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Summary

Facility layout planning (FLP) has been a much pedstopic for decades. Due to
the combinatorial complexity and the great impadtas on the modern industry,
much research effort has been devoted to seardhdoeffective solutions. Four
types of approaches are currently available in FbBmely, procedural,

algorithmic, virtual reality (VR) -based, and augmexl reality (AR) -based.

Nowadays, the fast-growing industry has posed neallenges. Enterprises are
often faced with the need to synchronize shopflagouts with the constantly
changing production targets. Existing approachesnat efficient in addressing

these FLP tasks.

In this research, an AR-based hybrid approach ® iBlproposed (ARHFLP). By
integrating mathematical modeling techniques witR t&chnology, the ARHFLP
approach is designed to address FLP for existingpfabors (FLPES). The
potentials of the AR technology are fully utilizeltailor the approach to address
the characteristics of the FLPES problem, suchhasonstraints imposed by the
presence of existing facilities, the wide variety evaluation criteria and
constraints, etc. In addition, mathematical modafe used to define the
quantitative criteria and constraints to providal#téne evaluation to facilitate
decision-making. To support the ARHFLP approachA&nbased fast modeling
technique, a real-time reconstruction and inpagntirethod, and a generic method

for formulating mathematical models for FLP areeleped.

The AR-based real-time fast modeling technique maise of the tracking results

Xi



of AR to facilitate the 3D point positioning prosesA user-aided interactive
modeling method is adopted, where the users castrem virtual models of the
real objects using primitive models. In ARHFLP,stiiast modeling technique is
employed as a data collection method for buildimtual models of the existing
facilities. To facilitate the formulation of mathatical models for FLP, a generic
method for formulating the criteria and constraintathematically is proposed,
namely, the GMCC (a generic method for definingtecia and constraints)
method. GMCC provides an adaptable method for teersuto define and
customize the criteria and constraints in real-tsoeas to better meet the specific

requirements of different FLP/FLPES tasks.

A system named AR-based facility layout optimizatend evaluation (AFLOE)
is developed to implement the ARHFLP approach. fL@E, the GMCC method
is used to formulate the FLP problems as MADM (mplgt attribute decision
making) models. To solve the MADM models, two plesgnmodes are provided,
viz., information-aided on-site manual planning akidP (analytical hierarchy
process) — GA (genetic algorithm) based automdaarpng. The two planning
modes utilize human intelligence (manual planniragy)d the mathematical
optimization techniques (automatic planning) talf@ate the layout planning and

evaluation processes and provide feasible solutmf4PES.

Xii



Chapter 1 Introduction

This chapter begins with a brief introduction taifity layout planning (FLP),
such as the definition of FLP, its impact on indiastplants, the classification of
FLP tasks in different scenarios, and the fourtexgsapproaches to FLP. Next, a
short introduction to the augmented reality (ARghteology, which is the
fundamental technology employed in this researshpresented. The research
motivation and objectives of this research aregmts] next. The organization of

this thesis is presented lastly.

1.1 Facility layout planning

1.1.1 Definition of FLP

Layout planning (LP) refers to the design of a layplan or an assignment
scheme for the proper distribution of existing lities and resources for varied
reasons. For decades, LP has drawn many studiesesedrches due to its
significant impact on a wide range of applicatiosach as packaging design
(Cagan, 1994), the printing layout planning (Yosimaet al, 1986), the furniture
layout design (Fujet al, 2012, Pfefferkorn, 1975), interior design (Alslet al,
1995), etc. In addressing different applicationB, Has various formulations and
distinct constraints. These variations add to tleenmlexities of LP tasks.
Researchers have been approaching LP from diffeaspects using various
methods, such as simulation techniques, matheraticadeling, heuristic

computing, virtual reality (VR), and more recenf\R.



Facility layout planning (FLP) focuses on the LBk in industrial plants or
shopfloors. For FLP, according to Heragu (19978, tdrm facility can refer to a
machine tool, a work centre, a manufacturing @tachine shop, a department,
a warehouse, etc. It is defined as the subjecettaiol out according to the task
requirements. As shown in Figure 1.1.1, the faciltan either refer to a
department in a large-scale FLP task (block layoud machine in a small-scale

FLP task (detailed layout).

Figure 1.1.1: Department layout (left) and machaysut (right) (Meller and Gau,

1996)

FLP tasks can be found throughout the entire @hopfloor design and operating
procedures. Figure 1.1.2 shows the FLP tasks &trelft stages, from the
selection of the plant locations and the distributof the departments within the
plant, to the layout of the workstations within diepartment, the allocation of the
machines within them, and the re-layout tasks o thorkstations or the

departments for improvement purposes.



FLP

Task Needs analysis

Location analysis

Department layout Department re-layout

Machine layout Machine re-layout

v

Time

Figure 1.1.2: FLP tasks in different stages

Although there are a wide variety of FLP problert® objective is the same,

which is to increase the efficiency of the manufaag systems. According to

Xie and Sahinidis (2008), a well-designed layoatnptan help reduce up to 50%

of the operation costs. From the FLP viewpoint, dffesiency of a manufacturing

system can be increased from several aspects,asuttte material handling cost,

the adjacency relationships (Wascher and Merke&7)13he personnel flow, the

aesthetic value, etc. Some of these issues aréprbin Table 1.1.1.

Table 1.1.1: Commonly used criteria for FLP

Criterion

Definition

Material handling cost

The total cost for receiving and transporting the
materials and goods within the plant.

Adjacency
relationships

Ranks (from A to E) that indicate the preferenae
one facility to be placed adjacent to another.

fo

Personnel flow

The total transportation volume of personnel
between the facilities.

Space occupancy rate

The ratio between the volume occupied by the
facilities and the volume of the open space.




For FLP, these issues are normally used as theriaritor evaluating the layout

plans. In other words, FLP impacts on manufactusygjems from these aspects.

1.1.2 Existing approachesto FLP

Due to the intricate formulation and multifariousnstraints, FLP has been a
much studied topic for decades. Existing approatbeSLP generally fall into
four categories, namely, procedural (Muther, 19&4ancis et al, 1991),
algorithmic (Wascher and Merker, 1997; Eeehl, 2003; Driraet al, 2007; Huet
al., 2007; Mahdavet al, 2008), VR-based (Igbal and Hashmi, 2001; Zsdtal.,
1998; Calderoret al, 2003), and AR-based approaches (Rauterbeal, 1997,
Gausemieret al, 2002; Doilet al, 2003; Potet al, 2006; Leeet al, 2011). In
this research, the procedural approach and theithiguc procedural approach

are regarded as the traditional approaches.

The procedural approach uses generalized implet@mtprocedures to guide
FLP. These procedures normally incorporate a wahge of criteria, where the
FLP can be addressed from both the qualitative thedquantitative aspects.
Figure 1.1.3 shows a procedural approach by Myit#84). The drawback of the
procedural approach lies in its heavy dependencethenlayout designer’s
expertise and experience; the lack of quantitatreasoning deprives the
credibility of the results that can be producechgdiis approach. Furthermore,
the procedural approach normally uses generaliteps sand instructions; the
various characteristics of the FLP tasks underemfit scenarios cannot be

incorporated properly. A comparison of differentogedural approaches is



provided in Section 2.1.

Product, Quantity, Routing, Support Services, and Timing Data

! !

From-to Charts Activity Relationships

N e

Relationship Diagram
Space Requirements l Space Availability

\4 Space Relationship Diagram /

Organizational Policies \ l o External Factors
Tentative Plans

Technological Limitations/v ¢ \ Safety Considerations

Plan Evaluations

v

Plan Selection

Figure 1.1.3: The systematic layout planning mettMdther, 1961)

The algorithmic approach (Sing# al, 2006; Mahdavet al, 2008) focuses on

the mathematical modeling of FLP, e.g., the QARafyatic assignment problem)

model and the MIP (mixed integer programming) modebm the algorithmic

point of view, it is extremely difficult to find # optimal solution of the FLP

models. As a result, research on algorithmic apgres focuses on the

development and adaptation of different heuristigo@thms to solve these

models, such as, genetic algorithm (GA), simulaaedealing algorithm (SA),

Tabu search (TS), and ant colony algorithm (AC)wieeer, as the algorithmic

approach is essentially based on formulating FLRathematical models, due to

the derivation of the models from the real FLP, llngut plans produced can be

5



are empirical. It is widely accepted that the draekoof the algorithmic approach
is the lack of adaptability (Benjaafat al, 2002). The model designed for one
FLP task may not be suitable for another. This thsk has greatly restricted the
usability of the algorithmic approach. A comparisoh different algorithmic

approaches to FLP is provided in Section 2.2.

The development of VR technology has led to a ngpr@ach to FLP. By
providing a virtual environment, where the users eaanipulate the virtual
facilities manually, the VR-based approach provides interface for manual
planning and facilitates FLP by providing visuatina of the plans for the users.
With an easy-to-use system interface, the VR-b&ddel approach is playing an
increasingly important role in factory layout desigSection 2.3 provides a
comparison of different VR-based approaches to Mahy commercial products
are available currently, such as the Tecnomatixdrad.ayout Simulation by

Siemens (Tecnomatix), Teamcenter Manufacturing tPimulation by UGS

(Teamcenter), PDMS by AVEVA (PDMS), Plant 3D by Adéesk (Plant 3D), and
MPDS4 Factory Layout by CAD Shroer (CAD Shroer).afgshots of these

systems are provided in Figure 1.1.4.
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Figure 1.1.4: VR-based FLP software



As tools designed to simulate the layout plansséh¥R-based FLP systems are
used to design the layout plans virtually beforeythre implemented. However,
the design process is quite tedious as the useis toebuild the entire shopfloor
virtually, which requires much time and expertiddoreover, as the entire
planning environment is simulated virtually, it igkely that this virtual
environment may have some discrepancies from thé e@svironment. These
discrepancies will be accumulated throughout thesigihe process and
subsequently making the results deviate from practBenjaafaret al, 2002).

The usefulness of these approaches is thus reduced.

More recently, with the development of AR technglogR-based approaches
have been reported. When compared with the VR-bapptbach, the AR-based
approach adopts a synthesized environment whettgavicontents are integrated
seamlessly into reality. As the layout plans candralered on the real shopfloor
environment, it provides a feasible method to askltbe deviations of the results
from reality. The enhanced sense of reality cap ke users explore the human
intuitiveness to facilitate decision-making. Howevedue to the limited

development of the AR technology in the past, theiex AR-based approaches
reported did not fully utilize the advantages of ARd the applications of these
approaches are greatly limited (a detailed sunfeth@se approaches is provided
in Section 2.4). Hence, an objective of this resleas to improve the AR-based

approach to FLP.



1.2 Augmented reality

The AR technology presents a synthesized envirohitiwethe users, where the
virtual contents are well-merged into the real smvinent. In this synthesized
environment, the virtual contents are registeredially and temporally to the real
scene so as to allow the users to perceive theavicontents as objects that have
been added to the real environment. Azuma (192ig¢sthe three characteristics
of AR as (1) combining virtual and real objectsaineal environment, (2) running
interactively in real-time, and (3) registering Ir@ad virtual objects with each

other.

AR applications based on the use of web cameras bagn the main stream of
the research for many years. By using web camerasafture the video streams
of a real scene in real-time, research has beamségcon the image processing
techniques, e.g., template matching (Billinghwestal, 2000) and feature point
tracking (Klein and Murray, 2007), to calculate theation of the camera so as to
obtain information of the real scene. This inforimatis used to determine the
locations and the poses of the virtual contentsthed they can be rendered

correctly. Both marker-based and marker-less ARrtiegies have been reported.

For marker-based AR techniques, markers are pliactee real environment and
used as visual fiducials. By using computer visteshniques, e.g., template
matching, information on the locations and the page¢he markers with regard to
the real environment can be obtained. By using ihisrmation, the virtual

contents that have been registered to the marlarsbe rendered properly, as



shown in Figure 1.2.1. While the usage of markacdifates the tracking process,
it has drawbacks. In marker-based AR applicatiomkers need to be appliad
priori to the proper locations. When the markers areidmithe camera view,

tracking is lost.

positions and

video stream orientations of

from camera Search for markers Find marker 3D marks
_D markers position and
orientation T, = {P,,R}

Positions and orientations of
markers relatively to the
camera are calculated

The symbol inside of the #
marker is matched with %ﬁgpgg};
templates in memory
N ——

The image is converted to
binary image and black
marker frame is identified

e =4 Using T; transform 3D
Virtual objects are N _ virtual objects to align
rendered in video frame v them with markers. E
Render 3D objects ’ P@:sittior?J ancg
: in video frame N 2 orient objects
video stream to virtual objects ) IDs of
the user HMD marks

Figure 1.2.1: Marker-based AR (Billinghuedtal,, 2000)

Marker-less AR techniques do not require markersbeoplaced in the real
environment. Simultaneous localizing and mappingAM8) is a widely used
technique. SLAM (Leonard and Durrant-Whyte, 19%Lhormally applied in the
field of robotics navigation. By processing theadegceived from the sensors, it
can update the positions and poses of the robotthenreal environment.
Vision-based SLAM, either binocular or monoculadppts varied tracking and
mapping algorithms, e.g., EKF-SLAM (Davisiet al, 2007), FastSLAM (Eade
and Drummond, 2006), etc., to calculate the carpese and construct a point
cloud environment. A milestone was made by Kleid 8urray (2007) for their
PTAM (parallel tracking and mapping) system, aswshan Figure 1.2.2. In

PTAM, the tracking and mapping procedures are séparinto two parallel
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threads. Compared with EKF-SLAM and FastSLAM, PTAdvmore robust and
the tracking results are more stable. As the trackind mapping procedures are
separated into two parallel threads, a well-esdabli 3D point map can be
updated steadily whenever new feature points ackédd. PTAM is currently one

of the most widely used techniques for marker-fRs

(a) Tracking Thread (b) Mapping Thread

Figure 1.2.2: Marker-less AR (Klein and Murray, ZD0

1.3 Research motivations and objectives

1.3.1 Research motivations

Research on FLP has been focused on the desige, steg prior to the

construction of the new plants or shopfloors. Mafsthe procedural approaches,
algorithmic approaches, and VR-based approacheslereloped based on the
assumption that the facilities are to be laid suan empty shopfloor. For these
FLP tasks, the criteria and constraints are fortedldased on the production data
of the manufacturing system, and layout the pléuas &re designed off-site can

normally be implemented without modification. Althgh requiring some
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expertise and experience, the existing approacheslale to produce feasible

solutions for these tasks.

However, the development of the modern industry gased new challenges for

FLP. To meet the fast-changing production targetserprises nowadays need to

reconfigure the existing shopfloor layouts quitedgmently, e.g., adding or

removing the machines for updating the shopfloarations. For these tasks, the

presence of the existing facilities has imposeditaacl constraints. FLP for

existing shopfloors (FLPES) have the following @weristics:

1) The presence of existing facilities and shopfletructures poses critical
constraints;

2) The FLP task normally tends to be on a smakales e.g., removing and
adding a number of machines; and

3) The criteria used tend to be wide-ranged inetgriand often specific to
different tasks. Sometimes the users may only ober the criteria to be used

during the installation of the machines on-site.

Existing approaches are not efficient in addresshese issues. By using the
procedural approaches, the conceptualized desaps dor guiding the layout
planning processes may be less usable becausetiseraints and criteria for
FLPES are normally specific to the tasks, and nauprocedures can seldom be
used for all the FLPES tasks. The algorithmic apphes might be able to handle
the FLPES tasks. However, the presence of theimxi$acilities introduces a

large number of constraints. These constraints né®dbe formulated
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mathematically and incorporated properly. Moreowbe distinct criteria and
constraints among different FLPES tasks would nthkealgorithmic approaches
of lower adaptability, since the mathematical modeVeloped for one FLPES
task may not be suitable for another. VR-based cgghres have the same
problems and issues. In addition, with the preseridbe existing facilities, the
users have to collect the data of these faciliied build their virtual models,
which could be time-consuming. The efficiency wottais be greatly reduced.
All three approaches generate layout plans off-sitel hence there is a lack of a
proper mechanism to implement immediate on-sitduati@n for improvement
purposes. On-site evaluation can provide an effeatiay to identify and address
possible deviations of the layout plans from impdetation and this is a useful
technique for FLP. Moreover, for FLPES tasks, tequirement for the data to
represent the existing facilities would exacerlihgse problems and make these
approaches inefficient. However, enterprises oftame to choose a layout plan
for implementation, which may be subjective anaeprone (Clough and Buck,

1993).

The AR-based approach is a promising alternatiyeageh to this problem. In an
AR environment, virtual contents are integratea itite real scene and a virtual
planning space can be created in the real shop$loch that an on-site planning
and evaluation process can be implemented. Irésisarch, an AR-based hybrid
approach in addressing FLPES is proposed. The pegpapproach adopts a
real-time modeling technique to obtain informatiohthe existing facilities, a

real-time reconstruction and inpainting method ubstitute existing facilities in
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the AR scene with their virtual replicas, and usegneric method for the users to
formulate the FLPES problems as mathematical madetsal-time. By allowing
the users to design and evaluate the layout plarsite, it provides a feasible

solution to the FLPES tasks.

1.3.2 Research objectives

The objectives of this research are summarized!ass.

1). Development of an AR-based technique to obtd#formation of the existing
facilities effectively for FLPES tasks.

2). Development of a mechanism to define generithamatical models that can
incorporate various criteria and constraints. Bygishis model, requirements
of different FLPES tasks can be considered.

3). Development of an AR-based hybrid approach FbP/FLPES that fully
utilizes the potentials of the AR technology andthmanatical optimization
techniques and implements a real-time informatioled interactive design

and evaluation procedure to facilitate decision-imgk

1.3.3 Research scope

This research aims to develop a novel AR-basedidhydpproach for FLP. The
research issues to be addressed include the ARihaseleling techniques,
mathematical formulations of the FLPES problems] hauristic algorithms for

mathematical optimization.

The type of the FLP considered in this researdfLiB in a shopfloor scale for the
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layout of machines. For FLP on a larger scale, ¢éagout planning of different
departments, AR is less applicable due to thecdilty in visualizing much larger
elements. FLP on larger scales are thus not witienscope of this research. A
multiple attribute decision making (MADM) model &lopted in this research.
However, development of new algorithms to solve MADnodels is not the
focus of the present research and hence will noeXjgored. Lastly, the AR
technique used in this research is the web canmesaebAR; utilizations of other

types of sensors, such as lasers, are not withisdbpe of this research.

1.4 Thesisorganization

As shown in Figure 1.4.1, the rest of the thes@mganized as follows.

Chapter 2: Related works

'

Chapter 3: An AR-based hybrid approach to FLP

v ' v

Chapter 4: A Chapter 5: A generic Chapter 6: A real-time
real-time fast method for defining reconstruction and
modeling technique MADM models inpainting method

A 4 \ 4

Chapter 7: An AR-based facility layout
optimization and evaluation system

y

Chapter 8: Case studies and discussions

A 4 A 4

Chapter 9: Conclusions and recommendations

Figure 1.4.1: Thesis organization
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In Chapter 2, reported research and studies orirexiapproaches to FLP and
FLPES is reviewed. Analysis on the advantages asdddantages of each

reported method is provided to identify the motieas for the proposed research.

In Chapter 3, the architecture of the proposed AReld hybrid approach to FLP
(ARHFLP) is described. The four steps in ARHFLPmedy, data collection,

problem formulation, layout planning, and resultgalaation are presented.
Development and implementation of the ARHFLP apginoa the major research

objective to be achieved.

In Chapter 4, the development of an AR-based rewd-fast modeling technique
is presented. A user-aided fast modeling procedunmplemented based on this

technique to model the existing facilities.

In Chapter 5, the development of a generic metlboddrmulating mathematical
models for FLP, i.e., the GMCC (generic method defining the criteria and
constraints) method, is presented to address tkerig@rand the constraints in
FLPES tasks. By using this method, the users cdimed@and customize the
criteria and the constraints so as to design thinen@atical models according to

the requirements.

In Chapter 6, a real-time reconstruction and infragnmethod is presented. By
constructing virtual models for the real objectsl aimultaneously inpainting the

real objects in real-time, this method is developedreate virtual replicas that
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can be used to substitute the corresponding rgatisb By using these virtual

replicas, the users can design and evaluate tlagoet of the real objects.

In Chapter 7, an AR-based facility layout optimiaatand evaluation system
(AFLOE) is presented. The AFLOE implements the ARRFapproach and
provides two planning modes, viz., manual planrand automatic planning. The
use of GMCC provides real-time information to faate the manual planning
process. An AHP (analytic hierarchy process) -GAnggic algorithm) —based

optimization scheme is applied for automatic plagni

In Chapter 8, two case studies are presented. FiOE system is tested under
two different FLPES scenarios. The effectivenesthefsystem is validated. User
studies have been conducted to evaluate the ugabilihe AFLOE system as

well as the effectiveness of the ARHFLP approach.

Finally, Chapter 9 summarizes the thesis by prasgrhe key contributions of

the research and future research opportunities.
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Chapter 2 Related studies

In this chapter, a brief review on the related msids presented. Researchers
(Yang and Kuo, 2003; Ertagt al, 2006; Yang and Hung, 2007; Shahin, 2010)
have grouped the existing approaches to FLP intodategories, viz., procedural,
algorithmic, VR-based, and more recently AR-baspgr@aches. A literature

review on these four existing approaches is pralidehis chapter.

Although each of these four approaches is equalbable in providing standalone
solutions in addressing FLP, there are often soarécplar planning stages for
which one approach has advantage over the othersxample, the algorithmic
approach is more suitable in problem formulating @noduces layout plans by
using mathematical optimizations, whereas VR— af3- dased approaches are
efficient for result visualization and thus thegifdate manual planning. In other
words, these approaches employ different technedodo solve FLP from
different perspectives. Consequently, a hybrid epghn is developed to
incorporate the advantages of the different apprescin this chapter, reported
studies on hybrid approaches related to each dfotlmeapproaches are provided.
The ARHFLP approach presented in this research g/laid approach that

integrates mathematical modeling techniques withtédRnology.

Since the development of the AR technology, re$eartits applications in the
industry has been much pursued. With the abilityptovide a synthesized
environment where reality can be augmented witht@aa@l information, the AR

technology has manifested great potential for sathh visualization, guidance

18



for training purposes, on-site information serviiand particularly in the context
of this research, FLP. This chapter starts witerditure reviews on procedural,
algorithmic, and VR-based approaches. Next, redostadies on industrial AR

applications and the AR-based approach to FLP rasepted.

2.1 Procedural approach

The procedural approach refers to the developmiethieoprocedures designed to
guide FLP (Francigt al, 1991), such as the systematic layout planningtkigr,
1961). These procedures define sequential stegedolucing layout plans. Table
2.1.1 provides a comparison of the five best-kngnotedural approaches. In SLP,
for example, the first step is to collect and asalyproduction data, including
products, quantify, routing, supporting and timeasd on the material flow
analysis, the activity relationships can be creaféte spatial locations of the
facilities are determined manually based on theviagctrelationships (Shahin,

2010).

Procedural approach can generally incorporatege haariety of design objectives.
However, as it lacks theoretical foundation, thecess of a procedural approach
implementation is dependent on the generation aflityudesign alternatives,

which often requires expertise and experience (argKuo, 2003).
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Table 2.1.1: Comparison of different proceduralrapphes

Procedure (1977

cost

. Plan service and auxiliary activities

diagram

. . Mathematical Application
Method Objective/aim Methodology/feature analysis method for ELPES
Immer’s basic 1. Equipment layout design| 1. Lines of flow NA No
steps (1950) 2. Low-cost production 2. Lines of machines o
Naddle’s ideal 1. Design the “workable 1. Aim for the “theoretical ideal system”
ideal system” 2. Conceptualize the “ultimate ideal system”
system approach . . . . . ; N.A. Yes
(1961) (A philosophical approach | 3. Design the “workable ideal system
for designing work systems) 4. Install the “recommended system”
1. Determine the required process
Reed’s plant . . 2. Prepare layout planning charts .
layout procedure rl\ge(le;r\é?rrlleer?tsrnanufacturmg 3. Determine work stations lgﬁ;?t:t planning No
(1961) 9 4. Establish storage area requirements, officeé
requirements, etc.
Muther’s 1 Meet space requirement 1. Information gathering 1. Activity
Systematic ' P . . | 2. Develop activity relationship relationship diagram
, 2. Reduce material handling ; : ) . | No
Layout Planning cost 3. Develop space relationship 2. Space relationship
(1961) 4. Develop alternative layout plans diagram
, : 1. Plan the material flow pattern
f\pple s Plant 1. Meet space requirement 2. Plan individual work stations Activity relationship
ayout 2. Reduce material handling 3 No
4

. Construct master layouts
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2.2 Algorithmic approach

The algorithmic approach focuses on the developrotefficient algorithms for
solving FLP as mathematical optimization probleidse to the complex criteria
and constraints, FLP tasks seldom have an exaati@al Research efforts have
been devoted to the development of various hegragorithms for producing
optimal solutions. In this context, for the purposé classifying different
algorithms, many researchers (Singh and Sharm&,; Z0raet al, 2007) use the
term “heuristic algorithm” for the heuristic algthmns reported earlier, e.g.,
construction algorithm and improvement algorithmndause the term
“meta-heuristic algorithm” for the stochastic sémadgorithms, such as genetic
algorithm, Tabu search, simulated annealing allgorjtand ant colony algorithm.

For the same purpose, this terminology is usetiggection of the thesis.

For FLP, reported heuristic algorithms can be diassas two types, namely, the
construction algorithms (CA) and the improvemenmgoathms (1A). Addressing
FLP as QAP models, CA adopt the trial-and-erroroétto build the layout plans
from scratch. In contrast, |IA starts with a randontial solution and refines it
gradually by interchanging the facilities pair wis¢euristic algorithms were the
focus of the early studies in algorithmic approacfe@ FLP and many methods
had been reported (Armour and Buffa, 1963; Lee Modre, 1967; Seehof and
Evans, 1967; Driret al, 2007). However, as the mathematical models highl
abstract the FLP tasks, the layout plans obtaineddiving these models are

normally 2D layouts. For this reason, algorithmppeaches are normally applied
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during the conceptual layout design stage.

Meta-heuristic algorithms are developed to addrasse complex FLP tasks,
where varied constraints are incorporated. Theeeraported studies on Tabu
search algorithms (TS) (Chiang and Kouvelis, 199%mulated annealing
algorithms (SA) (Chwitet al, 1998), ant colony algorithms (AC) (Baykasoglu
al., 2006), and genetic algorithms (GA) (Aiekd al, 2006). Hybrid approaches
have been reported as well (Chwifal, 1998; Azadivar and Wang, 2000; Aiello
et al, 2006). Most algorithmic approaches adopt themmization of the material
handling cost (Chwifet al, 1998) or the maximization of the adjacency score
(Wanget al, 2005) as the target to achieve. Some works (GimehnSha, 2005)
integrate with prioritization techniques to addresslti-criteria FLP tasks while
others utilize future production data to solve dwyialayout planning problems,
such as robust layout (Aiello and Enea, 2001), dyodayout (Baykasoglet al,
2006), and reconfigurable layout (Mengf, al, 2004). Table 2.2.1 provides a

comparison between different algorithmic approa¢hda_P.

Algorithmic approach provides an efficient soluticior addressing FLP
mathematically. However, it is widely acknowleddgdt the results deviate from
reality because of the simplification of both thesigin constraints and objectives
(Yang and Kuo, 2003). Moreover, it lacks an effextimechanism for

implementation evaluation, which plays an importah in FLP.
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Table 2.2.1: Comparison of different algorithmi@egaches

Method/group| Algorithm | MADM | Objective function Hybrid Methods/features QF;F;:"ESEOSTW
CRAFT Minimize material handlin 1. Starting with a random layout pan
(Armour and | IA No cost 9 I No 2. Exchange two facilities if it No
Buffa, 1963) reduces material handling cost
CORELAP 1. Define activity relationship
(Lee and CA No Maximize adjacency score No 2. Allocate facilities in the sequenceNo
Moore, 1967) of adjacency rates
1. First facility is placed randomly
ALDEP 2. Virtual scanning pattern for
(Seehof and | CA No Maximize adjacency score No allocating facilities No
Evans, 1967) 3. Allocate facilities in the sequence
of adjacency rates
Chiang and 1. Along 'germ memory structure
: I . 2. Dynamic Tabu list size
Kouvelis TS No Maximize adjacency score No . e o No
3. An intensification criteria
(1996) . . :
4. Diversification strategies
1. Minimize material handling
Dweiri and flow 1. Incorporate fuzzy set theory
Meier (1996) CA ves 2. Minimize equipment flow No 2. AHP for prioritization No
3. Minimize information flow
. L . . 1. Equal size facilities
Chwif et al SA No Minimize material handling SA and IA | 2. Dynamic layout problem Yes
(1998) cost 3

. Combines SA and IA
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1. Incorporate operational

Azadivar and Minimize material handling G.A and_ constraints
GA No simulation . Yes
Wang (2000) cost . 2. Dynamic layout problem
technique . . i
3. Simulation for evaluation
, . : . 1. Combine SA and GA
Balakrishnan SA No Minimize material handling No 2. Unequal size facilities No
et al (2003) cost : X
3. A user-friendly interface

Shayan and Minimize material handlin 1. Slicing tree representation of the
Chittilappilly | GA No cost 9 | No layout plan No
(2004) 2. Avoid reparation procedures
Wanget al _ : 1. Space filling curves for encoding
(2005) GA No Maximize adjacency score No 2. Unequal size facilities No

1. Minimize workflow 1. Linear combination of different

2. Maximize adjacency scorg objectives
Chen and Sha A Yes 3. Minimize material handling No 2. A multi-pass and doubling No
(2005) time procedure based comparison method

4. Minimize hazardous 3. A method for correcting

movement inconsistent matrix.
Baykasogluwet Minimize material handling 1. Budget constraints
al. (2006) AC No cost No 2. Dynamic layout problem Yes
Aiello et al. 1. Minimize material handling GA and ibﬂﬁusce the entire Pareto
(2006) GA ves cost ELECTRE | 5 | ECTRE method (ELECTRE) | N°

method

2. Maximize adjacency scorg

for selecting the optimal solution
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2.3 VR-based approach

By immersing the user in a virtual environment, ¥ehnology has been applied
to facilitate FLP. When compared with the procetamproach and algorithmic
approach, VR-based approach adopts an interacesem process. Travelling
through and manipulating objects within the virtielopfloor offers a more
natural and direct layout planning agent (Smith &t®im, 1998). Figure 2.3.1

shows some VR-based systems for FLP.

Since Banerjeet al. (1996) reported a viewing platform for a virtudlogpfloor
running on a CAVE (cave automatic virtual enviromt)esystem, there has been a
number of reported VR-based FLP systems. Many e&htbrovide an immersive
virtual environment where the users can build tinei@l models of the facilities
and design the layout plans by manipulating theliftaanodels. Korves and
Loftus (1999) reported an immersive VR-based apgra® the planning and
implementation of manufacturing cells. In this agguh, equipment can be moved
on the shopfloor with realistic behavior and feeskoes given when predefined
constraints are violated. A similar framework hagm reported by Calderen al.
(2003), where the users design the layout plansefiying a master layout plan.
Kuhn (2006) reported a hybrid VR-based framewonk FaP where simulation
schemes are integrated to enhance the productigmesming process. In this
framework, the digital factory concept is applieddasimulation schemes are
integrated on different planning stages to optintlze production planning, the
factory flow, and the plant design. Integrationsghulation techniques with VR

technology marks the current development of theb&Red approaches and many
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commercial software are currently available (PDN?&nt 3D; Plant Simulation;

FlexSim). Table 2.3.1 provides a comparison ofedéht VR-based approaches.
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Yanget al (2008) Backet al (2010)

Figure 2.3.1: VR-based approach for FLP
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Table 2.3.1: Comparison of different VR-based apphes

o . . . Application
Method/group | Objective/aim Functions/feature Hybrid for ELPES
1. A user-friendly VR environment 1. Four views interface (plan, side, front, and
Chunget al for FLP perspective) NA Yes
(1998) 2. Multi-story layout planning 2. Pre-drawn facility modules o
3. Real-time virtual “walk-through’l 3. Multi-layered design
1. Quick V|sua! assessment of 1. Provide standard shopfloor equipment
Korves and layout alternatives : .
. , 2. Animated facility features N.A. Yes
Loftus (1999) | 2. Reduce the required skill level : .
3. Feedback from predefined constraints
for the users
Exploring alternative solutions 1. Integrate constraint logic programming with VR and
Calderoret al. . 3D environment . .
based on domain knowledge for ) . . constraint logic | Yes
(2003) imorovements 3. Real-time constraint propagation roarammin
P 2. Produce new solution by modifying old one prog 9
1. Digital factory 1. Plant, line and process simulation VR and
Kuhn (2006) 2. Integrating simulation processes2. Dynamic line balance and machine planningsimulation Yes
with planning stages 3. Human resources simulation technique
1. Digital factory e
Yanget al 2. Simulation and optimization of 1. Object-oriented techn_ology . V.R and_
. . 2. Construct manufacturing resource library | simulation Yes
(2008) product design, manufacturing ; : . : ;
3. Dynamic production process simulation technique

process, production planning.
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1. VR-based collaboration, contro

,1. Multiverse client customizations

Backet al and display system 2. Import contents in multiple formats \s/iﬁag?ion Yes
(2010) 2. Enhanced collaboration betweer8. Remote factory observation, machine .
) o techniques
remote parties monitoring

Commercial 1. Collaborative multi-user platform
software 1. 3D plant design and planning | 2. Standard equipment library VR, simulation
(PDMS; Plant | 2. Real-time production simulation 3. Integrating ANSI/ASME and DIN/ISO techniques, and

] . . Yes
3D; Plant 3. Construtting documents and catalogue genetic
Simulation; reports 4. Automatic simulation and analysis algorithm

FlexSim)

5. P&ID planning
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VR-based approaches to FLP are well received imustmigg However, as an
effective tool for FLP during the shopfloor desgfage, VR-based approaches are
not efficient for FLPES, where the modeling of thasting constraints requires a
tremendous effort. Besides, off-site evaluatiors @ften inadequate, especially
for FLPES which may lead to the deviation of thangl from reality. Lastly, the
high requirement on expertise and knowledge makas unsuitable approach to

FLPES.

2.4 AR-based approach

2.4.1 Industrial augmented reality applications

Over the past few decades, extensive researchisefiave been devoted to the
applications of AR in various fields, e.g., manufmimg, navigation,
entertainment, guiding and training, advertising, &lowadays, many AR-based
tools and software are available. Among the wideyeaof application fields, AR
applications in industrial processes have been nstiatiied. These applications
are known as industrial augmented reality (Fite1@elp 2011). Reported research
on industrial applications of AR has mainly beeou®ed in several fields, such as
product design (Leet al, 2009), assembly training and guidance (Wiedeamai
et al, 2003), industrial maintenance (Lee and Rhee8RQ@bot path planning
(Chonget al, 2008), facility layout planning (Poét al, 2006; Leeet al, 2011),
construction site planning (Wang, 2007), etc. Feg@r4.1 shows some of these

applications.
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(a) AR-assisted product design (b) AR-assisted assembly design
(Leeet al, 2009) (Yuanet al, 2008)

(c) AR-assisted robot path (b) AR-assisted construction site
planning (Chonget al, 2006) planning (Wang, 2007)

Figure 2.4.1: Industrial applications of AR in éifént fields

AR-based product design allows the users to desigth manipulate virtual
products in an AR environment, where human intaitess can be explored to
make modifications and improvements directly inlteae. For AR-based
assembly training and guidance, the system caeretthable the users to design
and examine the assembly plan in AR or allow thersuso perform simulated
assembly by using both real and virtual parts. Baekl obtained in real-time can
be used to make improvements. AR has also beeniedpph industrial
maintenance. By constructing an AR environmenheghopfloor, information on

the maintenance status of the tools and machinebeaugmented and presented

30



to the users to facilitate the maintenance prose€3g using AR technology in
robot path planning, the designed paths can beddst the AR environment
where the users can observe the simulated moveaidiie robot on-site and
make improvements. As the AR technology developsglieations of AR in a

wider range of fields can be expected.

242 AR-based FLP

Since the development of AR, there have been Seraparted works on IAR in
FLP. The “Build-it” system (Rauterberg al, 1997) is one of the earliest attempts,
as shown in Figure 2.4.2. In this system, a tafybetaingible user interface was
built by superimposing a virtual view of the shauoil layout map on the real
objects and the users can make changes to thetlphgms by manipulating these
real objects. The sense of reality experienced Hey users can facilitate the
exploitation of human intuitiveness. During therplang process, movements of
the real objects are reflected in the virtual mag #he users can design the layout

plans cooperatively and interactively.

3

Figure 2.4.2: The Build-it system (Rauterbetgal, 1997)
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An important milestone in the development of ARhtealogy is the introduction
of the ARToolKit platform (Billinghurstet al, 2000), which has promoted the
development of several AR-based FLP tools. As shadawnFigure 2.4.3,
Gausemeieet al. (2002) proposed a table-top AR system to fatdifaLP tasks.
In this system, each marker was registered to &i@lal model of a facility to be
laid out. The users can design the positions asd$of the facilities intuitively in
the AR environment. A similar system was presebteVanet al. (2010). In their
system, an AR environment was superimposed ontocakedsdown real time
model. The users can manipulate the markers togehtdre locations of the virtual
models while assessing the resultant layout plamis respect to the real time

model. These studies demonstrated the usefulnebs #&R-based tools for FLP

tasks for existing shopfloors.

= LY \-”.\‘Hdl
(a) AR-Planning Tool (b) AR-assisted FLP system (Wan
(Gausemieet al, 2002) et al, 2010)

Figure 2.4.3: AR-based FLP based on ARToolKit (Bihurstet al, 2000)

In the AR-based FLP system reported by Rofal. (2006), a method to define
criteria to evaluate the layout plans is introducAd shown in Figure 2.4.4,

markers are attached to the existing facilities as0 to obtain the location
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information of these facilities. Criteria, such elgctrical losses, fluidic losses,
total material handling cost, etc., can be defibbgdestablishing mathematical
relationships between the new facilities and thisteng facilities. As the users
change the positions of the new facilities, thesteria can be evaluated and

updated in real-time, so as to assist the usdtseidecision-making process.

Figure 2.4.4: AR-based FLP system by feohl (2006)

There are also studies that investigated AR-basadifacturing schemes (Dat
al., 2003; Siltaneret al, 2007; Pentenriedest al 2008) where AR is used to

facilitate FLP, as shown in Figure 2.4.5.

, adl
(a) ROIVIS (Pentenriedegt al, (b) AR-assisted factory planning by
2008) Siltanenet al (2007)

Figure 2.4.5: AR-based manufacturing planning
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AR-Plan is a tool in ARVIKA (Doilet al, 2003) for FLP. AR-Plan establishes an
AR interface in a real shopfloor environment usmgrker-based tracking and a
digital manufacturing library is provided from whiadhe users can select the
machinery and tools to be rendered on-site. P@ssibllision of the virtual
facilities with the real facilities in the shopflooan be identified visually through
comparing different geometries. Based on the canceEARVIKA, Pentenrieder
et al. (2008) proposed ROIVIS, which is an AR-basedeysto support factory
and manufacturing planning. By adopting an imageebdaAR technique, the
proposed system develops an accurate measurenmiohality, which can be
used for interfering edge analysis, variance compar workshop planning, etc.
Siltanen et al (2007) proposed a scheme for AR-based plant yifec
management, where AR is utilized for the verificatiof layout plans. A
web-based client/server framework was developed.tl#fes layout plans are
rendered in the real shopfloor, the operators catuate these plans remotely

on-site in the AR environment and provide feediadke planners.

More recently, Leeet al (2011) demonstrated the use of AR to facilitdte t
installation of a robot arm in a shopfloor (Fig@d.6). In their system, the virtual
models of the existing facilities are construcéedriori and registered to the real
facilities. A simulation scheme is applied to exadtithe behaviour of the robot

arm in the shopfloor to perform interference check.
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Figure 2.4.6: AR-based FLP tool proposed by éeal (2011)

Table 2.4.1 provides a comparison of different Ad&dxl approaches for FLP.
Generally, these systems have demonstrated thetades of AR technology for
FLP, especially for FLPES (FLP for existing shopflg). However, many of the
features proposed are in the conceptual desigre stagh that they may not be

able to handle real FLP tasks.

The significance of the interaction between thel @ad virtual entities for
AR-based FLP, e.g., collision detection, has beaphasized in these works to
different extents. However, neither the use of rnaegkfor positioning
(Pentenriedeet al, 2008), nor the construction of virtual modalgriori (Leeet
al., 2011) is efficient or effective. Thus, a methbdt can obtain the information
of the real environment in real-time would be anpiavement in terms of
functionality and adaptability (Navab, 2004).
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Table 2.4.1: Comparison of different AR-based apphes

Physical L
g?otﬂ()d/ Objective/aim irggilgyed constraints | Hybrid Methods/features %F:?:lfgtéosn
P identification
“Build-it" 1. Optimize production 1. Table-top tangible user interface
(Rauterber flow Proiection| N.A NoO 2. Use graspable bricks as interactipg, .
et al 1997)9 2. Team-based ) o handlers
' evaluation 3. Collaborative layout design
AR-Planning | L+ OPtimize production 1. Collaborative planning
(Gausemeigr flow Live NA No 2. Defining a set of planning rules No
etal, 2002) | 2 Design layoutsin an | video i 3. Use markers to manipulate
N intuitive way facilities
ARVIKA 1. Optimize production 1. Provide a digital manufacturing
(Doil et al flow Live NA No library NoO
2003) | 2 Validating planning | video o 2. A client-server architecture
tasks 3. Workspace ergonomics analysis
1. Minimize performance :
Pohet al. losses P Live o 1. Apply markers to physical
(2006) 2. Maximize free space | video aprioni No constraints Yes

for accessibility

2. Predefined evaluation criteria

36




Siltanenet

1. AR-based plant life
cycle management

Live

1. Use Plamos (Siltanet al 2006)
prototype
2. Incorporate facility information,

al., (2007) 2. Optimize video a priori No plrod_uction data, AR simulation as | Yes
: : : , plugins
manufacturing planning 3. Visual guidance for facility
installation
1. Optimize .
ROIVIS manufacturing processesLive ;' V\Iliig';it())?ls\lev(ijtf? IL(Iel\r/]ItI-Dserver
(Pentenrieder 2. Keep consistency of | video; a priori No 2pgtationar video-based svstem No
et al 2008) | reality and virtual image ' . y y
planning data 3. Mobile photo-based AR-system
1. WRL format model files
Wanet al., Optimize production Live NA No 2. XML format data files No
(2010). process video o 3. Layout planning by editing data
files
éig'\ifz:\rlnrr::r?uf‘zsztﬁ(r)iitgfor _ 1. A_n image registration method
Leeet al 2. Optimize production . AR W|th 2. Slmullatlon data extraction and
(2011) ' p.rocess Image a priori S|mulz_:1t|on processing _ _ Yes
technique | 3. Collision detection between virtual

3. Validating planning
tasks

facilities
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There is a common procedure that has been fornaulatehe development of
these AR-based FLP systems. In this common proee@lya number of markers
are used for the rendering of the new faciliti@y,pre-defined criteria can be used,
and (3) a manual planning procedure is adoptedho@ljh these AR-based FLP
approaches have successfully provided an altemaswlution to the FLP
problems, the obvious drawbacks, e.g., the lagkroper evaluation mechanisms,
restricted interaction between real and virtualeoty, etc., have greatly reduced

the adaptability and the usability of the AR-baapgroach.
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Chapter 3 An AR-based hybrid approach to FLP

In this chapter, an AR-based hybrid approach to, Fidmely, the ARHFLP
approach is proposed. By employing the AR technpltmyachieve interactive
on-site planning, and mathematical modeling tealesggfor real-time evaluation,
ARHFLP provides an adaptable and effective appréoadi_P, especially FLPES.
Section 3.1 presents the four-step procedure adapt&RHFLP, namely, data
collection, problem formulation, layout planningnda results evaluation. A
comparison of ARHFLP with the existing approaches provided. The

architecture of the ARHFLP is illustrated in Sent®?2.

3.1 Development of the ARHFL P approach

In this research, an AR-based hybrid solution td®,Fhamely the ARHFLP
approach is proposed. ARHFLP combines the advastaigexisting approaches,
i.e., the algorithmic approach, the VR-based apprpaand the AR-based

approach.

The algorithmic approach adopts mathematical motel$ormulate the FLP
problems and uses heuristic algorithms to solvaribdels to produce the layout
plans. The utilization of the mathematical modelsréases the reliability and the
definitiveness of the plans produced. The VR- aiibased approaches provide
a convenient GUI (graphic user interface) for plagnthe layouts manually,
during which the users’ knowledge and experiencebzmautilized to facilitate the
planning process. In particular, human intuitivenean be fully exploited to aid
the manual planning process in the AR-based approac
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As shown in Figure 3.1.1, the ARHFLP approach comabiadvantages of these
approaches and integrates the mathematical modilsaviGUI for implementing
manual planning. ARHFLP provides real-time compytof the mathematical
model and allows the users to use their experiandeknowledge to evaluate the

mathematical results simultaneously to facilit&ie planning process.

The VR/AR-assisted The algorithmic
approach approach
GUI
»  The ARHFLP approach |

Human intelligence

Mathematical model

Figure 3.1.1: Incorporating the advantages of thstiag approaches

The ARHFLP approach adopts a four step proceduradtivess the FLP tasks,
namely, data collection, problem formulation, laoplanning, and result

evaluation, as shown in Figure 3.1.2.

Data Collection

\ 4

Problem

Layout Planning Results evaluation

v

Figure 3.1.2: Four step procedure of ARHFLP

Data collection refers to the process of collectihg data and information

necessary for performing the FLP tasks. For exgstitLP approaches, data
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collection is normally a tedious task to be perfedn For the algorithmic
approach, data of the locations, sizes and post® axisting facilities need to be
collected manually so as to formulate the condisdmr the mathematical models.
For the VR-based approach, besides the collectiothese data, the virtual
models need to be constructed, which is often laberand time-consuming. In
this research, a fast real-time modeling technigudeveloped and adopted in
ARHFLP for data collection. Using this modeling haue, the users can build
virtual models to define the planning space, thastexy facilities, etc.,
interactively as they examine the results on-$item these models, the data and

information of the existing environment are obtaime real-time.

Problem formulation is the process to define thawation criteria, e.g., material
handling cost, space occupancy rate, etc., anideutihese criteria to define the
mathematical models for the FLP tasks. It is thgomtask in the algorithmic
approaches. However, many reported algorithmic Gaapres are not generic as
the mathematical models adopted are normally lonite certain types of FLP
tasks. Moreover, the criteria and constraints rieede predefined. ARHFLP is
proposed to bridge this gap. To address a wideerafgriteria and constraints,
ARHFLP adopts a method for the users to define arsdomize the criteria and
constraints, namely, the GMCC (generic method fefinihg the criteria and
constraints) method. GMCC employs a MADM (multipdtribute decision
making) model as the basic mathematical structncepaovides an interface for
the users to configure the MADM model in termstd triteria and constraints in

real-time. A set of mathematical models is provide@&MCC which can be used
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to facilitate this process.

For the procedural approach and many VR-based dRebased approaches,
manual planning process is employed, where thesusse their knowledge,
expertise, experience and intuitiveness (for ARedaapproach) to design the
layout plans. On the other hand, the algorithmipragach produces the layout
plans through solving the mathematical models, ngaki an automatic planning
process. As FLP is a complex design task withowcexsolutions, manual
planning can take advantages of the human intelligevhile automatic planning
can produce results based on theoretical reasoimrigis research, the ARHFLP
approach provides both planning methods, i.e., rmé&bion-aided manual
planning and automatic planning. For manual plagnithe MADM model

formulated is computed in real-time so that thennfation reflecting the status of
the MADM model is updated to guide the planningoeiss. To solve the model
mathematically, a heuristic algorithm, i.e., the RAlRnalytic hierarchy process)

—GA (genetic algorithm), is integrated to perforatamatic planning.

Most of the reported research studies that aredbasehe procedural approach
and algorithmic approach do not have real-time w&t&@n mechanisms and
deviations of the layout plans from reality canyoie identified during the
implementation stage (Yang and Kuo, 2003). For \43du approaches,
simulation techniques are often used as an evatuatiethod; discreet event
simulation schemes are applied to validate the udymans through different

manufacturing scenarios. However, these simulasohemes are limited to

42



production data. When it comes to the real shopfeswironment, other factors,
e.g., the lighting conditions, the personal traitsl preferences of the operators,
will have impact on the morale of the employees aodsequently on the
efficiency of the manufacturing system, whereasuaion techniques are not
efficient in addressing these issues. ARHFLP adapt®n-site real-time design
and evaluation planning strategy. Layout plans pced are evaluated
immediately on-site, which facilitates the necegsaadjustments and
modifications to the layout plans to make them ahié for the shopfloor
environment. Furthermore, by interacting with thgdut plans augmented in the
shopfloor, the users can use their intuition, edgpere, and knowledge to assess
the layout plans and facilitate decision-makingbl&a3.1.1 shows a comparison

between ARHFLP and the existing approaches.

Table 3.1.1: Comparison between ARHFLP and thdiegispproaches

Data Problem Planning | Results
Collection | Formulation| Process Evaluation

Procedural approach A priori N. A. Manual N. A.

Algorithmic approach A priori Pre-defined| Automatic N.A.

VR-based approach A priori N. A. Manual Off-site

AR-based approach A priori /Pl\je'-Adeflned Manual On-site

ARHFLP approach Real-timg Real-time Manual .| On-site
/Automatic

The ARHFLP approach can be applied in both FLP BhBES tasks, and is
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generic for a wide range of FLP scenarios. It pdesitwo planning modes, and is

effective as an on-site planning approach.

3.2 Architecture of the ARHFL P approach

ARHFLP adopts the parallel tracking and mappingAMY system for real-time
camera tracking and environment mapping, such thamarker-less AR

environment can be established.

In the AR environment, the real-time fast modeli®ghnique is applied to
construct a virtual model of the shopfloor. Usess construct primitive models
interactively to represent the existing facilitid$ie virtual models are rendered in
the shopfloor environment and overlaid onto thestaxg facilities. A real-time
reconstruction and inpainting method is proposedilie users to build virtual
replicas of existing facilities so as to use these&ual replicas to design and
evaluate the new locations of these correspondinijtfes. Next, 3D models of
the new facilities to be installed are loaded angjn@ented onto the real
environment. The users can manipulate these virtunabels in terms of
translation, rotation, etc. After all the necessiagilities have been specified for
forming a layout plan, the users proceed to detimecriteria and the constraints
for the evaluation of this layout plan. GMCC is pthdl for the users to define and
customize the criteria and constraints so as tot theespecific requirements of
the FLP tasks. The criteria and constraints ard ts@rovide real-time evaluation
to facilitate manual planning and are processea@ Inyeta-heuristic algorithm to

perform automatic planning. Figure 3.2.1 showgare of the architecture of the
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ARHFLP approach.

Layout Planning

_.@ MADM model Criteria !
I A —
Augmented ' )
. i |Human intelligence & !
shopfloor i . - !
: Heuristic algorithms |
@ Information of the i v v i
existing facilities ~ |—— Constraints :

_% On-site evaluation « Alternative layout plans

performed/obtained in AR

Figure 3.2.1: Architecture of the ARHFLP approach

ARHFLP provides a novel approach to FLP, especidly FLPES. The

advantages of ARHFLP are:

1. The integration of a fast real-time modeling metlibdt allows the users to
build virtual models of existing facilities. Infortion of these facilities, such
as the locations and sizes, can be obtained intirealto facilitate the data
collection process.

2. GMCC provides an efficient and generic method fefiring mathematical
models for FLP tasks. Different criteria and coaistts can be incorporated and
managed to tailor the model to meet the task rements. The mathematical
model is used for both manual planning and autanpdéinning.

3. Real-time design and evaluation allows the usemnage adjustments to the

layout plans on-site in real-time to make them vill in the shopfloor
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environment. It also promotes the utilization ofe thusers’ intuitiveness,

experience, and knowledge to help decision-making.
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Chapter 4 An AR-based real-time fast modeling method

for FLP

This chapter provides a detailed description on ibal-time fast modeling
technique developed in this research. Based onied k@view of the current
reconstruction techniques, Section 4.1 presentssitr@ficance of vision-based
reconstruction techniques for AR-based applicatiddsction 4.2 provides the
mechanism to calculate the 3D coordinates of angtpo the AR environment.

By using this mechanism, the development of thd-tneee fast modeling

technique is provided in Section 4.3. This modetmgthod is used in ARHFLP to
construct the virtual models of existing facilitiemd collect the data for the

formulation of the mathematical model.

4.1 Virtual mode construction for AR-based applications

As compared with the VR technology, AR provides iaed environment where
real and virtual contents are aligned with eacheotbeamlessly. This mixed
environment provides visualization of both real airtal entities and facilitates
the possible interaction between them. The intemadbetween real and virtual
entities can be used to guide and assist many iplgrand design tasks, e.g.,
assembly guidance, robot path planning, etc. Aialustep to implement this
interaction is the construction of the virtual misdef the real contents. For
AR-based applications, virtual constructed modedsm de used to achieve
real-time collision detection, occlusion effects;. é&lhe usefulness of an efficient

construction method for AR-based FLP has been esmth in (Navab, 2004;
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Pentenriedeet al, 2008; Leeet al, 2011; Fite-Georgel, 2011).

For virtual model construction techniques, theonsbased approach (Ta al,
2008; Paret al, 2009) has been well researched and is the rtr@ans approach.
Efforts have been devoted to improve the accuratythe results, either
monocular or binocular in form, to achieve goodemablance of the virtual
models to the real objects. To achieve this goaimes approaches adopted
algorithms that require high computational costn(&a al, 2008), while others
made use of the human intelligence and requiredptoated inputs from the
users (Paret al, 2009), which have made these approaches nabseifor

real-time processing.

For many AR-based applications, the constructiothefvirtual models is the first
step to achieve interaction between the real artidaltientities. Thus, computation
time and adaptability are of higher priority overxcaracy for the virtual model
construction approaches used in AR applicationstier words, techniques that
allow the users to construct the virtual objects ighort time with less effort are
preferred. In this research, a real-time fast madelechnique is developed to
construct virtual models of the real objects asngive models in real-time. For
the development of this technique, a user-aidedhtppositioning method is

adopted to access the world coordinate system (CS).

4.2 A user-aided method for point positioning in AR
To construct a virtual model of a real object, mfiation on the coordinates of the
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object, e.g., the depth information in the world @8eds to be obtained.
Algorithms have been reported for the calculatiomd aefinement of this
information (Tanet al, 2008; Homography) so as to achieve accuratealirt
models representing the real objects. As many efréported methods are time
consuming to process, the virtual models are ndynwainstructed off-line, i.e.,
post-processing of the recorded videos. The prapapproach makes use of AR

to achieve this in real-time.

In the AR interface, the world-to-camera transfaiiora matrix, which is a key
factor in calculating the depth information, is afel in real-time. For a point P
(X, Y, 2) in the world CS, its coordinates in the cameraf@® two different

frames A and B are provided ps, andpcg respectively,

P=MaPca =MgPcp (1)

Ma andMg are the world-to-camera transformation matricesfames A and B.
Based on Equation 1, the coordinatésyY, Z) can be obtained. To implement this
method, a point can be positioned in the world €&i2D coordinates in two
different frames can be obtained. In other wordis @& process to locate the same
point from the two frames. Human intelligence canemployed to facilitate this
process. As shown in Figure 4.2.1, when the usesgipn the same point P in

two different frames, its coordinates in world G de obtained.
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Pe (Xs, V5)

Pa (Xa, Va)

Figure 4.2.1: User-aided point positioning.

This positioning process can be further simplifiethe point to be positioned is
on a known plane, e.g., thxey (or y-z, z-x) plane, where the users will only need
to position the point in one frame. This has gredte for modeling the objects

that are placed on the floor.

4.3 AR-based real-time virtual model construction

An AR-based real-time modeling technique is devetbfor the users to construct
virtual models of the real objects using primitimedels. The modeling procedure
is performed interactively as the users can exantiee results on-site. The

modeling process is to construct a primitive mdtiet represents the real object

closely.

An interactive modeling procedure is adopted. Thoel@ling procedure starts with
the positioning of the points of interest (POIs).this research, POls refer to the
key points used to define a 2D primitive shape 8Daprimitive model, e.g., the
centre of a disc, the vertices of a plane, etcd8fjning the POls, a 2D primitive

shape can be defined easily. By extruding a volbased on a 2D primitive shape,

50



a 3D primitive model can be produced. In the curgmototype, four types of
commonly used primitive models are supported, ngnpéhnes, blocks, discs and

pillars. Table 4.3.1 shows the methods used tallihdse models.

Table 4.3.1: Methods used to build primitives faydaling

Type: 0-Plane

Methods:
1. Define two diagonal vertices of the plane; or
2. Define the centre of a default-size plane

Type: 1-Block

Method:
Extrude a volume along the normal of a plane

Type: 2-Disc

| Method:
1. Define three points along the edge of the disc; or
2. Define the centre of a default-size disc

Type: 3-Pillar

Method:
Extrude a volume along the normal of a disc

A user interaction mechanism based on AR is adojaddcilitate the modeling
process. Throughout the modeling procedure, aftvamation matrix is provided
to the users to allow them to manipulate the moetghieve translation, rotation,
and scaling of the models. These manipulationsbeansed to refine the models
in terms of size, location, pose, scale, etc.hsb they can depict the real objects

well. A sample process for building a 3D model isyided in Figure 4.3.1. The
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utilization of human intelligence and the adoptminthe user-aided positioning
mechanism have greatly reduced the time and effeeded from the users and

made it suitable for real-time processing.

Define the POIls
A default-sized 2D If the disc fits closely to the
shape top/bottom face of the object
] No Yes

Translation, Extrude a volume

rotation, & scaling along the normal
If any
A 3D model

Figure 4.3.1: Building a 3D model

Although the accuracy of the models built usingstimodeling technique is
relatively low as compared to other reconstructieethods (Taret al, 2008; Pan

et al, 2009), the adaptability and the effectivenesshas techniques makes it
suitable for AR-based applications. By using tlaistimodeling technique to build
virtual models of the existing facilities, dataleeting the locations, poses and
sizes of these existing facilities can be obtairfédure 4.3.2 shows a shopfloor

environment with existing facilities being modelled
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Frams rats: 15 Map: 1266F, 63KF Tracking quality: good. Found: 405/480 109/171 75/112 1/3

Figure 4.3.2: Models of existing facilities in aogifloor
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Chapter 5 A generic method for formulating MADM

modelsfor FLP

This section provides a detailed description ofeaggic method for formulating
MADM (multiple attribute decision making) modelsr fBLP, namely, the GMCC
(generic method for defining the criteria and coaists) method. Based on a brief
review of the use of mathematical models to addré$3 the drawbacks of the
current methods of using mathematical models asgmted. The GMCC method
is proposed to address these drawbacks. In GMCGE,ntethods, namely, the
criterion model (CM) and the constraint functionFjGare proposed and used to
facilitate the formulation of the MADM model. Tolge the model, two planning
strategies can be employed, viz., manual plannimd) @itomatic planning. A
comparison of the planning procedures between e glanning strategies is

provided.

5.1 Introduction

Research on the use of mathematical modeling tqubsiin FLP has been
pursued for decades. Various models have beenapmeito address FLP under
different scenarios, which have formed the majonteots of the algorithmic

approaches. Different schemes have been adoptedniolate the mathematical
models. Early studies (Singh and Sharma, 2006;aKa Sahinidis, 2008) usually
adopt single-criterion, e.g., material handlingtamsthe adjacency relationships,
to formulate FLP as a single-objective optimizatmoblem. The mixed integer

programming (MIP) model and quadratic assignmewblem (QAP) are the
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commonly adopted models

Bi-criteria models have been reported as well (#el-Konaket al, 2007). To
solve these models, different algorithms are depezloto identify the trade-off
between two objectives. With the advancement dfrtelogies, the manufacturing
system becomes more and more complicated andeihiis lto the complexity of
the FLP problems. Researchers begin to investifateise of the MADM model
to formulate the FLP problems (Yang and Hung, 20@fget al, 2012), where

more than two criteria can be considered.

The existing FLP approaches suffer from a commeanvdack, which is the lack
of adaptability. Due to different criteria beingnsidered in different planning
scenarios, mathematical models developed for ortecpliar FLP scenario would
not be suitable for another scenario. This problemald be exacerbated for
FLPES tasks, where the criteria and constraintd terbe of a greater variety and
larger in number. Another shortcoming of these m@s$hies in the dependence on
pre-defined criteria. To the best of the author®mwledge, no mechanism has
been proposed to facilitate the definition of thgdut criteria in real-time. For
FLPES, sometimes the users may identify the nepessé#eria to use only when
they are in the process of planning the layoutitn-#n this research, a generic
method for defining a mathematical model for FL&nely, the GMCC method is
developed. Using this method, users can definecastbmize the mathematical

model in real-time, which offers more adaptabiityd usability for FLPES.
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5.2 Architecture of the GM CC method

The GMCC method is developed to formulate MADM meddén a MADM
model for FLP, each criterion for evaluating thgolat plans serves as an attribute
in the MADM model. The variables of these critesi@ the locations of the new
facilities. The values of the criteria will change the location and pose of these
facilities change. Constraints are specified andosed on the new facilities to

define the valid ranges of the location and po$ékase new facilities.

In the MADM model, both the criteria and constrairdtre represented by the
mathematical relationships between the facilitidse criteria are used to evaluate
the performance of the layout plans, e.g., matéaaldling cost, space occupancy
rate, etc., whereas the constraints are used &sadbe feasibility of the layout
plans, e.g., collision detection. In GMCC, the emia model (CM) and the

constraint function (CF) are the two methods fa tisers to define the criteria

and the constraints respectively.

In the AR environment, as the users examine thefklw on-site and identify
certain layout issues to be used as criteria, engnjmization of the material
handling cost, optimization of the personnel fl@tg., the corresponding CMs
can be invoked and used to define these issudtrisites of the MADM model.
The CFs are used to impose different types of caimés on the facilities. As
shown in Figure 5.2.1, by using the CMs and CFs,G&MVprovides a generic
method for the users to formulate and customizeA®M model in terms of the

criteria and constraints in real-time.
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Attributes Criterion Model

Constraints Constraint Function

Figure 5.2.1: User-aided MADM definition and cusipation

5.3 Criterion Modd

A CM is a mathematical model used to formulate i¢éewon. It describes a
mathematical relationship that is used to evaltiaelayout plans. A CM can be

described as Equation 2.

C=f(ele2 " Iens Pos Pry Pr) (2)

len is the location vector of the” facility andpn is them™ parameter that needs to
be obtainea priori, e.g., the unit handling cost of a material/pradac defining
the material handling cost. These parameters ammally specified in the FLP
task requirements. The target facilities includehboew and existing facilities.
After the virtual models representing the existfagilities have been built, the
users can use the CMs to define the criteria. EiguB.1 shows the process of

using a CM to define a new criterion.

In this research, a set of CMs has been developethé users to define some

commonly used criteria. These are described next.
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Selecta CM ‘ ——————————————————————— !
Criterion model

Target facilities ] A new
E‘ criterion

New/existing facilities |—!

[}

i

[}
Parameters data I Parameters
. . !
collected a priori :

Figure 5.3.1: Procedure of defining a criterion

a.CM#I: Data flow optimization is used to model ddiawv, which includes the

optimization of material handling cost, personnglformation flow, etc.
Equation 3 is used.

n
CM, =min/max > g d; v; (3)
NE

cj, dj andv; are the unit cost, the distance and the volumbeoflata transferred
from facility i to facility j respectively. Two methods for distance calculagtion
viz., the Euclidean distance and the rectilineatadlice, are supported to cater to
different scenariosj andv; are normally obtained from the shopfloor managers
a priori (or specified in the layout task requirements) anplit by the users in

real-time.

b. CM#Il: Space occupancy rate is used to assessPhspace occupied by a
group of facilities selected by the users. Theedon uses the ratio between the
volume of the bounding box that contains all theded facilities ¥,) and the
volume of the planning spac¥ds), as shown in Equation 4.
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CM, =min Yy (4)
VDS

c.CM#lll: Distance maximization/minimization is uséd define distance-based

criteria, e.g., maximum distances between cer@aailifies, minimum distance
for frequent facility maintenance, etc. Equatiois 8mployed.

m
CM,, =min/max)_ d,c (5)

i=1

d is the distance between the facilities considexed c is the cost per unit
length, which are obtained from the shopfloor managor specified in the

layout task requirements) and input by the usersafitime.

The three CMs provided above cover a wide rangeitdria that can be used to
evaluate the layout plans. An interface is provittedllow the user to define more
CMs. Any criterion evaluation method that can bgresented using Equation 2

can be defined and used as a CM.

5.4 Constraint Function

A set of constraint functions is provided for theers to define the constraints to
be incorporated during the planning process. Untlk@ CMs, the constraints

define the rules to be imposed on the facilitiebvidually.
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Each CF contains two sets of information, the eatadim rules and the resulting
actions (if any). The evaluation rules define thetimds to be used to evaluate the
constraints and the resulting actions impose theciBpd restrictions on the
facility. For example for collision detection, thevaluation rule is to detect
whether any vertices of the active facility (durimgnual planning, users can only
manipulate one facility at a time; the active fiigirefers to the facility that is
being manipulated by the users) which are locatigdinwvother facilities, and the
resulting action is to revoke the latest movememmand. The target facilities of

CFs are the new facilities only. Figure 5.4.1 pded the flowchart of a CF.

Constraint function

Facility data Computing unit

Processing

Facility index i -:

Next frame

A

Constraint info.

Geometric info. e Resulting action

Figure 5.4.1 The working mechanism of the constrainction

In this research, four CFs have been developed¢chwban cover a number of

commonly used constraints for FLP. New CFs candfmed through an interface

by designing a constraint rule and a resultingoacti

a.CF#l1: Collision detection is used to examine angsilde interference between

the facilities. For each new facility, the dataresgenting its bounding boxes is

calculated upon the loading of the 3D model of taglity. During the planning
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process, if any vertex of the bounding box of tfasility is detected to be
located within the bounding box of another facilitgllision is detected. The
resulting action is to revoke the current transfation command as shown in
Figure 5.4.2. During the manual planning procesdljsoon detection can be
simulated and augmented onto the shopfloor toifat@land help the user in the

decision making process.

Figure 5.4.2: Simulated collision detection to sissianual planning

b. CF#ll: Orientation constraint imposes restricti@amsthe poses of the facilities.

For FLP, certain facilities have to be installedanspecific orientation, e.g.,

facing the back of a facility to a wall. To impages constraint on a facility, the

users will be prompted to input via the keyboard @FIl parameters in the

facility data. During the planning process, theleaion module will perform

the following steps:

1. Determine the index of the nearest wall from thelity and calculate the
rotation matrixro from the real-time orientation to the requireceatation.
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2.0Dbtain the current orientation matrix and calculate the rotation matrix

— -1
[cE=lolt .

The resulting action is a rotation command to app#to the facility to achieve

the correct orientation.

c.CF#lll: Space constraint defines the bounding baxethe facilities. For some

facilities, a certain amount of space may havea@tovided for the purpose of
maintenance, safety issues, etc. This constraiotvalthe users to resize the

bounding box of a facility interactively in reafvte as shown in Figure 5.4.3.

Frema rate: 7 Map: 708P, 27KF Tracking quality: good. Found: 302/355 65/88 100/170 19426

Figure 5.4.3: Definition of the space constraint

d. CF#1V: Location constraint defines the valid regidor locating a facility. To

initialize the location constraint, the users needefine a planar surface in the
shopfloor, e.g., the floor, and the contacting fémee of the six faces of the
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bounding box of the facility that contacts the defl regions for locating) of the
facility, e.g., the bottom face for a facility tcelinstalled on the floor. For
manual planning, the resulting action is to revtilemost recent transformation
command. The location constraint is useful during automatic planning

process.

5.5The MADM model

In GMCC, to formulate the MADM model, the attribatare combined linearly by
using the weighted sum method (Yang and Hung, 20007¢ MADM model is

thus formulated as follows.

Minimize C(Lg,) ={a,wem (Lg,) +... + @ w,emy, (Ley )} (6)
subject to
Len ={F(Len) :Len ={nleolegrons el ORY @)
where,
F(Len) ={fi(Len)oos fie(Len)} 8)

C is the collection of the criteria/attributés,={lr1, lr2, ...Irn} is a feasible layout
plan with g, representing the location of timéh facility in this plan;cmy, is the
mth attribute defined by using the CMj, is weight/priority value of themth
attribute;on=1 if the attribute is a minimization problem, aidif the attribute is
a maximization problemE- is the collection of the constraints; afids thekth

constraint defined by using CF.
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The weighted sum method has been widely appligeL (Yang and Hung, 2007,
Shahin, 2010). In this research, the weighted swthaod is employed for GMCC

based on two reasons.

Firstly, the criteria to be applied for FLP/FLPESSks are widely ranged. For the
purpose of formulating different FLP/FLPES tasksgne generic method, the
MADM modeling method adopted in GMCC needs to baladde to problems
with different number of attributes, and adaptableombine attributes of varied
types. By using the weighted sum method, the foatedl MADM model is
scalable as it imposes no constraints on the nurabattributes; any criteria
defined by the users can be added into the modaiedder, by applying a weight
value, attributes of different types can fit intietmodel easily, which makes it

generic and adaptable for the FLP/FLPES tasks.

Secondly, GMCC is developed for interactive plagnand evaluation, where
human intelligence plays an important role in desig the MADM models. By
using the weighted sum method, the users can deéseggiMADM models and
prioritize different attributes. The MADM is thussé&raightforward representation
of the FLP task, which can help the users evaltetenodels during the planning

process.

To solve the MADM model and obtain the layout plamg planning modes can

be implemented, viz., manual planning and autonménning.
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For manual planning, the users can manipulate ¢wefacilities, e.g., translation,
rotation, etc. These changes will be reflectedhendriteria and the constraints. All
the CMs and CFs are processed in real-time to geovnmediate feedback to the
users in the form of updated values of the critearad the simulation and
augmentation of the resulting actions. The usersus®e the feedback to guide
their planning. During this information-aided mahydanning process, both
human intelligence and mathematical evaluationusexl to facilitate the design

of the layout plans.

Automatic planning refers to the use of heuristgoathms to solve the model.
There are several reported methods and algoritbrsslve MADM models, e.g.,
the generic algorithm (Kamalinet al, 2007), the simulated annealing algorithm
(Abdelghani, 1995), etc. Results obtained by usiagpmatic planning are purely

based on the quantitative criteria defined by usiegCMs and CFs.

By employing heuristic algorithms to solve the MADModel mathematically,
automatic planning can typically be more efficietitan manual planning.
However, as automatic planning can only addresgjtlaatitative aspect of the
layout plans described by the CMs and CFs, marlaahpg has the advantage of
allowing the users to take qualitative aspects icwosideration. Figure 5.5.1

shows a comparison between manual and automatioipth
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Automatic Planning ! | Manual Planning

Manipulations

Attributes

A

/a Not satisfied

Tentative plans

3 Satisfied

\ 4

! I

Figure 5.5.1: Manual vs. automatic planning

Constraints
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Chapter 6 A real-time reconstruction and inpainting

method for AR applications

The aim of the real-time reconstruction and inpagimethod (RRI) is to enhance
user interactions in AR by allowing the users toordigure an augmented scene
through manipulating the virtual replicas of rebjexts in the augmented scene.
In RRI, a real-time reconstruction technique isduse create virtual replicas of
the real objects and a real-time inpainting techaip used to conceal the original
real objects. Hence, using the RRI method, thesusan manipulate the virtual

replicas in an augmented scene as though theyamguiating the real objects.

6.1 Method

The proposed RRI methodology is illustrated in FégB.1.1. The mapping result
produced by the tracking module will be processsthgi a point clustering
technique to obtain information on the distributiminthe physical objects in the
real scene. Using this information, physical olgeat the scene can be
reconstructed individually with less user intervent Virtual replicas of the real

objects can thus be produced.

Based on the camera tracking result, the 2D arb#sese objects in the frames
can be obtained. To conceal these areas, an imgabethnique (Criminiset al,

2003) is executed for each frame. Consequentlfhéncamera view, the real
objects are inpainted leaving their virtual repdicilsing an object manipulation

mechanism, the users can manipulate the virtudicespto “reconfigure” the
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scene. In this framework, the two key techniques @al-time tracking and

reconstruction, and real-time inpainting.

Rendering

> Inpainting

A 4

Camera tracking

Real objects

and mapping »  Virtual replicas rotation

I I
I I
I I
1 | Real-time tracking I Translation and
I T
I I
I I

A

1 3D reconstruction

Figure 6.1.1: The RRI method

6.1.1 Real-time reconstruction

The parallel tracking and mapping system (PTAMadspted for camera tracking.
Based on the mapping result of the real scene,ira ptustering technique is
employed to detect possible point clusters in tlag.nfrrom the clustering result,
the location and a possible shape of each realcolgan be obtained. To
implement this process, a rudimentary distanceépst clustering technique is
employed and the bounding box of each point clustersed for reconstruction.
The ultimate aim of the reconstruction method isréconstruct each object

automatically without user intervention.

6.1.2 Real-timeinpainting

For the RRI methodology, image inpainting has topkeormed at high frame

68



rates, which means real-time inpainting. In thiseagch, real-time inpainting is
defined as the process to remove a number of uedanijects from the real
scene (in the camera view) simultaneously as theea captures a live video of
the scene. It is more difficult to carry out a splaemporal analysis in real-time
inpainting tasks than in off-line tasks since thmanfes are not pre-captured.
Moreover, to inpaint a specific object in a reatrse, object tracking is a critical

issue.

One straightforward approach is to employ a cartracking technique to obtain

the region of the object to be inpainted and exeantimage inpainting algorithm
for each frame. The regions occupied by the tanpgtcts can be obtained and
updated in real-time. To inpaint these regions, themplar-based image
technique reported in (Criminisgt al, 2003) is performed for each frame. In
addition, to accelerate the processing speed, am@ar pool is utilized which

stores the exemplars used for inpainting the fieshe. In real-time, by using the
exemplar pool instead of the entire frame as th&cgoregion, the time spent on

searching for valid exemplars can be greatly reduce

6.2 Demonstration

The proposed RRI method has been tested on a lapitbpa 2.56GHz Intel
Pentium Il Xeon Processor and a NVIDIA GeForce @40GT video card.
Figure 6.2.1 and Figure 6.2.2 shows two experime¢htd demonstrate the

utilization of RRI.
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(d)

*The window on the lower right corner of each figure shows the real scene

Figure 6.2.1: Experiment |

(b)
*The window on the upper right corner of each figure shows the real scene

Figure 6.2.2: Experiment Il
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Figure 6.2.1 shows Experiment | where RRI is usedhbve a real stamp from
one envelop to another. In Experiment Il, as showiigure 6.2.2, RRI is used to

move the eraser (Object C) to Location A and LacaB.

Due to the high computational burden required ey itipainting technique, the
current RRI method can only inpaint a relativelyadimrea (about 40 pixels by 40
pixels) in real-time, which makes it not suitabte FLP tasks. Future research

will investigate into fast inpainting techniques farge areas.
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Chapter 7 An AR-based facility layout optimization and

evaluation system

In this chapter, the architecture of the AFLOE segst(AR-based facility layout

optimization and evaluation) is presented. The AEL® developed based on the
ARHFLP approach. The system consists of four majulamely, user interaction,
real-time modeling, evaluation, and optimizationdules. The user interface, the

use of the system, and the hardware requiremeaisravided.

7.1 Introduction

AFLOE adopts the ARHFLP approach to address theachkexistics of FLPES,
such as the wide range of the criteria and comgrathe presence of existing
facilities, etc. PTAM is adopted for real-time maritess camera tracking. Virtual
models of the new facilities to be laid out needb® constructec priori. In
AFLOE, new facilities are augmented onto the réalpgloor and layout planning
is the process of planning the locations of thesslifies. AFLOE provides an

easy-to-use and effective tool for FLPES tasks.

7.2 Filesystemsin AFLOE

In AFLOE, information representing the virtual mé&jethe criteria, the
constraints, etc., are sorted and stored as diffesbjects. A unique file type is
designed for each type of object. The main objertd their file types are

presented next.
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7.2.1 Facility object

Facility objects represent the facilities to be sidared during the planning
process, and they include both the existing andnthe facilities. When a new
facility is loaded in the system, or a primitive deb representing an existing
facility has been built, a facility object is credt Table 7.2.1 shows the contents

of a facility object.

Table 7.2.1: Contents of a facility object

Facility index Fixed
Facility type Fixed
Geometric data Fixed
. Updated in real-time for new facilities; Fixed fexisting
Location/pose -
facilities
Constraints data Updated in real-time

The facility type indicates whether it is an exigtifacility or a new facility. The
geometric data refers to the virtual models ofribe/ facilities and the primitive
models of the existing facilities. The location/patata for the new facilities can
be updated in real-time to reflect the manipulatérhese facilities, whereas the
location/pose data cannot be modified for the mgstacilities. The location and
pose data can be accessed by the system for congphé criteria and constraints.
The constraints data store the information on yipes of the CFs that have been
defined for this facility and the real-time stat{mositive or negative) of these

constraints.
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7.2.2 Criterion object

When the user defines a CM to represent a newriontea criterion object is
created. A criterion object provides information tie type and contents of the

criterion. Table 7.2.2 shows the contents of tlieon object.

Table 7.2.2: Contents of the criterion object

Criterion index Fixed

Criterion name Defined in real-time
CM Type Defined in real-time
Target facilities Defined in real-time
Parameters Pre-defined

Current values Updated in real-time

During the definition of a new criterion object,ethusers need to provide a
criterion name. The types and parameters of thei@litate the type of the CM
and its parameters, such as the indices of thesttdegilities, the data of the
parameters, etc. The criterion is processed intie& and the results are updated

in the current values.

7.2.3 Layout plan object

A layout plan object stores the information of golat plan. Plan objects are
produced in both manual and automatic planninglel@t2.3 shows the contents

in a layout plan object.
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Table 7.2.3: Contents of the layout plan object

Plan index Fixed
Plan type Defined in real-time (manual/auto.)
Indices of the new facilities Real-time updated

Indices of the existing facilities Fixed

Criteria information Updated in real-time

Constraints information Updated in real-time

The plan type indicates whether the plan is produnanually or automatically.

The criteria information provides the achieved ealior each criterion.

7.3 Optimization strategy

By using GMCC, AFLOE formulates FLP problems as MADnodels. During
automatic planning, heuristic algorithms are usedstlve the models. As a

well-developed algorithm for MADM, AHP-GA is emplegl in AFLOE.

In addressing MADM problems, AHP can be adoptedptoduce weighting
schemes for the different attributes. As shownigufe 7.3.1, the users will need
to input pair-wise comparisons between the attebulThe comparison results are
used to form a comparison matrix. By using the migetor method (Saaty, 1980),
prioritized weights for the attributes can be oh¢al. In AHP-GA, the weighting
schemes are applied to combine the attributes ef MADM model, a
single-objective optimization problem can be oledinwhich can be solved using

GA.
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Pairwise Comparison (AHP)

Item Ci#l C#2
C#1 1 3.00
Ci#2 0.33 1

C#3 0.17 0.25
Citd 0.20 0.20
C#5 0.20 0.20

The priority weight for Criterion#1 is: 1.00
The priority weight for Criterion#2 is: 1.00
The priority weight for Criterion#3 is: 100
The priority weight for Criterion#4 is: 1.00
The priority weight for Criterion#5 is: 1.00

Please input the comparison result of C#3 over C#5: 1

a. Making pair-wise comparison

Pairwise Comparison (AHP)

Item C#1 c#2 C#3 C#4
C#1 1 3.00 6.00 5.00
Cc#2 0.33 1 4.00 5.00
C#3 0.17 0.25 :| 1.00
C#d 0.20 0.20 1.00 1

C#5 0.20 0.20 1.00 1.00

The priority weight for Criterion#1 is: 0.48
The priority weight for Criterion#2 is: 0.29
The priority weight for Criterion#3 is: 0.07
The priority weight for Criterion#4 is: 0.08
The priority weight for Criterion#5 is: 0.08

Pairwise comparison completad

b. The obtained weighting scheme

Figure 7.3.1: Use the command window to impleme&nPA

For FLP, when the criteria are assigned with weightsed on the users’
knowledge and preferences, different weighting se® can be formed to

produce layout plans with varied characteristickictv may be very valuable for
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decision making. The design of the GA adopted irL@E is presented next.

Figure 7.4.1 shows the workflow of the GA.

a. Encoding
By using GA, each layout plan is represented dg@ntosome. The location of
a facility in a layout plan is coded as a genehef thromosome. For example,
for a layout planLy, the chromosome representation for GA R Fna,
Fnz, ... i), whereFni=(Xeni, Yeni, Zeni) IS the coordinates of the facilityin

the world CS.

b. Initial population
The initial population of sizéPs;e is a randomly generated population of
chromosomes. In AFLOE, the default population szget to 50 (Zakariat al,

2011).

c. Fitness function
The fitness function evaluates the qualities of theomosomes. In AHP-GA,
the combination of the weighted attributes is usadthe fitness function

(Equation 9).

min) a; W, 3. = Cimin_ (9)
i=1 imax ~ “~imin

m is the number of the criteria defined by the usEws thei™ criterion, w; is

the weight assigned; is 1 if the criterion is a minimization problem drif it
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IS a maximization problent; is the value of the criteriorCinadCimin iS the
maximum/minimum value that the criterion can achiew the first execution
of the optimization module, an initial run is perfeed to obtain estimated

values ofCimax andCimin.

d. Selection
The commonly used fithess proportionate selecti@thod is used. By using
this method, for a chromosomeén a population, its probability to be selected

P; is calculated by using Equation 10.

p=— (10)

e. Crossover and mutation
The single point crossover method is used. In dnsssover method, one
crossover point is selected from the parent chromes and the offspring is
produced by exchanging the parents’ genes from kbginning of the
chromosomes to the crossover point. The mutationinmplemented by
swapping two randomly selected genes. The defadssover rate and

mutation rate are set to 0.8 and 0.01 respecti\Zaitariaet al, 2011).

f. Termination condition
The ages of the propagation is used as the tenmmaondition, i.e., the
number of generations. The default termination it is set to 200 As the

algorithm is performed in real-time, the numbeilod reproduction generation
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determines the time that the automatic planningisi¢e take. In AFLOE, an
interface is provided for the users to customize @A parameters, such as

population size, mutation and crossover ratestemmdination generations.

g. Penalty

For each chromosome, constraints are imposed aaltipen After a new
offspring is produced, the imposed CFs will be pgsed to examine the
feasibility of the offspring (a layout plan). IfGF is violated, the penalty will be

activated to set the fitness value as -1.

Initial population

v

Calculate fitness value |<+—— Penalty

l

Selection Solution

l

Crossover and mutation

|

New generation

Figure 7.4.1: Workflow of the GA adopted in AFLOE.

7.4 Architecture of the AFLOE system

PTAM is used for real-time marker-less camera tregkn AFLOE. Virtual
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models of the new facilities to be laid out needéoconstructed priori. These
models will be augmented onto the real shopfloorf@nipulation during the
planning process. As shown in Figure 7.4.2, foududes are used to implement
the AFLOE system, viz., user interaction, real-timedeling, evaluation, and the

optimization modules.

Weighting schemes

New facilities - Criterion Model l
MADM
Existing facilities L, t| Constraint Function
Criteria

Constraints

______________________

Inputting
Manipulation

Manual pIanning‘ Automatic planning‘

Alternative layout plans

Figure 7.4.2: Architecture of the AFLOE system

The user interaction module provides an interfawettie users to communicate
with the system. By using the mouse and the keyho#ire users can send
different commands to the system, such as the mkipn of the models, input
the required parameters, edit the names, etc. tticpiar, the manipulation

command provides a wide range of transformatiomsh ®s translation, rotation,
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scaling, extruding (for building models), etc.

The real-time modeling module provides an impleragon of the modeling
method presented in Chapter 4. The users can asgatfisformation commands
provided by the user interaction module to contitté modeling module to
construct virtual models of the shopfloor enviromtdn AFLOE, the modeling
module is used to model the planning space asasddll the existing facilities in
this space. The planning space is a 3D open spatte ishopfloor that contains

all the new/existing facilities to be consideredidg the planning process.

The evaluation module implements the GMCC methodaf@er 5). The three
CMs and the four CFs presented in Chapter 5 areigeod in the evaluation
module. The user interaction module allows the suder input and edit the
parameters in the mathematical models in real-tirA#. the criteria and
constraints are processed frame by frame from itteo\stream captured using the
web camera, and the results are presented to ¢ne eisher in terms of numerical

values for the criteria or resulting actions foe ttonstraints.

The optimization module uses the AHP-GA algoriti®edtion 7.3) to implement
automatic planning. After the users have defineddtiteria and constraints, the
optimization module can be invoked to solve the MADnodel. As shown in

Figure 7.4.3, the users will be first prompted taken pair-wise comparisons
between the criteria via the command window (Figar@.1). The comparison

results will be processed by AHP to obtain a weighscheme. By employing the
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weighting scheme, GA can produce an optimized soiutvhich will be adopted

by the new facilities immediately and rendered t@-s

Optimization module

Criteria data : > First time? Yes !

1 i No | |

: Applying P; Calculate Cimgy | 1

i l and Cimin* :

Weighting : :

scheme P; ¢ : AHP Genetic algorithm :
START . Pair—\A{ise Layout plan L;

comparisons

* Cimax/ Cimin is the maximum/minimum criterion value defined in Equation 9

Figure 7.4.3: Workflow of the AHP-GA in the optinaizon module.

7.5 Hardwar e configuration

Two types of hardware configurations can be usedghawn in Figure 7.5.1 and

Figure 7.5.2.

In Figure 7.5.1, a tripod is used to support thé wamera to obtain a static view
of the scene. During the planning process, as sleesuneed to interact with the
system via the mouse, a static view of the scenaldvibe easier for the users.
During the planning process, the users need to vimvshopfloor through the
camera from different perspectives. However, with tamera fixed on a tripod,

this hardware configuration is not portable.
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Figure 7.5.1: Hardware setting - Configuration A

Web camera

Figure 7.5.2: Hardware setting - Configuration B
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In Figure 7.5.2, Configuration B uses a head-maliaisplay (HMD) to capture
the live video streams and display the resultsheouser, and the user carries a
laptop. In this configuration, it may not be easy the user to keep the camera
still to provide static views of the scene, whiclayncause problems in the
execution of the modeling technique. However, wheampared with
Configuration A, Configuration B is wearable andsfprovides more freedom for

the users to move.

7.6 System Overview

The interface of the AFLOE system is depicted guiFe 7.6.1.

Monitoring window

AR view
Frame rate: 2 Map: 1153P, M46KF Tracking quality: ¢

Critorion i Current Saved
Material_cost . 1243.08unit  1243.09unit
Personnel_flow . 374.93unit 374.93unit
Space_use X 0.02unit 0.02unit
Elec_costl X 840.90unit 940.90unit
Elec_costZ X 662.45unit 66245unit

There are in total 5 criteria

Command window

Optimization settin 3 - -
ﬂ P g Criteria & constraints management Object manipulation

Figure 7.6.1: System interface of AFLOE

Based on the mapping results produced using PTARMQE starts with inserting
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a CS into the shopfloor environment. The usersdedime a CS by specifying its
origin and any two points on they plane. The location, pose and scale of the CS
can be adjusted manually. After the definition bk tCS, the users will be
prompted to input the length of the axis of thelGSA global scaling facto&s is

defined as Equation 11.

Se =Lg /Ly (11)

Lsis the length of the axis measured in the systei Tihe global scaling factor
is used to scale all the necessary measuremeite tactual dimensions before

they are presented to the users.

Next, the system will prompt the users to define planning space and construct
the existing facilities in this space. Using thals&me modeling technique, the
planning space can be defined interactively asifiee walks in the shopfloor. The
planning space should be a 3D volume that contlrtke usable regions for the
new as well as existing facilities. In the plannisygace, the user can construct
approximate primitive models and refine them magudrough transformations
in terms of translation, rotation, scaling, etaitilthey represent the facilities well.
After the shopfloor has been constructed, the rasility models can be loaded
and rendered onto the real shopfloor. In the ARvytbe facility models might not
have been rendered to the real-scale; they cothéreibe larger or smaller than
the actual size. The users will be prompted toftitipel real dimensions of the new
facilities. By applying the global scaling facttine new facilities can be rendered

to the real scale correctly.
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When all the facilities have been defined, the sisan use GMCC to define the
MADM model to carry out FLP and evaluate the laypldns. The users can
invoke the evaluation module and choose approp@atis to define the criteria
according to the task requirements. These critarea normally the objectives
defined in the FLP task requirements, such as timgmzation of the material
handling cost. As the user walks in the shopflowt eaxamines the surroundings,
he may identity additional layout issues, whichcha use the CMs to define these
issues as criteria. Constraints can be imposecherfdacilities individually. As
constraint simulation is provided as functions, tisers can choose to turn on/off

the functions as needed.

With the definition of the criteria and all the mssary constraints, the MADM
model is constructed. The users will proceed toplhening stage. Two planning
modes are supported, namely, manual and autom#itnipg. For manual
planning, the users can manipulate the new faslitin the real shopfloor
environment. The users’ intelligence, knowledgeyeziise, and intuitiveness can
be fully employed to facilitate the planning proseBesides, the evaluation of the
criteria and the constraints is processed and preddo the users in real-time,
which will help the users in making the final deéors To perform automatic
planning, the optimization module can be invokelde Tisers will be prompted to
make pair-wise comparisons between the criterisedhan which the AHP will be
executed to produce the weighting scheme, and GlAbeiused to produce an

optimized layout plan. The optimization module dam implemented multiple
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times to generate different layout plans based ifferent weighting schemes.

Figure 7.6.2 shows the workflow of the AFLOE system

Load new facilities -
g " Criteria & Constraints

\ 4
‘ Augeted hopfr

Rebuild shopfloor

Manual planning

=

t v

Evaluation Decisions

T

|z
fler
)
=
>
Q
=
<
HE¢)
)
<
o
=
|| =+
(%}
A

Automatic planning
AHP-GA

Figure 7.6.2: Workflow of the AFLOE system
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Chapter 8 Case study and discussion

In this chapter, two case studies are presentatenoonstrate the system under
different FLP scenarios. For evaluation purpose®r studies have also been
conducted and presented. The questionnaire usdbearser study is provided in
Appendix A. The AFLOE system is developed on adppwith a 2.56GHz
processor and an NVIDIA GeForce 9600M GT video c#dl 394 webcam is

used to capture live videos.

8.1 Case study |

In this case study, a simplified FLPES task is camteld (Figure 8.1.1).

F4: Power supply

F2: Computer

—

N u-ﬂm

_ah

L |
Existing CNC lathe
F3: CNCEDM

Existing CNC miller

Figure 8.1.1: The shopfloor environment
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As shown in Figure 8.1.1, two new facilities, via.CNC lathe (Facility#0) and a
CNC miller (Facility#1) needs to be installed iretshopfloor to replace the
existing CNC lathe and CNC miller. The FLPES taskoi design a new shopfloor

layout consisting of these two facilities.

Table 8.1.1 shows the constraints to be imposetth®two facilities. The criteria

required by the task are provided in Table 8.1liguffé 8.1.2 shows the snapshots

captured during the use of the AFLOE system toeskithe FLPES task.

Table 8.1.1: Constraints to be imposed on theifesl|

CNC lathe (Facility#0)

Con#1: Orientation constraint: the back facingwladis

Con#2: Location constraint: on the floor.

Con#3: Space constraint for operation and maintngn
purposes.

Con#4: Collision detection.

CNC miller (Facility#1)

Con#1l: Orientation constraint: the back facingwladls

Con#2: Location constraint: on the floor.

Con#3: Space constraint for operation and maintngn
purposes.

Con#4: Collision detection.

As shown in Figure 8.1.2, the users firstly defan€S in the shopfloor, of which
x-y plane is coplanar with the floor. By using tfast modeling technique, the
users build virtual models for the existing facég. Models of the new facilities

are loaded. Next, the user invokes GMCC to defimee driteria and constraints
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and the MADM model is thus defined. Table 8.1.3vehdhe utilization of the

CMs/CFs in defining these criteria and constraints.

Table 8.1.2: The criteria required in the task

Criterion

Contents and data
(specified by the task requirement)

Cri#l: Minimize the material
handling cost

From the EDM to the lathe: 40/2
From the EDM to the miller: 60/1
From the lathe to the miller: 80/1
(unit: pcs per day/unit cost*)

Cri#2: Minimize the personng
flow

From the EDM to the lathe: 10
From the EDM to the miller: 10
From the EDM to the computer: 40
From the lathe to the miller: 5
From the lathe to the computer: 30
From the miller to the computer: 30
(unit: pers. per day)

Cri#3: Minimize the space
occupancy

CNC miller

The space occupied by the CNC lathe and the

Cri#4: Minimize the distance
between the CNC lathe and t
power supply

reipply
(unit: cm)

Rectilinear distance from the lathe to the power

Cri#5: Minimize the distance
between the CNC miller and
the power supply

supply
(unit: cm)

Rectilinear distance from the miller to the pow

*The unit cost is a relative value

During the manual planning process, as the userspulate the models of the

new facilities, the criteria and constraints arenpated and updated in real-time.

As shown in Figure 8.1.3, the monitoring window \pdes the values of the

criteria. Based on these values and the users’ lketly® and experience, a manual
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planning design (Plan A as shown in Figure 8.1s§roduced. The plan is saved

as a JPG file.

(@) Initializatior

This is Facility#0

The data flow volume (pc/day/cost) with Facility#1 is 10/1
The data flow volume (pc/day/cost) with Facility#2 is 30/1
The data flow volume (pc/day/cost) with Facility#3 is 10/1

From-To F#0 F#1
F#0 - 10/1
F#1 10/1 -
F#2 30/1 20/1
10/1 10/1

(e) Plan A (manual plannin (f) Plan B (automat planning

Figure 8.1.2: Using AFLOE to address the FLPES task
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Table 8.1.3: Utilization of the CMs/CFs

Criteria/constraints

CM/CF

Criteria:
Cri#tl-Cri#2-Cri#3-Cri#t4-Cri#ts

CM#I-CM#I-CM#II-CM#111-CM#1I

Constraints for the lathe:
Con#l-Con#2-Con#3-Con#4

CF#II-CF#IV-CF#111-CF#l

Constraints for the miller:
Con#1-Con#2-Con#3-Con#4

CF#II-CF#IV-CF#III-CF#1

Criterion Weight

Material cost 048
Personnel flow 0.29
Space uss 0.07
Elec_costl 0.08
Elec_cost2 0.08

There are in total 5 criteria

Current Saved

1227.52unit 1563.3%unit
371.41unit 367.95unit

0

.unit 0.1Zunit

§25.08unit 515.72unit
697.36unit 690.2Tunit

Figure 8.1.3: The monitoring window updates théecia values
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[-494, 385] [457, 385]

F2
56, 256] [231, 256] H
F5
FO
[s6. 78] [231. 78]
F3
[129, -18] [415, -18]
F1
[129, -268] [415, -268]
[-494. -279] [457. -279]

Figure 8.1.4: Plan A (manual planning)

To perform automatic planning, the optimization mieds invoked. The users are
prompted to make pair-wise comparisons between dtieria though the
command window. The comparison result is showniguie 7.3.1. Next, AHP is
invoked to process this result and a weighting sehes produced as Cri#1-0.48,
Cri#2-0.29, Cri#3-0.07, Cri#4-0.08, and Cri#5-0.08e system loads the weights

and generates an automatic planning design (PlaasBhown in Figure 8.1.5.
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[~#494, 385] [457. 385]

F2
F5
F3 [-115, 3] [59,[140, 4] [427, 4]
FO
F1
[-115, -178] [59, -178]
[140, -245] [427, -245]
[-494, -278) [457, -279]

Figure 8.1.5: Plan B (automatic planning)

Table 8.1.4 provides a comparison of the two layans in terms of the defined
criteria. From Table 8.1.4, Plan B makes improvenf@nCri#1, Cri#3, and Cri#5,
whereas the advantage of Plan A lies in Cri#4. €Ea#2, the two plans are
comparable. With Cri#1 and Cri#2 carrying almos¥836f the total weights, Plan

B is more efficient.

Table 8.1.4: Quantitative comparison between PlandPlan B

Criterion (unit) Weight Plan A Plan B
Cri#l (pcs. per day x unit cost x cm) 0.48 1563.39 | 1243.09
Cri#2 (pers. per day x cm) 0.29 367.95 374.93
Cri#3 (1) 0.07 0.12 0.02
Cri#4 (cm) 0.08 515.72 940.90
Cri#5 (cm) 0.08 690.27 662.45
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The major difference between the two plans liethanlocation of the CNC lathe
(Facility#0). With the heavy material flow betweéme CNC lathe, the CNC
miller, and the CNC EDM, locating the three fa@#t near each other can reduce
the material handling cost. However, although Pharnas a higher material
handling cost, it satisfies the layout prefererca the new CNC lathe is located
at the location of the old CNC lathe. This prefeemay have positive effects on
maintain current work practise. The final decisb@tween the two plans lies with

the users.

8.2 Casestudy 11

In this case study, three new facilities are tanstalled in the shopfloor, viz., a
display monitor (Facility#0) a bench drill pressaiity#1), and a lathe

(Facility#2). The shopfloor is shown in Figure 8.2.

Table 8.2.1 shows the constraints to be imposethese facilities. The criteria
required by the task are provided in Table 8.2igufe 8.2.2 provides some

snapshots captured during using AFLOE to addresEHRFPES task.

During the definition of the criteria, besides toher criteria required by the task,
as the users inspect the shopfloor on-site, artiaddi issue is identified, i.e., the
display monitor is preferred to be located nearpgbwer supply; this is defined as
Criterion#4 (Cri#4). The utilization of the CMs/CHs defining the criteria and

constraints is presented in Table 7.2.3.
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Frame rats: 15 Map: 1266P, G3KF Tracking quality: good. Found: 405/480 109/171 75/112 13

F11: Power supply F5: Drill#1

L
F4: Wooden bench
F3: Inspection room

Figure 8.2.1: The shopfloor environment in Caseal$iu

Table 8.2.1: Constraints to be imposed on theifesl|

Display monitor (Facility#0)

Con#1: Orientation constraint: the base facingflibar.
Con#2: Location constraint: on the walls.
Con#3: Collision detection.

Bench drill press (Drill#2/Facility#1)

Con#1: Orientation constraint: the back facingwitadis.
Con#2: Location constraint: on top of a wooden benc
Con#3: Collision detection.

Lathe (Facility#2)

Con#1: Space constraint for operation and maintnan
purposes.

Con#2: Location constraint: on the floor.

Con#3: Collision detection.
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Table 8.2.2: The criteria required in the task

Criterion Contents and data (collectagriori)

From Drill#1/Drill#2 to the lathe: 80/3

C1: Minimize the From the lathe to the inspection room: 100/2
material handling cost |From Drill#1 to the inspection room: 10/2
(unit: pcs. per day/unit cost*)

From Drill#1/Drill#2 to the lathe: 50

C2: Minimize the From the lathe to the inspection room: 10
personnel flow From Drill#1 to the inspection room: 30
(unit: pers. per day)

C3: Minimize the space | The space occupied by the two bench drill pressds|a
occupancy the lathe.

*The unit cost is a relative value

Frame rate: 16 Map: 936P, SAKF Tracking quality: good. Found: 338/385 106/142 74/126 33/45

This is Facility#2
The personnel flow with Facility#3 is 10
The personnel flow with Facility#5 is 50

Monitoring
window

From-To Facility 1 Facility 2 Facility 3 Facility 5
Facility 1 - M-50/1 M-30/1 M-0/1
Facility 2 M-50/1 - M-10/1 M-50/1
Facility 3 M-30/1 M-10/1 - N/A
Facility 5 M-0/1 M-50/1 N/A -

(b) Defining the criteri

Frame rete: 2 Map: 1221P, S7KF Tracking quality: good. Found: 341/478 101/170 60/134 1¥/15

il Pos(cm): -80, -161, 0

(c) Plan A (manual plannin (d) Plan B (automatic plannin

Figure 8.2.2: Using AFLOE to address the FLPES task
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Table 8.2.3: Utilization of the CMs/CFs

Criteria/constraints

CM/CF

Criteria:
Cri#1-Cri#2-Cri#t3-Cri#t4

CM#I-CM#I-CM#II-CM#II

Constraints for the display monitor:
Con#1-Con#2-Con#3

CF#II-CF#IV-CF#l

Constraints for the drill press:
Con#1-Con#2-Con#3

CF#II-CF#IV-CF#l

Constraints for the lathe:
Con#1-Con#2-Con#3

CF#3-CF#IV-CF#l

By manipulating the three new facilities in the &Rvironment interactively, the
users produced Plan A manually. Next, the userskied the optimization module

and produced a weighting scheme as Cri#1-0.34,2€xi84, Cri#3-0.21, and

Cri#4-0.10. An automatic planning

plans are shown in Figures 8.2.3 and 8.2.4. Tal#lel rovides a comparison

design (Plan B)thus obtained. The two

between the two plans with respect to the criteria.

Table 8.2.4: Quantitative comparison between PlandPlan B

Criterion(unit) Weight | Plan A Plan B
Cri#l(pcs. per day x unit cost x cm) 0.34 3267.29 25413
Cri#2(pers. x cm) 0.34 493.29 417.67
Cri#3(1) 0.21 0.35 0.27
Cri#4(cm) 0.10 10.04 7.75

As can be seen from the table, Plan B outperfortass R for all criteria. Hence,
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Plan B is more efficient than Plan A. As the maifiedence between the two
layout plans by comparing Figure 8.2.3 and Figur248 the change of the
location of F2 (the long facility in the middle dfe both plans) has led to the
reduction of the material handling cost (Cri#1l) ahé improvements of the

personnel flow (Cri#2), which together account8886 of the total weights.

F7
P
Fa F5
[254. 102] [273. 102]
e |PO
Fio
[255. 25] [274. 25]
i
[=120, ~4¢] [-40. -48] [ 7 _s9] [251. -58]
Fi
[187, =117] [252, -1186]
F2
Fo
[-120, -276] [-40, -276]
F3

Figure 8.2.3: Plan A (manual planning)
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[254, 383] [273. 383]
& 0
i
[ 4]
[255, 306] [274, 30€]
[-110, 202] [-30, 202]
i s
Fz
[167. 42] [251. 42]
[=110, =27] [-30, -27)[167- —15] [252, -15]
Fo
Fa

Figure 8.2.4: Plan B (automatic planning)

Automatic planning can typically outperform manyéénning with the use of
AHP-GA, whereas manual planning can incorporatersusexperience, e.g.,
personal preference and heuristics, which autorm@toning has difficulty in

addressing. To this extent, during the manual praprihe users avoid locating F2
in the middle of the shopfloor, as contrast to ltheating of F2 in Plan B, which

makes the shopfloor neater. The final decisiontendgelection of the final plan
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lies with the users.

8.3 Discussion

To analyse the usability of the AFLOE system, ar ssedy was conducted. Six
researchers (three males and three females) inARWT laboratory of the
National University of Singapore participated i tiser study. These participants
use computers regularly and are familiar with ARhtelogy, but do not have
much experience with FLP. In the user study, theyasked to conduct the FLP
task presented in Case Study Il individually. Ta®l8.1 shows the average time

the participants spent on the system during tHereifit planning stages.

Table 8.3.1: Average time for different planninggss

Planning stage Average time (min)
AR environment initialization 8

Modeling existing facilities 4

Criteria and constraints definition 8

Manual planning 13

Automatic planning 1

Total 41

The time the participants spent on initializatidre tAR environment, which
includes the initialization of the real-time tracgj the definition of the CS, etc.,
accounts for nearly 1/5 of the total planning tittés found during the user study
that the tracking stability of PTAM for large areasg., a shopfloor, is not as

comparable as for small areas, e.g., a corner abffice, and the participants
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would normally need two to three trials until thegn establish a stable tracking
result. On average, 1/10 of the time is used fodeling the existing facilities,
which indicates the efficiency of the developed elod) technique. Another 1/5
of the planning time is spent on the definitiontloé criteria and constraints. As
observed during the user study, the typing of thenerical values for specifying
the CM parameters has taken a considerable amétintea Next, more than 1/4
of the time is spent on manual planning. It is obsé during the user study that
the participants firstly manipulate the facilitistest the manipulation commands
and check the different CFs. After the participaats familiar with the various
functions, they proceed to design the layout planghey examine the criteria
values simultaneously. Lastly, the automatic plagrtakes around 1 min, which
including the time the participants spent on paseacomparison and the time the
GA processing the MADM model. As for the entire rplang time, 41 min is

required to complete the FLPES task, which inde#te efficiency of the system.

A guestionnaire (Appendix A) is designed to ask plaeicipants to evaluate the
AFLOE system from different aspects, which coveesasability of the modeling

technique, the efficiency of the GMCC, the effeetiess of AFLOE.

In the questionnaire, a convincing AR environme&p) refers to the quality of
the AR environment. In a well-established AR enmiment, virtual entities are
merged with the real scene seamlessly, which charee the sense of reality so
as to facilitate the users to explore their intuitto the full extent. Usability of the

modeling technique (Q5) looks into the utilizatiohthe modeling technique. As
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the developed modeling technique requires inteyactiith the users, the ease of
conducting the modeling process is very importhieixt, understanding the usage
of GMCC (Q6) depends on the users’ familiarity wMADM for solving the FLP
tasks, which is essential for using the AFLOE gyste the full extent. Usefulness
of GMCC (Q7) is based on Q6, which collects fee@that the users’ evaluation
of the GMCC method. Achieving the desired layodnp{Q8) reflects the users’
personal assessment on the quality of the laycanspproduced by using the
AFLOE system. Finally, the usability and the effeehess of the AFLOE system
(Q9 and Q10) investigate the overall performancéhefsystem in terms of the
ease of use and the usefulness for FLP tasks. Bah2 shows the average scores

given by the participants on these questions.

The usability of the modeling technique is well gied. However, as observed
during the user study, the mouse is not easy tavitkeut a planar surface, which
may have affected the usability of the modelindibégue to some extent. As not
many participants are familiar with FLP, the sconethe understanding of GMCC
is relatively low. Nonetheless, as a method to liedpusers define the criteria and
constraints, GMCC received 4.1/5 for its usefulned the participants have

achieved their desired layout plans. In particulag participants chose manually
designed plan as the final decision, whereas fautigipants selected the plan
produced by automatic planning as the final denisb2/5 for Q9 suggests that
the participants agree that the AFLOE is easy & Lastly, the effectiveness of

the AFLOE system is acknowledged by the participant
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Table 8.3.2: Average scores given by the partidgpéQ4 to Q10)

Question Average score
Q4: Convincingness of the AR environment 4.8/5

Q5: Usability of the modeling technique 4.1/5

Q6: Understanding the usage of GMCC 3.5/5

Q7: Usefulness of GMCC 4.1/5

Q8: Achieving the desired layout plans Yes-6; no-0
Q9: Usability of the AFLOE system 4.2/5

Q10: Effectiveness of AFLOE for FLP 4.5/5

Some feedbacks have been received as well. Ongipant suggested the
utilization of wireless cameras that can improve flexibility of the hardware
configurations. Another feedback received is on dimadvantages of GMCC,
which indicates that typing the parameter valueseal-time is not a convenient

method. Future research will investigate theselprob.

Due to limited resources available, this user stcaly be improved from several
aspects. Firstly, the size of the subject sammep@rticipants) is relatively small.
A larger sample size would have made the user stuole comprehensive and
complete. Moreover, the representativeness of $ke group is limited. Since the
target users for the AFLOE system are both novicd experienced layout
designers, both layman designers and professiagaut designers should have
been invited to participate in the user study. kemnore, to obtain more
information from the user study, the user group bandivided into subgroups

based on several criteria, e.g., gender, age, téddelowledge on VR/AR, level of
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expertise on FLP etc. A comprehensive user studyonly can present a more
convincing validation of the proposed solution bigo help identify drawbacks

for improvement purposes. Future research will lod& these aspects.
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Chapter 9 Conclusions and recommendations

The primary objective of this research is the ajgtion of the AR technology for
FLP. It aims to develop an AR-based approach taesddFLP, especially in
FLPES. By integrating an AR-based real-time modgtechnique and a generic
method for formulating MADM models, the ARHFLP appch provides an
adaptable and effective solution to the FLPES @bl A system has been
developed to implement the approach and case sthdiee been conducted for

validation purposes.

9.1 Resear ch contributions

This thesis has made contributions in the follonasgects.

9.1.1 An AR-based hybrid approach to FLP

Based on the integration of the algorithmic apphoaied the AR-based approach,
an improved AR-based approach for FLP has been ulated, namely, the
ARHFLP approach. By using a four-step proceduremelg data collection,
problem formulation, layout planning, and resultgalaation, the ARHFLP
approach takes advantages of the AR technologyenddes a feasible solution
to the FLPES tasks. Issues such as the presertbe ekisting facilities and the
wide range of the criteria types can be addres$aad planning modes are

supported, namely, manual and automatic planning.
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9.1.2 An AR-based real-time fast modeling technique

This AR-based real-time modeling technique is taiiofor AR-based applications.
In the AR environment, with camera pose and thepimgpresults being updated
in real-time, the procedure of positioning 3D pseim the world CS (coordinate

system) can be simplified. Based on this positignmechanism, a user-aided
modeling technique is developed for the users tositact primitive models

interactively in the AR environment. Adjustmentstbese models can be made
manually until the primitive models are good repraations of the real objects.
In this research, this modeling technique is adbpteconstruct the virtual models

of the existing facilities.

9.1.3 A generic method for formulating MADM models

The GMCC method is developed to address the FLR®&BIgm. It provides a
generic method for the users to define and custhiz criteria and constraints in
real-time. A set of models, namely the CMs andGks, are provided to facilitate
the definition of the criteria and constraints andke it a comprehensive tool to
address different types of FLP tasks. By using GM®&€ MADM model can be

formulated to better meet the specific requirementbe FLP tasks.

9.1.4 An AR-based facility layout optimization and evaluation system

The AFLOE system adopts the ARHFLP approach andeimgnts both manual
and automatic planning. For manual planning, asctiteria and constraints are
processed in real-time and the results are predeotdhe users to guide the

planning process. An AHP-GA—-based optimization sohés used to implement

107



automatic planning. The AFLOE system takes advastag the AR technology
and the mathematical modeling techniques and esilizoth human intelligence

and heuristic algorithms to facilitate the FLP @ss.

9.2 Recommendations

For further exploration, the following aspects cde investigated for

improvement and enhancement.

9.2.1 Accurate modeling techniques

Although the modeling technique developed in tlesearch is fairly fast for
real-time processing, improvements can still be enadth regards to the
modeling results. By using models of higher accyraice effectiveness of the
constraints as well as the final layout plans canflorther improved. Besides
user-aided modeling, the method reported by Neweoartal Davison (2010) can
be considered. For the FLP purposes, user inptegaired to identify facility

objects from the non-facility objects. The detalsthe shopfloor environment

need to be provided.

9.2.2 Alternative MADM models and algorithms

In this research, the AFLOE system adopts the weijbum method to formulate
a linear MADM model and the AHP-GA algorithm to welthe model. The

effectiveness of this method has been demonstnatiis research. However, due
to the complexity of the FLP problem, different MADmodels can be used to

produce more alternative layout plans to facili@dgéeision-making. This rationale
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also applies to the algorithms. Among the exisatgprithms for solving MADM

problems, no solution has dominant advantages. dwgpnents to these
algorithms can be made to incorporate artificideligence techniques, which
have great potential for solving FLP problems meffeciently. Results produced
by algorithms that are comparable to or better thaman intelligence would be

more useful.

9.2.3 Re-layout the existing facilities

This research considers only the scenario of addiegy facilities. Another
scenario that is of the same significance is timeokal of or the re-layout of the
existing facilities. AR technology can provide adéle method to address this
scenario. By constructing the virtual models of #westing facilities to be
re-layout or removed, and inpainting (Crimingti al, 2003) them from the real
scene, the real facilities can be manipulated byuters. A proposed methodology
is presented in Chapter 6. Similar concepts haen eported in (Herling and
Broll, 2010). However, the currently available imgang technologies are
restricted as only a small region of the image lmampainted in real-time. Future

research can be conducted on the developmentsotettinnique.
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Appendix A Questionnaireon AFLOE

Name:

Email Address:

Date:

Part | Background Information

Instructions: Please tick the appropriate answer.

1. Do you have any knowledge or experience onifad¢ddyout planning?
A. Yes, knowledge only.

B. Yes, knowledge with experience.

C. No.

2. Describe your knowledge on the Augmented Retditiinology.
A. Expert
B. Beginner

C. Unknown

3. Describe your skills of computer-aided modeltogls such as SolidWorks,
AutoCAD, etc.

A. Expert

B. Beginner

C. Unknown
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Part Il User study
Instructions: Please provide your ranks to theofelhg questions.
4. Is the AR environment produced by AFLOE convimgéi ()

(1 — Not convincing at all, 5 — Very convincing)

5. Is the modeling technique easy to use? ()

(1—- Very difficult, 5 — Very easy)

6. How much do you understand the usage of GMCC?)(

(1 — I don’t understand it at all, 5 — | fully unrdeand it)

7. How do you rank the usefulness of the GMCC m#?ho )

(1 — Not useful at all, 5 — Very useful)

8. Have you reached your desired layouts duringifiee study? ()

(1 —Yes, 0 —No)

9. How do you rank the usability of the AFLOE sys®&( )

(1— Very difficult to use, 5 — Very easy to use)

10. How do you rank the overall effectiveness oL®E for FLP? ()

(1 — not useful at all, 5 — very useful)
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Part |11 Feedbacks
Instructions: Please provide any additional comment suggestions on the

AFLOE system
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