degree ki of a vertex i in an
undirected unweighted network is:

ki =
n∑

j=1
Ai,j (2.7)

This has been generalized for weighted networks as:

si =
n∑

j=1
wi,j (2.8)

where W is the weighted adjacency matrix. In undirected graphs the edges will be
counted twice while in directed graphs we can define in-degree and out-degree. The
first one refers to edges arriving at the vertex while the second refers to the edges
leaving from the vertex. In that case the total degree K will be k = ki +ko. Despite
providing a simple way of analysing the network this property does not account for
the global structure of the network since a node can have many connections but be
located in bad position of a network or be connected to unimportant nodes.
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Closeness Centrality: Closeness centrality is based on network path and it re-
lates the distance from a vertex to all other reachable vertices in the network using
the shortest path in number of edges traversed (geodesic path). It was defined as
the inverse sum of shortest distances to all reachable nodes from a specific node.
A main limitation of this measure is its application to networks with many discon-
nected nodes since two disconnected nodes do not have a finite distance between
them.

Betweenness Centrality: Betweenness centrality is also based of network path
assessing to which extent a nodes lies on the shortest path between two other nodes
in the network. This measure takes global network structure in consideration and
can be applied to networks with disconnected components.

Eigenvector Centrality: The eigenvector centrality provides a more sophisti-
cated way to measure the importance of a node in the network assuming that not
all connections are equal as considered in the degree centrality. Eigenvector central-
ity assumes that the vertex centrality depends on the number but also the quality
of its connections. This means that having a large number of connections is still
important but a node with less but more "powerful connections" can be considered
more important. In mathematical terms if we denote the centrality of vertex i by
xi we can make xi proportional to the average of the centralities of its neighbours
where λ is constant:

xi = 1
λ

n∑
j=1

Ai,jxj (2.9)

If we define the vector of centralities x = (x1, x2, . . . ). we can re-write this equation
in matrix form and we can see that x is an eigenvector of the adjacency matrix with
eigenvalue λ:

λx = A · x (2.10)

Degree Distribution: The degree distribution characterize the spread of node
degrees (i.e. total number of incident edges) across the whole network through
a distribution function P(k). This function corresponds to the probability that
a random selected node has exactly k edges. It has been found that for regular
networks it follows a delta distribution; for completely random networks it follows
a poisson distribution falling exponentially; and for large-scale networks such as
scale-free networks it follows a power law distribution.

Cluster Coefficient: The cluster coefficient measures the extent to which nodes
in a graph tend to cluster together. There are two main ways of measuring it: global
cluster coefficient and local cluster coefficient. The global clustering coefficient is
gives an overall indication of the clustering in the network. On the other hand the
local clustering coefficient gives an indication embeddedness of single nodes.
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Local Cluster Coefficient: For a node i it measures the fraction of edges con-
necting i’s neighbours over the total number of possible edges connecting them. If
a node has k neighbours the maximum number of edges linking these k neighbours
is k(k−1)

2 and therefore the local cluster coefficient can be calculated using:

C = connectededges
k(k−1)

2

(2.11)

and the average local clustering coefficient will be given by:

Cavg =
∑n

i=1 Ci

N
(2.12)

The local clustering coefficient does not account for weights in its original formula-
tion and therefore in the case of weighted networks two networks with same topology
but total different weights on edges can have the same value. Other limitation is
the fact that the local cluster coefficient does not account for the direction of of the
edges which is important in directed networks. Additionally it is hard to compare
clustering values of nodes with different degrees which makes average local cluster
coefficient sensitive to how degrees are distributed in the network.

Global Cluster Coefficient: The global clustering coefficient is based on net-
work transitivity and measures the fraction of triplets that are closed in a directed
network. The global clustering coefficient is the number of closed triplets (or 3 x
triangles) over the total number of triplets (both open and closed):

C = 3xnumberoftriangles
numberoftriplets

(2.13)

It takes values between 0 and 1 (completely connected network). By definition
the global cluster coefficient does not account for the weights in the network. In
[Opsahl and Panzarasa, 2009] it is proposed a generalization of the global clustering
coefficient to capture the information associated with the network weights.

Network Models

The development of models that explain the function and dynamics of complex
networks has attracted the attention of the scientific community since long time.
Complex networks are naturally hard to understand since they can present [Stro-
gatz, 2001]:

• Structural complexity: the wiring diagram can be highly complex.

• Network evolution: connections or weights can change over time.

• Connection diversity: connections can have different weights, directions and
signs.
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• Dynamical complexity: the nodes can be non-linear dynamical systems.

• Node diversity: nodes can represent many different entities.

• Meta-complication: the influence of the above issues on each-other.

Networks provide a powerful modelling mechanism to characterize the function
and behaviour of complex systems but like any scientific model it needs to be
accurate to be useful. For this reason there has been immense research efforts
to develop different models and to realize which ones better characterize specific
real-world networks and they are briefly reviewed in this section.

Regular Networks Regular networks are highly ordered networks where each
node has exactly the same number of edges. Regular networks are not random
since they are built with a specific construct rule (e.g. link every node to its
nearest neighbours) and typically they do not offer high connectivity. Examples of
regular networks are chains, grids, lattices (square,rings, trees and star) and fully
connected networks. They are commonly used to characterize systems where the
behaviour of each node depends on the behaviour of its nearest neighbours such as
swarms or flocks. An example of regular networks extracted from [Strogatz, 2001]
is sketched in Figure 2.11.

Figure 2.11: Regular Networks example. On the left a ring of then nodes connected
to their nearest neighbours and on the right a fully connected network of ten nodes
(extracted from [Strogatz, 2001])

For many years modelling of systems and processes have been performed assum-
ing that the interaction patterns exhibited by its entities can be modelled through
regular structures such as the ones mentioned here. However as research advanced
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it was discovered that many real-world networks do not present a regular structure
and therefore new models were needed.

Random Networks A random network is typically a highly disordered network
which edges are constructed randomly with equal probability. It is opposite to
regular networks that follow a specific construction principle. In random networks
a specific number of nodes is created and then randomly they are linked to other
nodes. The creation of random links typically results in the creation of paths
to remote nodes which is usually desirable if one wants to reduce the shortest
paths between nodes. Unlike real-world networks there is usually low clustering of
nodes which means that few nodes are highly connected and the vertex distribution
degree does not resemble real-world networks. That makes random networks a
poor candidate model for highly connected architectures that characterize emergent
patterns in nature. An example of random networks extracted from [Strogatz, 2001]
is sketched in Figure 2.12.

Figure 2.12: Random Network example (extracted from [Strogatz, 2001])
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The Erdos-Renyi (ER) model has been introduced in the second half of the 20th
century establishing a breakthrough in graph theory since it described a network
with complex topology by a random graph [Erdos and Renyi, 1960]. In this model
a specific number of nodes is created and then iteratively two random nodes are
selected and it is created an edge between them. This process is repeated m times
and results in highly variable degree distributions since one node can be connected
to many nodes and other to few. It has been found a relation between the expected
topology and the value of m occurring a transition when m is equal to half the
number of nodes. For small m the graph is likely to have many small clusters while
after that threshold value the graph is likely to form a single giant cluster of nodes.
The ER model dominated the scientific community for many years despite the
intuitive feeling that real-world networks are not fully regular neither fully random.
Main reason for this was the lack of computational power and detailed topological
information regarding real-world networks.

Small World The increase of computational power and data storage has led
to the acquisition of data that contains detailed topological information regarding
many real-world networks with complex topology. This stimulated research on new
models and led to the advent of the small world and scale free complex networks.
Small-world network were introduced in 1998 by Watts and Strogatz [Watts and
Strogatz, 1998] and they are suitable to explain many real-world phenomena. The
small-world models generate networks with short average path lengths and high
clustering and these two properties are useful to model many real-world networks
such as economic networks, epidemics or electrical power grids. An example of
small-world networks extracted from [Strogatz, 2001] is sketched in Figure 2.14.

Many real-world networks are neither completely regular neither completely
random laying somewhere in the middle. The Watts and Strogatz (WS) model
proposes to use regular networks and rewire them to introduce disorder. So the
model starts with a ring lattice of n vertices and k edges per vertex and then rewire
each edge with probability p. This enables tuning the network between regular order
(p=0) and disorder (p=1) and was found that between this extremity regions it is
possible to achieve highly clustered graphs (regular graphs characteristic) with small
average path length (random graph characteristic) [Watts and Strogatz, 1998]. The
connectivity of the network is highly increased with just a small amount of iterations
and after that threshold the connectivity increase at each iteration is minimal. A
similarity between the WS model and the ER random model is that the connectivity
distribution of a network peaks at an average value and decays exponentially since
each node has more or less the same number of connections [Wang and Chen,
2003]. The clustering coefficient and the average path length in the WS model can
be described as a function of the rewiring probability p. If p=0 it results in high
cluster coefficient and large average path length; while if p=1 it results low cluster
coefficient and small average path length. The WS model algorithm follows two
steps [Wang and Chen, 2003]:
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Figure 2.13: Small-world Network example (extracted from [Strogatz, 2001])

• Start with order: Start with nearest neighbour coupled network with N nodes
arranged in a ring where each node has K edges connecting to its K neighbour
nodes (K is a positive even number).

• Randomization: Rewire each edge of the network randomly with probability
p.

Another example of a small-world network is the Neyman and Watts (NW)
model which is a variant of the WS model [Newman and Watts, 1999]. In this
model a node that is connected to a neighbour is not rewired with probability p .
Instead it is added a connection between two nodes with probability p without being
allowed a self-coupling neither a repeated edge. The NW model guarantees that no
isolated clusters are formed oppositely to the WS model where it can happen. If
the probability p is enough small and the number of nodes is enough high then the
NW model is equivalent to the WS model.
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Scale-Free Random networks and small-world networks are said to be expo-
nential networks since the connectivity distribution is homogeneous with peak at
an average value and exponential decay. Barabasi and Albert have proposed a
scale-free network model [Barabasi and Albert, 1999] where nodes can be added
dynamically and the connectivity distribution has a power law form. In scale-free
networks most nodes have few connections but some nodes have many connections
(called hubs) and these are fundamental to the overall network connectivity. Exam-
ples of real-world networks that follow a scale-free model are the internet, citation
networks and some social networks. An example of scale-free networks extracted
from [Strogatz, 2001] is sketched in Figure 2.13.

Figure 2.14: Scale-free Network example (extracted from [Strogatz, 2001])

The Barabasi-Albert (BA) model defends that the other models fail to incorpo-
rate two fundamental properties of real-world networks: first their open nature and
the possibility of a network to grow the number of nodes and second the uneven
distribution of connections that follow a preferential attachment model. This model
defends that there will be a few nodes working as hubs with very large degrees that
are fundamental in bridging all the other nodes in the network leading to small
average path-lengths and high cluster coefficients. The BA model is however a
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minimal model that captures the power law degree distribution but presents some
limitations [Albert and Barabasi, 2002,Wang and Chen, 2003]. The BA model
algorithm follows two steps [Wang and Chen, 2003]:

• Growth: Start with small m number of nodes and at every time step introduce
a new node and connect it to some of the already existent nodes.

• Preferential Attachment: The probability that a new node will be connected
to node i (one of the m existing nodes) depends on the degree ki of of that
node and the probability will be given by p = ki∑m

j=1
kj
.

2.5.3 Applications of Complex Networks
Complex networks’ research has originated several important research problems
concerning how the network structure facilitates and constrains the network dy-
namical behaviours, which have been often neglected in the studies of traditional
disciplines. Finding the network structures that are beneficial to specific applica-
tion contexts is an important research contribution that can have implications in
how one should design and validate systems. Aspects such as structures that facil-
itate the addition/removal of nodes in the network, centralisation/decentralisation
analysis, robustness versus fragility (i.e. more hubs means more robust to random
failures but more fragile to intentional attacks), etc. can help researchers under-
stand how to model complex interactions.

Networks provide a powerful modelling mechanism to characterize the function
and behaviour of complex systems but like any scientific model it needs to be
accurate to be useful. Many real-world networks are neither completely regular
neither completely random laying somewhere in the middle which causes difficulties
in the definition of an accurate model that explains the modelled environment and
its behaviour. In the production case it is suggested that both Scale-free Models
and Small-World models could potentially be applied [Becker et al., 2014]

• Scale-free model could be applied in serial assembly lines since it has typically
low clustering of stations.

• Small-World model could be applied in cellular manufacturing applications
since the stations are typically highly clustered.

The structural analysis of production systems has been pursued in several
works [Becker et al., 2014, Ribeiro et al., 2014, Neves et al., 2014c, Neves et al.,
2014b,Neves et al., 2014a, Blunck et al., 2014, Becker et al., 2013] but, given the
novelty of the approaches, the findings are still limited. There is need for further re-
search to understand the implications of the engineered self-organising mechanisms
in larger scale. The organized behaviour that results from systems is achieved
through underlying system complexity present in simpler behaviours embedded in
single entities. Understanding the resultant topologies and implications in system
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performance might be helpful to support decisions regarding preferential structures
of systems, self-organising behaviours and level of decentralisation.

2.6 Summary of Literature Findings

The literature findings can be summarized:

• Profitable Scenarios for the Application of P&P systems: P&P systems are
envisioned to be used in highly dynamic environments where the systems
require reconfigurations in short periods due to large product diversity, small
volumes and constantly changing orders. In those scenarios, Plug and Produce
Systems present a cost-effective solution, extending the life-cycle of systems
without the need for costly re-engineering activities.

• Implementation of P&P systems: The most common apparatus used for the
modelling and implementation of P&P systems are Service-Oriented Archi-
tectures and Multi-Agent Systems. Often those are combined in order to join
the best of both worlds by combining the composability and interoperability
of services with the autonomy and pro-activeness of agents. Self-Organising
Agent-based Production Systems are recognized as a suitable approach to
implement Plug and Produce Systems in order to tackle dynamic production
environments, however most systems to date have a prototypic nature.

• Traditional Approaches to system design and configuration: Most designs are
still generated by a human designer and then evaluated with simulation mod-
els. This ensures the design is valid but it does not guarantee there were not
other designs not considered which were better. The design and configurations
methods reported in literature consider, in many cases, similar machines and
process times (e.g. CNC machines) instead of stations with heterogeneous
processes and disregard aspects such as machine utilization, workload bal-
ancing and product mixes. Furthermore in many cases the focus is on the
development of a totally new layout and on the decisions concerning serial
and parallel relations among machines. Regarding the implemented meth-
ods, there is a strong use of heuristics/meta-heuristics and simulation and
rarely the expert-user knowledge is incorporated in any step of the solution
generation and selection.

• Methodologies to support Reconfiguration: There is a lack of methodologies
to support reconfiguration in a P&P context. Some methodologies were found
in the context of Reconfigurable Manufacturing Systems or Cellular Manu-
facturing systems, however those were found inadequate to this work due to
different design goals (e.g. layout design, etc.) or model assumptions (e.g.
similar machines, etc.).
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• Graph-based models: Graph-based models are a suitable tool to model the
interactions and flows of production systems and can provide a powerful ab-
straction mechanism to consider any system as a complex network of au-
tonomous intelligent modules.

• Incorporation of Manufacturing Data in decision-making: Despite the invest-
ment on ICT infrastructures there is still poor usage of data extracted from
manufacturing data and it is rarely incorporated in decision making.

There is a lack of a systematic process and methodology that can support the
reconfiguration process of P&P systems in dynamic environments. This is justified
by the fact that most research has focused on the development of architectures and
implementations to prove the feasibility of the P&P concept. Such a methodology
could become a key enabler for industrial adoption of P&P since it could potentially
extend the life-cycle of a P&P system and enable its continuous usage upon change
of volumes, products or mixes without introducing re-engineering costs. The lit-
erature search has also provided valuable insights regarding research requirements
which can be briefly summarized:

• System design and configuration should not be exclusively a human-centered
process neither an algorithmic process. Adequate methodologies and decision
support tools must be provided in order to explore several configuration al-
ternatives considering the solution space exploration of algorithms and the
human knowledge.

• Methods for system design and configuration must enable a comparison be-
tween different alternatives and their performance optimality.

• P&P systems require a reconfiguration methodology that consider heteroge-
neous processes and products as well as self-organisation and dynamic routing
when tackling the resource layout problem and the material flow problem.

• Simulation of all possible configuration alternatives can become computa-
tionally expensive and time-consuming and therefore the simulation of all
alternatives must be avoided.



Chapter 3

Plug and Produce Systems

This chapter characterizes Plug and Produce Systems and highlights their appli-
cation context, technological enablers and the complexity associated with their de-
velopment. It then presents Evolvable Production Systems as a paradigm that has
provided an architectural solution to design and implement Plug and Produce Sys-
tems.

3.1 Plug and Produce Systems

The Plug and Produce concept was initially coined by T. Arai, in the context of
Holonic Manufacturing Systems, as a methodology to introduce or remove manu-
facturing devices into/from a manufacturing system easily and quickly [Arai et al.,
2000,Arai et al., 2001]. Since then, the concept has widely expanded and climbed
into the top of the industrial research agenda. Most manufacturing roadmaps rec-
ognize the need of cross-domain research to develop self-contained plug&produce
modules that can be plugged/unplugged to support production responsiveness and
sustainability [Jovane et al., 2009]. A Plug and produce system can be defined as:

Definition 1. A system engineered to support evolving functional (e.g. processes)
and non-functional (e.g. throughput time) requirements through plug and unplug
of self-contained modules which can autonomously register/unregister from the sys-
tem and offer/consume services through communication and negotiations with other
entities in the platform.

To achieve this, P&P systems require a tremendous engineering effort and skilled
engineers and this is perceived as one limitation to their current industrial adoption
[Leitão et al., 2015]. It is important therefore to highlight benefits of P&P systems
and their target markets, as well as their technological enablers and challenges.

71
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3.1.1 Application Context

Plug and Produce systems are typically designed to deal with change: products in
the system can change, volumes can change, modules can be changed and reused in
different systems, line can be resized, etc. Nevertheless, these systems should not
be perceived as a panacea for all industrial scenarios. Traditional automation, such
as Dedicated Manufacturing Systems and Flexible Manufacturing Systems present
cost-effective solutions whenever the production requirements are well-defined and
rarely change (i.e. mass production scenarios). For those scenarios, the design
and development of P&P systems would originate unnecessary engineering effort,
costs and performance drop to support capabilities that would be rarely used. For
example, volumes and products are constant so there is no need to plug and un-
plug modules to adjust capacity or have dynamic task-assignment and routing of
products.

In contrast, applications with high customization and personalization of prod-
ucts result in very complex scenarios (e.g. high product diversity, small orders,
short deadlines, etc.) and constant change and in these cases the implementation
of P&P systems should be considered. The complexity associated with constant
change of production requirements originates high complexity in the design and
development of optimized cost-effective dedicated systems that can accommodate
evolving production requirements. The biomedical market is such an example where
the miniaturised assemblies, zero defects constraints, high number of variants and
unpredictable volumes together with the time and cost to develop, deploy and vali-
date the assembly system reduces the application of automatic solutions [Williams
et al., 2006,Onori and Oliveira, 2010]. Markets with these characteristics are suit-
able for the application of P&P systems, since their usage can potentially lead to
cost-effective automation solutions.

Small volume production with customised demands, multiple products and
changing orders (typically job-shop environments) can be tackled by the plug and
unplug of self-contained production modules to match the current orders (plug-to-
order). The modules can be optimally disposed to follow production requirements
continually by performing a reconfiguration analysis that considers factors such as
mechatronic constraints and material flow.

3.1.2 Technological Enablers and Challenges

The advances in sensor and communication technology, as well as the proliferation of
distributed systems, embedded computing and web technology are contributing im-
mensely to to the development of P&P systems. The increase of IT infrastructures
and middleware that support intelligence at device level also allows the collection of
huge amounts of reliable data concerning product and process design, logistics, as-
sembly, quality control, scheduling, maintenance, fault detection, etc. [Choudhary
et al., 2009]. This data could potentially be used to improve current and future de-
cisions and monitor the on-going operations recurring to advanced data-processing



3.1. PLUG AND PRODUCE SYSTEMS 73

algorithms and simulations models.
However there is still an integration gap between the production control level

and higher enterprise levels [Karnouskos et al., 2007]. Typically shop floor data
is exported through a spreadsheet file and then imported to the Manufacturing
Execution System (MES) which implies that the data is not exchanged in real-time
and is prone to errors. This causes business process delays and deferred handling
of crucial issues since managers are exposed to problems too late. This justifies
the need to move towards the Internet Of Things (IoT) [Atzori et al., 2010] where
million devices can be interconnected and exchange data about their operations and
environment and this data can be timely used in the relevant business processes.
In this context both devices and products will have computational power and will
have the ability to interact and share data through a computer network.

The integration of services across different levels of the enterprise has been
perceived as a viable way to achieve this, leading to a grow of interest in the incor-
poration of services in devices and promote their integration through a cross-layered
web service infrastructure [Karnouskos et al., 2007]. Web Services technology has
been utilised to implement SOA across different enterprise layers supporting in-
teractions between devices, MES, ERP and SCADA applications. Accordingly, a
significant amount of research has been conducted in order to develop SOA-ready
devices and wrappers that can provide the necessary abstraction and technological
integration to reuse legacy equipment. This led to the emergence of two main spec-
ifications: Devices Profile for Web Services (DPWS) and OPC Unified Architecture
(OPC-UA) [Cândido et al., 2010,Jammes et al., 2014].

SOA provides the necessary abstraction/interoperability to integrate low level
control with higher level control and monitoring but it needs further extension to
support agile plug and produce systems. On the front-line to support agility and
plug&produce one can find Multi-Agent Systems (MAS). As discussed in section
2.2, MAS promotes autonomous decision-making, communication/negotiation and
Self-Organisation of agents which enables them to handle disturbances, failures or
production changes in real-time.

Despite the envisioned advantages for industrial applications, major roadblocks
are still preventing the wider introduction of P&P systems. Therefore, as high-
lighted in the OpenMos H2020 proposal, a set of challenges must be addressed:

• Connectivity - Many different control and communication standards address-
ing different needs of the of the levels defined by ISA95 pose challenges in the
vertical integration of information.

• Transparency - Automation devices are in great extent controlled by separate
PLCs or industrial PCs which are connected to the devices through direct
electrical signals or dedicated bus systems (e.g. Interbus, DeviceNet, etc.).
Moreover some machines and robots have limited and closed interfaces to
external applications. This originates an information bottleneck since few
information can be exchanged between devices and higher control levels.
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• Intelligence - There is a goal to design systems that can learn and adapt to
changes in the environment, releasing from the user the task of identifying
and providing solutions for every possible scenario. Nevertheless this au-
tonomous reaction to foreseen and unforeseen changes must be deterministic
and understandable so the user can thrust the decisions made by the system.

• Agility - Current automation models do not deal well with change in produc-
tion requirements and volumes. Models that empower the agility of automa-
tion and adequate business models that supports them will play a fundamental
role in the establishment of P&P systems.

• Resilience and Scalability - Responsive and easy change-over is very desir-
able to allow companies to effectively respond to new business opportunities.
However change results in variability and a poor management of variability
can result in poor levels of quality and service. It is therefore fundamental
to develop more resilient and scalable automation that can help coping with
variability.

• Economy - The separation between hardware and software is restricting the
full adoption of ICT benefits and requires complex system integrations which
causes low re-usability of resources.

• Transformation - P&P systems require different engineering methodologies
and business models which constitute a rupture with the current value cre-
ation process. It is important to guarantee a smooth transition for the dif-
ferent stakeholders across the value creation chain and ensure that legacy
systems can be upgraded rather than scrapped.

3.1.3 Complexity discussion
The design and development of P&P systems is understandably not trivial. The
incorporation of local intelligence in each module to deal with unforeseen scenarios
while keeping a high level of service quality both at module and global/system level
can be challenging (specially when considering the actual algorithmic design and
implementation). To tackle this two concepts have been recognized as important
and incorporated in the P&P high level design objectives: Emergence and Self-
Organisation. Self-Organisation and Emergence are self-sustained systems which
evolve over time and cannot be directly controlled from the outside (even though
they can get input) [De Wolf and Holvoet, 2005]. Often (wrongly) perceived as
synonyms due to being present simultaneously in dynamic systems the two concepts
are different [De Wolf and Holvoet, 2005]:

• Emergence - "A system exhibits emergence when there are coherent emergents
at macro-level that dynamically arise from the interactions between the parts
at the micro-level. Such emergents are novel with regard to the individual
parts of the system."
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• Self-Organisation - "Self-organisation is a dynamical and adaptive process
where systems acquire and maintain structure themselves, without external
control."

Production Systems composed by seamlessly integrable mechatronic modules
that can exhibit Self-* properties (e.g. self-organisation, self-diagnosis, self-learning,
etc.) and emergent behaviour have been massively targeted by academic research
in the last decade. While the discussion of what is emergent or not in such a system
is still arguable and open to question, the self-properties of modules have been more
agreed [Ribeiro et al., 2011b,Ribeiro and Barata, 2013b]. These two concepts can
help taming complex systems and are in general seen as facilitators of continuous
adaptation to unforeseen scenarios, resilience, scalability, fault-tolerance, optimisa-
tion, etc. They should however be employed in a well-defined scope since production
involves the manipulation of sensitive equipment, heterogeneous system components
and function, and some random events and variations. With this in mind, in the
last decade several architectures and proof-of-concept prototypes that use these
principles have been designed and implemented [Ribeiro et al., 2011a,Onori et al.,
2012,Rocha et al., 2014a]. In those, Self-organisation has been applied in a well de-
fined context, aiming at dynamically coping with change of modules and conditions
using dynamic task-assignment according the modules’ statuses and routing costs
and update of modules in the system and their positions according to the plug (reg-
istration in the platform) and unplug (deregistration from the platform) of modules.
With this strategy it was demonstrated that it was possible to plug/unplug mod-
ules with near-zero re-programming and re-integration efforts, deal with failures
and exchange products in the line without stopping production. A fundamental
issue when considering such resilient systems is redundancy. If the system does not
have redundant resources to perform the necessary processes then upon a failure
it cannot adapt. Hence Self-Organising production systems use redundancy to be
able to adapt and find alternatives to disturbances. This is a fundamental difference
to traditional automation systems which are typically designed to have very little
redundancy and simply follow sequential flow of operations statically assigned to
resources. This makes them easier to assess and detect abnormal behaviours but
limits its ability to change.

3.2 Evolvable Production Systems

3.2.1 Basic Cornerstones

The last decade witnessed the ascendancy of new production paradigms that share
a set of fundamental common principles [Ribeiro et al., 2008c]:

• Modularity - Distributed basic blocs (modules) are used to form a system.
Each block represents a distinct process.
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• Autonomy - Each module is independent and provide particular functionali-
ties (process tasks).

• Structure - Each module has a particular role in the system.

• Interaction - Modules interact with one another following determined rules.

• Dynamics - Environment is dynamic and the system needs to be able to
accommodate the required changes and learn.

• Heterogeneity - System will integrate heterogeneous hardware and software
(legacy systems).

Modularity is used in engineering as a mean to divide a complex system in less
complex and more manageable parts. In production systems the use of modularity
is recurrent and advantageous to reduce complexity and enable changeability of the
system. In traditional modularity (see Figure 3.1), complexity is channelled solely
to production systems since there is a unidirectional flow of operation, i.e. there is
a product oriented approach where the production system has to accommodate the
new products requirements. This means that equipment dedicated to a particular
product is designed and often cannot be re-used or needs massive re-engineering
effort, becoming obsolete in short time due to different product characteristics of
next generation products [Akillioglu and Onori, 2011].

Figure 3.1: Traditional Modularity and System Design (extracted from [Akillioglu
and Onori, 2011])

The reality is that product characteristics change very often while the needed
processes remain quite stable [Onori and Barata, 2009]. Hence the usage of pro-
cess oriented modularity (see Figure 3.2) with a strong link between product and
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system design is one of the basic cornerstones of EPS. Process dedicated modules
enable designers to be aware of available processes and shape the product design
accordingly resulting in a two way information flow between product and system de-
sign. Product Oriented modules hold skills1 that can be mapped into processes and
therefore link with product requirements [Barata, 2003,Neves and Barata, 2009].
In EPS the concepts of granularity and scalability are intrinsically connected with
the modularity of a production system. Granularity refers to the lowest level of
device being considered within the reference architecture of a system. It describes
a physical entity as well as the corresponding control structure which is defined in
EPS as Mechatronic Agent [Ribeiro et al., 2012b]. On the other hand, scalability
is the capability to grow and shrink the number of components and modules in a
system. The possibility of assigning different functionalities to modules and ag-
gregate modules’ functionalities derive from these two concepts and can be further
explored if granularity is thinner and the system is scalable.

Figure 3.2: Process Oriented Modularity and System Design (extracted from [Akil-
lioglu and Onori, 2011])

The reality is that modularity alone cannot solve the requirements posed by
dynamicity of production. Besides the mechanical modular structure one has also
to consider the control structure which should not compromise the transformation
of a production system, i.e. its adaptation to new products or process requirements.

1In EPS context, Skill is the ability to perform actions needed by a process. A skill has
attributes that model its characteristics and control actions that represent the actions that must
be performed whenever the skill is activated
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This is a critical element due to the programming effort involved in current control
architectures whenever a change is required [Onori and Barata, 2010,Ribeiro et al.,
2011a].

Conventional centralized approaches became inadequate since although they
have the advantage of obtaining global information in one place and enable global
optimization, they lack in responsiveness to handle issues such as plug-ability of
components or reaction to a failure in a crucial part of the system [Ribeiro, 2012].
Decentralized approaches on the other hand are suitable to handle aspects related
to dynamic addition and removal of components and the required adaptation with
little or no reprogramming efforts. Such control solution becomes fundamental for
a production system that one wants adaptable and responsive rather than globally
optimized but with weak response to change and failures. Hence, the major chal-
lenge in such decentralized control solution is how to guarantee proper coordination
and execution in a system in which both its components and working conditions
can be dynamically changed [Ribeiro et al., 2008a,Maffei et al., 2010,Ribeiro et al.,
2011c].

EPS considers each module as an autonomous and cooperative entity that pro-
vides functionalities (skills) and interacts with other modules in order to accom-
modate system’s goals [Onori et al., 2006, Barata and Onori, 2006]. This archi-
tecture was first devised in the COBASA multi-agent architecture [Barata, 2003]
where aggregations of intelligent modules are orchestrated by coalition leaders in
order to provide combined functionalities that match the product requirements.
EPS relies on many simple, decoupled, intelligent and re-configurable entities and
adaptation and evolution mechanisms to tackle constant change in product re-
quirements, failures and other unpredictable events. In EPS context Evolution
implies re-configuration/re-design or removal/addition of physical modules in order
to re-adjust the system features to comply with new demands. On the other hand
adaptation relates to the system ability to re-organize as a whole focusing on the re-
adjustment of parameters, knowledge and functionality according to new product
design and environment requirements [Neves et al., 2011,Ribeiro et al., 2011b].

Due to the distributed and cooperative EPS nature two key concepts play im-
portant roles in supporting EPS adaptation and evolution: Self-organisation and
Emergence [Neves et al., 2011,Ribeiro et al., 2011b]. In the context of EPS control
systems, emergence refers to the creation of new characteristics, functions, capa-
bilities or behaviours out of basic elements. System’s capabilities are more than
the sum of its part’s capabilities and the capture and exploitation/avoidance of
new characteristics can be advantageous. In EPS Emergence is highly related to
the characteristics that result at system level from coupling several modules to-
gether [Barata and Onori, 2006]. An important remark regarding emergence is the
expected relations and outcomes between agents when designing a multi-agent sys-
tem due to strict interaction rules. Since these rules are present and the outcome
is expected can we actually expect emergence to happen? [Ribeiro et al., 2011b].

In this thesis emergence refers to unexpected effects from coupling modules to-
gether and not to the already expected functions that will arise from the modules
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interactions. On the other hand, Self-Organisation in EPS control systems refers to
modules’ internal coordination and cooperation in order to create structure and en-
able the system to operate. The use of Self-organisation in EPS can enhance system
autonomy and hide complexity associated with the peer to peer interactions be-
tween components of the system when new configurations occur. Self-organisation
can occur without Emergence since the system can increase its structure through
modules’ interaction and not necessarily generate emergent properties (e.g. adding
a device to a laptop). The exploitation of both Emergence and Self-organisation
are important topics for EPS and are intrinsically connected with the evolution and
adaptation of the system. The introduction of learning mechanisms will strongly
influence the performance of self-organisation in EPS as well as the capture and
exploitation/avoidance of emergent properties.

Due to its characteristics and properties a guiding structure and design prin-
ciples that allows the creation and organisation of an EPS system is needed. The
technical and architectural aspects of the EPS system development are supported
by a comprehensive reference architecture and methodological framework that is
detailed in the next sections.

The EPS community is vast and encompasses several research fields and part-
ners, and achievements throughout a multiplicity of projects. Hence the reader
can follow the suggested literature for futher details. Topics related to business
models can be found in [Maffei, 2012,Maffei and Onori, 2011]. Topics related to
architectures to support shop floor agility can be found in: [Barata, 2003,Candido
and Barata, 2007,Onori et al., 2012, Ribeiro et al., 2012b]. Topics related to de-
sign and configuration of modular systems can be found in [Lohse, 2006,Ferreira,
2011]). Contents related to handling and describing modules can be found in [Sil-
tala et al., 2009]. Regarding planning approaches, a demand responsive planning
framework has been proposed in [Akillioglu, 2015]. Another important research
field is the development of a P&P deployment methodology. Under the EPS um-
brella, such methodology was proposed in [Ribeiro and Barata, 2013a,Onori et al.,
2012]. Self-organising control approaches can be found in [Frei, 2010,Ribeiro et al.,
2011a,Dias Ferreira et al., 2013]. Finally under the diagnosis scope an approach
that deals with evolving systems is presented in [Ribeiro, 2012].

3.2.2 Reference Architecture
It is fundamental to clearly distinguish between Reference Architecture and System
Architecture. System Architecture refers to the abstract description of a specific
system (i.e. defines structure, functions, dependencies, etc.) while Reference Ar-
chitecture refers to a more generic concept that provides design principles for an
architecture in a particular domain. Hence the EPS Reference Architecture spec-
ifies the fundamental characteristics the systems need to be an EPS, setting the
basis for the creation of System Architectures. EPS Reference Architecture is used
as basis to define and develop every EPS System Architecture, giving the rules, reg-
ulations, and conditions for EPS compliance. The System Architecture will then be
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influenced by particular demands to create different system designs. The System
Architecture may then take many different forms, depending on singular demands
(available floor space, available modules, throughput time, etc.) and many different
system designs can be originated from a System Architecture.

The module and its inherent skills are the core of EPS Reference Architecture,
since the concept of skill bridges the gap between the Assembly Process Domain and
the Equipment Domain i.e. modules [Maffei, 2012].The basic rules and guidelines
found in the EPS Reference Architecture are:

• Modules that possess embedded control (Mechatronic Modules) to allow au-
tonomy and portability.

• Modules with standard interfaces (mechanical, electrical, logical, etc.) to
allow plug-ability.

• Modules with necessary intelligence to come together as a society to heavily
reduce system integration.

• Modules with the necessary intelligence to adapt/evolve and meet new prod-
uct requirements (and other unpredictable events such as volume change,
failures, etc.) to reduce re-programming and (manual) re-configuration.

3.2.3 Methodology
EPS envisages the development of a methodology (see Figure 3.3) to design, build
and re-engineer production systems. In EPS approach a detailed ontology is used to
translate product requirements into processes2 that will be decomposed into activ-
ities and after into skills. The required skills will trigger the selection of equipment
for a particular system. There is a tight relation between skills and processes since
there is always a skill needed to accomplish a particular process. The same way
there is a close relation between products and processes since a product can be de-
scribed as a set of processes organized in certain way. Hence through this approach
EPS establishes a relation between products and necessary skills in order to define
the required modules and facilitate the system design [Neves and Barata, 2009].

Due to EPS process-oriented modular approach it’s possible to know a priori
the skills available and which module provides the referred skill. This feature helps
setting constraints to the product designer that must account them in order to
maximize re-usability of modules and reducing costs. A new module will only be
developed if it is strictly necessary because similar results of the process cannot
be achieved through the use of other modules or the process design of the product
cannot be changed. Hence when all the needed skills are available to satisfy the
process specifications the system deployment (according to EPS reference archi-
tecture) can take place and this process is called Emplacement. Hence during the

2This thesis focus on assembly and therefore the term process is used as the set of actions and
tasks needed to perform an assembly operation.
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Emplacement the selected modules are physically put in place and logically inte-
grated. For further information in EPS methodology and Reference Architecture
please refer to [Semere et al., 2008,Onori et al., 2012,Maffei, 2012].

Figure 3.3: EPS general methodology (extracted from [Maffei and Onori, 2011])

As mentioned before EPS systems are grounded on the concept of skill since it
links assembly processes and equipment. A skill can then be defined as:

Definition 2. Skill is a functionality executed by a Mechatronic Agent that can be
offered as a service to other agents and therefore becomes available in the system.

Skills can be divided in two categories: Atomic and Complex (see Figure 3.4
extracted from [Maffei and Onori, 2011]). Atomic skills are provided by a module
individually (i.e. skills that modules where designed to provide) while complex
skills only exists at system level resulting from binding modules’ skills. The rep-
resentation of a skill through a set of attributes allows distinguishing between the
characteristics of different modules facilitating equipment selection [Barata, 2003].
For instance if we have two grippers they both provide the skill grasp however they
can have different characteristics (e.g. maximum aperture, holding force, etc.) and
based on their characteristics and given requirements one will be selected.

When composite skills are required then skills can be aggregated and it becomes
obvious that the greater the diversity of individual skills the greater the chances of
building more composite skills. A simple example of this approach is when a pick
and place operation is needed and a coalition between a robot with a move skill
and a gripper with a open/close skill an be formed. If the coalition is formed and
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both skills are combined then this higher level entity will be able to perform pick
and place operations.

Figure 3.4: Example of atomic and composite skills

The concept of skill is close related to the mechatronic architecture and the
adopted control architecture. This topic will be addressed in the next section.

3.2.4 Multi-Agent Environment
To promote fast adaptability and reaction to unpredictable events the shop floor
cannot be defined by fixed actions mapped into specific devices, but rather as au-
tonomous decision-making nodes collaborating in runtime to accomplish a given
workflow [Akillioglu et al., 2010]. The empowerment of self-organisation and the
decentralization of intelligence and decision-making across the system can assure
deadlock-free systems and reaction to failures, being therefore fundamental that
these entities have communication, negotiation and cooperation skills. This way
they can collaborate with other entities in the system and accomplish a given work-
flow by allocating/de-allocating resources.

The above mentioned approach has been validated during the IDEAS project
using the IADE architecture [Ribeiro et al., 2012b] and details can be found in
[Onori et al., 2012, Ribeiro et al., 2011a]. Reprogramming of equipment can be
minimized following this logic, enhancing re-usability and faster ramp-up times
whenever a change occurs. The fact that entities in the shop floor are intelligent may
also enable an important link with higher levels, such as Manufacturing Execution
Systems (e.g. planning, scheduling, etc.) or Enterprise Resource Planning (ERP)
system [Karnouskos et al., 2007].

EPS shop floor control structure is based on MAS paradigm and there are two
main reasons for this: MAS already holds the principle and structure of interaction
within a society of individual agents (e.g. specific protocols for communication,
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negotiation, etc.), and emergence is best handled with multi-agent approach [Barata
and Camarinha-Matos, 2003]. Furthermore, as detailed before, Agent Technology
presents itself as a solid solution to integrate heterogeneous hardware which is a
key factor in manufacturing to re-use old equipment.

To support fast adaptability, re-configuration and re-use of components EPS
relies in fine granularity at the shop floor level, where each component is a skill-
oriented mechatronic agent. In EPS context a mechatronic agent (MA) can be
defined as a software and hardware construct that embodies specific equipment and
maps its functionalities into EPS MAS interaction dynamics. A MA incorporates
an equipment, controller and agent and provides the necessary abstraction level to
enable interoperability of components. MA concept includes fundamental aspects
such as interface to publish and discover skills in the system, link between skill and
low level libraries for specific equipment and exchange of messages between MAs.

Mechatronic Agents are thus the main building blocks of EPS MAS architecture
(see Figure 3.5) and can be divided in several types according to functionality:

• Machine Resource Agent (MRA) - MRAs abstract mechatronic modules that
can be plugged and unplugged from the system and possess a set of exe-
cutable skills that can be requested. MRAs interface the physical world with
the cyber world and upon deployment each MRA must be provided with its
specific equipment library that translate the agents’ language into the specific
controller language.

• Coalition Leader Agent (CLA) - CLAs enable the composition and execution
of skills by supporting the execution of processes which are defined by the user
based on the available skills in the system. CLAs expose functionalities that
result from joint skills from MRAs or other CLAs and enable their requisition.
CLAs are reactive to changes in the system concerning addition/removal of
modules, failures, etc. updating the functionality level of the system (offered
skills).

• Transportation System Agent (TSA): TSAs abstract components of the trans-
portation system and provide localization, transport and positioning func-
tionalities. Each TSA keeps track of its own position in the system which is
typically associated with the position of an MRA or CLA on the system.

• Product Agent (PA) - PAs are the abstraction of products and it is ensured
that each PA have a one to relation with the physical product being produced.
PAs orchestrate their production plan by requesting the execution of skills
that match their process requirements (and the necessary transport). Given
the possible redundancy of resources and alternative transport paths, the
communication and negotiation between the PAs and the different MRAs,
CLAs and TSAs is fundamental to guarantee the adequate functioning of the
system.
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Figure 3.5: Conceptual view of EPS MAS Architecture (extracted from [Onori
et al., 2012])

The modular and pluggable approach followed in EPS fosters the dynamic for-
mation of modules coalitions as a result of multi-agent negotiation and composition
rules. Whenever such dynamic coalitions are established, a coalition leader takes
action to represent the coalition as a higher level process (complex skills) present
in the system. If changes related to product or volumes occur the system is able to
cope with these changes by evolution, i.e. by adding or replacing modules that are
capable of self-organisation and self-configuration.

The implementation details for the development of an EPS mechatronic agent
will vary depending on the equipment, approach and available technology. Issues
such as the level of granularity of skills in the system, the agents running in con-
trollers with limited computational power or not, or the agent development plat-
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forms are surely important and they will be discussed in the next section. Never-
theless the fundamental requirement in the EPS architecture is the encapsulation
of functionalities inside the agent through the concept of skills. This will give the
necessary abstraction level to establish a multi-agent system where the modules can
communicate to self-configure/self-organize, offer/consume skills and cooperate to
resolve deadlocks and failures in runtime to successfully accomplish the workflow.

3.2.5 Plug and Produce in EPS
In EPS context, Plug and Produce is attained through the instantiation of the
identified mechatronic agent architecture in a specific system, considering a proper
design of control structure that allows timely and near to optimum decision-making
and supports all necessary mechatronic constraints. Traditionally, MAS have a
totally distributed design logic. This means that each agent is an autonomous
decision making-entity that communicate and cooperate with other entities with-
out any strict hierarchical decision path. This leads to fully distributed control
with capability of circumventing centralized points of failures and be extremely
adaptable to changes. However, as the system complexity grows it entails massive
communication load and it does not guarantee long-term optimisation [Trentesaux,
2009].

For this reason semi-hierarchical control models have been highly targeted in
agent-based production to introduce hierarchic relations among some decision-
making entities [Ribeiro, 2015]. These semi-hierarchical models help reducing the
communication and negotiation load in the platform and guarantee timely and
optimised decision and allow dealing with some mechatronic constraints such as
coalitions of modules (for instance robot r1 in location A should not communicate
with a gripper g1 in location B). As underlined in [Ribeiro, 2015] the important
point is the definition of the hierarchy in the class space and not in the instance
space as it occurs in traditional automation with PLC-based control. The EPS
MAS architecture presented before is such an example where some level of hier-
archy is considered to support self-organising production. At the top level of the
hierarchy one can find the product agent class that abstracts the product and is
responsible to orchestrate their production by communicating with resource, coali-
tion leaders and transport agents. The coalition leader is another example of a
hierarchy relation that enables agents abstracting processes to communicate with
agents abstracting physical resources.

MAS roots are found in the computer science world, hence when considering
its application in production systems the deployment of agents has to account
the underlying mechatronic constraints of possible equipment that the agent is
abstracting. This is typically done through software libraries that map the agent
code into equipment/controller code. For example the generic code of the class
Manufacturing Resource Agent is the same when abstracting different equipment
(e.g. robot 1 and robot 2) and the standalone difference should be the loaded
equipment library. This means that the communication, negotiation and execution
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behaviours implemented are the same and the only aspect that differs is the skills
and associated equipment library that has information regarding the controller’s
IO mappings, etc.

Another important aspect is to guarantee the actual plug of equipment and
all the underlying system infrastructure (all mechanical, electrical, pneumatic, hy-
draulic, logical and network interfaces). Having those interfaces well defined is a
step forward towards adding structure in the system to allow dealing with its com-
plexity and adaptability. An important concept that has been utilised recurrently
in the EPS context is the one of docking point [Ribeiro et al., 2015a,Neves et al.,
2013,Rocha et al., 2014b], which can be defined as:

Definition 3. A docking point (DP) is a standard interface in a Plug and Produce
system that provides all the necessary interfaces to physically plug a self-contained
Plug and Produce module and an inbound and outbound transport element (i.e.
conveyors or AGVs) that links it to other parts of the Plug and Produce system.

The P&P ability is then supported by a yellow pages management system and
the transport agents that keep track of which resources are plugged in specific
DPs [Onori et al., 2012]. Changing the positions and connections of the available
DPs (layout change) will imply a re-engineering cost and associated development,
test and deployment time, however the plug and unplug of modules from the DPs
is handled autonomously by the agents. An example of of a P&P system with
DP interfaces from the IDEAS project final demonstrator [Ribeiro et al., 2015a] is
depicted in Figure 3.6. This system served as a test-bed for the proof of concept
related to plug and produce of modules in runtime in the available DPs. The test-
case consisted on unplugging the labelling station, which caused the products that
required the label skill to stop production. Once the labelling station was plugged
in an alternative location (highlighted in orange), the routing tables were updated
and the products could resume production by travelling to the new location of the
labelling station and request the skill execution.

A worth mentioning discussion concerning the Pug&Produce approach and the
ability to cope unforeseen disturbances and failures is the one about redundancy.
Any control structure (more hierarchical or heterarchical) will fail to provide the
required system adaptability to maintain production if there is no redundancy at
all in the system. It is therefore important to have redundant resources performing
the necessary processes and/or extra resources ready to plug-in in case of failures.
Self-organisation alone will not guarantee the system adaptability in the absence
of redundancy but will still play a decisive role on the success of the adaptation
process since it enables:

• introduction of products in the system dynamically in any order;

• product can have any process plans as long as the necessary processes and
transport routes exist in the system;

• dynamically adjust routing according to loads in the system;
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• failure in one module will not affect the rest of the system, i.e. any product
that does not require that process can still be produced;

• maintenance activities can be scheduled on the fly, simply causing the module
to go off-line and become unavailable.

Figure 3.6: IDEAS project final demonstrator (extracted from [Ribeiro et al.,
2015a])





Chapter 4

Reconfiguration Methodology for
P&P

This chapter presents a reconfiguration methodology to increase agility and sustain-
ability of Plug and Produce systems in highly dynamic environments. This includes
the contextualization of reconfiguration in this work and the necessary principles
and requirements. It defines the reconfiguration triggers, proposes a method to gen-
erate reconfiguration alternatives and metrics to assess and rate them. Finally it
highlights some requirements for the prototypic implementation of decision support
tools that can help validating the proposed methodology and can potentially help
expert users during the full reconfiguration process.

4.1 Contextualization and requirements

The implementation of industrial P&P systems under the scope of EPS has been tar-
geted through Multi-Agent Systems (MAS) control, as comprehensively discussed in
previous sections. Current implementations are framed under research projects and
therefore have primarily targeted the proof of concept that the development of P&P
systems capable of handling unforeseen disturbances in real-time is possible. Those
implementations had a prototypic nature and focused mainly on the architecture to
support P&P, the necessary agents to abstract all entities in the platform (e.g. sta-
tions, conveyors, etc.) and their robust interactions. Furthermore it concentrated
in the technological framework to support its implementation. This included as-
pects such as the necessary control boards, CPUs and level of decentralization,
network performance, libraries to link agent language with controller language and
deployment methodology [Ribeiro and Barata, 2013a, Ribeiro et al., 2015a,Onori
et al., 2012]. Work has also been carried on collaborative routing [Ribeiro et al.,
2015b], Self-organisation [Dias Ferreira et al., 2013] and responsive planning [Akil-
lioglu, 2015,Akillioglu et al., 2013] but those have not yet been fully integrated in
industrial prototypes.

89
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A decisive factor when targeting the wide industrial adoption of plug&produce
systems with agent-based control is the development of a design, configuration/reconfiguration
and evaluation methodologies. As highlighted in [Kadera and Novak, 2015], the re-
search of industrial agent-based systems has poorly addressed methodologies to
support design and configuration of systems considering non-functional require-
ments such as maximal response time or maximum system throughput. These
aspects have not been extensively covered and the lack of predictability regarding
the system outcome leads to a lack of industrial thrust on those systems.

In order to promote the adoption of P&P systems, the set of challenges iden-
tified in section 3.1 must be addressed and methodologies to support design and
(re-)configuration of those systems must be provided. It needs to be guaranteed
a smooth transition from traditional systems to P&P systems and ensure that
legacy systems can be upgraded rather than totally scrapped. The EPS techno-
logical framework endorses equipment reutilisation practices by enabling the agent
abstraction of any legacy equipment (or human-based collaboration) and its in-
tegration on a Agent-Based Environment. This means a traditional system (e.g.
stations, modular equipment, conveyors, etc. controlled by a centralized PLC)
can be re-engineered to constitute a P&P system. A central issue is then how
to rapidly reconfigure the available P&P systems to cope with new production re-
quirements. Regarding this point, there is no clear approach to instigate reusability
and prompt reconfiguration of a Plug&Produce System and make it rapidly mod-
ifiable and reusable for changing requirements. This is partly due to the lack of
a methodology to support reconfiguration and methods to measure and predict
system response/output. This works addresses this problematic and aims at ex-
tending EPS methodology found in Figure 3.3, by adding reconfiguration activities
as depicted in Figure 4.1.

Decisions regarding production systems design and operation are never trivial
since they include a set of conflicting goals that cannot be simultaneously optimised.
A clear example is the possibility of developing a tailored engineered system that
perfectly fits the given requirements being usually constrained by prohibitive costs
and time development. This problematic is also found in P&P systems: if one
wants to fit perfectly the production requirements at each production step the
P&P system will most likely require re-engineering work (i.e. mechanical, electrical,
reprogramming work, etc.) to change the system structure/topology and this will
imply costs and prevent timely following production orders.

In EPS context, this re-engineering effort corresponds to add/remove Docking
Points (DPs) and the necessary conveyors between the DPs that renders the sys-
tem’s structure optimal to deal with current production requirements. However
P&P systems are designed to exploit reconfiguration through plug and unplug of
modules whenever new production requirements are posed and avoid re-engineering
efforts. Hence, in the context of this work, reconfiguration can be defined as:

Definition 4. Reconfiguration means the addition/removal/re-arrangement of self-
contained modules in the available DP interfaces of the P&P system, without forcing
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Figure 4.1: Reconfiguration in EPS methodology

any mechanical, electrical or logical re-engineering, in order to timely and cost-
effectively cope with new production requirements.

Since this work aims at defining a methodology and decision-making tools that
aid reconfiguration of P&P systems, a set of basic requirements must be identified
and formalised:

• Goals - Maximize re-utilisation of P&P systems current layouts in order to
minimize mechanical, electrical and logical modifications. Perform efficient
estimation of system performance for different reconfiguration avoiding sim-
ulation.

• Time Frame - The reconfiguration assessment interval should be decided by
the user (hours, days or weeks) depending on the received orders.

• System Structure/Topology - The structure/topology of the system can vary
profoundly from system to system since there is no agreed standard struc-
ture/topology for P&P systems. For this reason the proposed approach must
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be able to abstract all kinds of structures/topologies, and the necessary im-
plications on the integration of resources.

• Resources - Resources have an heterogeneous nature (i.e. different skills) and
therefore the approach should be generic enough to allow the introduction of
resources with any skill but specific enough to cope with the implications of
allocating a resource in a specific position.

• Products - Products can be very diversified and the proposed approach must
guarantee the abstraction of any product and its relation to the system and
resources. Furthermore it must consider different products with different
volumes being produced simultaneously.

• User role - In order to guarantee a smooth transition between traditional au-
tomation and P&P systems the expert user should play an important role in
the reconfiguration process. The knowledge of the user is important to sim-
plify the reconfiguration process and support the supervision of the decisions.

The subsequent sections of this chapter define the fundamental aspects of the
reconfiguration methodology: reconfiguration triggers (when can/should a recon-
figuration take place), reconfiguration method (how should a reconfiguration be
performed), and reconfiguration assessment (expected performance of a reconfig-
uration). The definition of these set the fundamental requirements to design and
implement a set of tools that can support reconfiguration decision-making.

4.2 Reconfiguration triggers

In general a system reconfiguration must take place whenever the production per-
formance is not satisfactory or when there is a new batch of orders arrive which
might affect the stability of the system [Akillioglu, 2015]. These aspects are very
application dependent (how often conditions change, type of changes, etc.) which
hardens the establishment of precise triggers. However three main factors that
might trigger a reconfiguration can be identified:

• Product Requirements - Current system configuration does not support the
production of new orders or performance is not satisfactory (e.g. unbalance
of resources workload).

• Time Performance - Current system configuration does not meet production
time requirements (e.g. throughput time must be improved).

• Cost Performance - Current system configuration does not meet cost require-
ments (e.g. energy consumption must be decreased or modules removed since
it is possible to decrease of capacity).
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The introduction of new product orders has influence in all the identified dimen-
sions: new production requirements (different products and volumes) can render
production infeasible or it can cause poor performance (e.g. production does not
meet balancing, cost or time requirements). Hence in this thesis the main reconfigu-
ration trigger considered is the introduction of new orders. According to the timing
of introduced orders, reconfiguration assessment can be performed periodically as
depicted in Figure 4.2.

Figure 4.2: Order-based reconfiguration

At the beginning of each production period, the system can be evaluated and
configured based on all the orders to be produced in the corresponding period. The
period length can be defined by the planner as short or long intervals as necessary
in order to fulfil current planning requirements. In this order-based reconfiguration
for P&P systems there is a substantial overlap between configuration, planning
and scheduling domains. The orders are placed by the customer individually but
then the aggregation of orders according to due date and priority is performed by
human planners or planning systems and can account with work in progress and
real-time data extracted from shop floor. A framework that deals with this aspects
is presented in [Akillioglu, 2015] and the work hereby presented assumes that there
is already an aggregation of orders ready to be produced and the system must be
reconfigured to better fit those requirements.

The reconfiguration can be performed in very short cyclic periods, however the
advantages in doing so will be dependent on the total time spent during this pro-
cess. Some modules might be easily exchanged while others due to size, weight or
material supply needed might induce some difficulties. In this sense it is worthwhile
to include the human expert in the loop of the reconfiguration decision by estab-
lishing when should a reconfiguration been performed and supervise the validity of
proposed reconfigurations.
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4.3 Reconfiguration method

In this section it is presented a method that can be applied to support reconfig-
uration activities (see Figure 4.3). This method was developed according to the
requirements identified in section 4.1 and it is grounded on graph theory concepts
since those can provide the necessary abstraction to deal with heterogeneous sys-
tems, modules and products. The method consists on abstracting the system as
directed weighted graph, and after define the process plans and the available mod-
ules to be plugged in the system. Then all the possible configuration alternatives
will be identified and rated and finally the ones with better score can be simulated
in order to choose the most performing configuration alternative.

Figure 4.3: Reconfiguration method

Graph theory provides powerful concepts that can facilitate modelling and eval-
uating P&P systems. Typically a P&P system is composed of DPs where work-
stations/modules can be plugged in, a transport system (e.g. conveyors or AGVs),
routers that merge/split conveyors and Source (Entry Point of carriers in the sys-
tem) and Sink (Exit point of carriers in the system). In this sense, P&P system
can be envisioned as a directed weighted graph. The graph nodes can represent the
DPs where process-oriented workstations/modules are deployed, while the graph
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edges can represent the connection between them (conveyor system or AGV-based
transport system). The edge direction gives important information regarding the
flow of carriers in the transport system which is fundamental to know which DPs
can be visited from other DPs. The edge weight represents the distance between
DPs (i.e. size of conveyors or AGVs routes) or any other metric the user finds
interesting (e.g. estimated travel time, flow of products, etc.). In this formulation
the routers are discarded since they are merely transport system details. Hence the
edge weights reflect the full distance between two DPs or one DP with the Source
(Src) or Sink (Sk) point.

An example is depicted in Figure 4.4, where a physical system is abstracted as a
directed weighted graph. It can be observed that the Src,Sk and DPs are abstracted
as nodes in the graph and the transport system which is composed of conveyors
and routers corresponds to the edges in the graph. In situations where the system
has a closed loop, it is still considered that the system has an Entry and Exit point
(as depicted in Figure 4.4). This modelling assumption will prevent the generation
of configuration alternatives that require the carriers to do loops in the system and
therefore reduce queues and unnecessary travel and waiting times. The system can
also have multiple Src and Sk points and, in those cases, it has to be specified the
Src point where each product enters the system and the Sk point where it leaves
the system.

The modelling abstraction of a system into a directed weighted graphs corre-
sponds therefore to the first step of the reconfiguration method. It is important to
notice that this step does not have to be performed every time a reconfiguration
analysis takes place since it is assumed that system re-engineering will be avoided
and therefore the system abstraction will remain the same. Hence, once the system
is modelled as a directed weighted graph, this graph can be used every time the
P&P system goes through a reconfiguration.

Figure 4.4: System abstraction recurring to a weighted directed graph



96 CHAPTER 4. RECONFIGURATION METHODOLOGY FOR P&P

The second step of the reconfiguration method consists on the definition of
the modules in the system and the abstraction of process plans as graphs. Each
Process Plan (PP) is abstracted as a directed graph, where the nodes are the
processes (skills in EPS context) that need to be executed and the edges denote the
order of execution. This allows the definition of the sequence of processes and the
existent precedence constraints. An example of process plans and their match to
system configurations are depicted in Figure 4.5.In this figure, one can observe that
process plan 1 (PP1) and 2 (PP2) can be executed using the system configuration
represented by the system configuration graph. However process plan 3( PP3)
cannot be executed since there is no link between DPs executing the screw and
glue processes. When process plans contain OR cases, then the full set of possible
combinations are devised and it must be guaranteed that at least one is possible to
execute.

Figure 4.5: Matching between graph of the system and process plans recurring to
weighted directed graphs

This step will occur only once, if and only if, the available modules and prod-
uct types remain constant, i.e. in conditions where there is no possibility to
buy/lease/return modules and product variants are identified from the start and
all process plans are well known. This means that if only the volumes of products
change, the reconfiguration method can start on step 3 directly, otherwise this step
allows the definition on the fly of extra modules and new process plans.
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In step 3, all the possible system configurations will be devised and assessed.
Assuming N modules will be deployed in N DPs the total number of possible con-
figurations is N! (see Figure 4.6). Nevertheless, since both the system’s and the
process’ graphs are directed many of the theoretical possible configurations are not
feasible. The reason for this is that many alternatives would not support the se-
quence of processes necessary to the production of all envisioned products. If one
product requires the ordered execution of processes A,B,C then the system must
necessarily have a path connecting process A to B and B to C (even if in an indirect
way). Considering a system where modules M1 and M2 perform process A then
there must be a path to process B from the DPs where M1 and M2 are deployed
and only the valid paths can be considered.

During step 3 the graph that represents the system layout is populated with
the modules in all possible combinations generating N! graphs that represent all
possible configurations (see Figure 4.6). Each configuration graph is then matched
against the process plans’ graphs, and if all necessary paths to execute the process
plans are found the configuration is validated otherwise it is discarded.

Figure 4.6: Generation of all possible configurations through exhaustive search

As depicted in Figure 4.5, the process plan 1 and 2 (PP1 and PP2) can be
executed in the tested system configuration, even if PP2 does not have direct paths
for all the processes (PP2 graph is not a subgraph of the system configuration
graph). However, that configuration is not valid to execute the process plan 3
(PP3) since in that configuration there is no path linking a screw process to a glue
process. All the pairs of processes (e.g. P&P->Glue and Glue->Stack) have to
exist in the configuration and be connected by a path. This matching process will
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potentially reduce largely the number of possible configurations that need to be
subsequently analysed. The authors do acknowledge that the factorial nature of
this computation is time consuming and computationally intensive, however the
generated configurations would indeed be in the set of options that would have to
be considered by system designers or production managers.

The thorough examination and simulation of all candidate solutions would be
very time consuming and for this reason in the next section, metrics that scrutinize
the structural similarity between the selected configurations and the process plans
that need to be executed as well as evaluate the potential travel and waiting times
are presented. In step 4, the metrics proposed next are used to rate the candidate
solutions in order to simulate the most promising ones, and help the planner de-
ciding the best configuration (i.e. the one that minimizes the defined performance
goals).

4.4 Reconfiguration assessment

4.4.1 Performance Goals

The reconfiguration decision must be supported by a performance assessment anal-
ysis. Considering the performance evaluation dimensions identified in chapter 2.1.3
this thesis will consider mainly time performance. This is justified by the fact that
any other evaluation cannot be clearly performed and therefore would lack proper
validation. Complex approaches such as Overall Equipment Effectiveness (OEE)
1 could not be considered since there is no existent data available to fulfil their
requirements. Furthermore it would be difficult to include all aspects related to
random failures, maintenance, setup times etc. in a simulation model reflecting
self-organising production. Consequently aspects such as machine availability, re-
liability, performance efficiency, Quality, MTBF etc. are not considered in this
research.

The Throughput (TP) time constitutes a valuable KPI for the operational per-
formance of a P&P System. The TP time measures the transport, waiting, setup,
operation and unloading times for each product. In the context of P&P systems
with dynamic routing task assignment, it becomes especially interesting to measure
the transport and waiting times that arise from the Self-Organising Behaviour. The
transport time can be reduced by grouping equipment performing sequential oper-
ations, improve the layout and increase station capacity. These actions can con-
tribute to the minimisation of the time per move and the number of moves. The
waiting time can be reduced by increasing resource access and reduce the number
of queues through the removal of non-value adding stations from the production
path or balancing the load in stations and conveyors.

1OEE measures the total equipment performance (i.e. to which extent the equipment is per-
forming well at a time) based on availability, performance and quality rate [Muchiri and Pintelon,
2008]
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The goal of Minimising the Throughput Time can be subdivided into several
sub-goals:

• Minimisation of the Transport Time

• Minimisation of the Waiting Time

• Minimisation of queues through adequate balance of loads in conveyors and
stations

• Maximize routing options to avoid failures

• Minimise the number of changes to reduce reconfiguration time in terms of
plug and unplug actions, material supply, etc.

The reason for this subdivision is the further scrutiny of the reasons behind the
infeasibility or low performance expected for specific configurations, rather than
just optimizing a unique cost function.

4.4.2 Limitations of Complex Networks metrics
In the scope of this research, system analysis based on Complex Networks (CN)
metrics was investigated as a candidate solution to support reconfiguration deci-
sion and the achievement of the aforementioned goals. Preliminary results were
promising [Neves et al., 2014b,Neves et al., 2014c,Neves et al., 2014a], however as
research was amplified several findings compromised the usage of this approach and
they are briefly discussed in this section. CN metrics (see section 2.5) are useful
to infer generically the connections of a system and to relate different systems (e.g.
different DPs and connections between DPs) and two possible uses of this metrics
are:

• Positioning of a module used by many products - If a process is required very
often it would make sense that the respective module is plugged in a DP with
high closeness centrality (i.e. close to all other modules).

• Positioning of a module with high process time - If the process time of a
module is very high then it would be advantageous that this module is plugged
in a DP with low betweenness (i.e. node in the shortest path of other nodes)
to decrease the probability of generating queues and bottlenecks.

• Positioning of a final process in most process plans - If a process is found often
in the end of process plans then the respective module should be plugged in
a DP with high eccentricity where the most eccentric node would be a sink
point.

Despite the aforementioned possible relations it is extremely difficult to formal-
ize this knowledge in a consistent way since it is very system and order dependant.
CN metrics provide, in this sense, poor support to reconfiguration decision in en-
vironments with constantly changing orders as attested by the following examples:
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• Average Path Length - This metric does not measure the paths of the actual
routes of products and travelled DPs but instead the average distance along
the shortest paths for all possible pairs of network nodes (DPs).

• Degree Centrality - Measures the average amount of nodes (DPs) connected
to a node however it does not have any information regarding DP connectivity
and advantages of some connections to produce specific orders. Furthermore
the reconfiguration process (change positions of modules in the DPs) does not
affect this metric if the average degree centrality is considered.

• Closeness Centrality - this metric relates the distance from a node to all
other reachable nodes using the shortest path however the actual necessary
routes will depend on the way the modules are plugged and the production
orders. Furthermore if we take an average measure it is not affected by the
distribution of the modules in the system.

• Betweenness Centrality - it assesses to which extent a node lies in the shortest
path between two other nodes in the network. Nevertheless, analogously to
the previous example, it does not relate to the actual routes of products in
the system. Moreover the average betweenness is not affected by the DPs the
modules are plugged in.

This has motivated the development of metrics that could be applied to any
P&P system and still express relations between the system configuration attributes,
production orders and the expected performance.

4.4.3 Proposed Metrics
The proper configuration of a P&P system can play a decisive role in decreasing
material handling cost and throughput time and can be fundamental to increase
productivity and efficiency. A bad configuration can result in high material handling
cost, low throughput and accumulation of WIP. It is therefore fundamental to
estimate the performance of each reconfiguration and for this reason some metrics
are proposed in this thesis.

In typical self-organizing production there is no pre-defined task-resource allo-
cation since this process is done in runtime. Hence to evaluate the configurations
this assignment has to be estimated. In this work the routing decisions are based on
a probability function inverse to the route cost, where the route cost is calculated
based on the estimated travel time (without queues). Routes with less cost have
therefore more probability to be selected, which provides a realistic approximation
of the distribution of products in the stations as given by the self-organizing prod-
uct routings. For a set of n possible paths to execute a process, each path Pw has
a cost Cw and probability P(Cw) of being selected, as depicted in the equation 4.1.
An example of calculation of the path routing probability function is depicted in
Figure 4.7, where it is possible to observe the influence of the route cost in the es-
timation of resource assignment. The figure illustrates the route cost Cw between
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each pair of DPs (the edge weight) and the resultant cost for each path. The system
on the right is similar to the one on the left but it has a larger conveyor connecting
DP1 to DP3 which is exemplified by having a route cost of 3 instead of 1. This
means that on the system on the left executing PP1 has the same cost indepen-
dently of the production path followed by the product, while in the system on the
right following production path 1 results in a shorter travelled cost and therefore
there is more probability of selecting this path.

P (Cw) =
1

Cw
∗ 100∑n

w=1( 1
Cw

)
(4.1)

Figure 4.7: Path routing probability example

The proposed metrics do not explicitly consider queues and other dynamics such
as buffers but they do capture several physical system limitations present in the
configuration. Furthermore they are designed separately deliberately to allow the
system designer to understand the potential problems with specific configurations
rather than optimizing a unique cost function. This allows for a more user-friendly
readable result and also enables future research on the application of machine learn-
ing to unveil the relation between the configuration characteristics and the system
performance.



102 CHAPTER 4. RECONFIGURATION METHODOLOGY FOR P&P

The proposed move time metrics aim to capture the suitability of the system to
execute the defined process plans. The physical constraints on the system config-
uration are measured by the move speed and distance necessary to implement the
process plans as well as the grouping of sequential operations to avoid travelling
through non-value adding stations.

The accurate measure of the formation of queues and consequent bottlenecks
and waiting times requires the knowledge of several parameters such as station
workloads, cycle times, buffers, etc. However it is possible to have an estimation
of the suitability of the configuration in terms of waiting times by analysing the
distribution of products in the transport system and stations and also by increasing
resource access through different routing options.

A high ranking on these metrics does not guarantee that a reconfiguration alter-
native will have a TP time that satisfies the system expert. However the analysis of
these metrics provides evidence that among the set of alternative reconfigurations
the ones that ranked highest are more probable to perform better. When a spe-
cific KPI (e.g. TP time) must be guaranteed then the reconfiguration alternatives
should be always simulated. If results are not satisfactory then a new system might
need to be developed because there is no possible reconfiguration in the current
system that is suitable for the current production requirements.

Process System Affinity Index

The Process System Affinity Index (PSAI) evaluates how strictly the required pro-
cess plans adhere to the structure of the evaluated system configuration Gsys by
measuring if all the sequential processes required for the execution of a specific
process plan Gi are grouped optimally, i.e. they can be routed without travelling
through non-value adding stations. As depicted in equation 4.1, this is achieved
through subgraph matching between every production process plan graph Gi and
the system configuration graph Gsys and by counting the number of vertex hops
between the source point and the first process (hSrc) of Gi and those between the
last process in Gi and the sink point (hSk). The hop count gives this metric a
global context and ensures the minimization of travelled non-value adding stations.

PSAI =
n∑

i=1
(Pi

Pt
f(Gi)) (4.2)

where

f(Gi) =
{

2
hSrc+hSk

if Gi ⊆ Gsys
0 otherwise

In the ideal system configuration, where all the production process plans are
subgraphs of the system configuration Gsys and have the station that executes the
first process in the process plan as an outbound connection of the source point, and
the sink point as an outbound connection of a station that executes the last process,
the metric will be equal to 1 (maximum value). In this measure the importance of



4.4. RECONFIGURATION ASSESSMENT 103

the volume of each process plan is also considered. It is represented by the ratio of
P i
P t where Pi is the number of products of process plan i and Pt is the total number
of products in the current order. This is important since it represents the affinity
with the volumes of each process plan contributing to a more accurate measure.
An example is provided in Figure 4.8, where it is possible to observe the metric
result with different process plans. The order 1 consists of 10 PP1, and PP1 is a
subgraph of the system and there is one hop between the Src and the DP where
the first process is executed, and one hop between the DP where the last process is
executed and the Sk point. For this reason PSAI equals 1 (maximum value). Order
2 is composed of 10 PP2, and PP2 is also a subgraph of the system. However in
this case two hops separate the DP where the last process is executed and the Sk
point. For this reason hSrc + hSk = 3 and therefore PSAI equals 2/3. Order 3
consists of 10 PP1 and 10PP2 so the influence of each PP in the PSAI metric is 0.5
and the total value of PSAI becomes 0.835.

Figure 4.8: Example of PSAI metric

Move Time Index

The Move Time Index (MTI) is used to measure the move distance and speed. It
considers the move cost for the n process plans and weights them according to their
importance (Pi is the number of products of process plan i and Pt the total number
of products in the current order). This guarantees that system configurations will
be rated according to the volumes of products of different types. The equation to
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calculate MTI is depicted in equation 4.3. Cpmin corresponds to the theoretical
minimum result and it is achieved multiplying the minimum number of paths nec-
essary to travel to accomplish the specific process plan i (number of vertex hops
HOPSmin) by the minimum cost for each path (minimum distance per path Dmin

divided by maximum speed per path Smax). The minimum number of vertex hops
corresponds to the number of processes to be executed plus one. For example if the
process plan includes the execution of two processes the minimum vertex hops will
be equal to 3 (source to process 1, process 1 to process 2, process 2 to sink). This
number of hops means that no non-value adding stations are crossed during the
execution. Cpi corresponds to the total transport time cost (distance Dj divided
by speed Sj) path by path for the m paths included in the selected path.

MTI =
n∑

i=1
(f(Gi)) (4.3)

where f(Gi) = Pi

Pt

Cpmin

Cpi

and Cpmin = hopsmin ∗ Dmin

Smax
,

Cpi =
∑m

j=1( Dj

Sj
)

Considering the ratio of distance with speed as the weight of the each edge/path
then it is clear that this corresponds to the ratio between the minimum possible
weighted shortest path (in an ideal system graph) and the selected weighted path
that exists in the tested configuration. This index will be at most 1 and that means
that the system configuration has a transport cost equal to the theoretical minimum
for all the process plans. An example is depicted in Figure 4.9, where it is possible
to observe the influence of conveyor distance in the metric result.

Path Distribution Index

Recurring to the estimated assignment based on the probabilistic function presented
above, it is possible to estimate the distribution of products in the transport paths.
Obviously the products will not be in the paths all at the same time (depends on
which order the products enter the line, the process times, etc.) but a high unbal-
ance of the load in the paths can be an indicator of queues in the system. This
analysis is also useful to identify paths where no transport of products exists at
all. To relate the load in the paths and present the results in an index format it
is used the Gini Index, which measures the inequality among values of a frequency
distribution and is typically used to present results on the income inequality dis-
tribution [Gastwirth, 1972]. In this case the input for this measure will be the
number of products allocated to each path rather than the income of an individual.
All the paths that connect two DPs have an expected amount of products travelling
through it and the Gini Index will enable the measurement of the travel balancing
in the system. The Gini index can be calculated from unordered size data calculat-
ing the mean of the difference between every possible pair of path loads x, divided
by the mean size µ [Dixon et al., 1987], as depicted in equation 4.4.
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Figure 4.9: Example of MTI metric

G =
∑n

i=1(
∑n

j=1(|xi − xj |)
2n2µ

(4.4)

A Gini index equal to 0 is an indicator of perfect equality among the path loads
while a Gini index equal to 1 represents total inequality. In order to be coherent
with the other metrics and to facilitate the readability of configuration scores the
PDI metric will be presented as 1-Gini as depicted in equation 4.5. It results then
that perfect equality on path distribution will be reflected on PDI score equal to 1.

PDI = 1−G (4.5)

Workload Distribution Index

This metric is identical to the previous one but instead of considering the load
in the paths it considers the load in the stations. The workload of each station
is calculated by multiplying the number of products executing a process in that
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station with the time it takes to execute that process. If the stations’ workload is
well balanced then the Gini index will be close to 0, otherwise it will be higher. A
high index could mean the presence of bottlenecks due to uneven distribution of
work. The authors do acknowledge the fact that some inequalities can be caused
by the lack of redundancy of some processes or by the extensive use of specific
processes in the process plans compared to other processes. Nevertheless since the
goal is to compare different configurations, this metric can potentially provide a
difference between several configurations. That is, if a station is not used at all
because the its process is not needed this will impact the score of all configurations
in the same way. However, if two stations are redundant and only one is used than
this configuration will score less than a configuration which distributes the products
through the two available stations. Likewise the previous metric the result will be
presented as 1-Gini as depicted in equation 4.6.

WDI = 1−G (4.6)

An example where the PDI and WDI metrics are employed is presented in
Figure 4.10, where it can be observed the number of products that, according to
the previously calculated path routing probability function (see Figure 4.7), request
process and transport executions in the different stations and paths. In this example
it was calculated that the configuration on the left distributes the products equally
through the two possible production paths, while on the configuration on the right
there is a higher cost of using production path 2 and therefore this one is only
used 33 percent of the time while production path 1 is used 67 percent of the time.
This results in larger unbalancing in the stations and paths for configuration 2 and
therefore a lower score on WDI and PDI respectively.

Routing Flexibility Index

This metric captures the routing flexibility and resource accessibility (i.e. stations
reachable or not) of the configuration by calculating the total number of alternative
full paths npaths that exist to execute each of the n process plans (see equation 4.7).
For a full path to be considered valid it needs to allow the execution of all processes
in the process plan and have a link with the source and sink points. The full paths
can be calculated recurring to a Depth-First Search (DFS) algorithm to find all
the DPs/production modules the product needs to visit in order to fulfil its process
plan. This algorithm iteratively finds all paths for each process pair in the process
plan, i.e. it finds all the paths from the first process in the process plan to the second
one and then from the final point of the found paths it calculates the possible paths
to the next process plans. In the end all possible path combinations are assembled
resulting in the total alternative full paths npaths.

RFI = 1− 1∑n
i=1( Pi

Pt
f(Gi))

(4.7)
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Figure 4.10: Example of PDI and WDI metric

where f(Gi) = npaths

Similarly to the metrics before, the volumes of each process plan are considered
and, Pi is the number of products of process plan i and Pt the total number of
products in the current order. This metric score will be maximum one when several
alternative paths exist to produce all process plans tested. The RFI metric equal
to 0 means that only one path exists that guarantees the execution of each process
plan. The bigger the score of this metric the more alternatives exist to execute
the process plans and therefore the bigger is the routing flexibility and resource
accessibility. An example is depicted in Figure 4.11, where it is possible to observe
different routing flexibility for two reconfigurations. It is possible to observe that
the configuration on the left provides two alternatives to fulfil the process plan PP1
while the configuration on the right only provides 1. Hence using equation 4.7 one
can calculate the RFI for both alternatives and realize the configuration on the left
has a bigger routing flexibility than the configuration on the right.
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Figure 4.11: Example of RFI metric

Reconfiguration Effort Index

The Reconfiguration Effort Index (REI) measures the number of modifications in
terms of Plug and Unplug of modules of a specific reconfiguration. This measure
has no influence in the performance of a specific reconfiguration but it is useful
when deciding between reconfigurations with similar potential performance. Given
the assumptions of P&P and the possibility to plug any module in a DP with no
reprogramming effort it is considered that all changes have the same cost. In this
sense this measure will count the number of changes in the positions of DPs between
every candidate reconfiguration solution and the current configuration. Considering
N the number of DPs in a system and 2 arrays with size N: Current configuration
CC[N] and Reconfiguration Alternative RA[N] where in each slot the name of the
deployed module is inserted then the REI metric can be easily calculated as follows:

REI = 1−
∑n

i=1(Cost(n)
MaximumCost

(4.8)

where

Cost(n) =
{

1 if CC[n]=RA[n]
0 otherwise

and MaximumCost = n
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The maximum value of REI can only be achieved when the reconfiguration al-
ternative is equal to the current configuration and no change of modules takes place
(
∑n

i=1(Cost(n) = 0). On the other hand REI will be 0 in the case where the recon-
figuration alternative implies the change of positions of all modules ((

∑n
i=1(Cost(n) =

N)). The REI metric will not be presented in the validation tests since it has no
relation with the system performance, however it is important to formalise it since
it can be used to choose between two alternatives with the same score.

Application Scenarios

The application of the proposed metrics to support reconfiguration selection of P&P
systems include a set of complex decisions to select among the different alternatives.
The trade-off solutions that compromise certain objectives in detriment of others
will depend on the implications of specific application scenarios.

Decision making in applications without redundancy of processes (1 module for
each necessary process) and similar processing time of modules should be primarily
focused on maximizing the MTI and PSAI metrics since those guarantee shorter
travelled times and minimisation of non-value adding stations on the production
path. Configurations should after be assessed regarding their routing flexibility
(RFI) and path distribution (PDI) which can potentially decrease queues and min-
imize potential impacts of a station failure. The WDI metric is not relevant since
the distribution of products in stations will not change due to absence of redun-
dancy. In the case that two or more configurations have exactly the same score in all
metrics then the reconfiguration that minimizes the number of module reallocations
must be selected (REI).

Scenarios where there is no redundancy of processes but modules have different
processing times require extra attention from the expert user. In this case the same
procedure presented before applies but special attention should be given to RFI
and PDI that could help identifying queues in the system.

Applications with redundancy of processes require a different trade-off between
the metrics. In those cases, the WDI metric will gain expression since it can measure
the better distribution of products in the redundant stations. Hence maximizing
the MTI and WDI should be the main priority of the expert user to minimize
the travelled distances and have a good distribution of products in the available
stations. Next the PSAI should be maximized in order to reduce the number of
non-value adding stations and finally the RFI and PDI in order to improve the
routing flexibility and distribution of products in the transport paths.

4.5 Requirements for decision support tools

Based on the reconfiguration methodology and the inherent triggers/drivers, method
and assessment defined in the previous sections, a set of requirements for decision
support tools that may help validating this work can be identified:
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• Tool should allow the quick and user-friendly introduction of a P&P system
layout and allow the generation of all potential configurations and present
their potential performance according to the proposed metrics.

• The tool must me interactive and allow the user to contribute with his knowl-
edge. Hence the user must be able to allocate certain modules to certain DPs
(due to constraints on size, buffers, material, etc.).

• The top-scoring configurations must be easily translated into a multi-agent
based simulation environment to infer the expected TP time and balancing of
each configuration. The simulation agents must implement the same alloca-
tion probability function as described above to emulate the estimated routings
and chosen stations.

• All the operational data (in this case only simulation data) must be saved for
future analysis. Hence a database model that is compliant with heterogeneous
systems and modules must be designed and implemented. The data must be
saved as raw as possible in order to be used in different contexts.

• An analysis tool that calculates all performance indicators based on raw data
available in database must be designed and implemented. This tool should
allow the readability of aspects such as TP time of the system, availability of
modules, and all other main operational KPIs.

• Given the multi-objective optimisation nature of configuration problems, a
learning method that allows automatic analysis of data and support configu-
ration selection should be provided.



Chapter 5

Prototype Implementations

In order to validate the proposed methodology and prove that it provides adequate
support for reconfiguration of P&P systems in dynamic environments, the imple-
mentation of prototypic tools can play a major role. Such tools can enable the
generation and testing of different systems and reconfiguration alternatives to cope
with unanticipated scenarios which would otherwise be impossible due to develop-
ment time and costs. In this chapter four prototype implementations that can help
validating the proposed hypothesis and potentially support decision-making in P&P
systems are presented: A layout assessment tool to generate and rate all feasible
reconfiguration alternatives for a given system and order (block 1 in Figure 4.1); an
agent-based simulation tool that enables testing different P&P systems, with differ-
ent configuration alternatives and different production plans and volumes since real
data cannot be extracted (block 2 in Figure 4.1); a result assessment tool to enable
quick visualisation of results and calculation of all important KPIs; and finally a
reconfiguration decision support tool that uses operational and configuration data
to create decision trees to help the reconfiguration alternative selection (block 3 in
Figure 4.1).

5.1 Layout Assessment Tool

The layout assessment tool was developed under the scope of this research to sup-
port the generation of alternative reconfigurations (as defined in section 4.1) given
the current system layout, modules and product requirements. Due to the problem
complexity, typically many reconfiguration alternatives are not considered. Oppo-
sitely, in this approach there is an exhaustive search of all combinatorial possibilities
on the reconfiguration solution space and those are appropriately validated and as-
sessed.

111



112 CHAPTER 5. PROTOTYPE IMPLEMENTATIONS

5.1.1 User interface and input
The layout assessment tool allows the user to introduce the system layout (the
DPs, distance of paths connecting different DPs, speed of paths, etc.), production
modules (name of module, performed process and process time) and the production
plans through a Graphical User Interface (GUI) depicted in Figure 5.1. It uses the
Jung library [OMadadhain et al., 2005] to support the visualization of the P&P
system. The input for this tool is the current system configuration, hence the user
introduces the layout structure of the DPs and connecting conveyors but also the
currently deployed modules in each specific position. This is considered important
since the reconfiguration effort (number of necessary changes in the system) should
be minimized.

Figure 5.1: Layout Assessment Tool GUI

The layout assessment tool can be used in two different ways: exploring way,
where the user introduces the layout and modules and all candidate solutions are
generated and rated; and expert way, where the user introduces the layout and mod-
ules but also defines the fixed allocation of certain modules to certain DPs (due
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to constraints on size, buffers, material, etc.). In this case the space exploration
will be reduced leading to fewer reconfigurations and faster results. In the extreme
case, the user allocates all modules to the DPs and the metrics will be calculated
only for that specific reconfiguration. It is implemented on the tool an interface to
write and read layouts in graphML format [Brandes et al., 2010] since this format
is used by several graph analysis tools such as Gephi [Bastian et al., 2009]. The
Gephi toolkit has been also used to implement a topological analysis of the layout
by assessing different structural properties in terms of complex networks proper-
ties such as average degree, betweeness, closeness, etc. as detailed in [Neves et al.,
2014b,Neves et al., 2014c]. The fact that it is possible to save the generated graphs
in the graphML format means also that the validated reconfiguration alternatives
can easily be exported to the agent-based simulation tool presented in section 5.2.
Furthermore it means that the whole process of reconfigurations being triggered
(when a reconfiguration shall be performed) and generation and assessment of re-
configuration alternatives that can maximize performance and profitability can be
fully automatized.

5.1.2 Generation and validation of alternative reconfigurations
The generation of all candidate reconfiguration alternatives is performed recurring
to the Combinatorics lib 2.1 library [Paukov, 2015]. This library implements all
the useful combinations and permutations algorithms necessary for this work and
based on an input vector it generates all possible combinations where the number
of possible combinations of a vector with size N is N factorial(N!).

An example is depicted down based on the system layout presented in Figure 5.1.
After all the configurations are generated they are properly validated according to
all production plans. A reconfiguration alternative will be considered valid if and
only if it enables the accomplishment of all production plans as defined in section
4.3. The validated reconfiguration alternatives will then be presented in the tool
as depicted in Figure 5.2.

Figure 5.2: Layout Assessment Tool GUI - Validated reconfiguration alternatives

In order to validate a reconfiguration alternative a Depth-First Search (DFS)
algorithm was implemented in order search all process-pairs present in the process
plans in the system graph. A DFS algorithm is used to search a graph starting at the
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defined root and exploring each branch until the end before backtracking [Tarjan,
1972].

5.1.3 Reconfiguration Assessment
The validated reconfiguration alternatives are assessed concerning their ability to
fulfil specific product orders based on the previously identified metrics (see section
4.4). The metrics are displayed in the GUI as depicted in Figure 5.3. The link
between the metrics that evaluate the configuration and the achieved performance
through simulation is presented in the next chapter of this thesis.

Figure 5.3: Layout Assessment Tool GUI - Reconfiguration alternatives assessment
result

5.2 Agent-based Simulation Tool

There are few implementations of self-organizing mechatronic systems such as EPS
and therefore, at an initial stage, aspects such as system design, configuration,
transport and scalability of the solution have to be studied mainly through simula-
tion. Simulation techniques are used to mimic the operation of a real-world process
or system over time. To do it a model that accurately represents the key charac-
teristics or behaviours of the specific system or process must be formalised. Such
model represents the system itself while the simulation represents the operation of
the system over time. Simulation has played an important role along the years in
design and operation of production systems. Most common approaches to simulate
the operation of production systems have been Discrete Event Simulation (DES),
System Dynamics (SD) and Agent Based Simulation (ABS) [Smith, 2003]. ABS
has been perceived as a suitable method for domains characterized by a high degree
of localization and distribution and dominated by discrete decision [Parunak et al.,
1998b]. In ABS there is a close match between the real entities, the entities of the
model and the entities of the simulation which facilitates the software design and
implementation [Davidsson, 2001]. Furthermore given this relation it is possible to
interchange between simulation and reality and introduce simulation agents in a
physical system and vice-versa as demonstrated in [Vrba and Marik, 2010,Ribeiro
et al., 2013].
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5.2.1 Simulation model and components
An abstract simulation model is used under the scope of this work for the instan-
tiation and analysis of different P&P systems (see Figure 5.4).

Figure 5.4: Simulation Agents

This abstract model enables the instantiation and simulation of different re-
configuration alternatives under different conditions (different number of carriers,
different Stations with different process times, different products and volumes, etc.).
The agents considered in the model for this purpose are:

• Station Agent (SA) - abstracts a station in the system where specific produc-
tion processes can be performed (corresponds to a node in the network). It
is assumed that if the process performed in a specific station needs a specific
material or part it is always available in the station’s buffer.

• Router Agent (RA) - abstracts a routing device that is used to split/merge
conveyors enabling the routing of carriers around the system.

• Conveyor Agent (CoA) - abstracts a conveyor and corresponds to the edges
in the network. It has a specific size and capacity and controls the flow of the
carriers. The carriers in the conveyor are all independent and are controlled
by simulated sensors and actuators. Hence the fact that one carrier needs to
stop does not stop the whole conveyor and there is no need for synchronization
actions. The conveyor agents update their weight according to the traffic in
it so in case of congestion the carriers can be routed through other paths.

• Carrier Agent (CA) - abstracts a carrier in the system that is responsible
to carry the product and follow its production plan. The carriers queue in
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the Source Point until they are allocated to a product, and then follow the
requests of the product.

• Source (SrcA) and Sink Agent (SkA) - these agents are responsible for the
entrance and exit of carriers in the system. If applicable, when the carrier
reaches the sink point it can be transferred back to the source point automat-
ically or manually.

• Product Agent (PA) - abstracts a product and orchestrates its production
plan.

• Generator Agent (GA) - this agent is the central agent for the simulation
process since it receives the requirements from the user through a GUI, gen-
erates the systems and deploys all the necessary agents. It also manages the
deployment of products in the system and monitors the execution states.

Figure 5.5: Differences between IADE (on the left) and the simulation model used
(on the right)

This model is based on IADE agent architecture [Ribeiro et al., 2012b], however
some modifications were introduced to make it more suitable for its goal. First
it does not incorporate the concept of CLA. The reason for this is that CLAs are
logical agents and the main goal here is to study the physical layout and its topology
and structure. Hence SAs are used in the architecture and they correspond to the
higher layer of CLA abstracting a module and publishing all its skills. A simple
example where only one CLA layer is used is depicted in Figure 5.5. As remarked
in [Ribeiro et al., 2012a] the CLA layers help dealing with complexity and support
skill composition but also introduce communication and negotiation delays in the
platform.

It is assumed in the simulation model that each one of the stations’ skills is al-
ready a required production process with direct mapping to different product plans.
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The motivation for this simplification is two folded: firstly there is no goal to study
the control of skill decomposition and therefore we can simplify the testing and
evaluation of systems; secondly in the study of network measures or graph analysis
the introduction of logical layers would remove the physical context (position and
connections) of the agents.

The simulation environment follows agent based simulation and has been imple-
mented using the JADE framework [Bellifemine et al., 2007]. All communications
in the platform follow FIPA protocols [Odell and Nodine, 2006]. Since the im-
plemented tool could potentially be used by different actors, it enables both the
option to import previously generated system configurations and to introduce new
ones with a Graphical User Interface (GUI). The GUI implemented (see Figure 5.6)
allows the easy introduction of different system layout structures and generation of
all the simulation agents necessary to simulate the system.

Figure 5.6: Simulation Tool GUI

5.2.2 Interactions and behaviours of agents

In order to start the simulation the agents must first be deployed. The SAa, RAs,
CoAs, SrcA and SkA are deployed at an initial stage. All of them receive from the
GA a message to inform them about their Inbounds and Outbounds.

The second step is to launch the carriers in the system. Once they are deployed,
they will request the SrcA to enter the queue. The SrcA keeps an ordered list of
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the CAs queuing and upon a request from a PA to be allocated it releases the first
carrier on the list.

After all the previously mentioned agents are deployed we can finally deploy
the PAs. They can have any desired production plan as long as all necessary skills
exist in the platform. The PA’s first action is to request the SrcA to be allocated
to one carrier. When the SrcA has guaranteed it, the PA can start the execution
of the production plan. That consists in a loop where it finds the next skill in its
production plan, requests transport to a station that can execute it and requests
its execution to the station it travelled to.

The CoA control the flow of carriers following the logic exemplified in Figure 5.7:
conveyor 1 has access to sensor and actuator of Stopper 2, Station 1 of Stopper 1
and Station 2 of Stopper 3. When the CA needs to enter a CoA it requests entrance
(to C2 in the example). If the CoA is not full it opens the stopper 2 and pulls the
carrier.

Figure 5.7: Example of flow control in the transport system

The carriers move in the conveyors with constant speed, however they do not
progress if there is another carrier or stopper blocking it. This simulates the pres-
ence of proximity sensors in the carriers.

When a carrier reaches the end of the conveyor it stays blocked in Stopper 3 (see
Figure 5.7). The CoA will request the next link (RA or SA) to allow the carrier in.
If the SA/RA is free, it will open the stopper 3 and allow the carrier in. Otherwise
it will send a refuse message, and the CoA will keep trying until it is granted access.

Once the carrier enters the next node (Station 2 in Figure 5.7) it is blocked by
stopper 4. In case it is not the final destination, it will request further transport
following the previously presented interaction. In case it is the final destination,
the carrier will inform the product it has reached the final destination and that
the skill can now be executed. The PA will then request the skill execution to the
respective SA.

When the skill execution is finished the PA will request the carrier to move
it to a station where it can execute the next skill in the workflow. A sequence
diagram that exemplifies a possible interaction in the platform, and how messages
are semantically interpreted to extract operational times, is sketched in Figure 5.8.
In order to slightly reduce the communication in the platform, in the current version
of the transport system when the carriers are deployed they possess the network
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Figure 5.8: Example of interaction in the platform

structure of the system. This information enables them to know the SAs’ locations
and update the distances according to periodic weight update provided by the
CoAs.

In every node that it stops, the CA looks in JADE’s directory facilitator (DF) for
agents publishing the needed skills and then use this information to (re-)calculate
the best route, avoiding this way possible congestions.

The main Self-organisation component in the platform is thus given by this con-
tinuous path recalculation that makes the system reactive to faults and congestions
(even though we do not introduce random faults in the system). The implemented
behaviours that make this possible will be further detailed down as the agents
implementation is presented.

Generator Agent The GA has two main components: The setup component
that exists in every agent to read arguments, initialize behaviours, etc. and a engine
management behaviour that is added to the GA in the setup (see Figure 5.9).

Conveyor Agent The CoA has four main building blocks: Setup, Communica-
tion, Engine management and Weight Update. The setup method will be responsi-
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Figure 5.9: GA Engine Management Behaviour

ble to read the necessary arguments and initialize the the communication, Engine
management and Weight Update behaviours. The engine management behaviour
(see Figure 5.10) is implemented through a ticker behaviour which period is set in
the setup method through the arguments passed to the agent.

Periodically this behaviour updates the positions of the carriers taking into
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Figure 5.10: CoA Engine Management Behaviour

consideration the queues present in the system.
When a carrier reaches the end of the conveyor it is stopped by a stopper

as previously shown and a communication is established with the outgoing node
in order get access to it. The reply from this message will be handled by the
communication behaviour which will "remove the carrier from the conveyor".

The communication behaviour is always listening for incoming messages and
when they are received they are separated according to message performative type
(e.g. Agree, Inform, etc.) and ontology (in this case only move execution). When
a request message is received requesting a carrier to enter the conveyor a one shot
behaviour is launched to handle it and its behaviour is depicted in Figure 5.11.

The Weight update behaviour of the conveyor is implemented through a ticker
behaviour and at every tick it computes the load in the conveyor and if the routing
cost has changed it notifies all carriers (see Figure 5.12).
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Figure 5.11: CoA one shot behaviour to handle the entry of carriers

Figure 5.12: CoA Ticker Behaviour to update routing costs
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Carrier Agent The CA has three main building blocks: setup, Communication
and Engine management.

Figure 5.13: CA Engine management implemented through a Cyclic Behaviour

The setup method will be responsible to read the necessary arguments and
initialize the communication behaviour. The communication behaviour will launch
the necessary behaviours to deal with different requests such as product requests to
allocate a carrier (see Figure 5.14) and product requests to move to a location where
a specific skill can be executed which is handled by the carrier engine management
(see Figure 5.13).
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Figure 5.14: One shot Behaviour of the Carrier Agent to handle product allocation
requests

Product Agent The PA has two main building blocks: setup and Engine man-
agement.

Figure 5.15: PA Engine management implemented through a Cyclic Behaviour

The setup method will be responsible to read the necessary arguments and
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initialize the engine management behaviour. The Engine management behaviour
is implemented through a cyclic behaviour and orchestrates the execution of the
production plan by successively requesting transport and skills executions and mon-
itoring their execution as depicted in Figure 5.15).

Station Agent The SA has four main building blocks: setup, Communication,
Skill Execution Management and Docking Management.

Figure 5.16: SA docking management behaviour implemented through a cyclic
behaviour

The setup method will be responsible to read the necessary arguments and
initialize the communication behaviour. The communication behaviour will launch
the necessary behaviours to deal with different requests such as carrier requests to
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be allocated to a DP or deallocated from DP (see Figure 5.16) and product requests
to execute process skills (see Figure 5.17).

Figure 5.17: SA skill execution management behaviour implemented through a
cyclic behaviour

Router Agent The RA is conceptually similar to the SA but it is capable of doing
only routing operations. Since the change of inbound or outbound connections are
essential to be able to route the carrier in the right direction it is implemented as
a DP and following the logic presented in Figure 5.7.

The RA has four main building blocks: setup, Communication, Routing Exe-
cution Management and Docking Management.

The setup method will be responsible to read the necessary arguments and
initialize the communication behaviour.

The communication behaviour will launch the necessary behaviours to deal with
different requests such as carrier requests to be allocated or deallocated (similar to
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the one depicted in Figure 5.16) and product requests to be routed so specific
locations (see Figure 5.18).

Figure 5.18: RA routing execution management behaviour implemented through a
Cyclic Behaviour

Source Agent The SrcA has four main building blocks: setup, Communication,
Carrier Entry Management and Carrier Allocation Management. The setup method
will be responsible to read the necessary arguments and initialize the communica-
tion behaviour. The communication behaviour will launch the necessary behaviours
to deal with different requests such as carrier requesting to be allocated to in the
end of the queue in the source point (see Figure 5.19) and product requests to be
allocated to a carrier (see Figure 5.20).

Sink Agent The SkA has three main building blocks: setup, Communication
and Carrier Sink Management. The setup method will be responsible to read the
necessary arguments and initialize the communication behaviour. The communica-
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Figure 5.19: SrcA carrier entry management behaviour implemented through an
one shot behaviour

Figure 5.20: SrcA carrier allocation management behaviour implemented through
a Cyclic behaviour
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tion behaviour will launch the behaviour to deal with requests to forward carriers
to the sink point (see Figure 5.21).

Figure 5.21: SkA sink management behaviour implemented through an One Shot
Behaviour

5.2.3 Data handling and storing
The system properties and operational data are extracted from the platform and
stored into a SQLite database using the model depicted in Figure 5.22. This data
model includes all network metrics for each instantiation of a system, the infor-
mation related to mechatronic agents and all PAs deployed and correspondent skill
execution times, transport times, etc. In Figure 5.8 it it has been previously demon-
strated how every skill execution and transport times are calculated by reading the
timestamps of the exchanged messages in the platform. All instantiations of the
system (e.g. system with modified docking points or conveyor connections) are
stored into the database with all the structural information and network proper-
ties. The MAs individual information is also stored for further assessment. The
properties and information of Both MAs and systems are stored by the Generator
Agent. Besides saving data in the database the GA also creates a GraphML [Bran-
des et al., 2010] file with the network structure. The network structure is stored for
every system in order to extract valuable information regarding the system config-
uration. It can be examined in network analysis software such as Gephi [Bastian
et al., 2009] or the result assessment tool presented in the next section. The result
assessment tool will enable the extraction of network features through a developed
a java application that, uses the Gephi toolkit and the generated GraphML files, to
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populates the database. All the aforementioned data is stored in order to be able
to extract design and configuration information by analysing different systems and
configurations as investigated in [Neves et al., 2014b,Neves et al., 2014a].

Figure 5.22: Database model used to store execution data

Every time a new test/production order runs the information regarding the de-
ployed product agents and skill execution is stored by each PA. The PAa will store
all the data concerning their transport and skill execution (times, mechatronic
agents involved, etc.) and the fact that the data is stored in raw format enables
the combination of data in different ways in the future. With this approach, per-
formance parameters of individual MAs during a certain period of time or PAs of
certain types during certain times, etc. can be easily calculated.
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5.3 Performance Assessment Tool

In order to enable quick performance analysis of production results a performance
assessment tool was developed. All the data is loaded from SQlite database which
is stored by the simulation tool and could potentially be saved by any EPS system.
The performance assessment tool is then used to build important KPIs.

5.3.1 Building KPIs

The introduction of distributed approach, that supports dynamic reaction to pro-
duction changes, unveils new challenges in the development of tools that provide
a generic solution for system performance evaluation and not tailored solutions for
specific systems. A generic approach that could both deal with different systems
(as long as they use same FIPA protocols and same reference architecture) and have
minimal impact on agent development may represent a step forward to globally eval-
uate the system and introduce improvements. In order to evaluate performance in
agent-based production the messages and protocols used have tremendous influ-
ence. As depicted in Figure 5.8 which uses a FIPA-request protocol, the messages
exchanged when a Station agrees to do a process and then informs the process is
done can be used to infer the process execution time. The same is inferred for trans-
port communications when a conveyor agrees to let a carrier in and start moving
it. This corresponds to the beginning of transport time and when it informs the
carrier that it reached the next point this corresponds to the end of the transport
execution. Saving the data in raw format in a database as presented in sections
5.2.4 will allow building the performance indicators. This tool has implemented al-
gorithms that retrieve and compile performance metrics from the database through
sql queries.

5.3.2 Tool functionalities

The implemented functionalities to visualize performance data and system proper-
ties are detailed in this section with main focus on the performance data. A tab
with PA data is used to display the number of runs in a specific system instantia-
tion. It is then possible to select the specific run or order execution and see its time
interval, makespan and average TP time. Furthermore it is possible to see all the
executed products and their type, start and finish times and the production time.
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Figure 5.23: Performance Assessment Tool - Product completion bar graph

The products TP time can also be observed in a graphical format as displayed
in Figure 5.23.

Figure 5.24: Performance Assessment Tool - Product life cycle data and graph

If the user wants to have a more detailed observation of the PA life cycle it is
shown in graph format and table as seen in Figure 5.24.
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Figure 5.25: Performance Assessment Tool - Station KPIs

The skill table allows visualizing all skill data (correspondent PA, skill name,
MA name that executed it, start and finish time and skill time) and the Station
metrics tab allows visualizing some station operational information such as uptime,
busy time, idle time, etc. as depicted in Figure 5.25.

5.4 Reconfiguration decision support

5.4.1 Motivation
The usage of information generated during system reconfiguration, and performance
data from system operation can play an important role in future reconfiguration
decisions. In this section, it is proposed that these two aspects are linked through
data-mining analysis in order to support the reconfiguration decision. Given the
nature of the problem, Classification is selected as the most interesting technique to
support this since it enables the evaluation of specific configurations and their asso-
ciated metrics according to their performance to produce the required production
orders.

Classification includes the use of machine learning algorithms such as Decision
Trees (DT), Neural Networks, Bayesian Networks, Rule Induction (RI), etc. DT
and RI methods are selected to support the reconfiguration decision making. These
two approaches have in common the ability to synthesize the acquired knowledge
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in a comprehensive set of information that is human readable (self-explanatory if-
then rules). With this knowledge the system designers and production managers
can then make decisions to improve the system reconfiguration.

Currently there is no data available regarding system design and configuration
and the operation of EPS systems. For this reason the model training and validation
presented in this section are supported exclusively by data generated by the Layout
Assessment Tool and the Agent-Based Simulation Tool. Hence, given the simulated
results for different product mixes and system reconfigurations, and the metrics that
relate them, this knowledge discovery block will output the rules that relate the
system attributes and the expected performance. After training the model and
guaranteeing its accuracy it will be possible to close the loop. This means that,
when an adequate set of consistent rules are available, the reconfiguration generator
algorithm in the Layout Assessment Tool should produce a limited number of high
quality alternatives instead of all possible solutions.

Learning a set of rules that describe the best system configurations for different
production scenarios (product types and volumes) will therefore enable the system-
atic generation of high quality layouts. To aid the visualisation of results DT is
used instead of RI methods. DT is suitable to explore decision support in reconfig-
uration and its close link to Decision Rules (DR) makes it a helpful step towards
rule generation.

5.4.2 Decision Trees
A decision tree is a hierarchical model for supervised learning widely used in struc-
turing data which is composed of internal decision nodes and terminal leaves. At
each decision node there is an evaluation and according to the feature value a
branch is taken. This process is done recursively from the root until the leaves
(which constitutes the output). A decision tree structure has no fixed number of
branches and leaves, growing during learning depending on the complexity of the
problem inherent in the data [Alpaydin, 2004].

Two important aspects must be considered when building decision trees: 1) at-
tribute selection measures which are used to select the attribute that best partitions
the set into distinct classes; 2) how to deal with branches that might reflect noise in
the training data. To remove these branches and improve the accuracy on unseen
data sometimes is used tree pruning. Some of the advantages of the decision tree
approach are handling multi-dimensional data, good accuracy, low computational
cost and transparency to the user since, contrary to other learning approaches, the
user can see the decisions discriminated in a very intuitive way. Furthermore build-
ing decision trees is fairly easy not requiring any domain knowledge or parameter
setting, and therefore is appropriate for exploratory knowledge discovery.

In DT each node will represent a test on an attribute (e.g. numerical value of
A), each branch will represent the outcome of the test (e.g. A<0.5) and each leaf
node represents a class label (decision taken after computing all attributes). The
paths from root to leaf symbolize the classification rules.
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5.4.3 Model Design

Building a suitable model to support decision is not a trivial task, especially in a
problem with many different variables that present blurry relations. This is the case
in the problem of system reconfiguration of plug and produce systems presented in
this thesis. A system can have many different modules plugged in, be configured
in many alternative ways and support the production of many different process
plans. Furthermore, since these relations are not static and change over time the
complexity is increased(e.g. new stations with different or redundant processes can
be added, new process plans can be added, orders change, etc.). For this reason the
pursuit of more generic measures that can assess the potential ability of a system
to deal with current process plans is explored.

The metrics proposed in section 4.4 evaluate the adequacy of a system reconfig-
uration to produce a specific order. The metrics are not used to predict directly the
TP time of the system since that would require simulation of all alternatives and
could still not consider some dynamic aspects (e.g. self-organisation in the system
to cope with failures).

The strategy used in this problem was to label each example (from the same
order and system) as Good or Bad performance-wise according to the achieved TP
time. Each configuration of a system is rated according to the proposed metrics
whenever a new order is introduced and it is labelled according to its average TP
time in regard to all the other configurations for the same order. In this sense, the
minimum TP time for each order is found and all the examples that exceed at least
2 percent that value are considered as Bad performance:

Label(Sa, Om, En) =
{
Good if TP (En) ≤ TPmin(Sa, Om)× 1.02
Bad otherwise

where Sa is the system where the example En was taken from, and Om the
order that led to that configuration.

The model to support reconfiguration decision has been designed with 5 numer-
ical attributes (MTI, PSAI, WDI, PDI and RFI) and a binomial label attribute
(Good or Bad). Once enough training examples are provided it will be possible to
infer which metrics play more important roles in the system configuration decision.
This will be specially useful in the case more metrics are added and relations are
hard to identify through human analysis. The data will be fed to a decision tree
algorithm including a validation procedure. Hence the data will be divided into a
training set and a validation set: the first set is used to learn the model; the second
is used as input and have the model applied on it to predict the results and infer if
the predicted results are equal to the real values.
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Figure 5.26: Model to support reconfiguration decision - Split validation

The process to create this predictive model is implemented in RapidMiner [Hof-
mann and Klinkenberg, 2013] using DT. By training the model, the relationships
between the attributes will be identified and when this model is exposed to new
data it will output the predicted outcome. The main building blocks are presented
in Figure 5.26 where the data is imported and it is connected to a split validation
operator.

Figure 5.27: Model to support reconfiguration decision - Decision Tree

The data is split in training and test data and the view inside the split validation
operator can be found in Figure 5.27. The training data is fed to the DT model and
the settings are displayed on the right. This model will be used and validated in Test
3 of section 6.2. The model is tested with the test data and a performance operator
will check the accuracy of the model in order to validate it. The model accuracy
is calculated according to its precision and recall. Precision is the proportion of
positive cases that were correctly identified and recall is the proportion of actual
positive cases which are correctly identified.



Chapter 6

Experiments and work validation

This chapter presents the experiments that enable the validation of this work. In
order to be validated, the presented tests must prove that the proposed reconfigura-
tion methodology can improve agility and sustainability of P&P systems by enabling
rapid and effective P&P reconfiguration decisions whenever new scenarios are posed.
This methodology must guarantee that a P&P system can be modelled and evalu-
ated according to any product mix and product plans, and that the reconfiguration
decisions that guarantee a best TP time are selected. To support the validation of
the work the prototypic tools presented in chapter 5 will be used.

6.1 Validation method

This thesis will be validated based on experimental tests that show qualitatively the
validity of the approach and peer validation obtained by publications in the most
important scientific conferences and journals of the field. Problems which concepts
are immature due to limited previous research, the available theory does not di-
rectly apply to the problem since it is inaccurate or inappropriate, or the nature
of concepts cannot be evaluated quantitatively are strong candidates to qualitative
validation [Creswell, 2003]. This is the case of this thesis, since P&P concepts are
relatively new, few prototypic implementations exist and it is impossible to test
the effect of the proposed method in real-life reconfigurations since neither systems
or business models that could drive P&P production are in place. Furthermore
previous research in System Configuration did not consider the reconfiguration op-
portunities forged by these systems as extensively covered in chapters 2 and 3 of this
thesis. The proposed approach will therefore be qualitatively assessed concerning
three important dimensions:

• Adequacy and Repeatability - The approach is adequate to support recon-
figuration decisions and it outputs consistently the most performing system
configurations (considering the identified assumptions).

137
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• Re-usability and Expandability - The approach is generic enough to capture
the essential elements of the production flow and can be applied to different
P&P system layouts, different P&P modules and different product types and
volumes. Furthermore the approach can be extended to incorporate more
metrics and make it usable across different stages of design.

• Peer Acceptance - The work has been published in important scientific con-
ferences and journals, which guarantees its scientific originality, validity and
re-usability in future scientific developments.

6.2 Experimental tests and result assessment

In this section the experimental tests performed to validate the models and tools
developed for this thesis are presented. Firstly it is important to validate the imple-
mented Self-organising simulation tool since all the system operational data will be
retrieved from it due to impossibility of having real data. In this sense the test-case
T1 is performed to validate the tool’s results. Next the test-cases that validate the
proposed approach to reconfiguration are presented (T2.1 and T2.2). These tests
provide application scenarios that test all aspects of the reconfiguration framework
(modelling of P&P systems and process plans, evaluation and rating of reconfigu-
rations and the testing of reconfigurations in order to infer the validity of metrics
used in the assessment process. Due to computational limitations in speed the con-
sidered systems were not large and only graphs with acyclic nature were considered.
Nevertheless they present enough complexity to achieve a proof of concept. Finally
the data generated by the reconfiguration assessment tool and the self-organising
simulation tool is used to in a DM application to support reconfiguration decision
making in test T3.

6.2.1 Test 1 - Self-Organising Production Simulation
In order to validate the simulation tool presented in section 5.2 a series of consis-
tency tests was performed. The tests are designed to analyse the system response
when:

• T1.1 - Number of products change;

• T1.2 - Number of carriers change;

• T1.3 - Different Process Plans are deployed originating different product mix;

• T1.4 - Skill execution time change.

To proceed with the tests it was created a setup with 10 DPs. Posteriorly
10 stations were deployed in those DPs, as presented in Figure 6.1. Each station
executes a different skill but it was considered that the skill execution time is equal
to all (5 second (s)). The system has two routers r1 and r2 that manage the merging
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of conveyors c1 and c2 and the diverting of c9 and c10 respectively. The routing
time (interaction with hardware and change the splitter or merger position) was
considered to be 1s. Conveyors c1,c2,c3, c8, c9 and c10 are 1.5 meter (m) long
while all the others are 3m long.

Figure 6.1: T1 - System considered in the consistency tests

In the tests hereby presented, all conveyors were assumed to have the same
speed (1m/s) and allocation capacity proportional to their length. All the carriers
have 0.1m and move independently in the transport system. It is considered that
the carriers have a proximity sensor which allows them to keep a safety distance
of 0.1m to the Stoppers and the carriers in front. The interaction with hardware
regarding stoppers (openStopper and pull carrier inside the conveyor/station/router
and closeStopper) has been set to 0.2s. Finally one SrcA and one SkA were deployed
entering in DP2 and exiting in DP6 respectively. Following this setup it is easy to
calculate the theoretical limits of the system and expected times for transport in
the presence of only one product (using equation 6.1). For example if the carrier
is located in DP2 and will travel to DP3 we will expect the travel time to take
minimum 3.4s where 3 seconds are the travel in the conveyor and 0.4s are the
entry Stopper in the conveyor and DP3. To this it can be added other 0.2s since
the behaviour controlling the conveyor movement (Engine management behaviour
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Test Products Skill Time Carriers
T1.1-A 1PP1 5s 4
T1.1-B 2PP1 5s 4
T1.1-C 3PP1 5s 4
T1.1-D 4PP1 5s 4
T1.2-A 4PP1 5s 1
T1.2-B 4PP1 5s 2
T1.2-C 4PP1 5s 3
T1.2-D 4PP1 5s 4
T1.3-A 4PP1 5s 4
T1.3-B 4PP2 5s 4
T1.3-C 2PP1+2PP2 5s 4
T1.3-D 1PP1+3PP2 5s 4
T1.4-A 1PP1 1s 4
T1.4-B 1PP1 4s 4
T1.4-C 1PP1 7s 4
T1.4-D 1PP1 10s 4

Table 6.1: T1 - Consistency tests performed

Process
Plan (PP)

Skill 1 Skill 2 Skill 3 Skill 4 Skill 5

PP1 Insert Rivet Weld Glue Stack
PP2 Fasten Glue Insert P&P Press fit

Table 6.2: T1 - Workflows used in the consistency tests

depicted in Figure 5.10) has been set to tick/run every 200ms due to performance
issues.

TminT ravel = TopenStopper + Tconveyor + TcloseStopper (6.1)

where Tconveyor = conveyorSize
conveyorSpeed = 3m

1m/s = 3s
and TopenStopper = TcloseStopper = 0.2s
The performed tests are presented in Table 6.1. The test T1.1 correspond to

changes in the product number, test T1.2 in the number of carriers, test T1.3 the
product mix and test T1.4 in skill time. The variable under test for each case is
highlighted in bold. For example in test T1.1 the variable under test is the number
of products so this is highlighted in bold in the table and other parameters such as
skill time and number of carriers remain constant.

The process plans (PP) used in these tests are depicted in Table 6.2.
The obtained results are depicted down with sample mean of 10 executions,

the standard deviation and the minimum and maximum values for an interval of



6.2. EXPERIMENTAL TESTS AND RESULT ASSESSMENT 141

confidence of 95 percent using the t-student distribution.

Test T1.1

In Figure 6.2 it is observed that when the number of products is increased the
make span increases linearly with approximately 5s. This is expected since enough
carriers are deployed to allocate all products and products have the same PP. The
increase of one more product in this case corresponds to queuing for the first skill
5s (station skill time) to the product ahead. After this, the 5 second gap exists
so they will never have to queue again for the product in front. Obviously this is
valid only for small amount of products and small station skill time, since as the
system gets saturated they will intercept each other in other phases. The obtained
standard deviation is quite low: 0.5s for the first three tests and 0.9s for the last
one.

Figure 6.2: T1.1 - Variation of make span with number of products

Test T1.2

In Figure 6.3 the test kept the number of products fixed but varied the number
of carriers. It was observed in test T1.1 that the average time to complete 1
product WFA is 123s. Hence to produce 4 the expected result cannot be lower
than 492s (123s*4). To this it needs to be added the time the carrier takes to
unload the product and be available again in the entry point (set as 5 seconds).
This will happen 3 times in test T1.2-A so the obtained result cannot be lower than
507s. This corresponds approximately to the average result obtained (512.8s). The
exceeding is related to the ticker behaviours in transport and the waiting times
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for product carrier allocation. The obtained standard deviation for 10 tests was
considerably low (0.3-0.5s).

Figure 6.3: T1.2 - Variation of make span with number of carriers

Test T1.3

In Figure 6.4 it is witnessed the variation of the make span with the product mix.
Test T1.3-A (indicated in graph as product mix 1) presents the same results as test
T1.1-D as expected. Test T1.3-B (product mix 2) presents the best results since
we are using the WFB which is optimized for this particular system. As expected
also, the standard deviation for test T1.3-C is higher compared to the other tests.
This can be justified by the fact that the order the products enter the shop floor is
random (products compete concurrently for carrier allocation) and therefore some
queuing time is introduced.

Test T1.4

In Figure 6.5 it is noticed the variation of the make span with the skill time. As
expected the results raise linearly approximately 15s (3s * 5 skills). For example,
in the first case where all stations have a skill time of 1 second, the product has
a total processing time of 5 seconds. In the second case where the skill time of
stations is 4 seconds, the product has a total processing time of 20 seconds and so
on for the other examples. The standard deviation is close to 0 since we have only
one product in the shop floor.
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Figure 6.4: T1.3 - Variation of make span with product mix

Figure 6.5: T1.4 - Variation of make span with skill time

6.2.2 Test 2 - Reconfiguration methodology

The tests hereby presented aim to assess the meaningfulness of the proposed re-
configuration methodology to identify all configuration alternatives and select the
most performing configuration alternatives. In this sense it is expected that config-
urations that present higher score in the metrics proposed in section 4.4 will exhibit
a better performance in terms of TP time than configurations with lower scores.
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This relation is then assessed through the agent-based simulation tool presented in
section 5.2.

Test T2.1

To illustrate the approach, and infer its validity a test-case consisting of a P&P
system with 8 DPs, 1 Source Points and 1 Sink Point is presented (see Figure 6.6).
This test-case provides enough complexity to make it interesting to study since it
has several DPs and routing alternatives and therefore enables the generation of
several alternative reconfigurations.

It is considered that all the conveyors (c1, c2, etc.) connecting the different DPs
have 4 meter and when routers (r1, r2, etc.) are necessary to merge/split conveyors
these are included in the total distance. The system has asynchronous transport
provided by 12 autonomous carriers (C1, C2, etc.) that move in single-direction.
They travel in the conveyors at 1meter/second and each carrier can transport only
one product at a time. The number of carriers was dimensioned to avoid overloading
the system and generate queues.

The execution of a product starts when it is loaded into a carrier in the Source
point (Src) and the loading operation takes 3 seconds. When the product execution
finishes, the carrier is routed to the Sink point (Sk) to unload the product and the
carrier becomes available again in the Src. To simplify readability of results, no
redundancy was used in this test. It is therefore expected that the WDI metric will
remain constant for all reconfiguration alternatives of a specific order.

The presented test-case considered a sequence of 7 orders (see Table 6.3 and
Figure 6.7) that require the execution of 5 different process plans (PP):

• PP1=sk1,sk2,sk6

• PP2=sk3,sk5,sk7

• PP3=sk1,sk6,sk8

• PP4=sk1,sk4,sk6

• PP5=sk5,sk7,sk8

As depicted in Figure 6.7, upon the introduction of a new order there is an assess-
ment of reconfiguration alternatives that can better match the order requirements.
The considered orders were pre-defined and not randomized to ensure repeatability
of the tests and results. The orders are however independent and the proposed
approach evaluate one at a time without considering possible future orders. The
available stations and respective skill name and time are depicted in Table 6.4.

Order 1, 2 and 3 require the execution of PP1, PP2 and PP3 but with different
volumes. To guarantee the process execution of these orders, 6 configurations (out
of 40320) were found valid: 1, 3471, 10080, 13330, 15472 and 17457 as presented in
Table 6.5. This table depicts the allocation of stations in DPs for each configuration
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Figure 6.6: T2.1 - P&P system used in test-case and correspondent graph abstrac-
tion

Figure 6.7: T2.1 - Orders considered in test-case

alternative. Since at t=0 only 7 stations are available and there are 8 DPs, one
DP will not be assigned any station (N.A.). So for instance configuration 1 does
not have any station allocated in DP4 and the 7 stations are allocated to the other
available DPs.
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Order PP1 PP2 PP3 PP4 PP5 Total
1 100 10 10 0 0 120
2 10 100 10 0 0 120
3 10 10 100 0 0 120
4 10 10 10 0 150 180
5 0 10 10 100 0 120
6 0 100 10 10 0 120
7 0 10 10 10 0 120

Table 6.3: T2.1 - Orders considered in test-case with the number of products of
each Process plan and total amount of products

Station S1 S2 S3 S4 S5 S6 S7 S8
Skill sk1 sk2 sk3 sk4 sk5 sk6 sk7 sk8

Time(s) 1 1 1 5 1 1 1 1

Table 6.4: T2.1 - Modules used in all orders and respective skill name and time

Config. DP1 DP2 DP3 DP4 DP5 DP6 DP7 DP8
1 S1 S2 S3 N.A S5 S6 S7 S8

3471 S1 N.A. S2 S3 S6 S5 S8 S7
10080 S1 N.A. S3 S2 S5 S6 S7 S8
13330 S1 S3 S2 N.A. S6 S5 S8 S7
15472 S3 S5 S1 N.A. S2 S7 S6 S8
17457 S3 N.A. S1 S5 S2 S7 S6 S8

Table 6.5: T2.1 - Station distribution in DPs for orders 1,2 and 3

Order 4 requires the execution of PP1, PP2, PP3 and PP5. The execution
of these PPs simultaneously imposes further constraints on the possible system
reconfigurations to perform this order. The possible configurations are depicted in
Table 6.6, and one can observe that only 4 configurations are found valid.

At t=4, order 5 is evaluated and it requires a new skill sk4. Consequently a
module that is capable of executing this skill needs to be added to the P&P system.

Config. DP1 DP2 DP3 DP4 DP5 DP6 DP7 DP8
1 S1 S2 S3 N.A S5 S6 S7 S8

10080 S1 N.A. S3 S2 S5 S6 S7 S8
15472 S3 S5 S1 N.A. S2 S7 S6 S8
17457 S3 N.A. S1 S5 S2 S7 S6 S8

Table 6.6: T2.1 - Station distribution in DPs for order 4
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Config. DP1 DP2 DP3 DP4 DP5 DP6 DP7 DP8
1 S1 S2 S3 S4 S5 S6 S7 S8

3250 S1 S2 S4 S3 S6 S5 S8 S7
10080 S1 S4 S3 S2 S5 S6 S7 S8
10191 S1 S3 S4 S2 S6 S5 S8 S7
14769 S3 S5 S1 S2 S4 S7 S6 S8
26224 S3 S2 S1 S5 S4 S7 S6 S8

Table 6.7: T2.1 - Station distribution in DPs for order 5, 6 and 7

It is considered that station D (capable of performing sk4) is available and can be
plugged in the P&P system. The skill execution time of station S4 is 5 seconds.
Order 6 and 7 require the same PPs found in order 5 but with different volumes;
hence they will share the same possible configurations (see Table 6.7).

The metric scores and results obtained by simulation are presented in the figures
below. The tests were run 5 times to increase the confidence level and the simulated
results had a very small standard deviation (which is justified with the dynamic
routing of products based on the routing probability function presented in section
4.4).

Figure 6.8: T2.1 - Configuration score for order 1



148 CHAPTER 6. EXPERIMENTS AND WORK VALIDATION

Figure 6.9: T2.1 - Configuration score for order 2

Figure 6.10: T2.1 - Configuration score for order 3

The results for order 1, 2 and 3 are depicted respectively in Figure 6.8, Figure 6.9
and Figure 6.10 and the simulation results in Figure 6.11.
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Figure 6.11: T2.1 - Average Throughput times for orders 1,2 and 3

The analysis of the results shows that a higher score in the MTI metric (which
is consequence of a shorter transport time) does in fact result in the improvement
of the TP time in the system. In order 1, the configuration 1 and 10080 (lines are
overlapping) have the highest MTI (equal to 0.8) and PSAI (equal to 0.6). That is
reflected in a decrease of the average TP time since the products travelled shorter
distances and travelled through less non-value adding stations. Similar results can
be observed in the order 2 (where the lines of configurations 3471, 13330, 15472
and 17457 are overlapping) and in the order 3 (where the lines of configuration 1
and 10080 are overlapping). Moreover, in the order 3 the higher values of RFI and
PDI for configurations 1 and 10080 indicate a bigger routing flexibility and good
distribution of products through the transport system respectively.

The configuration scores and results for order 4 are depicted respectively in Fig-
ure 6.12 and Figure 6.13. The configuration 17457 and 15472 (which lines overlap)
have bigger MTI and PSAI indexes and therefore the travel time is reduced. The
PDI and RFI values are worse than in configurations 1 and 10080, however since
the system is not overloaded with carriers and the process times are short, follow-
ing a shortest path becomes more important than distributing products through
different routes.

The results for orders 5, 6 and 7 are depicted respectively in Figure 6.14, Fig-
ure 6.15 and Figure 6.16 and the average TP time obtained through simulation is
depicted in Figure 6.17.

The longer processing time of station S4 (skill sk4) explains the longer TP time
in the results order 5 since 100 products of PP4 are being produced and they require
the execution of skill sk4. Since this skill has longer processing time, the TP time
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Figure 6.12: T2.1 - Configuration scores for order 4

Figure 6.13: T2.1 - Average throughput time for order 4

gain is lower when considering configurations with more and less travel time and
their relation to the MTI and PSAI index. This can be explained by the generation
of queues to execute skill sk4, and in fact one can observe that configurations 1 and
10080 have the highest MTI and PSAI values but lower score on RFI and PDI. This
means less routing flexibility and worst distribution of products in the transport
system. In order 6 and 7 this is not the case since the volume of PP4 is smaller so
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Figure 6.14: T2.1 - Configuration scores for order 5

Figure 6.15: T2.1 - Configuration scores for order 6

the impact on the final average TP time is lower. In these the configurations, higher
MTI results in better average TP time, i.e. configurations 3250, 10191, 14769 and
26224 in order 6 and configurations 1 and 10080 in order 7.
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Figure 6.16: T2.1 - Configuration scores for order 7

Figure 6.17: T2.1 - Average throughput time for orders 5, 6 and 7

Test T2.2

To further validate the proposed approach, metrics and infer their validity, a second
test-case is presented with a P&P system with 10 DPs and structure depicted in



6.2. EXPERIMENTAL TESTS AND RESULT ASSESSMENT 153

Figure 6.18. This test-case is characterized by several Source and Sink Points,
different conveyor size, different station process time and redundancy of stations.
The several DPs and routing alternatives found in T2.2 enable the generation of
several alternative reconfigurations and the fact that several Source and Sink points
are present and conveyors have different sizes augment the importance of module
distribution in the system.

The same conditions and assumptions of Test-case T2.1 are used here. The only
modification is connected with the structure of the system (DPs and connections),
deployed modules and orders. In this test case redundancy will be used in order
to validate the method for the cases where more than one module in the system
performs a specific needed skill. The total distance between all pairs of connected
DPs is considered to be 4m, except DP6-DP10, DP7-DP10 and DP5-DP8 which
are 6m. This is introduced to demonstrate that each link between DPs can have
any size. The number of carriers deployed is 16.

Figure 6.18: T2.2 - Graph abstraction of P&P system

The presented test-case considered a sequence of 3 orders (see Table 6.3) that
require the execution of 4 different process plans (PP):

• PP1=sk2,sk4,sk9

• PP2=sk1,sk3,sk5,sk7
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Order PP1 PP2 PP3 PP4 Total
1 50 10 10 10 80
2 10 10 10 50 80
3 10 50 10 10 80

Table 6.8: T2.2 - Orders considered in test-case with the number of products of
each Process plan and total amount of products

Station S1 S2 S3 S4 S5 S6 S7 S8 S9 S10
Skill sk1 sk2 sk3 sk4 sk5 sk4 sk6 sk7 sk8 sk9
T(s) 4 5 4 9 3 9 4 3 5 5

Table 6.9: T2.2 - Stations used in all orders and respective skill name and time

• PP3=sk1,sk2,sk8

• PP4=sk6,sk7

Upon the introduction of a new order a reconfiguration assessment is performed
in order to select the reconfiguration which better match the order requirements.
Each order is independent and there is no previous knowledge regarding the next
order, and therefore the decisions taken will consider only the current order and
not forecasted information.

The available modules and respective skill name and skill execution time (in
seconds) are depicted in Table 6.9.

Order 1, 2 and 3 require the execution of PP1, PP2, PP3 and PP4 with dif-
ferent volumes. To guarantee the process execution of these orders (and removing
the repeated configurations resultant from redundancy), 11 configurations (out of
3628800) were found valid as presented in Table 6.10.

When order 1 is introduced the system reconfiguration methodology is used to
infer the most suitable reconfiguration to produce this order. The metric scores
and results obtained by simulation (5 times each) are presented in Figure 6.19 and
Figure 6.20 respectively.

Through the analysis of order 1, one can see that the shortest transport time
should be achieved by configurations 53121, 53122, 53140, 53279 and 53280 since
those configurations have the highest MTI score. For this reason the other config-
urations should be filtered.

Taking a closer look at the other metrics, one can observe that configuration
53280 stands out from the rest by having higher score in RFI, PDI and WDI. This
means that this configuration has more routing alternatives which results in better
distribution of products throughout the transport system and stations.

Analysing configuration 53280 (see Figure 6.21) one can observe that in fact
this configuration is the only one that enables PP1 to have Sk4 executed in both
stations providing this skill (Station 4 and Station 6). Since in order 1, 50PP1 are
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Config DP1 DP2 DP3 DP4 DP5 DP6 DP7 DP8 DP9 DP10
22 S1 S2 S3 S4 S5 S6 S9 S7 S10 S8

7222 S1 S2 S3 S7 S4 S6 S9 S5 S10 S8
8619 S1 S2 S3 S4 S7 S6 S9 S5 S10 S8
17259 S1 S2 S7 S6 S3 S4 S9 S5 S10 S8
17302 S1 S2 S6 S7 S3 S4 S9 S5 S10 S8
53121 S1 S2 S3 S7 S5 S6 S9 S8 S4 S10
53122 S1 S2 S3 S7 S5 S6 S9 S8 S10 S4
53140 S1 S2 S3 S7 S5 S9 S6 S8 S4 S10
53259 S1 S2 S3 S7 S5 S6 S9 S4 S10 S8
53279 S1 S2 S3 S7 S5 S6 S4 S8 S10 S9
53280 S1 S2 S3 S7 S5 S6 S4 S8 S9 S10

Table 6.10: T2.2 - Station distribution in DPs valid for orders 1,2 and 3

Figure 6.19: T2.2 - Configuration scores for order 1

deployed this becomes quite visible in the results and Configuration 53280 is indeed
the one with best TP time. The other configurations have similar TP time since
only one station is used to execute sk4 and it becomes jammed struggling to fulfil
all PP1 orders.

When order 2 is introduced, a the system is re-evaluated and the different
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Figure 6.20: T2.2 - Average Throughput times for order 1

Figure 6.21: T2.2 - Station allocation in configuration 1 and 53280 and possible
production paths to accomplish PP1
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reconfiguration alternatives are rated according to their suitability to fulfil this
order. Comparing this order with order 1, one can observe that only the volumes
have changed and the process plans are the same. Hence, there is no need to
calculate all possible reconfiguration alternatives again since those will be the same
and it is necessary only to rate the configuration alternatives again.

The configuration scores and simulation results for order 2 are depicted respec-
tively in Figure 6.22 and Figure 6.23.

Figure 6.22: T2.2 - Configuration scores for order 2

Through the analysis of order 2, one can observe that the highest scores of
MTI and PSAI are achieved in configurations 53121, 53122, 53140, 53279 and
53280. This means that these configurations are expected to result in the products
travelling shorter distances and visiting less non-value adding stations. Accordingly
one can observe that these configurations do in fact result in shorter TP times.
The higher score of RFI and WDI of configuration 53280 does not result in an
improvement of TP time since this configuration also scores less in the PSAI metric
than the others, which means that it travels more through non-value adding stations
and therefore can be forced to wait in queues. Furthermore in order 2 there are
only 10 PP1 which means that the use of one or two stations to execute sk4 does
not result on a significant impact on TP time.

The results for order 3 are depicted in Figure 6.24 and Figure 6.25.
Looking at order 3, one can see that the highest scores of PSAI and MTI are

found in configurations 53121, 53122, 53140, 53279 and 53280. For this reason
it is expected that these 5 configurations result in shorter TP times given the
shorter distances travelled by products and less non-value adding stations visits.
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Figure 6.23: T2.2 - Average throughput time for order 2

Figure 6.24: T2.2 - Configuration scores for order 3

Accordingly, one can observe that in fact those configurations obtained shorter
average TP time when simulated. Similarly to order 2, 53280 presents higher RFI
and WDI than the other configurations but this does not bring significant advantage
due to shorter PSAI and small number of PP1 products.
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Figure 6.25: T2.2 - Average throughput time for order 3

6.2.3 Test 3 - Decision support using Decision Trees
Finally the third test case aims at demonstrating the usefulness of using DM to
support decision reconfiguration decisions (block 3 in Figure 4.1). DM will be used
in this test to identify patterns between the proposed metrics and extract rules that
support decision making.

This experiment used the simulation results obtained from T2.1 and T2.2. Each
training example for the model will be the average throughput time obtained for
each simulation of an order. Since examples from different systems and orders
are used to train the model, it is necessary to pre-process the data and label the
examples as Good or Bad performance as presented in section 5.4.

Example PSAI MTI RFI WDI PDI TP time
1 0.58 0.78 0.07 0.43 0.45 81.8
2 0.5 0.74 0 0.43 0.45 81.4
3 0.68 0.83 0.44 0.51 0.59 68.9

Table 6.11: T3 - Example of original Data-set

As depicted in Table 6.11, each example had initially 6 real attributes: PSAI,
MTI, RFI, PDI, WDI and the target attribute was the average throughput. The
data consisted of 220 examples and a discretization process was used to transform
the continuous target attribute (average TP time) into a discrete one (Good/Bad)
as presented in Table 6.12.

When the data is imported to Rapidminer it is possible to analyse it (see Fig-
ure 6.26).
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Example PSAI MTI RFI WDI PDI Label
1 0.58 0.78 0.07 0.43 0.45 BAD
2 0.5 0.74 0 0.43 0.45 BAD
3 0.68 0.83 0.44 0.51 0.59 GOOD

Table 6.12: T3 - Example of transformed Data-set after discretization

Figure 6.26: T3 - Data imported

true GOOD true BAD class precision
predicted GOOD 79 0 100%
predicted BAD 2 138 98.6%
class recall 97.5% 100%

Table 6.13: T3 - Model Accuracy

The resultant trained DT model is depicted in Figure 6.27. One can see that
the metric MTI is in fact the one that gathers more importance when analysing a
configuration. If MTI is higher then 0.785 and WDI bigger than 0.460 (that is to
say if products travel shorter distances and are well distributed in stations) then the
average TP time will be predicted as good. In the case they are not well distributed
(WDI<0.460), even though they travel short distances they can still have a bad TP
time. On the other branch of the tree, in the case MTI is lower or equal to 0.785
then the only way a configuration can lead to a good TP time is if WDI and PDI
are high.

The accuracy tests for this model are presented in Table 6.13. The accuracy
tests show that the model presents high precision which means that most examples
labelled as Good were in fact Good. The model shows also high score on recall,
meaning that the number of Good examples that were classified as Bad was very
low.
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Figure 6.27: T3 - DT model

6.3 Validation discussion

According to the validation method defined in section 6.1 and the results obtained
in the different experimental test-cases presented in section 6.2, the work can now be
validated according to its adequacy and repeatability, re-usability and expandability
and peer acceptance. The evidence presented in this thesis should constitute a proof
that the agility and sustainability of Plug and Produce Systems can be increased
using the proposed reconfiguration methodology which avoids re-engineering and
re-programming activities. This methodology should enable: 1) rapid and effective
reconfiguration decisions through the timely generation and validation of reconfig-
uration alternatives based on a network abstraction of systems and process plans;
2) rapid and effective assessment of Reconfiguration alternatives based on a set of
metrics that enables the estimation of system performance through the measure-
ment of product travel time, visit of non value adding stations, routing flexibility
and distribution of products in transport paths and stations.

For the approach to be adequate it must timely and consistently enable the
selection of the most performing reconfigurations based on the graph abstraction of
the P&P system, P&P modules and orders. This has been shown in Test T2.1 and
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T2.2 where two different systems P&P systems in terms of size, connections, source
and sink points, modules and orders are tested. The tests support the hypothesis
that a P&P system can in fact be abstracted as collaborative network of production
modules recurring to graph theory and that this abstraction can be used to rapidly
propose, validate and rate reconfiguration alternatives upon new production or-
ders. The provided tests show evidence of the adequacy of the method to generate
and validate all possible reconfiguration alternatives (validates hypothesis 1.1) and
reduce the solution space to a few number of alternatives. The solution space re-
duction based on the proposed metrics proved to be adequate since reconfiguration
alternatives with lower scores result in fact in higher TP times (validates hypoth-
esis 1.2). The method’s boundary conditions and application scenarios were also
identified which ensures that it is not applied erroneously. The validation of these
2 hypothesis allows the validation of the proposed reconfiguration methodology as
a supporting mechanism to increase P&P agility and sustainability by substituting
re-engineering and re-programming activities with reconfiguration ones.

The prototypic tools were designed and implemented according to the require-
ments identified in section 4.5, and they were an important instrument to validate
this work and support the quick and effective reconfiguration decision upon the
introduction of new orders. The expert user inputs exclusively the graph model of
the system, the module description and the production requirements resultant from
dynamic orders. Optionally the expert user can also decide the allocation of certain
modules to some DPs and the simulation of all valid reconfiguration alternatives or
simply hand-pick some. This is deemed important in order to integrate the expert
user knowledge in the decision making process.

The solution generation (set of valid reconfiguration alternatives) and the inte-
gration with a MAS simulation tool is provided. This enables the generated can-
didate solutions to be tested under simulation in a straightforward manner. This
enabled the generation of simulation results to test the proposed reconfiguration
alternatives. The simulated results have also been validated in test 1. Further-
more the use of Agent-Based Simulation and a Self-Organising system architecture
theoretically enables the software agents to be transferred to a controller directly
without reprogramming. The only step required would be importing the specific
equipment libraries which then the agents will invoke to actuate the equipment
rather than using a timer to simulate the process.

The approach is adequate since it consistently outputs a repeatable result for
the same conditions (i.e. the configurations generated, the computed metrics and
the simulation results). The Performance assessment tool and the methods to se-
mantically analyse messages in the platform to build performance indicators proved
to be useful to calculate and display all important performance parameters. Fur-
thermore the use of decision trees to support decision making by combining system
metrics and obtained performance can potentially reduce the complexity associated
with the combination of a large number of performance metrics and increase the
decision confidence by relating metrics with operational data. This can potentially
reduce the need for production simulation once enough data is provided to the
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model according to all the boundary conditions.
An important aspect in any research is ensuring its re-usability and guaranteeing

that the generated knowledge can be built upon. It was therefore proved through
the tests that the approach allows the input of systems with different layouts (i.e.
DPs, connectivity, Source and Sink points), different modules (different processes,
processing time, etc.), different transport system (number of carriers, carrier size,
conveyor speed, etc.) and multiple process plans (different processes, different
mixes, etc.). This is fundamental to show that the approach can be used virtually
in P&P systems and testing conditions that follow the same characteristics. The
proposed metrics have been designed in a generic way to be applicable to any
system and proved to keep a meaningful description of the system in different
conditions. The simulation tool enables the instantiation of any P&P system and
P&P modules. Furthermore the generic methods to extract operational data from
the platform and build performance indicators are also generic and applicable to
any P&P system and no hard-coded tailored solutions were used. Analogously the
Performance Assessment tool enables the visualisation of performance indicators of
any system, and it is not limited to number of stations, product volumes or types.

The proposed approach can also be further extended to incorporate more met-
rics which would make it usable across different stages of design. By subsequently
analysing more metrics the configuration solution space can be narrowed down to
one solution. The fact that the metrics are designed separately allows the incorpora-
tion of more metrics in the future and to adapt the method to the user needs. Some
metrics that can potentially be incorporated relate to failure propagation models,
cost models, workload control methods, queuing models, etc. As more metrics and
operational data are available, the assessment of reconfigurations through DM will
become more important. This could lead to an increase of confidence when selecting
reconfiguration alternatives and subsequently diminish the relevance of simulation
in the process.





Chapter 7

Conclusions and Future Work

This chapter presents the final remarks and the contribution summary of the de-
veloped work. It presents also a critical review on the contributions, contents and
results of this thesis in order to clarify the achievements and limitations of the
work. Finally the future research directions are highlighted in order to set a de-
velopment roadmap that can lead to the extension of the proposed methodology and
their application and testing in industrial applications.

7.1 Conclusions and Contribution Summary

The results presented in section 6.2 and the peer acceptance in conferences and
journals as detailed in section 1.6, constitute a tangible proof that the research
hypothesis of this thesis is valid. Agility and sustainability of Plug and Produce
Systems can in fact be achieved using a reconfiguration methodology that proposes,
validates and assesses reconfigurations alternatives avoiding re-engineering and re-
programming of systems. This methodology proposes a network abstraction of
systems and process plans and a set of metrics that assess the potential performance
of reconfiguration alternatives.

The use of the presented reconfiguration methodology has provided evidence
of increasing the agility of P&P systems by enabling rapid and effective system
reconfiguration whenever new requirements are posed. Moreover it has proved to
improve the sustainability of P&P systems by extending the life cycle of systems
through reconfiguration activities and enabling re-usability of modules.

Due to the lack of industrial applications, this work could not be tested in
industrial environments. However the presented test-bed and experiments provided
a sound validation mechanism. The contributions of this thesis, which have been
presented and validated can be summarized:

• C1: Current reconfiguration methods have been reviewed and the limitations
on their direct application on P&P systems were highlighted in sections 2.3
and 4.1. The role of reconfiguration in Plug and Produce Systems to deal with
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constantly changing orders has been formulated, as well as the reconfiguration
strategies that may render Plug and Produce Systems rapidly reconfigurable
and reusable.

• C2: The extended EPS methodology that includes reconfiguration activities
has been presented in section 4.1, 4.2 and 4.3. This methodology provides
the basic guidelines to model different P&P systems and generate different
reconfigurations.

• C3: The aimed method to reduce the solution space and assist reconfigura-
tion selection recurring to probabilistic distributions that estimate the self-
organising behaviour of the system has been presented in section 4.3. The
final reconfiguration selection will be performed according to performance
metrics that indicate the expectable performance of the system as formulated
in section 4.4 and validated through tests T2.1 and T2.2.

• C4: A Plug and Produce basic Architecture to enhance rapid reconfiguration
and re-usability of systems and modules has been presented and prototyped
through the simulation tool development presented in section 5.2.

• C5: A set of decision support tools that allows the generation of alternative
reconfigurations, reconfiguration selection and simulation has been presented
in chapter 5, and tested and validated in section 6.2. The tools were an
important instrument to validate the proposed reconfiguration methodology.

7.2 Critical Review

Re-usability of systems and resources through reconfiguration activities represent
an increasingly important topic in manufacturing due to highly customised and
constantly changing markets and sustainability demands. The large product va-
riety, small product life-cycles, short delivery times and footprint reduction forces
companies to re-think their production strategies and find ways to re-use systems
across different generation of products and product families.

A decisive enhancer for system re-usability are P&P systems. P&P modules are
designed to be self-contained and be able to be seamlessly integrated in P&P sys-
tems. Hence these systems can be re-used in different applications by plugging and
unplugging modules. Re-usability will become a fundamental requirement of pro-
duction as industry needs to decrease resource wastage and footprint. In dynamic
markets characterized by high customization, approaches that favour re-usability
rather than the development of tailored optimized automation systems are likely
to pay-off in the long run as their benefits outweigh some of their disadvantages.

This thesis has presented a reconfiguration methodology to increase the agility
and sustainability of P&P systems through the enhancement of rapid reconfigu-
ration decisions and the avoidance of re-engineering and re-programming. When
subjected to testing, the proposed methodology proved to enable the validation
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and selection of the best reconfiguration alternatives whenever new orders were
posed. The developed tools allowed the generation and assessment of reconfig-
uration alternatives that fit the period’s production order. This allows the rapid
reconfiguration of P&P systems to deal with constantly changing production orders
(different product types and volumes) and at the same time guarantee the system
keeps an acceptable level of performance.

One aspect not covered in this research is the possible congestion and queues
in the system. In cases where the number of carriers is not well dimensioned or
stations do not have similar processing times and generate bottlenecks then queues
might arise in the system. In those cases, shorter travelled distances in specific
configurations might not result in a TP time gain, as appropriately discussed in the
application scenarios of section 4.4. Nevertheless, future research will undoubtedly
need to consider the development of new metrics to estimate queues in the system,
test different dynamic routing decision algorithms and probabilistic estimations.

An aspect that deserves some criticism is the exhaustive search method em-
powered when generating all possible reconfiguration alternatives. Computation
requirements are currently a limiting factor to employ this method in very large
P&P systems with abounding DPs. This method was preferred in order to study all
possible reconfigurations that should in theory be considered by the system expert.
However in future applications an heuristic method might have to be employed in
order to decrease the computational complexity of the method.

7.3 Future Research

An important upcoming step in this research is the integration of this work with past
EPS research efforts. In this sense the integration with [Dias Ferreira et al., 2013]
could potentially lead to the development of metrics that can assess queues and
bottlenecks in the system, different dynamic routing decisions and self-organising
behaviours. These metrics could potentially help devising different application sce-
narios and find correlations between different reconfiguration alternatives. Another
important aspect that worth mentioning is the potential link of this work with fault
propagation models such as the one found in [Ribeiro, 2012] in order to predict the
impact of a fault on different configuration alternatives. The incorporation of the
aforementioned metrics could contribute to a more reliable reconfiguration selec-
tion and upon matureness potentially decrease the need to simulate reconfiguration
alternatives prior to their deployment.

Future research must also investigate how can this work be linked with plan-
ning activities such as the work presented in [Akillioglu, 2015] since the Demand
Responsive Planning Framework would profit from a reconfiguration assessment
method prior to performing optimisation activities related to order release. This
work could also be potentially integrated with [Ferreira, 2011] in order to achieve
a more robust self-configuration methodology and with [Lohse, 2006] to facilitate
the design and adaptation of P&P systems trough the use of ontoMAS ontology
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framework. Finally the integration of this work with [Maffei, 2012] would enable
the inclusion of cost models in the decision process which would be highly valuable.

Other future research goal is the use of graph theory and complex networks to
study different layout structures in order to realize which structures allow better
reconfiguration ability. This could especially useful in the initial process of design-
ing a P&P system to have a structure that allows many reconfigurations and that
can therefore cope with constantly changing requirements. It is also intended to
research methods that can potentially enable the comparison of different P&P sys-
tems in such way that systems with different number of DPs and modules could be
compared. In this sense it is envisaged that the systems can potentially be studied
regarding system structure equivalence rather than only their system configuration
equivalence as studied in this thesis. System Structure Equivalence would focus
on comparing two systems in terms of their structural similarity regarding docking
points and connections between them. This would allow understanding if a layout
with certain structure is suitable to accommodate certain product requirements by
plugging the necessary modules. Having a method to compare system structure
similarity would allow to extrapolate information regarding one P&P system to an-
other. To achieve this Graph theory concepts such as subgraph matching, induced
subgraphs and spanning subgraphs and complex network measures such as average
path length, betweeness and closeness could potentially be explored. The aforemen-
tioned research can potentially contribute to 1) build better decision support tools
for system design and configuration; 2) improve automatic layout generation and
configuration methods; 3) enhance the use of simulation to predict the behaviour
of plug-to-order self-organising systems; 4) build more reliable learning models that
relate system configuration metrics and performance.
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