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ABSTRACT

As manufacturing companies strive to increase productivity and decrease twastay
competitive in an increasingly global and digsgati context, their production system must
improve Improvements to production systems can dchieved in many wayscluding
increased levslof automation, improved product and process liamd improved scheduling.
Changes to the production system often also imply the need to rededigis itsoften done
within a project structure, as & a unique and temporary endeavad.ayout planning is a part
of the production system design proceswhichthe positios of workstations, machines, and
other parts of the systeanedecided Thiscan have anajorimpact on the overall efficiency of
opeaations.

In anindustrial setting, factory layout planning is oftearried outin brownfield settings
where investment requsehanges tarea of the facilityalreadyin use Becausevery facility
and production system is unique, so is each factogmyulaplanning projectThey all have
different conditions, knowledge, availability and quality of data,-k&ads, driving forces and
many other factorLClassifying brownfield factory layout planning as a wicked problany
solution which assumes existg data is both accurate and sufficient to deliver an optimal
answewill fail whenimplementedas real layout needs to be adapted to a multitude of different
factors, requirements and restrictions during developmengselfactors are not fully
understod until the problem is being solved.

Thelong-term visionof this thesigs to reduce thaumberand severity of errors in the area
of brownfield factory layout planning in the manufacturing industsyaims areformulatedas
a steptowards redising the long-term visionof identifying how the research community has
handled brownfield factory layout planning amdhat challenges operational stakeholders
encounter during a brownfield factory layout planning process. These aims are adaseggsed
mixed-metlods research applied in four different industrial studitegr results are combined
and presented in this thesis.

The findings show that a large portion of the factory layout plarconguctedn industries
is in the brownfield setting and most oftem parts 6 facilities. This allowsplannerso make
the most of what already exister the sake oéconomic and environmental sustainabil®yn
the other handhe research community has focused more on layout plasaiagons forfull
facilities and with little involvement of expert usersnvolving expert users and effective
utilisation of new technologies has shown promise in taming the wicked problem aspects of
brownfield factory layout planning. A new mindset and new approach to brownfield factory
layout planning could be the stasf an improved process with lower risk and improved
solutions thusyielding higher stakeholder satisfaction.

Keywords: Production systems, manufacturing systems, factory layout planning, dagitadi
decision suppady Industry 4.0
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INTRODUCTION

This chapter givea background to the research area and positions this licentiate thesis within
it. The vision, aim, and research questions are then formukateldhe research activities
introduced.This chapterconcludesvith anoutline of thethesis andntroduction tothe rest of

it.

1.1 BACKGROUND

An effect of increased gloha#tion and digitakation is thatmanufacturing companies are
requiredto increase productivity and decrease waste to stay competitive. The productivity of a
manufacturing companépsoduction systendepends om variety ofthings, such as level of
automation, product and process flow, scheduling, supplier arrangearehtsiany more.
Changes to the production system often come aitbed to redesign the existing system, or
design a completely new odung et al., 2017). The process of designing production systems
is oftenstructured aa projectwith many factors and problems néwggl consideratiorfSchuh

et al.,, 2011). Layout planning is one part of the prgctss is whenthe positioning of
workgations, machines and other production systéamentds decided (Heragu, 2008). The
layout issuetypically relates to the location of different faciliti®gthin a plant such as
machines, workstations and departments. The positioning of these facditeadled the
fifacility layout problend and canmake a major contribution to the overall efficiency of
operationsreducingotal operation costgy 2-15% if handled well(Tompkins et al.2010.

As observed already in the 1950s, layout work is mostippeed in the setting of existing
facilities, making improvements to an existing system or making better use of the facility
(Immer, 1950). That observation still holds true, as new facilities rarely are built but layouts in
existing ones still are improde Hence, dyout planning in factories isften conductedin
brownfield setting where for example investment in a new machimaight forcea layout



change tan already area of the facilitigat is already in usén such a setting, the availability
andquality of data cawmary, as different companies have veiyerseprerequisites. Companies
whichrarely invest in new machines or workstations and hagktheir production in the same
facility for a long timemayhave outdated drawingg/hile thosewhich often make changes to
their faciliiesand layous may haveup-to-datedrawings available Every brownfield factory
layout planning projeatnaybe considered unique, with conditions specific to that prejedt
where knowledge of the problem and challengeacquired as more wotéwards asolution

is done

1.2RESEARCH GARARND PROBLEM FORMULAON

Considering brownfield factory layout planning asraque and novgbroblemthat is better
understood as it is being worked, @my solutionvhich assumes existgndata is both correct
and sufficient to deliver an answer would likelycounterssues when applied in a real confext
there,data may be incorreotr missingand solutions found in mog anad-hoc manner. Much
researchnto the topic of facility layotiplanningdiffers fundamentallyfrom currentindustrial
practice indicatinga gap between what is researched and adtatally happendlanufacturing
industries ofterconductfactory layout planning in project structures, working as a teairy
and identify a good solution Mearwhile, there has beemuch researchnto algorithmic
solutionswhichcan generate an optimal solution based on-fjigdlity datamore suited toward
greenfield projects than brownfield ornBEse manufacturing industries involved the research
for thisthesis are unlikelyo have sfficient datafor an optimal solution in a brownfiefdctory
layout planningsetting this createghe need for other solutionsolutions that can provide data
and a stronger understanding of the peois and challengesndustry conducs brownfield
factory layout planning inariousways andencountes and solve different challengesn the
processThese differenthallengedead to errors, some more critical and costly than others.
reduce theunmberand severity of these errorkete is a need to show how and why brownfield
factory layout planning should benplemented. This willhelp industy make the right
decisions.

1.3VISION

The vision of this research is to reduce thenberand severity of ears in the area of
brownfieldfactorylayout planningn the manufacturing industry.

This will be achieved by researchirfgstly, the challenges in the area to understand the
improvement potentigand, secondlyhow to seize that potentidlVith the Fourth Industrial
Revolutionunderway, newvorking method$ave been enabledheseneed to be integrated
so thatmanufacturingcanreapthe benefits.

1.4AIM

The aim of this thesis is to identify challenges related to brownfield layout planning in
manufacturingspecifically those encountered by operational stakehold&es scope is also
broaderthanjust the planning phase of the projeittalso includes installation and operation.
To reach that aim, an understanding of wthat brownfield context means for facy layout
planningalsoneeds to be establishetb this end, e following two research questions have
been formulated.

RQ 1) Whatsignifies brownfieldfactory layout planning

As a lot of layout planning is performed in existing factories, a broader uacidirsg of the

2



brownfield term is beneficial. Two brownfield layout planning scenarios can differ vastly from
each other, therefore this research question explores the area in order to facilitate an improved
understanding of the brownfield term in the faigtlayout planning setting.

RQ 2) What challenges do operational stakeholders encounter during a brownfield layout
change process?

In order to support a problesolving approach and motivate industries to consider changing
ways of working and adapting new saduis, the challenges encountered during the brownfield
layout change process must be further understood. This research question generates an
understandingvhichcan guide future endeavours in the atledping solutions target identified

issues

1.5 DELIMITATONS

The research presented in this thesis is concerned with the development of layouts for the
factory floor, such as where machines and workstations should be positioned. The focus lies on
identifying the challengesfaced during this change process the stakeholders(those
responsible for planning and those who wiihductactivities in theaffectedareg. Because

this thesis hadocused its research dlarge Swedish manufacturing companies, smaller
companies and thoseother countriesnay not encouset the exact same challengeswever,
thetargetis the manufacturing domasothe outcomehould stillapplyacross the board, albeit

with some modificationdue to the timeequired tadentify a need, decaon a change, plan

it, implementit and firally follow up on the outcomehe focus of this thesis the planning

stage of factory layout planning. The installation and implementation phases are excluded from
its scope For ths reason there is no feedback loop frplannedto actualoutcome, showag
whether the layout change met expectations.

1.6 RESEARCH ACTIVITIES

The research in this thesis was paraafroup ofresearch projects, starting at different times
and withvarying lengths and focus areaBhus,it is more interesting to look at the sjfec
activities. Aside from the general literature study for each industrial study, a specific literature
study wagarried ouin two partsThere were alsoolr industrial studies, each presented in its
own paperThe summary of the research activitieghis thesis and their respective timing is
presented in Figure 1, which startstive middle ofSeptember 2016 and endsearly May

2019



Research start

2016
Industrial study A
Lite rature
study part +
1
2017 Industrial study B Paper|
Lite rature Industrial study C
study part
2
2018

Industrial study D

Paper Il

Paper IV

2019
Licentiate thesis

Figurel: Summary of the research activities in this thesis.

1.7RESEARCH CONTEXT

The resarch in this thesis has been carried out vgiglverallarge Swedish manufacturing
companies active in different business areas. The production systems included in the research
consisted of a mix of human operators and machines, with various degreesnoétaurto
throughout each production system.

1.8 THESISSTRUCTURE
This thesids structured in six chapters, the content of which are presented in Table 1.



Tablel: An overview of the structure of this thesis.

CHAPTER

CONTENT

1.

INTRODUCTI ON

FRAME OF
REFERENCE

RESEARCH

APPROACH

SUMMARY OF
APPENDED PAPERS

DISCUSSION

CONCLUSION

The first chapter of this thesis introduces the backgrc
of the research topic by explaining the interest
brownfield factory layout planning. It presents the rese:
gap and problem formulation, along with the vision
aim of this research anbd research activities performe

The theoretical foundation of the thesis and a kt
overview of relevant background and concepts is prese
in this chapter.

This chapter presents the research design and me
us ed, the authorés philo
approach is used to provide knowledge on the rese
guestions posed.

This chapter summarizes the four appended papers c
thesis in a shorter manner, with the intentad giving the
most i mportant parts fro
the final section summarizes and connects the appe
papers to the research questions.

The discussion chapters provides both discussion ol
research performed, as Wwels on the contribution an
quality of the research, the state of brownfield fact
layout planning today, and some discussion on fu
research directions.

This chapter presents the conclusions drawn from
research presented in the tisesi






FRAME OF REFERENCE

This chapter presesthe frame of referenctor the thesis. It starts with production system
design,and an introduction of the recent development in the area. Following that introduction,

the terms fAgreeefidel aod earrk piibrowdf i after wh
factory layout planning is presented. This leads in to a section on wicked problems before the
chapter is wrapped up by presenting the technical tools used as decision support in the research
performedn this thesis.

In order to connect and guide the content that is presented in this chapter2ksgunesented.

This figures visualizes how the sgbhapt er s producti on System
Afgreenfieldod, factory | asyerisidnsuppdoraralate batlyto eachn d t
other and the research questions. Eackchalpter presents information related to each topic as
necessary to furtheesthe context for this thesis.

Factory
layout
planning

Production
systems

Technica
tools as
decision
support

Brownfield
and
greenfield

Figure2: A summary and connections of the concepts used in the thesis and their relation to the
research questions.



2.1PRODUCTION SYSTEM BISN

A systemcomprisesseveralelements, designed to fulfil different functions based on the
objective and purpose of the syt and interactingvith each other tearry outa function
(Frezzini et al., 2011; Kauffman, 1980). Each system has a boundary, which can be set at
different levels,with everythinginside thatboundary regarded as a system and everything
outsideit asexternaland unaffectethy the systemA production system is the transformation
of material into a product or serviceBgllgran and Séafsten, 2010In this case, e
transformation procesdy which an input to the system becomes an oytmuproduction
material, resources, labg and capitaarecombined to create services and/or products (Jonsson
and Matsson, 2009)This transformation process involves a number of areafinology,
humans, energy and informatiaail of which mustbe orgamsed and maaged effectivelyf the
transformation procesis to be possiblgBellgran and Safsten, 20010The elements of a
production systemsuch asfacilities, humans, equipment, software and procedaresall
interrelated Lofgren, 1983 Chapanis, 1996

A prodiction system is a sufystemto the larger system denoted manufacturiBgligran
and Safsten, 20)0Manufacturing is a series of interrelated activities and operations involving
the design, material selection, planning, production, quality assuranceagsraent and
marketing of products, while manufacturing production (shortened to production) is the act or
process of physically making a product (CIRP, 1990). In a production system, there can be
different subsystemssuch asa parts production systenm which parts are produced and an
assembly systenmin which parts are assembled into a prodi@el{gran and Safsten, 20110
This hierarchical perspective on the production systeshdsvnin Figure 3 The decision
making process is an additional dimensiwhich cabe added to the production system
description Bellgran and Safsten, 2010In this process, capital management, business
management and production management can be added to the system (Sandkull and Johansson,
2000).

Manufacturing system

Production system

Assembly Parts
system production
system
1

Figure3. The production system viewed in a hierarchical perspective, adapted from Bellgran and
Safsten (2005).

The production system could be regarded as having its oweylife asshownin Figure 4
starting with the planning of system design and enditiythe system phaseut Bellgran and
Safsten, 2010 For reasons of environmental responsibilityis increasingly expected that
products will bere-usal. The same expectationight be placed upothe production system,
with it expecedto supporimultiple generations of products and production systetmenit is
designed Bellgran and Safsten, 201L0This leads to new production system being designed

8



and reabked alongside the oldnes and makeawarenes®f a production systeds current
position inits life-cycle essentia(Bellgran and Safsten, 20110

Operation
refinement

Operation

Realisation

Termination
re-use

Figure4. The life-cycle of a production system (Wiktorsson, 2000).

Production systems are often changed assultof new or changed prodwscor product
families These migt be developed due tsuch things asew legislation, altered market
requirements or technolmgl development Bellgran and Safsten, 20L0Changes to the
production system will alsaffectthe factory layout and the stakeholders in the production
system

To date, there v&been three industrial revolutions. The first was meigaaaon, the second
was masgproduction in assembly lines and the thirds automation using information
technology. The Fourth Industrial Revolution has been predictedy@esl ly various other
names commonly Industry 4.0 (Industrie 4.0 in Germgng) Smart Manufacturing (in the
United States). The next industrial revolution is expected to be heavily focused otheata,
integration of information and communicat®technology ad increased automatioof
systems in combination with human operators (Thoben et al.,, 204@).technical
advancemenidhis revolution is also expected to improve flexibility, speed, productivity and
quality of the production systemithin a fully integated, automateand optinised production
flow. Optimising resourceise andan ability to adapt quickly to changing conditions are key
ingredients in the realtion of future manufacturing (Lu et al., 2015). Kang et al. (2016)
identifies several core tegblogies and subechnologies identified for the coming industrial
revolution. One of theeis cyberphysical systems (CPS), connected systwhishcan interact
via Internetbased protocols. These systems can predict failoaesy outself-configuration
and adapt to changes by arsalg data (Ri3mann et al., 2015). As many changes are expected
on a systenwide level,it is reasonable to expect tliae layouts of factories all over the world
will also be changedsthe next industrial revolution is resdd.



2.2GREENFIELD AND BROWHNELD

The termgigreenfield andfibrownfieldd stem from the field of urban developmeintwhich

figreenfiel c an be defined as Adenoting or rel ati
commer ci al devel op mton Dictianariese 2019) amdbrovanfieidnas 6 ( O X
Afdenoting or relating to urban sites for pot

devel opment on themo (Oxford dictionaries, 2
greenfield projects e fwi de possibilities and no hist
2011) whil e brownfield projeicng amnexdest i M

(Vallhagen et al., 2011). In the field of product developm@mpwnfieldd> can mean reusing
avdlable assets, considering limitations in the design and solution phases due to existing
structures (Pakkanen et al., 2016).

The design of manufacturing systems #&to both greenfield and brownfield scenarios,
however true greenfield opportunities aege (Vaughn et al., 2005). Greenfield production
systems come witho preliminary conditions, allowing for optimal design according to current
best practicesHowever production sites are most often alreagyand running (Bader et al.,
2018). Larger prects in brownfield settingmay be onthe same scale amdquire the same
effort as greenfield orse but they comewith more limitations interms of requirements,
considerations and constraints (Vaughn et al., 2005). Existing system resources, such as
madines, people and culture are typical constrasrismanufacturing system design in
brownfield settings (Vaughn et al., 2005), while in greenfield settings these can almost be
excluded. This also applies to the dimensions of the production area, whidirowrafield
setting are fixed and constrain any layout solution (Stabler et al., 2016). Brownfield settings
also have established social systems, group norms, management behaviour and management
workforce relations (Wall et al., 1986). The historical tieladhips between management and
labour force can be a very important factor when adopting human resources management in
small and mediursized manufacturing orgasaitions This process mighhereforebe expected
to be easier in a greenfield than a browidiscenario (Duberley and Walley, 1995). Inirest
in the necessaryT for smart manufacturing or Industry 4.0 is also considered much more
difficult in brownfield production systems than greenfield ones (Davis et al., 2012). All these
special circumstams and challenges relating to brownfield scenarios will require future
engineers to have strong analytical skills and the ability to find brownfield solutions, as
probably the most critical competency in a future production system walhbeility to ded
with both old and new in parallel (Erol et al., 201%)me of the differences between greenfield
and brownfield ettings are presented in Table 2

Table 2:Summary of some of the differences between greenfield and brownfield settings

CATEGORY GREENFIELD SETTING BROWNFIELD SETTING
OCCURRENCE Once per object lifetime Multiple times per object lifetime
SOLUTIONS Optimal designs Adapted designs focused on working
SOCIAL Societal norms Societal norms
PRECONDITIONS | No workplace culture or other ~ Workplace culture

preconditons Management/workforce relations

Management behaviour
Social systems and group norms

PHYSICAL Ideal shape and area Constrained shape and area
PRECONDITIONS | No existing resources or machin¢ Existing resources and machines
Media to be designed Existing media connections

Reusing available assets
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2.3FACTORY LAYOUT PLANWG

Layout planning is one of the main areas to address in the process of designing production
systems (Tompkins et al., 199@he problem of planning a factolayout can be divided into

two categories design and optimsaion (Heragu, 2008). Optiisetion problems are
mathematical in nature and offer solutions to an optimal theoretical layout, while the design
type of layout plannings subjective in naturand basednore on previous experience. Research
has focused on the optisation-type problemgoften called théifacility layout problend ,)with
multiple algorithms developed over the yedrsis has beesummaised by Drira et al. (2007)

and several othenore recentiterature surveys and reviewsugch asHosseiniNasab et al.,
2017;Ahmadi et al., 2018\hile there is much researaito the optimsaion problem, there

is little help for factory layout planninghich takes into accouatl the different casiderations,
compromises and challenges fadmedindustry. However Systematic Layout Planning is a
method developetb providepractical help with thisit offershandson systematic procedures,
methods and tools to use when planning layouts (MutheB)1BVen so, iis notfully adapted

to todayods factories, w h i ¢ hsedaandeconbeeteddtiei ng mo
approaches throughout history include | mmerd
for converting flow lines to machinelnes, Reedds Pl ant Layout Proc
step procedure that also consider future ex

Procedure (Apple, 1977).

Tompkins et al. (1996) divided layout planning procedures into two :typesnstriction
layout methods, which involve planning in empty factories Znchprovement procedures)
whichupdated layouts are generated based on existing production systems. Schenk et al. (2010)
define threeseparatdevelsfor executing layout planning preygts:

1 Level 1:systemasdion of the planning principles in accordance with the planning
activities and project definitign

1 Level 2: implementation of ideal layout planning in accordance with the project
development planning activitips

1 Level 3: implemenation of real layout planning in accordance with the project
development planning activitiesdtaking real restrictions into account.

These three levels of executing layout planrgegerate thredifferent types of layoutsl)
ideal, 2) approximate an@®) real layouts (Schenk et al., 2010). The ideal layouhésbest
possible layout solution, created without constraints or restrictions, while the approximate
layout is an interim stewhich pays particular attention to building parameters (Schenk,et al.
2010). The real layout isne whichtakes all restrictions into consideration, adapted from the
ideal layout by takingnto accountt multitude okeparatéactors, requirements and restrictions
suchas planning information during development (Scheraf.e2010) Becausehe real layout
considers a vagtrrayof factors, requirements, and restrictions, it is the one most likely to be
implementable in a real factory settifiggure 5shows an example of an ideal and a real layout.
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Figureb. Ideal layoutin the topand real layouin the bottom(Schenk et al., 2010)

2.4 WICKED PROBLEMS

Collective intelligencéthe creativity and resourcefulnaskicha group or team can bring to a
collaborative problemis a natural property of s@ily shared cognition and a natural enabler
of collaboration (Conklin, 2005)This intelligence can be challenged bycsdled forces of
fragmentation which make collaboration difficult or impossible (Conklin, 2005).
Fragmentation can loefined as wheproject stakeholders all are convinced that their version
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of the problem is correct, even if based on tacit assumptions (Conklin, 20@b& factory

layout planning context, there is a relationship between the real production system, the virtual
represatation ofit and the mental model d@f(Vallhagen et al., 2011). Thcould be the cause

of the abovementioned type of fragmentatio@ther types of fragmentation include social
complexity and technical complexity (Conklin, 2005). Social complexityfisation of the
number of people involved and affected by a project and their diversity (Conklin, 2005). In a
factory layout planning setting, this complexity can varHowever bringing in say, a
maintenance engineer can yield important feedback tagloeit planning process while also
presenting new challenges. Technical complexity considers the number of technologies
involved in a project, theumberof possible interactionsetweerthem and the rate of technical
change (Conklin, 2005).

Conklin (2005)states that complaints such aghow am | supposed to get my work done
with al/l t h e swe alwegsehave tinge 9&pent ita nbdu th never ti me t
is the kind of orgaisational pain cause by fragmentation. Such orggiional pain lead to
frustration, likelydue tomisunderstanding the nature of the prohlérhis is becaus¢éhe
problem might not be just any problem, laatuallya wickedone (Conklin, 2005).Conklin
(2005) presents six characteristics to distinguistked problems:

You do not understand the problem until you have developed a solution.

Wicked problems have no stopping rule.

Solutions to wicked problems are not right or wrong.

Every wicked problem is essentially unique and novel.

Every solution t oones hwitc koepde rpartd olnedm i s a
Wicked problems have no given alternative solutions.

U WNBE

Fragmentatiormay be caused by wicked probleptheserequire appropriate tools and
methodsf they areto be dealt with efficiently (Conklin, 2005). Tame probleftiie opposite
of wicked problemscan be solved by traditional linear process&sch produce a workable
solutionwithin an acceptable timeframe (Conklin, 2005). Such problerag havea well
defined and stable problem statement, a definite stopping @odd solutionwhich can be
evaluatedbijectively as right or wrong (Conklin, 2005). Conklin (208Bp0suggest six ways
to tamewicked problemswith each solution corspondingto the characteristic described
above

Lock down the problem definition.

Assert that the prdém is solved.

Specify objective parametensthwhi ch t o measure the solut
Cast the problem as fwhicghdhdashdenskheed a pr evi o
Give up on trying to get a good solution to the problem.

Declare that there are just a feaspible solutions and focus on selecting from among

these options.

U, WNBE
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2.5 TECHNICAL TOOLS ASHZISION SUPPORT

This section gives a brief frame of reference for the technical toolsagsielision suppoirn

the researchin the decisionmaking processdata povides support to make an informed
decision (Kacielniak and Puto, 2015While there is a plethora of toolghich could act as
decision support, this section presefs three technical tools uséal provide this datal)
discrete event simulatio@) 3D laser scanningnd3) virtual reality. These tools were chosen
due totheir familiarity andhelpedidentify the challenges faced during the brownfield factory
layout planning process.

2.5.1 Discrete event simulation

Discrete event simulation (DES) is a typkesimulation often used to simulate production
systems performancdor example airports or car production facilities (Banks et al., ;2005
Klingstam and Johansso2000; Johansson et al. 200BES models are based on logitich
states thatndependenthange through triggered evensscontrolled as the model is being
executed. These triggered events are scheduledctorat a discrete timevhich, in turn, can
trigger other events. DES models are based on such erehsonothing is simulated unless
such an events occurs. Thgsresthe models time to jump from event to evertis makest
possible forwell-built DES models to simulate very long time spans and offer good decision
supportwhich mightotherwisebe hardo obtain.

2.5.2 3D laser scanning

3D laser scanning is a technologiemmingfrom suchfields asterrain mappinglt can be
applied to gather unbiased spatial data in acwwract way (Gregor et al., 2008D laser
scanners are mainblividedinto either timeof-flight scanners or phasshift scanners. Time
of-flight scanners are suitable for outdoor (m&ch as construction sijdsecaus¢hey capture
data from objects®ver 100 meters away (Dassot et al., 2011). Pisasfe scanners areetter
suitedto indoor use(such as most productionggm3, becausehey normally capture data
from objects within 100 meteia higher resolution (Dassot et al., 2011). 3D laser scanners
operate by emitting laser beambich reflectfrom a surface in the direction of measurement.
By measuring the distant&avelledby the laser beam and combining that with the diredtion
which it was sent, a measurement point in 3D sjgacebeacquired(Klein et al., 2012)3D
laser scanners often hav8@0-degreefield of view in the horizontaplaneand around 300
320degrees in the verticalane,asshownin Figure 6(Dassot et al., 2011). Byystematically
controlling the direction of measurement, the combination of millions of measurement points
in 3D space can generate a detailed and neutral spatial represeofatios scanned
environment. Using the builbh camera, thee measurements can also be complemented with
RGB datato provideenhanced visual properti€ghis kind ofsystematic data capture is known
as afnscarn. 3D laser scanning has been applied in theeed of production systems in many
ways, for example in combination with DES (Lindskog et al., 2012).
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Figure6: Visualsation of a 3D laser scanner aitslfield of view.

2.5.3 Virtual reality

Virtual reality (VR) can be defined asstbomputergenerated simulation of a thrdenensional
image or environmentvhich canthenbe interacted with in a seemingly real or physical way
by a person using special electronic equipment, such as a helmet with a screen inside or gloves
fitted with s2nsors (Oxford Dictionaries, 2019)R has been developed since the first system
in 1968 which presented stereoscopic 3D views while tracking head movement (Sutherland,
1968).Two important characteristics are used to differentiate VR systBmamersia, the
userb6s sensation that andB)@resenocal eéeéhei ucrmé!
being part of the virtual environmemMégenaiThalmann and Thalmann, 1999; Liebert, 2001).
Immersion can be affected lsych things aseedback lag timefjeld of view, spatial audio,
tactile feedback and force feedback (Lu, Shpitalni, and Gadh, 1999), while presence can be
affected bysuch things agirtual representations of the uséR systems can be classified based
on their level of immersion, rangifrom norimmersive systems such as desktop systems, to
fully immersive VR systems using a heaxunted display (HMD{JKorves and Loftus, 1999)

VR has shown potenti@h the production fieldas a collaborative tool for exchanging data
and information, with can facilitate better understanding and improved decrsi@king
through immersive experience and vissaion (Choi, Jung, and Noh, 2013jmmersive VR
systems hee producedpositive resultsin collaborative factory planning scenariogshich
visualie multiple useréviewpoints (Wiendahl and Harmschristian Fiebig, 20@38)d recent
development show promising results in using VR to support layout planning (Gong et al., 2019).
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RESEARCH APPROACH

Research, the systematic investigation into andiystof materials and sources in order to
establish facts and reach new conclusions (Oxford Dictionarie))2&loften thought of as
an organsed, linear processHowever,n practicethe process isften under much less control
(Williamson et al., 2002put should be conductedichthat people can understand, reproduce,
and evaluateats quality (Trochim et al., 2016)Research can be divided into two strictly
seoparatetypes 1) basic research, focused on building fundamental theory23rapplied
reseach, focused on exploring relife problems (Williamson et al., 2002). This thesis fits the
description of applied research in the field of production systé&ims. chapter explains the
systematic wain whichthe research in this thesis has beamducted

A research approachs based on three interconnected componef)s philosophical
worldviews,2) research design ar8) research methoddointly, theséorm a plan to conduct
research (Creswell, 2BL The combination of these three componetstical when planning
researchresearch needs to be designed propéilyis to be relevanto a givenworldview.
Research methods shouwdtsotranslate the designed research into pracBcemportant part
of research is thary-building.

3.1 THEORYBUILDING

Theorybuilding can bearried ouin two essentiallydisparatevays via inductive or deductive
reasoning. Inductive reasoning starts with a specific obseryaftenwhich theorbuilding is
initiated It is the more opernded and exploratory of th&o (Trochim et al., 2016Peductive
reasoningon the other hands an approactwhich starts with something generic and moves
toward more specific theories. It is often applied when testing hypotheses (Trochim et al.,
2016). This research was initiateals several challenges and probleappeared whildhe
process of factory layout planning waasingstudied. This triggered a need for further research
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into the area, as the wealksearched methods of factory layout plannirege absentrom the
part of tre manufacturing domaioeing studiedAs the research on this togoogressedmore
studies werevarrantedby a need to understanchallenges irvarioussettings and different
casesand using both dedctive and inductive reasonindepending orthe specifc case and
theory.

3.2PHILOSOPHICAL WORLDEW

The choice of methods and methodologies during research are affected by the underlying
assumptions the researcher makes about reality, or the reséapihikrsophical worldview

(Crotty, 1998).These assumptionar e f undament al to the resea
understanding of the research questadthe findings are interpreted (Crotty, 1998). In order

to formulate a research problem msearch questigrexisting literature or experience of a
practicalproblemmaybe used asourcesA major motivation forapplied researcimaybe the
opportunityto solve a problerof personakignificanceto the research€frochim et al., 2016).

This research is targeted at the manufacturing donmawhich the authorof this thesidas
a personal background and previous experience. Pricstdading hisPh.D. studieshis
experiencef studying and workingwithin the manufacturing fieldvere gained mainly
nationallyin Sweden but also internationallyn Wales. Alongide undergraduate studies in
Automation and Mechatronics arstibsequens t udi es f or a Master ds o
Engineering, many hours were spent working in a production syggeneringnuchvaluable
experience and insight. Aftegainingthe Masted s degr e e, a year wor k
engineering company with customers and production sites all over the world gave further
insight into the challengescing industry. All the experience and insight gained prior to the
Ph.D.grew intoto a personatlesre to improve and make processes more effecind to
redue wastal time and effort. This providealcuriosityaboutproving knowledge and insights
andshapinguture factoryrelated processes.

Epistemologyrelates tothe assumptions regarding what createceptable, valid and
legitimate knowledge (Burell and Morgan, 197%here are four main epistemologies or
philosophical worldviews 1) postpositivist, 2) constructivist, 3) transformative and4)
pragmatic. Pragmatism, as presented by Creswell (2044, groblencentred, pluralistic
worldview focused on reaborld practice and the consequences of actions. This implies that
the consequences of actions and concepts are relevamtivelyecan support tseactions. In
research, a pragmatic worldview casisiee researcher to focus on identifying solutiwhsch
can support future practice angivenfield and use all available approaches to understand and
solve the problem (Rossman & Wilson, 198Bhe pagmatic researcher commonly mixes
guantitative and calitative assumptions during research, choosing the methods and techniques
which best meet theelevanineedsand purposes (Creswell, 2014).

The author of this thesis identifies as a pragmatic reseafch#re research in this thesis is
mainly applied ad focused on providing valuable knowledge to the manufacturing doinain,
is appropriateo citethe pragmatic theonyhich saysa statement is truéit can provide value
when put to practical useand hat valuable knowledge is creatadhinly by the proess of
identifying practical problemand usingvhatever methodaresuitable. In practicehis meant
thata combination of qualitative and quantitative research approaaresappliedasfurther
explained in section 3.3. This mixedethods research agach has the benefit of collecting
data in the most appropriate way to explain or answer the prpl&her thandeciding
beforehand which method to apply (Creswell, 2014).
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3.3 MIXEDMETHODS RESEARCH ARRDACH

The research approach is the plan for howdisearch questions should be addressed. It can be
either quantitativeor qualitative, oruse a mixture of the two (known asmixed-methods
research In quantitative research, relationships between certain identified variables and data
are examined in orddo test objective theories. In qualitative research, -@reted data is
gathered in order to explore and understand the problem. The -mi#dds approach
combines both quantitative and qualitative research to gain the strength of both approaches
while minimising their respective drawbackihis research method adigned to the pragmatic
worldview and meant to give a more complete understanding of the prbbieginvestigated

by the research (Creswell, 2014). In this research, the nmettiods reseah approach has
beenusedto furtherexplorethe research questiamss the vision is broad and includes all types

of errors in the area of brownfield factory layout planning, this approach is well suited as it can
capture many different kinds of aspedisr the industrial studiesonducted, this hamainly
takenthe formof action research.

3.4 RESEARCH DESIGN

The research design section covers the research design and data collection methods used in the
studiesuponwhich this thesis is built.

3.4.1 Action research

Action research can be broadly defined as an apprioaainich the researcher collaborates
with a client to diagnose a problem and develop a solution (Bryman and Bell, 208 )akles

it well-suitedto working in industrial scenarios, where tnéial problem might not be clearly
defined. A typical action research approach is cyclicalth the plan, action, results and
reflection stepsconductedas shownin Figure 7(Oosthuizen, 2002). By applying the action
research process in this manner, the niextyscan build upon the results and reflectiohthe
previousone This process also allows the researcher to be part of the studied gvauying
ways and apply different data collection methpdsgmatically,depending on which is best
suited (Oosthizen, 2002).

Plan
Results

Figure7. The cycle of action researdmased on Oosthuiz€2002).
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3.4.2 Participant observation

Participant observation is a qualitative metlodaollecting datalt is used to collect data on
events or situationsnd allows the researcher to gain insight into the specific context,
behaviarrs and relationships (Mack et al., 2006hnductingresearch as a participant can be
classified into four different levels of observatioh) cmplete observer?) dbserve-as
paricipant, 3) patticipantasobserver and) full participant Kawulich, 2009. The complete
observer role is when the researchecasertand unknown to the studied group, whiie
counterparof full participant is when the researcher is a member ofjthiepbut concealing
their research rolgom the group Kawulich, 2005. Theobserverasparticipant can participate
but focuses orcollecting data via observation, while thearticipantasobserver interacts
extensively with the grougkéwulich, 2009.

3.4.3 Interviews

Interviews as a data collectiomethodmaybe divided into three separate typaspending on
design and execution (Bryman and Bell, 200/f)ey may be structured semistructuredor
unstructured

A structured interviewollows a fixed sequencéut yields results which are less qualitative
(Bryman and Bell, 2007).

A semistructured interviewuses an interview guide with list of questions prepared for
specific topicswhich need to be covered, whkilleaving somdatitudefor the interviewee in
thar replies (Bryman and Bell, 2007). Such an interviegdnotadhere=xactly to the outlined
schedule and can devidteinclude other questiondepending onvhatreplies are given by the
interviewee (Bryman and Bell, 2007).

In anunstructured inten@w, the interviewer uses almost no prepared questions on specific
topics; instead, the interviewer more freg@lyrsuespoints they deemworth following up
(Bryman and Bell, 2007)An unstructured interview resembles a conversatatherthan a
typical interview (Bryman and Bell, 2007).

Semistructured and unstructured interviews hawreaterfocus on qualitative datguch
as the intervieweedos point of view (Bryman

3.4.4 Research carried out

The research in this thesis has applied mixathod researcHifferently in the fouperformed
studies The data collection methods have varied depending on the questions anof sembe
study. Data collection has beeanductedboth qualitatively and quantitatively, via literature
reviews, interviewsand participant observations, &xplainedfor each paper belovand
summaised in Table 3

In Paper lusedaction research and participant observation applied to gather data. Three
researchers were involved in different participant roles during the workehepresearcher
had the role gparticipantasobserve(due to technical difficulties controlling the model during
parts of the workshgpwhile the other two focused almost solely on recording data by taking
notes and recording audio. These two reseasctvere present in the room and their role as
researchers and observarasknownto the stug group. Thus, the role aomplete observer
was notentirely fulfilled. However there wadittle or nointeraction with the groupnd this
also madéehe observe-asparticipantdescriptiona poor fit.

In Paper Il, the role ofparticipantasobserver wasisedagainbecause the researcher had
the advantage dfeing acquainted with the software. In this study, observations came mostly
from whenthe studywasbeingconductedandthe experimentadtageof modetbuilding. These
observations were combined with data from setnictured interviews to form thstudy
results.
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Paper lll used an interview study to gather data in the form of s¢émctured interviews
The inerview guide was based on the results of a literature study, which ganectbesary
initial contextual and technical information. The interview resulese later coded using
magnitude coding to further ayaband summasethedatathat had been gathest This study
also incorporated a benchmarking study to facilitate improved understanding.

Paper IVcomprised semstructured interviews and a literature study. The literature study
aimed at both quantitatively and qualitatively asalyg how published terature approached
brownfield factory layout planning. The study was also complemented withtarex semi
structured and structured interviewsith the interview guide mostlgomprisingstructured
interview questions mixed with more openes

Table3. Summary of the data collection approaches used in each paper.

PAPER QUALITATIVE QUANTITATIVE
I Participant observation

Il Participant observation

semistructured interviews

[ Semistructured interviews Interview coding
v Semistructuredinterviews Literature review

3.5 RELIABILITY AND QUALIY IN RESEARCH

Three prominent criteria are often use@valuate the quality of researcbliability, replication

and validity (Bryman and Bell, 2007). Reliability concerns whether the results oflya ate:
repeatableand is often associated withlguantitative researchers (Bryman and Bell, 2007).
Replication means that another researcher should be able to replstatty that has been
conducted. In other wordshe study procedure must highly detaledso ago allow replication
(Bryman and Bell, 2007). Validity, often considered the most important criterion, concerns the
integrity of the conclusions generated by the research (Bryman and Bell, 2007). Bryman and
Bell (2007) explain four type of valiti:

il
T
il
T

Measurement validitywhich considers whether a devised measure of a concept really
reflects the concept as intended.

Internal validity, which considers whether a conclusiamich relies on a causal
relationship between multiple variables is genuing ot caused by something else.
External validity which considers whether the results of a study can be geedral
beyond the contexth whichthose results wergenerated.

Ecological validity which considers whether social scientific findings applymo p | e 6 s
natural social settings, evhetherthe data gathered does not fully reflect pe@sdé

would, had theesearchenotintervened

These validity concepts, adapted to the setting of qualitative research, can be defined and
explained as follow credibility, which considers how believable the findings are,
transferability, which considersvhetherthe findings apply to other contextgpendability

which considersvhetherthe findings apply at other timesdconfirmability, which considers
whetherthe researcher has allowed their values to affect the stgdijicantly. The reliability

and quality of this research will be discussed in Chapter 5.
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by visualising layouts and simulating ergonomics. This paper is from the end of the project,
where the layout visualisation tools were applied to a real case via an industrial study. The
industrial study aimed to investigate and evaluate the usefulness of a realistic virtual factory
model in a brownfield factorlayout planning scenario. In th&cenario, eight new multi
operation milling machines were to be installed in an already utilised area of roughly 600 square
meters inside an existing factory. The machine area was served by four operators who were
responsible for keeping the machines ragnas much as possible, while trucks would supply

raw materials to the area. The new machines were to be placed on separate foundations to ensure
product quality, meaning that the first step (once the layout was finalised) was to start with the
foundationdor each machine.

In this study, a combination of point cloud data, 3D CAD model data, and 2D CAD model
data was combined to create a realistic and accurate model of a planned future state at a Swedish
manufacturer. The model was then used in two diffteneays in structured workshops, either
displayed on a projector screen or visualised in immersive virtual reality

4.1.1 Industrial study

The industrial study was divided into four steps as shown in FRjuFee starting point was

using 3D laser scanning tojebtively and neutrally generate a point cloud of the area. This
was then used in the factory layout planning. This was followed by the creation of a realistic
layout model of the future state for viewing on a projector screen, with the point cloud data
combined with 3D CAD model data and 2D CAD drawing data. Upon completion of the
previous step, an identical model was created for use with an HMD setup in immersive virtual
reality. The final step was to hold layout evaluation workshops at the companythwith
researchers observing what kind of feedback and discussions the company stakeholders focused
on while using théwo models

Create realistic
3D layout
model

Create identica Layout

3D laser model for the evaluation

HMD workshops

scanning

Figure8: The industrial study processed.

Step 1* 3D laser scanning

The relevant area of the tacy was digitised using a 3D laser scanner with a-iRGB

sensor. A total of eight scan positions were used, resulting in a combined point cloud of 226
million points, with each point having a coordinate in space (X, y, z) and a colour (r, g, b) from
the RGB sensor. As the area was in use at the time of scanning, equipment and materials which
would not remain in the area in the future scenario were digitally removed. This was done in
dialogue with orsite production engineers. The remaining point @laas divided manually

into suitable pieces, such as a roof component and a component for each wall. To achieve a
highly stable framerate in the HMD later on, certain components (such as the floor and walls)
were simplified and meshed. This reduced tha d&e significantly, as shawin Table 4
Meanwhile, the roof component had its point density reduced. Aesidet of this is that the

visual quality is altered. Visualising all points gives a high degree of detail but when the number
of pixels displayd is in excess of the number rendered, the components become transparent on
close inspection. Simplified meshes show fewer details but remain opaque
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Table4: Sample of the floor model before and after sifigaltion and meshing.

FLOOR | Scan data Triande mesh

r} v

s SaL

VERTI 67,036,944 | l 24,295

CES
DATA 1,013 MB 21 MB
SIZE

Step 2* Create realistic 3D layout model for a projector screen

The second step of the industrial study process in this paper was to create the realistic 3D model
of the future layout for \&wing on a projector screen. This was created in Autodesk
Navisworks. To increase the model 6s represen
in three iterations. A meeting was also held with members of the industrialisation project to
ensure o equipment was missing in the layout and that it matched their expectations. The initial
model comprised the following components:

1 2D CAD layout drawing of the area, created by the industrialisation project team.

1 3D CAD models of the machines and othewipqent to be installed in the area.

1 2D CAD model of the planned walkway in the area.

1 A point-cloud model of the digitally cleaned shop floor area, divided into several

components.
1 A point-cloud model of existing equipment set to remain in the area.

The clanges and additions to the layout as realised by the industrialisation project team from
each iteration are presented in TableThese were implemented in the model after each
iteration

Table5: Changes and additions to the layout

ITERATION CHANGE/ADDIT ION
FIRST Addition of two pallets in front of each machine
Addition of one pallet lift per machine
SECOND Repositioning of three machines
Repositioning of pallet rack
THIRD Rotation of pallets

Addition of one work bench per two machines

Changingof the tool measurement model

Addition of a coordinateneasuring machine and a washing
machine
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Step 3* Create identical model for the HMD

The final model from the previous step was replicated in Unity (with some slight changes) for
viewing in an HMD To save data, the floor and walls were replaced with triangle meshes made
from the poirtcloud data. Customised scripts were also added to enable interaction in the
model, such as navigation and repositioning of interactable objects. The interactetig iobj

this model were a pallet lift and a cart

Step 4 * Layout evaluation workshops

A succession of three workshops was held on
overall structure from Lindskog et al. (2016), as sumradris Figure 9Theparticipants varied

between workshops, however the project leader, process planner and the three researchers were
always present. One researcher controlled the realistic 3D layout model projected onto a screen
for workshop participants, while the otheravinade written observation notes to support the
audio recording. When the other model was used during the second half of the second and third
workshops, one participant wore the HMD and controllers (enabling them to interact with the
model), while the otheparticipants viewed a representation of the HMD display on a projector
screen

Workshop Focus area Aim

Ensure that all value
1 Product and Process stream functions are
included in the system.

Eliminate installation
Installation and problems and ensure

Maintenance maintenance requirements
and abilities.

Ensure an efficient
3 Production sequence workplace and safe and
healthy conditions.

Figure9: Structure of the three layout evaluation workshops (Lindskog et al..2016)

4.1.2 Outcome

Several problems or risks were identified during theghvorkshops, which had not been raised
during the modebuilding iterations earlier in the study. Some of these were solved during the
workshop by implementing changes and additions to the layout proposal directly in the
software; others require more WworSome of these issues include: lack of an incoming and
outgoing material area, not enough fixture wagons, the positioning of machines being less than
satisfactory, not enough workbenches. When viewing the model using an HMD, the user could
better perceig proportions and distances and gained a better feel for the area. For example, a
table model was too small throughout the entire study, but was not realised until the very end
when an operator wore the HMD. Based on knowledge gained from experiencpethiio
could instantly tell that the table would be too small for the necessary products and work.

This study also showed a problem with 2D CAD drawings, as it was impossible to perfectly
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align the neutral and objective 3D laseganned point cloud repesgtation of the area with the
handmade drawing of the area. If the walls were aligned, some pillar positions were off, and
vice-versa. When the walls were aligned between the point cloud and 2D CAD drawing, one of
the pillars was over 30cm offis shownn Figure 10 This would cause potential problems
during layout installation and operation

0,045 m

0,364 m
,050 m

Figurel10Q: Difference between the point cloud and 2D CAD drawing when the walls were

aligned.
42PAPER Il
Paper Il reports from a researclogrect cal l ed fAThe space i1indus
Chalmers and RUAG Space AB approached the challenges of the new market in the space
industry dubbed fAnew spaceo. This new mar K:eé

changes in customer requiremgrds it contains a completely different customer segment than
previously. This study aimed to investigate the potential benefits and drawbacks of making a
discreteevent simulation (DES) model based on data from vsiteam mapping (VSM) and

3D lasefrscaning. This combination has seen little exposure in research and is thus a novel
idea, while also serving as decision support for the industrial side.

The production system in this study was a clean room consisting mostly of workbenches and
human operatorplus special machinery for various tasks (such as ovens for heat testing and a
vacuum chamber for compliance testing). There were no trucks or AGVs in the production
system; the operators conducted all transportation either by hand or with a carbduetipn
system was divided into threseparateoroduct units with some overlap, producing engineer
to-order products in very small runs

4.2.1 Industrial study

The industrial study used in this paper consisted of three main steps: 1) data collection, 2) model
building and 3) model validation. After the model validation, two ssimictured interviews

were held; one with the product unit manager of the modelled part of the production system and
one with an experienced operator

Data collection

The starting poinbf the industrial study was to carry out a VSM in order to understand the
pr oduct i oariousflpvss tainel codvergences. For the production system that was to be
modelled (the one most affected by the new market), the VSM resulted in eiglavesivhich
converged into a final assembly flow. Due to the number offlews, convergences, and
production of engineeo-order products, the VSM method applied was specially developed
for this case, as presented in Barring et al. (2018). The shorte8bguis the VSM shown in
Figure 11 with two administrative processes, three storage buffers and five production
processes. The total flow, including all sildows and the final assembly flow, consisted of over
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150 process steps

Figurell VSM of the shortest sutbow. The square boxes are processes, while the yellow
triangles represent storage buffers

The production facility was digitised using 3D laser scanning technology. Over 50 scan
positions were used to produce a paiaiud model of the roughly 1,800 square meter facility,
consisting of over 500 million measurement points. An example of the spatial data resulting
from this 3D laser scanning is shownFigure 12 The data was divided into various pieces
representing differanparts of the factory, while the roof was removed to supporviep
visualisations

Figurel2: Visualisation of the spatial data gathered via 3D laser scanning.

Model building

The DES model used in this study was built in separate steps. First, all the resulting data
from the VSM plus additionally gathered data not included in the VSM was used to build a
logic model of each individual stflow. Each process step in each dldw was modelled
according to the VSM and in mosases connected by an operator moving the product from
one process to the next. When the logic of eachflsmbwas correctly represented in the
simulation model, the suttows were connected to create the entire flow of the simulated
product. Once the fuflow was achieved, the point cloud model was imported so each process
step could be accurately positioned with the proper spatial relations. The pathing of operators
was also modelled so that there were no collisions between the simulated operatbes and
pointcloud model. An exaple of this is shown in Figure 18 which operators (marked by

red arrows) can be seen walking through doorways in the simulation.model
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Figurel3: Visualisation of the simulation model showing oatrs (marked by red arrows)
walking through doorways instéaf walls

Mode/ validation

Two separate methods were used to validate the simulation model. In the first one, the product
unit manager responsible for the modelled production flow and an ewmped operator
assessed the flow and movement of products and operators in the model, while it ran in real
time. Their task was to identify deviations from their expectations based on their daily work.
Once the model was validated as described aboveyadeg unit manager checked the data

for all the processes in the VSM, including such factors as batch size, process step, and process
times. Once both these validations were concluded, the model was considered complete

4.2.2 Outcome

The outcome of this indusat study consists of results from the sestructured interviews
combined with the papers based on authorso
supported structuring the DES model by breaking the production system down into more
manageable sizewhich could be individually modelled and tested. However, some data
required for the simulation model was missing. 3D l@s@nning gave an accurate, photo
realistic visualisation of the production system, which was very useful in aligning the mental
modéds of the model builder and industrial stakeholders. For example, the operator could almost
instantaneously point out the position where a certain process should be conducted. These
realistic visualisations also seemed to enhance trust in the simulatttst amal analysis of its
results. The down side to this was that it might lead to reduced scepticism about the model. The
way this study incorporated the large pestdud model into the DES model led to a
performance loss, as the amount of rendered daka meticeable effect on how quickly the
model could be simulated. Future DES models using {otanid data would benefit from only
using it when its realistic visuals are beneficial (for example, when accurately positioning
objects, deciding operator atrdck pathing, or validating the flow).

This study indicated great potential in the combination of VSM, 3D-kssmning and DES.
While VSM and 3D lasescanning do not give all the data required to build a highly accurate
DES model, they can make modelilding quicker and more accurate. Using accurate and
realistic poinicloud data can also ensure that changes in the DES model will fit and work as
planned, when implemented in reality
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