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Resumen

Esta tesis doctoral aborda el problema de distribucion en planta, €l cua en
lineas generales, pretende asignar o distribuir instalaciones en una planta
industrial. Existen muchos problemas diferentes dependiendo de las
caracteristicas que sean consideradas de la planta industrial, como por gemplo,
la forma de las instalaciones, €l niUmero de plantas, la flexibilidad requerida en
los sistemas de produccion, e tipo de producto que se fabrica, etcétera. Uno de
los problemas més abordados, ha sido € problema de distribucion en planta con
instalaciones de area desigual. Para solucionar este tipo problemas existen
muchas técnicas que pretenden alcanzar un disefio eficiente de la planta
industrial. Entre ellas, una de |as estrategias més usadas por 1os investigadores ha
sido la de los Algoritmos Genéticos (AGs). Los AGs requieren definir un
esquema de codificacion para representar € disefio de la planta industrial como
una estructura de datos. Esta estructura determina el tipo de soluciones que
pueden ser obtenidas, e influencia la capacidad del AG para encontrar buenas
soluciones. Aunque existen varios trabgos que revisan € estado del arte de los
problemas de distribucion en planta, no hay ninguno que centre su revision en los
esquemas de codificacion y los operadores evolutivos usados por los AGs. Asi,
una de las contribuciones de la tesis que se presenta, es €l estudio de los
esguemas de codificacion y los operadores evolutivos empleados por 1os AGs en
problemas de distribucion en planta. Ademas, este estudio se completa con una
clasificacion de las diferentes estructuras de codificacion utilizadas por los
autores, un estudio de sus caracteristicas y objetivos, y finamente, la
identificacion de los operadores de cruce y mutacion que pueden ser aplicados
dependiendo de la estructura de codificacion.

Por otro lado, en estatesis se propone un AG para el problema de distribucion
en planta de instalaciones de &rea desigual, teniendo en cuenta aspectos que

pueden ser cuantificados, tales como: el de flujo de material, las relaciones



l6gicas entre las actividades que se redlizan en los centros de produccion
(comunmente, instalaciones) y la forma de cada uno. Para ello, se sugiere una
nueva forma de representar las plantas industriales. Este algoritmo se ha
integrado en una aplicacion informética que permite a los usuarios introducir los
datos y configurar los parametros del algoritmo, asi como mostrar las soluciones
propuestas de una manera sencillay amigable. Finalmente, el algoritmo ha sido
probado con varios problemas y sus resultados comparados con |os obtenidos en
otros trabajos citados en la bibliografia.

Aunque e problema de distribucion en planta de instalaciones de area
desigual ha sido resuelto con muchas estrategias, siempre ha sido abordado
teniendo en cuenta criterios cuantificables. Sin embargo, existen caracteristicas
subjetivas que resultan muy interesantes para este problema. Dicha
caracteristicas son muy dificiles de tener en cuenta mediante los métodos
clésicos de optimizacion. Por esta razon, se propone un Algoritmo Genético
Interactivo (AGI) para el problema de distribucion en planta de instalaciones de
area desigual, €l cua permite la interaccion entre € algoritmo y el disefiador.
Con laimplicacion del conocimiento del disefiador en la propuesta, el proceso de
blsqueda es guiado y gjustado a las preferencias de agquél en cada iteracién del
algoritmo. Para evitar sobrecargar a disefiador, la poblacion de soluciones es
clasificada en grupos mediante un método de clustering. Asi, solo un elemento
de cada grupo es evaluado. Durante todo este proceso, aquellas soluciones que
resulten interesantes para e disefiador son almacenadas en memoria. Las pruebas
realizadas muestran que e AGI propuesto es capaz de captar |as preferencias del
disefiador, y que ademas, progresa hacia una buena solucion en un nimero de
iteraciones razonable.



Abstract

This thesis addresses the Facility Layout Problem (FLP), which broadly tries
to assign or distribute facilities into an industrial plant layout. There are many
different problems depending on the feaures that are considered from the
industrial plant, as for example, the way of facilities, the number of plants, the
flexibility required in the production systems, the type of product that
manufactured, and so on. One of the most discussed of them has been the
Unequal Area Facility Layout Problem (UA-FLP). To solve such problems exist
many techniques that aim to achieve and efficcient design of the plant layout,
among them, one of the most commonly used has been Genetic Algoritms
(GAS). To represent the plant layout design as a data structure, GAs require a
defined encoding scheme. Such structure defines the types of solutions that can
be obtained, and influences the GA's ability to find good solutions. There are a
few surveys on facility layout problems, but they have not addressed evolutionary
issues in depth. Thus, in thisthesis, one of the contributions that is presented is a
study that focuses on the encoding schemes and the related operators used in
GAs for solving FLPs. Moreover, this study is completed with a method of
classifying the different encoding structures described in the bibliography, a
revision of their main characteristics and objectives, and finaly, the
identification of the crossover and mutation operators that could be applied

depending on the type of encoding scheme that has been employed.

Additionally, in this thesis a Genetic Algorithm (GA) for the UA-FLP is
proposed. This approach takes into account aspects that can be quantified, such
as. material handling costs, logical relations between spaces and the shape of
each area. For that purpose, a new encoding representation for these problems is
suggested. This algorithm has been integrated into a software application that

allows users to enter data, configure the algorithm parameters, as well as, show



the solutions proposed in a simple and user-friendly manner. Finaly, the
algorithm has been tested with various problems and the results compared with
those reported in the bibliography.

Although the UA-FLP has been addressed using several methods, it has only
been solved for criteria that can be quantified. However, there are subjective
features that are interesting for this problem, which are difficult to take into
account with a more classical heuristic optimisation. For that reason, an
Interactive Genetic Algorithm (IGA) that allows an interaction between the
algorithm and the Decision Maker (DM) is proposed. Involving the DM's
knowledge in the approach guides the search process, adjusting it to the DM's
preferences at each iteration of the algorithm. In order to avoid overload the DM,
the whole population is classified into clusters by a clustering method, and only
one representative element of each cluster is evaluated. A memory of the best
solution is kept as areference for the DM choices. The tests carried out show that
the proposed IGA is capable of capturing DM preferences and that it can

progress towards a good solution in a reasonable number of iterations.
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1. Introduction

1.1. Overview

Facility Layout Design (FLD) determines the placement of facilitiesin a
manufacturing plant with the aim of determining the most effective
arrangement in accordance with some criteria or objectives, under certain
constraints. FLD is known to be very important for attaining production
efficiency (Kouvelis et al., 1992) because it directly influences
manufacturing costs, lead times, work in process and productivity. Well laid
out facilities contribute to the overal efficiency of operations and can
reduce between 20% and 50% of the total operating costs (Tompkins et al.,
2003). There are many kinds of Facility Layout Problems (FLPs), which
will be detailed in the next chapter. A classification of them is given in, for
example, Drira et a. (2007), Kusiak et al. (1987) and Kulturel-Konak
(2007).

Unequal Area Facility Layout Problem (UA-FLP) is one of the important



Introduction

FLP which originally was formulated by Armour and Buffa (1963). In short,
UA-FLP considers a fixed rectangular plant layout that is made up by
unequal rectangular facilities with dimensions H (height) and W (width) that
have to be placed effectively in the plant layout having into account the

following criteria:
1. All thefacilities must be located inside the plant layout.
2. All thefacilities must not overlap with each other.

The goal of the UA-FLP is to divide the plant into facilities so as to
optimise a target function, for example, to minimise the total material
movement cost. Most researchers have addressed UA-FL P using quantitative
performance criteria (e.g. material handling cost, closeness or distance
relationships, adjacency requirements, aspect ratio), which are used in an
optimization approach. This problem is a complete Non-deterministic
Polynomia (NP) problem and thus, recent research using exact algorithms
can only optimally solve up to 11 facilities (Méeller et al., 2007). However,
since optimal methods are limited by the number of facilities, other
suboptimal have been developed to address more complex problems. In this
respect, several Evolutionary Computation (EC) approaches have been
applied to deal with UA-FLP. Among these, the Genetic Algorithms (GAS)
(Holland, 1992) are commonly used. Genetic Algorithms (Gas) has been
widely used because problems do not need to be modelled mathematically
since only a fitness function is required which takes into account the
limitations of the problem. In fact, the success of this type of algorithms
depends partly on the consideration given to restrictions in the evaluation
function (Michalewicz et al., 1996), as well as in the chosen coding of
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possible solutions (individuals) and in the selection and reproduction
operators used. GAs can be applied successfully in problems in which the
search space is large or not well understood or the evauation function is
complex, and if the problem does not require a global optimum but only a
sufficiently satisfactory solution, as in the case of the facility layout design
(Mitchell, 1998).

However, qualitative features have also to be taken into consideration, for
instance: preferences about the location of specific facilities, distribution of
the remaining spaces, relative placement preferences, or any other subjective
preference that can be considered as important by the DM. An effective
facility layout evaluation procedure necessitates the consideration of
qualitative criteria, as well as quantitative criteria (Tuzkaya and Ertay,
2004). These qualitative features are complicated to take into account with a
classical heuristic or meta-heuristic optimization (Brintup et a., 2007).
Above dl, it is very difficult to take into account of both quantitative and
gualitative aspects at the same time, because it can not be easily formulated
as an objective function. In this respect, the participation of the Decision
Maker (DM) is essentia to include qualitative considerations in the design.
Besides, including the DM's experience into the agorithm provides
additional advantages that will be detailed in Chapter 5. In this way, Brintup
et a. (2006) have highlighted that Interactive Evolutionary Computation
(IEC) can greatly contribute to improving optimized design by involving
users in searching for a satisfactory solution (Brintup et a. 2007).
Interactivity allows for more qualitative considerations, which can be more
subjective, to be taken into account. In IEC the fitness function is replaced

by a human's user evaluation (Takagi, 2001). Thus, intuition, emotion, and
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domain knowledge can be involved in the identification of good designs
(Quiroz et al., 2007). To the best of our knowledge, there seems to have no
article that proposes interactive approach for UA-FLP.

1.2. Objectives

The objectives of thisthesis are to:

1. To study the encoding schemes and operators used in GAs for
UA-FLP in order to discover the most adequate for each proposal
and unexplored combinations to research.

2. To formulate and evaluate a novel GA for solving UA-FLP that

improves the performance of the state of the art proposals.

3. To handle qualitative aspects in UA-FLP by the inclusion of
expert knowledge into the approach and to adapt it to the Decision
Maker (DM) preferences. For that purpose, an interactive
algorithm to UA-FLP will be proposed.

1.3. Scope

This thesis covers the study, design, development, and evaluation of the
proposed approaches for solving UA-FLPs. Also, this investigation makes
conditional by the following limitations:

1. Thisresearchisonly interested in solving UA-FLP which have

a rectangular plant layout with fixed dimensions. Also, the
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total facility area must not exceed the plant layout area.

2. All the facilities are considered rectangular and its areas are

known in advance.

3. All the test problems are taken from the previous works that
are related in the literature. The smallest problem contains 10
facilities whereas the largest one has 20 facilities.

4. This research is focused on evolutionary techniques for
solving UA-FLP, particularly, using GAs.

1.4. Organization

The remainder of this thesis is detailed as follows. Chapter 2 gives the
details of the related research of Layout Problems, and in particular, UA-
FLP. It offers a review of the existing approaches to solve UA-FLP. In
Chapter 3, a study focus on the encoding schemes and the operators used by
GAs for solving UA-FLPs, is performed. Chapter 4 presents the suggested
GA to deal with UA-FLP. In Chapter 5, an interactive approach to UA-FLP
is proposed. Conclusions are stated in Chapter 6. Finaly, the future lines of
research are exposed in Chapter 7.

1.5. Conclusions

In this chapter, an introduction of the research, its objectives and its
scope have been described. In this research it will review the existing
approaches to solve FLPs and UA-FLPs. Moreover, it is expected to study
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the encoding schemes and operators used in GAs for FLPs and UA-FLPsin
order to discover the most adequate for each proposal and the unexplored

combinations to research.

Additionally, in this research is expected to produce a new GA and an
IGA for solving UA-FLP. The first one, pretends to improve the
performance of the results obtained by the proposals that are related in the
literature. The second one, will allow to introduce qualitative considerations
in the design using the expert knowledge from the DM. Besides, the idea of
using an interactive approach for handling qualitative aspects in UA-FLP is
a novel concept because from the best of our knowledge, there is no
interactive approach applied to UA-FLP.



2. Facility Layout Problems and
the Unequal Area Facility
Layout Problem

2.1. Introduction

This chapter explains the basic concepts about Facility Layout Problems
(FLPs). In Particular, the emphasis is put on the Unequal Area Facility
Layout Problems (UA-FLP). An analysis of literature published in the area

is performed in accordance with:

1. Workshop characteristics, such as. facility shapes and
dimensions, material handling systems, multiple floor
considerations, the planning horizon, the production

characteristics, anong others.

2. Layout representations. A distinction among the different ways

to represent a layout is performed. Mainly, this breakdown is
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done dividing into main categories, that is, continuous and

discrete representations.

3. Resolution approaches. A revision of the approaches used to
solve FLPs and UA-FLP has been realized, having into
consideration the principal categories, that is to say, the exact
procedures and the approximate approaches.

2.2. Facility Layout Problems

The problem of physical placement of the facilities in the plant area is
referred to as FLP. A facility is any element that favours the benefit of any
job. In this respect, a facility can be a department, a machine, a warehouse,
a manufacturing cell, among others (Heragu, 2008). A facility layout is a
physical distribution of the necessary elements that integrate the production
process. This term implies not only a manufacturing but it aso includes
service systems (Méller and Gau, 1996).

The FLP is a well studied combinatorial optimization problem which
arises in a variety of problems such as printed circuit board design; layout
design of hospitals, schools, and airports; backboard wiring problems;
typewriters; warehouses; hydraulic turbine design; among others (Singh and
Sharma, 2006). Due to the fact that layout have tremendous impact on the
overall operational efficiency of afacility, the FLP has been widely studied,
and there are some surveys about it. Thus, Kusiak and Heragu (1987)
offered various formulations of the FLP and the algorithms for solving it.
Also, they compared twelve heuristic agorithms on the basis on their
performance; Méeller and Gau (1996) presented a stated of the art in FLP
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that includes new methodologies, objectives, algorithms and extensions to
FLP;, Singh and Sharma (2006) reviewed the different approaches that have
been applied to FLPs; Drira et a. (2007) anaysed the literature referred to
FLPs using criteria as: the manufacturing system features, static/dynamic
considerations, continual/discrete representation, problem formulation, and
resolution approaches; and Kultutel-Konak (2007) presented a review of
recent approaches in designing robust and flexible facilities under

uncertainty.

A good distribution of facilities is crucial for attaining production
efficiency (Kouvelis et al., 1992) because it directly influences
manufacturing costs, lead times, work in process and productivity. In a
traditional manufacturing, the type of materia handling system used
accounts for 25% of all employees, 55% of all space, and 87% of production
time as stated by Frazelle (1986). Thus, it is estimated that between 20% and
50% of production costs can be attributed to material handling, athough it
is generally accepted that such costs can be reduced by at |east between 10%
and 30% through efficient design (Francis and White, 1974). Moreover,
Tompkins et al. (2003) estimated that since 1955, approximately 8% of the
gross national product, has been spent annually on new facilities in United
States. Besides, contemporary facilities planning must include the concept
of continuous improvement in the design approach. As a result, the authors
estimated that over $250 billion are spent annually in United States alone on
facilities that need to be planning or replanning.

The am of FLP is to achieve the most effective arrangement in
accordance with some criteria or objectives laid down, while also admitting

some constraints. The most common objective is to minimize the material
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handling cost of the manufacturing plant layout, but it can also take into
account others as to maximize the space utilization, flexibility, employee
satisfaction and safety, among others (Muther, 1955). In this respect, Muther
(1973) stated the following objectives for plant layout:

1. toreducethetravel distances of materials.

2. to have a regular flow of the parts and products avoiding
bottleneck in the production.

3. to effectively utilize the space occupied by the facilities.
4. to enhance satisfaction and safety of workers.
5. toreduce lead time in the production.

6. to obtain flexibility that can be easily readjusted for changing
conditions.

Different definitions of layout problems are in the literature because of
the diversity of considerations that can exist. This way, Koopmans and
Beckmann (1957) have introduced layout problem as aindustrial problemin
which the objective is to find an placement of al facilities to all locations
with the intention of minimizing their associated cost of material flow. They
modelled this problem as a Quadratic Assignment Problem (QAP), which
will be described later. Meller et al. (1999) defined the FLP, as a non-
overlapping planar orthogonal arrangement of n rectangular facilities within
a given rectangular plant layout so as to minimize the product of material
handling flow and the distance among facilities. Azadivar and Wang (2000)
formulated the FLP as the determination of the relative locations for, and

10
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allocation of, the available space among a given number of facilities. Lee
and Lee (2002) considered the FLP as the problem of arranging n unequal-
area facilities of different sizes within a given total space, which can be
bounded to the length or width of site area in a way to minimize the total
material handling cost and slack area cost. Shayan and Chittilappilly (2004)
reported the FL P as an optimization problem that tries to make layouts more
efficient by taking into account various interactions among facilities and

material handling systems while designing layouts.

Komarudin (2009) proposed a comparison between the man FLP
categories: Quadratic Assignment Problem (QAP), Unequal Area Facility
Layout Problem (UA-FLP) and Machine Layout Problem (MLP). For that
purpose, he used the Table 1.

Table 1: Comparison of FLP categories

Problem . L ocation -

Category Facility Size candidate Facility Area
QAP !Equal, W'Fh flxe_d O | Fixed location| Fixed or ignored

ignored dimensions
UA-FLP Unequal, decision Decision | Greater or equal than
variables variables total facility areas
e . Greater or equal than
mep | Jnequdwithfixed - Decision |- diiv areas or
dimensions variables

free dimension

11
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The QAP was originally introduced by Koopmans and Beckman (1957)
who were trying to model a facilities location problem (Cela, 1998). The
objective of QAP isto assign al the facilities to all locations such that the
total assignment cost is minimized. Having into account that the facilities
and locations have equal areas, which are fixed and known in advance.

The UA-FLP was originally introduced by Armour and Buffa (1963).
The objective of UA-FLP problem is to partition the region into subregions,
of appropriate area, having into account that the sum of the subregion area
Is equal to the area of global region, so as to minimize the total cost of the
material flow. In this problem, the shape of the region (plant layout) and the
subregions (facilities) are regular and unequal (Tate and Smith, 1995a).

The MLP isdiscussed in Heragu and Kusiak (1986). In this problem, the
design involves the layout of machines and the work stations (Kusiak and
the following criteriac Heragu, 1987). The objective to achievein MLP isto
allocate the machines in the plant layout minimizing the material handling
costs (Tompkins et a., 2003). In this problem, the machines are different
sizes and their locations depend on specific processes that are necessary to
obtain the final products.

Several works have been published about FLP. In order to stress the
essential features that can characterize the layout problems, some diagrams
have been proposed (see Figure 1, Figure 6). They are based on the rough
tree proposed by Drira et a. (2007). Thus, the problems related in the
literature are distinguished between themselves, depending on specific
factors as. the workshop characteristics, the problem addressed, and the
approaches used to solve it.

12
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2.2.1 Workshop characteristics

In the related literature, it is possible to find many factors and features
that lead to different layout problems, this fact is displayed in Figure 1.
Among others, these features can be: the facility shapes and dimensions, the
material handling systems, the number of floors to consider, the layout
evolution. These factors will be described as follows.

- Single row - Fixed product layout - Aisles / Passages

- Loop - Process layout - Inner walls

- Multi-row - Product layout - Elevators

- Open-field - Cellular layout - Robots / Conveyors
Material Handling Systems Production Characteristics Additional devices

\ | /
FACILITY LAYOUT PROBLEMS
WORKSHOP CHARACTERISTICS

|

Facility Shapes and Dimensions Multi-floor Layout Planing Horizon
- Regular - One floor - Static
- Irregular - Multi-floor - Dynamic

Figure 1. Workshop characteristics and its inherited FLPs

Facility shapes and dimensions

There are two common facility shapes. On the one hand, regular shape,
which is usually a rectangular facility (Kim and Kim, 2000). On the other
hand, irregular shape, which facilities are usually polygons that cover an
angle of 270 degrees at least (Lee and Kim, 2000).

13
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Concerning to the facility dimensions, as Chwif et al. (1998) refers in
their work, afacility can be defined by means of: its fixed height and width
dimensions, where a facility will be a fixed block layout; its area, its aspect
ratio (described in Section 2.3. of this chapter), and alower bound.

Material handling systems

The material handling system also determines different layout problems
depending on the existing material handling path between facilities. Thus,
Yang et al. (2005) offered a classification of layout arrangements having
into account the type of material handling. They differed between single row
layout, loop layout, multi-rows layout, and open field layout. These material
handling systems are presented in Figure 2 which has been taken from Yang
et al. (2005).

|:| D Legend

D ] I:I [ ] Facility
|:| D l:l l:\ |:| —  Flow path
L]
(a)Single row layout (b) Loop layout

] [ ][]
]
] ) | 2]
| [] D [ ]
(c)Multi-rows layout (d) Open-field layout
Figure 2: Layouts associated to material handling systems
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In single row layout problem, the facilities are arranged along a line (no
necessary a straight (Hassan, 1994) line), which determines the material
handling path (Kumar et al., 1995; Kim et a., 1996; Djellab and Gourgand,
2001; Ficko et al., 2004). The loop layout problem assigns the facilities to
the possible locations having into account that the material handling
operates only in one direction and the loop is closed (Cheng et al., 1996;
Cheng and Gen, 1998; Potts and Whitehead, 2001; Nearchou, 2006). The
multi-rows layout problem deal with several rows of facilities (Hassan,
1994) taking into consideration that the material handling flow can be
among facilities from the same row or from different rows (Cheng et al.,
2001; Kim et a., 1996; Ficko et al., 2004). Finally, Yang et al. (2005)
reported that the open field layout problem is attributed to problems where

the facilities are arranged into layout without any restriction.

Multi-floor layout

In this problem, the aim is to allocate facilities in a manufacturing plant
that has various floors or levels. In this type of configuration, not only the
material flow can move horizontally on a given floor, but also from one
floor to another ones, that isto say, in vertical direction. Because of vertical
movement of material flow, it is necessary to include a device to transport it
in the manufacturing layout, normally an elevator is used for that purpose.
Considering the third dimension (vertical) obvioudly introduces additional
complexity to FLP. For example, the distance between two facilities situated

on different floors may be nonlinear (Heragu, 2008).

It seems that the earliest work on the multi-floor layout problem was
performed by Johnson (1982). He investigated the problem of relative

15
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location of facilitiesin a multi-floor building. He offered an approach that is
based on the well-known facility layout algorithm of CRAFT (Buffa et al.,
1964). In order to solve multi-floor FLP many approaches have been
proposed. Bozer et al. (1994) proposed MULTIPLE that extends CRAFT to
a multiple floor problem, the only difference between them is in the
exchange procedure and the layout formation (Zhang and Lai, 2006). Thus,
Meller and Bozer (1996, 1997) developed SABLE, and Kochhar and Heragu
(1998) suggested MULTI-HOPE for solving the multi-floor facility layout
problem, they taken into consideration vertical movements of material flow

from one floor to another.

The number and placement of elevators can be known in advance (Lee et
al., 2005) or they must be obtained having into account the capacity of each
elevator (Matsuzaki et al., 1999). Besides, the number of floors can aso be
known a priori (Lee et a., 2005), or they should be determined by the floor

area and the dimensions of facilities (Patsiatzis and Papageorgiou, 2002).

Planning horizon: Static and Dynamic Facility Layout Problems

Currently, because of the demand of products and services changes in
shorts periods of time, it is necessary that the manufacturing plant will be
flexible and capable to adapt it quickly to this changing environment. In this
context, Gupta and Seifoddini (1990) reported that every two years, the third
part of USA manufacturing plants modifies their facility distribution deeply.
Benjaafar and Sheikhzadeh (2000) stated that manufacturing facilities must
be able to exhibit high levels of flexibility to react to significant changesin
their operating requirements. Normally, most authors supposed a stable
environment of production which the requirement of products and services

16
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are constants over along period of time. Thus, they have considered a static
plant layout when they deal with FLP and it is called Satic Facility Layout
Problem.

However, the are several works that take into account possible changesin
the production environment where the manufacturing plant is designed to
enable it adapt the plant to a changing environment (Rosenblatt, 1986;
Balakrishnan et a., 1992; Kouvelis et a. 1992; Conway and
Ventakaramanan, 1994; Balakrishnan et al., 2003; Braglia et al., 2003,
Meng et a., 2004; Dunker et a., 2005). In this case, the problem is caled
Dynamic Facility Layout Problem. To solve this problem, the planning
horizon is divided into periods with different material flow requirements,
which can be weeks, months, seasons, years. Then, each period is associated
to a static plant layout, this way, the plant layout for the dynamic layout
problem is made up for the set of static layouts, each one is linked to each

period.

In Dynamic Facility Layout Problem, the usual objective is to allocate
the facilities in the layout for each period in the planning horizon,
minimizing the total material handling cost for al periods, and the costs of
layout rearrangements to adjust it to the production necessities of different

periods.

Production characteristics

There are different layout distributions depending on the volume and
variety of products. In this respect, Dilworth (1996) suggested the following
types of organizations:. fixed product layout, process layout, product layout

and cellular layout.
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Fixed product layout addresses an organization where products do not
circulate within the facilities, but tools and resources which are moved to
perform the manufacturing product, which is generally static because of its
size or specia conditions. This type of distribution is used for example in
industries that build a ship, a submarine, or an aircraft.

In product layout, the layout is oriented totally to the product, so that,
the facilities are organized in function of the operation sequence that are
necessary to obtain the final product. This layout organization has sense

when a great volume of production and alow variety of products exists.

Process layout is used for industries where a great variety of products
exists. In this organization, the facilities are grouped according to their
functions. Thus, the facilities with a similar function are grouped together.

In the case of cellular layout, machines are divided into clusters to

process families of similar parts.

Additional devices

The FLPs can incorporate additional devices as passages or aisles (Wu
and Appelton, 2002; Gomez et a., 2003); inner walls (Lee et a., 2003; Lee
et a., 2005); robots, conveyors, automated guided vehicles (Hassan, 2004);
elevators (Matsuzaki et al., 1999) and stairs, among others.

2.3. Unequal Area Facility Layout Problem

Unequal Area Facility Layout Problem (UA-FLP) was originaly
formulated by Armour and Buffa (1963). They supposed that there is a
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given rectangular region, or plant layout, with fixed dimensions HxW, and a
collection of n required facilities of specified area. Each ordered pair of
facilities (i, j) is associated a materia flow fi; that also it is known in
advance. The objective is to partition the region into n subregions, of
appropriate area, so as to minimize the total costs of the material flow
movements. Thisis expressed as follows:

Cost=2, 2 fycydy i#]
P

Where:
n: number of facilities that make up the layout.
fi;: material flow from facility i to facility j.

;. cost associated to move a unit of material flow from facility i to

facility j.
d;: distance (using a pre-specified metric) between facilitiesi and j.
Having into account that i, ] = 1, 2, 3, 4,..., n.

In order to enhance the UA-FLP methods to produce a more realistic
solution, a Maximum Aspect Ratio has been defined by Camp et al. (1989),
which is calculated by the formula that appears below. By means of using
the maximum aspect ratio, it is ensured that the UA-FLP approaches obtain
feasible physical layout solutions. Thus, the more small is the maximum
aspect ratio, the more restricted are the facility dimensions, and then, the
UA-FLP becomes highly constrained.
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[ 1
_imaxl,w

X =
max [ 1
lmmli,wl.;

Where:
e the maximum aspect ratio.
li: length of facility i.
wi: width of facility i.
Having into account that i = 1, 2, 3, 4,..., n.

As it is said previoudy, the main of UA-FLP is to allocate the facilities
into the layout having the minimum material handling cost as possible, this
cost increases proportionaly with the distance that the material should
cover. There are different ways to measure the distance between facilities,
although, the most common used are:

Distance between centroids. In this case, the distance is calculated

between the centroids (centres of mass) of the facilities.

Distance between input and output points. In this case, the distance is
calculated having into account the facility points of input and output of
material flow. In problems that used specific devices as aides, it is aso
necessary to measure along the aisles that exist in the layout (Tretheway and
Foote, 1994).

In order to obtain these distances, there are different metrics to apply,
two of them can be: Euclidean distance and Manhattan distance. The first
one, is the segment length that joins two points (for example, the facility
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centroids). In order to calculate it, the following equation is used:

Euclidean distance ( x, y)=\/(x1—x2)2+(y1—y2)2
Where:
X1, 1. coordinates of point 1.
X2, Y2: coordinates of the point 2.

In the second one, in order to measure the Manhattan distance between
two points 1, 2. Firstly, the distance horizontal between x; and x; is
calculated, and then, the vertical distance between y, and y, is added. This
metric can be computed as follows:

Manhattandistance (X, y)=|(x,—x,)+(y, ~y,)|
Where:
X1, Y1 coordinates of point 1.

X2, Y2: coordinates of the point 2.

2.3.1 Layout representations

UA-FLP can be modelled using various representations. These
representations can be grouped into two main categories. The first one, is
the continuous representation, and the second representation, is the discrete
model.
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Continuous representation

In continuous representation, there are two possible structures of
representation: Flexible Bay Structure and Sicing Tree Structure, which will
be explained below.

Flexible Bay Structure

Flexible Bay Structure was proposed by Tong (1991). Currently, it is
receiving great attention from researchers (Wong and Komarudin, 2010b).
In this representation, the plant layout is delimited by height and width
dimensions. This rectangular area is divided in one direction into bays or
columns of varying width. Then, each bay is subdivided to allocate the
facilities that make up the layout. The bays are flexible this means their
widths will vary with the number of facilities that can contain (Tate and
Smith, 1995a). This way, the problem becomes simpler and easier to solve,
and the problem complexity is reduced into determining the order of facility
placement and the total number of facilities that each bay contains
(Komarudin, 2009). Moreover, the representation of Flexible Bay Structure
has the advantage that the bays usually create aisle structures. This favours
to the Decison Maker to translate the model into a real facility design
(Konak et a., 2006).

This representation is shown in Figure 3, which is an example taken
from (Aiello et a., 2006). In the related literature, several authors have used
flexible bay structure representation, for example, Tate and Smith (1995a),
Mak et a. (1998), Lee and Lee (2002), Lee et a. (2003, 2005), Enea et al.
(2005), GOomez et a. (2005), Norman and Smith (2006), and Chae and
Peters (2006).

22



2.3. Unequal Area Facility Layout Problem

Figure 3: Flexible Bay Structure Representation.

Slicing Tree Structure

Sicing tree structure uses a tree representation to describe a layout. In
order to trandate it, each leaf node represents a facility, and each internal
node is the dlicing operator that divides the layout into portions or
allocations. These operators could be 'v' and 'h' for vertical or horizontal
cuts respectively, as they has been defined by Wu and Appelton (2002); or
they could be more detailed such as, 'b' for below cut, ‘u’ for up cut, 'r' for
right cut, and finally 'I' for left cut, this way has been used by Tam (1992a,b)
and Matsuzaki et al. (1999). In Figure 4, it can be seen the dlicing tree
representation and its associated layout, this example has been taken from
Tam (1992b). Also, Sicing tree structure has been applied by Honiden
(2004) to solve UA-FLP.
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Figure 4: Sicing Tree Structure Representation and its associated layout.

Discrete representation

In discrete representation the plant layout is divided into squares or grids
that have equal areas and dimensions. If the facilities have equal dimensions
and regular shapes, we have a problem of alocating n facilities into m
positions, that is to say, the QAP. However, if the dimensions are unequal
and/or the shape is irregular, it becomes necessary to adopt another
additional structure in order to gather the grids that belong to the same
facility into an interconnected region. Depends on the additional structure
that is selected, it is possible to obtain different facility shapes. In this sense,
Balakrishnan et al. (2003) use as additional structure that is called Space
Filling Curve. This additiona structure enables the identification of each
sguare within a determined facility, asisillustrated in Figure 5.
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A(1) B(2) C(2)
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Figure 5: An example of a 12 square layout with S~C.

Many authors have applied the discrete representation for solving FLPs, for
example, Armour and Buffa (1963), Chan and Tansri (1994), Conway and
Ventakaramanan (1994), Tate and Smith (1995b), Mak et al. (1998), Singh
et a. (1998), Tavakkoli-Moghaddain and Shayan (1998), Balakrishnan et a.
(20033, 2003b), El-Baz (2004), Hu and Wang (2004), Wang et al. (2005),
and Rankumar et al. (2008), among others.

2.4. Resolution approaches

There are many approaches to solve the different FLPs. A diagram of
them is in Figure 6. As it can be seen, it is possible to identify two main
categories of resolution approaches. exact procedures and approximate
approaches. The last one can be aso into three groups, such as, heuristics
methods, meta-heuristic methods, and other approaches. These resolution
approaches will be explained below.
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FACILITY LAYOUT PROBLEMS
RESOLUTION APPROACHES

T~

Exact procedures | Approximate Approaches

- Graph Theory

- Integer Programming

- Mixer Integer Programming
- Dynamic Programming

- Branch and Bound 2
Heuristic Methods | Heuristic Methods

- Simulated annealing
- Tabu Search

- Genetic Algorithms
- Ant Colony

Figure 6: Resolution approaches applied to FLPs.

I Other approaches

- Neural networks
- Fuzzy logics
- Expert systems

- Construction type algorithms
- Improvement type algorithms

2.4.1 Exact procedures

Several approaches exist to solve any FLP by means of an exact
procedure. The FLPs may be modelled using graph theoretic, mixed integer
programming, dynamic programming, and branch and bound algorithm.

Graph Theoretic

In graph theoretic approaches, it is assumed that the desirability of
locating each pair of facilities adjacent to each other is known (Foulds and
Robinson, 1978). Unequal area problems of even small size cannot be solved
optimally by graph theoretic approaches (Meller and Gau, 1996). A review
of the results of graph theoretic approaches can be found in Foulds (1991)
and Hassan and Hogg (1987).

Mixer-integer Programming

Montreuil (1990) introduced a mixer-integer programming to UA-FLP,
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which objective is based on the product of the material handling costs and
the rectilinear distance between facility centroids. Although this is a
powerful approach, only problems with six or less facilities can be solved
optimaly (Meller and Gau, 1996). Sherali et a. (2003) presented an
improved mixed-integer programming model that is motivated in the work
of Meller et a. (1999), and is capable to obtain optimal solutions for the
UA-FLP with up to nine facilities. For that purpose, they used a polyhedral
outer approximation of the area constraints ans branching priorities. Konak
et a. (2006) used a mixed integer programming approach for UA-FLPs
arranged using flexible bay structure. In their approach, the nonlinear
facility area constraints are modelled in a continuous plane without using
any surrogate constraints. Their method was extensively tested, and they can

obtain optimal solutions to problems with up to fifteen facilities.

Dynamic Programming

Rosenblatt (1986) seems to be the first in dynamic facility layout
problem. He raised the problem with equal size facilities, using a dynamic
programming method, where the objective was minimizing the sum of the
material handling costs and the rearrangement costs over all periods. But he
can only resolve the problem for layouts with less of six facilities and five
time periods, moreover. He did not aways produce expected solutions
(Kulturel-Konak, 2007).

Branch and Bound

Kouvelis and Kim (1992) used a branch and bound algorithm for the
loop layout problem. Médller et al. (1999) proposed genera classes of valid
inequalities that are based on an acyclic sub-graph structure, and then, they
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incorporated them in the branch and bound algorithm. They achieved to
solve the UA-FLP optimally with up to eight facilities. Kim and Kim (1999)
suggested an approach to find the optimal location of the pick-up and drop-
off points of each facility that uses a brand and bound algorithm to solveit.

2.4.2 Approximate approaches

Since optima methods are limited by the number of facilities, other
suboptimal methods have been developed to address more complex
problems. Thus, several authors have used heuristics methods and meta-
heuristics methods for solving FLPs.

Heuristic methods

Heuristic algorithms can be classified as construction type algorithms
where a solution is constructed from scratch, and improvement type

algorithms where an initial solution isimproved (Singh and Sharma, 2006).

Construction type algorithms

Congtruction type algorithms are considered the simplest heuristic
approach, but the solution obtained is considered in terms of quality as not
satisfactory. There are some approaches that use this type of agorithms,
which are detailed as follows.

ALDEP was developed by Seehof and Evans (1967). This approach
works in the following way, first, a facility is selected randomly and it is
assigned to the upper left corner of the layout. The next facility selected for
being alocated is the one which has a relationship that is greater than or
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equal to a user specified relationship, with a randomly selected first facility.
This procedure is repeated until all facilities are allocated in the layout.

CORELAP was created by Lee and Moore (1967). They used the total
closeness rating of each facility to determine a layout. That way, the facility
with highest total closeness rating is selected and assigned to the centre to
the centre of the layout. Then, the subsequent facilities are added to the
layout depending upon their relationships to the facilities already assigned.

MAT was proposed by Edwards et al. (1970). This approach ranks pair
of facilities according to their flow values and location pairs according to
their distance values. Then, thisinformation is used to determine a layout. It

allows the user to assign facilities to any desired location.

PLANET was created by Deisenroth and Apple (1972). This algorithm
assigns the facilities in three stages. Firstly, the cost of unit flows between
each pair of facilities is determined. Secondly, the facility order is selected.
Finally, the facilities are placed in the layout in the order in which they have
been selected in the second stage.

LSP was developed by Zoller and Adendorff (1972). This algorithm
consist of asimulator which generates the sequence in which facilities are to
be alocated in a layout, and a construction mode which determines a two-
dimensional layout for the sequence generated previoudly.

COFAD was formulated by Tompkins and Reed (1976). This algorithm
is a modification of CRAFT (explained below) that includes move costs for
al aternative materia handling systems, thus this algorithm integrates the
material handling system selection problem with the layout problem. Later,
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Shore and Tompkins (1980) modified COFAD so as to incorporate

flexibility in the design process, this new version was called COFAD-F.

SHAPE is a construction type algorithm that was proposed by Hassan et
al. (1986). It uses a discrete representation and an objective based on
rectilinear distance between facility centroids. The facility selection is
dependent on a ranking, which is based on each facility flow and a user-
defied critical flow value. Nevertheless, because the facility shape is
controlled by the objective function, the shape of facilities may deteriorate

toward the end.

NLT was developed by Camp et al. (1991). This algorithm is based on
nonlinear programming and used Euclidean distance as distance metric. In
NLT there are three set of constrains. Authors transformed this constrained
model to an unconstrained one by using exterior point quadratic penalty
function method. With a three-stage approach, successively more difficult
problems are solved using the solution from previous stage as an initial

solution point.

Improvement type algorithms

Improvement algorithms realize iterations in order to improve the initial
solution. This methods can be combined with construction methods easily.
In this respect, CRAFT (Armour and Buffa, 1963) seems to be the oldest
improvement-type approach. It begins by determining the centroid of each
facility. Then, It performs two-way or three-way exchanges of the centroids
of non-fixed facilities that are also equal in area or adjacent in the current
layout. For each exchange, CRAFT calculates and estimated reduction in
cost and it chooses the exchange with the largest estimated reduction. It then
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exchanges the facilities exactly and continues until there exists no estimated
reduction due to two-way or three-way exchanges. Hicks and Cowen (1976)
criticized the exchange procedure because it may lead to facility with

irregular shape.

H63 was developed by Hillier (1963). This heuristic algorithm is based
on a move desirability table that consists of values which represent the cost
changes that would result by moving a facility from its current location to an
adjacent one. H63 considered only pairwise exchanges between adjacent

facilities, which have equal areas.

FRAT has been implemented by Khalil (1973). This algorithm uses
principles from other well known algorithms as CRAFT, H63. First, it
determines the difference between the longest and the shortest distance, and
then, the algorithm carries out two procedures, that is, the total cost
determination procedure and the exchange procedure. This algorithm can be

only applied to problems which facilities have equal aress.

DISCON was developed by Drezner (1980). This approach modelled
FLP as a nonconvex mathematical programming problem. For solving this
problem, a two-phase algorithm called dispersion-concentration is used. In
the first phase, good initial conditions are found using the Lagrange
differential gradient method. The second phase consist of concentrating the
facilities so that they are close as possible. In this approach, athough the
dispersion phase provides good starting points, it is difficult to justify this

outcome.

MULTIPLE is a multi-floor improvement-type approach that was
proposed by Bozer et a. (1994). In order to represent a layout, they used
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discrete representation. MULTIPLE extends CRAFT by applying space
filling curves. This approach improved CRAFT by increasing the number of
exchanges considered at each iteration, and aso, it can restrict the
irregularity of facility shapes by using a irregularity measure. However,
because it uses the discrete representation, the facility shapes may be not
rectangular.

Meta-heuristic methods

Recently, many meta-heuristic approaches have been used in FLP, such
as Smulated Annealing, Tabu Search, Genetic Algorithms (GAs) and Ant
Colony Algorithms (ACO).

Simulated Annealing

The Smulated Annealing algorithm is based on the process of annealing
of solid metals or ceramics where the material temperature is varied in order
to change their physic properties. By analogy, this process is applied for
solving optimization problems. Thus, in each iteration, some neighbours are
evaluated with a certain probability in order to decide if to change to a new
state or to remain in the actua one. The Simulated Annealing has been
applied for many authors to FLPs. Thus, Burkard and Rendl (1984), and
Chiang and Chiang (1998) derived a Smulated Annealing for the QAP. Tam
(199248) has been also used Smulated Annealing to solve UA-FLP, he
developed LOGIC, Layout Optimization using Guillotine-Induced Cut. In
order to represent a layout, he used a Sicing Tree Sructure. This algorithm
applies Smulated Annealing in an attempt to find a better layout by two-way
exchanges of branching operators. Meller and Bozer (1996, 1997) proposed
SABLE for solving the multi-floor facility layout problem. SABLE extends
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MULTIPLE by employing a Smulated Annealing meta-heuristic based
search and by generalizing the facility-exchange algorithm. SABLE is
shown to produce lower cost layout solutions than MULTIPLE or LOGIC.
Chwif (1998) used Simulated Anneding for solving FLPs having into
account aspect ratio sizes of facilities. He proposed two neighbourhood.
Procedures. a pairwise exchange between facilities and random moves on
the planar site in the four main directions (upwards, downwards, |eftwards,
and rightwards). This meta-heuristic is also applied to the dynamic facility
layout problem by Baykasoglu and Gindy (2001), McKendall et a. (2006),
and Sahin et al. (2010).

Tabu Search

Tabu Search meta-heuristic is an optimization method that uses a system
of memory structures to improve the performance of alocal search method.
The TS method work in the following way: when a potential solution is
founded, it is tagged as taboo, and the algorithm does not explore this
solution again. This meta-heuristic has been applied to FLPs by many
authors. Thus, Hasan and Osman (1995) used Tabu Search with a hashing
function are developed to obtain near-optima solutions. Chiang and
Kouvelis (1996) developed a Tabu Search Algorithm to solve a FLP. They
used a neighbourhood based on the exchange of two locations of facilities
and included a long term memory structure, a dynamic tabu list size, an
intensification criteria and diversification strategies. Kaku and Mazzola
(1997) applied Tabu Search to solve the dynamic facility layout problem,
Chiang and Chiang (1998) used this meta-heuristic for the QAP. McKendall
and Jaramillo (2006) aso applied Tabu Search to dynamic facility layout
problem, they compared its results with others taken from the literature, and
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they concluded that their approach obtain good solutions. Recently, Scholz
et a. (2009) proposed a Tabu Search algorithm for solving UA-FLP. They
used a dlicing tree representation and they incorporated a bounding curve
for solving fixed and flexible facilities in UA-FLPs. Their Tabu Search
incorporated four types of neighborhood moves to find better solutions.
They compared their algorithm with previous research and showed large

improvements.

Genetic Algorithms

GAs is a search meta-heuristic that imitates the process of natural
evolution. This meta-heuristic is usually used to generate useful solutionsto
optimization and search problems, which are generated inspired by natura
evolution, such as inheritance, selection, mutation and recombination. GAs
seem to become quite popular in solving FLPs (Pierreval et al., 2003). For
this reason, there are numerous articles that apply GAs for solving FLPs,
such as. Tam (1992b), Banerjee and Zhou (1995), Mak et a. (1998),
Matsuzaki et a. (1999), Tam and Chan (1998), Azadivar and Wang (2000),
Lee and Lee (2002), Lee et a. (2003, 2005), Dunker et al. (2003), Hu and
Wang (2004), El-Baz (2004), and Ficko et al. (2004) for the static facility
layout problems;, and Conway and Ventakaramanan (1994), Balakrishnan
and Cheng (2000), Balakrishnan et a. (2003), and Dunker et al. (2005) for

the dynamic layout problems.

If we focus on UA-FLP, many authors addressed the problem using GA,
for instance, Tate and Smith (1995a) proposed a GA for solving UA-FLPs
using Flexible Bay Structure representation. A dynamic or adaptive penalty
function is used to guide the search into feasible solution regions. The
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algorithm generates good layouts and it is shown to outperform CRAFT and
NLT. Wu and Appelton (2002) presented a GA method to solve the UA-FLP
and aisle dtructure problems simultaneously by a Sicing Tree Sructure
representation. They decomposed the problem into two stages. The first
stage minimises the material handling cost with aide distance, and the
second stage optimises the aisles in the aisle structure. Gomez et al. (2003)
applied GAs to solve UA-FLP. They focused a particular case which
involves the explicit consideration of passageways between sections along
with the possibility of being these sections variable in width. Wang et al.
(2005) implemented and analysis of variance of statistics to find out the best
Site size of layout by genetic algorithm applied to UA-FLP. They considered
as objective function the minimum total layout cost that combines material
flow factor cost, shape ratio factor, and area utilization factor. They used the
discrete representation and a rule-based of expert system to create space-
filling curve. Enea et a. (2005) implemented a GA to search for a near
optimal solution in afuzzy contest. They adopted A flexible bay structure as
a physical model of the system. Moreover, constraints on the aspect ratio of
the facilities are taken into account using a penalty function introduced into
the fitness function of the genetic algorithm. Aiello et al. (2006) suggested a
multi-objective approach to UA-FLP that uses a genetic search algorithm
and Electre method. They represented the layout by means of Flexible Bay
Sructure. Norman and Smith (2006) addressed the UA-FLP using a GA
meta-heuristic with a flexible bay structure. They considered uncertainty in
material handling costs on a continuous scale by use of expected values and
standard deviations of product forecasts. Liu and Méeller (2007) proposed an
approach to solve UA-FLP represented as sequence pairs, by using GA and
MIP. They used GA to modify the solutions represented as sequence-pairs,
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which have the purpose of eliminating all infeasible binary variables which
make large UA-FLP difficult to solve. They concluded that their method
could achieve optimal solutions for problems with up to eleven facilities.
Besides this, they have shown some improvements when solving problem
instances with larger data sets.

Ant Colony Optimisation

ACO was originated by Marco Dorigo (1992). This search meta-heuristic
imitates the behaviour of ants to found the paths from the colony to the
food. Recently, ACO has been applied to FLPs. In this sense, Bland (1999)
seems to be the first author that applies ACO to FLP. Talbi et al. (2001),
Ramkumar and Ponnambalam (2006), Ramkumar et al. (2009), and Wong
and See (2010) have been solved the QAP by means of ACO meta-heuristic.
Corry and Kozan (2004) applied ant colony optimization for machine layout
problems. Solimanpur et al. (2005) proposed an ant algorithm for the single
row layout problem in flexible manufacturing systems. McKendall and
Shang (2006) Baykasoglu et a. (2006), and Rezazadeh et a. (2009) used
this meta-heuristic to address dynamic facility layout problem. Singh (2010)
proposed an ant system embedded with local search for solving FLP.
Komarudin and Wong (2010) applied an Ant System to solve UA-FLP. They
used a dlicing tree representation to represent the layout. It proposed an
algorithm that uses severa types of local search to improve its search
performance. Wong and Komarudin (2010b) also used ACO referred to UA-
FLP using flexible bay structure. Moreover, the same authors (Wong and
Komarudin, 2010a) realized a comparison of ACO techniques for dealing
with empty spacesin UA-FLP.
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Other approaches

Other approaches that are also possible to apply for solving FLP are
artificial neural network, fuzzy logic and expert system (Singh and Sharma,
2006). For example, Tsuchiyaet al. (1996) used a neural network for solving
the QAP; Grobelny (1988), Raoot and Rakshit (1991, 1994), Badiru and Arif
(1996), and Dweiri (1999) have been employed a fuzzy approach has been
employed to deal with FLPs, and Kumar et al. (1988), Malakooti and
Tsurushima (1989), Heragu and Kusiak (1990), Abdou and Dutta (1990),
and Sirinaovakul and Thajchayapong (1994) have been applied a knowledge
based expert system to solve FLPs.

2.5. Conclusions

In this chapter, the basic knowledge about FLPs has been revised. For
that purpose, an analysis of works published in the area has been performed
having into account the workshop characteristics, and the resolution

approaches used by researchersin order to solve the different FLPs.

From the this literature review, it can be said that UA-FLP is still an
active and open area. This stimulates the author to work with this main
category of the FLPs. Thus, the rest of the thesis has been focused on the
UA-FLP. It can be modelled by different layout representations, which has
been also identified and explained in this chapter.
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3. Genetic Algorithms in
Facility Layout Problems

3.1. Introduction

The alocation of facilities in a plant layout is a complex problem. In
order to solve this problem, many techniques have been applied to deal with
FLP. Asit has been said in the previous chapter, one of the approaches most
widely used are the Genetic Algorithms (GAS).

In fact, the success of this type of algorithms depends partly on the
consideration given to restrictions in the evaluation function (Michalewicz
et a. 1996), as well as in the chosen coding of possible solutions
(individuals) and in the selection and reproduction operators used. Genetic
algorithms can be used successfully in problems in which the search space
islarge or not well understood and the evaluation function is complex, and if
the problem does not require a global optimum but only a sufficiently good

solution, as in the case of the facility layout design problem (Mitchell,
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1998).

Asit is said in the previous chapter, there are a few surveys on FLPs, but
they have not addressed evolutionary issues in depth. This chapter presents a
review that focuses on encoding schemes and related operators used in GAS,
and suggests a method of classifying the different encoding structures
described in the bibliography. Also, it studies their main characteristics and
objectives, and the crossover and mutation operators that could be utilized

depending on the type of encoding scheme that has been selected.

3.2. Genetic Algorithms

As it is described in chapter 2, GAs is a search meta-heuristic that
imitates the process of natural evolution. This meta-heuristic is usually used
to generate useful solutions to optimization and search problems, which are
generated inspired by natural evolution, such as inheritance, selection,
mutation and recombination.

GAs contain at least the following elements. population of candidate
solutions; selection according to fitness, crossover to generate the next
population; and random mutation. The steps that compose a GA are listed as
follows:

1. Initialization of the population. Initiadly, many individua
solutions are randomly generated in order to create the initial
population.

2. Selection. At each iteration of the algorithm, a number of the
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existing individual solutions are selected to pass to new
population. This selection is performed using a fitness function,
where fitter solutions are those that have more probability of
being selected.

3. Reproduction. This step is carried out to generate the following
generation of individual solutions. It is performed using the
genetic operators, as recombination (also called crossover) and

mutation.

This process is repeated until it is reached a termination condition, as for
example, it is satisfied the established number of algorithm iterations.
Figure 7 illustrates the general scheme of a GA as flow-chart. It is taken
from Eiben and Smith (2007).

Parent Selection

Parents

Initialization

Recombination
Population

Mutation

Y
Offspring

Termination

Survivor selection
Figure 7: The general scheme of a GA as flow-chart

GAs require the codification of candidate solutions (phenotype) as
individual data structure (genotype). Thus, an essential step in building a
GA isto define an encoding scheme. In this sense, Eiben and Smith (2007)

41



Genetic Algorithmsin Facility Layout Problems

stated that an important and difficult part of designing a good GA, is
choosing the appropriate encoding scheme, as the choice also determines
the operators such as crossover or mutation that could be applied. This
structure defines the types of solutions that can be obtained, and influences
the GA's ability to find good solutions.

3.3. Encoding schemes for Facility Layout Problems

3.3.1 Basic functions in Facility Layout Problem

Usually the data structure that represents a facility layout is complex. To
improve encoding schemes, in this section, the component functions that
lead to a complete structured plant design is identified. Each of these
functions could be encoded in different ways that are described in the next
section. The identified elemental functions are:

Place

This function places afacility in alocation determined by its coordinates.
From Figure 8 it can be seen that the encoding schemes that implement this
function are the float permutations (Dunker et a., 2005) and float strings
without restrictions (Lee et al., 2003) (Lee et al, 2005). In the former, the
float strings are permutations of the facility centre coordinates. The latter
encoding divides the distance proportionately between the origin and the
centre of aisles.
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REPRESENTATIONS FUNCTION REPRESENTATIONS

@ Without restrictions
@ Values in (0-1)
' Sum of the area I

of all elemts
<= Total Area

Permutations

Float String

Integer Permutations
+ Integers

Increasing
positive integer

Make ,]l Binary String

Partitions
. Sum all
Integer String elemts = total fac

Without
restrictions

Orientate

Figure 8. Relations between the functions and their associated encoding
schemes.

Sort

This function arranges in order the facilities in the layout of a plant, and
determines their sequence (for instance, it is obtained a different sequence
of facilities if the facility sequence is read from top to bottom and from |eft
toright than if it isread in the reverse order). From Figure 8, it is possible to
find that to provide the sort function, the permutations are normally used.
Logically, when integer permutations with integers as operators are
intercalated (Matsuzaki et al., 1999), the sequence of the facilities in the
layout also appears. Tam (1992b) described another way to sort the order of
the facilities. They used, a comprised value between '0' and '1' randomly
assigned to each facility for determining the facility sequence by sorting
values. The last encoding, that allows sorting of the elements in the plant is
the float string with the restriction that the aggregate of al the string
elements is less or equal to the total area of the plant (Lee et al., 2003; Lee
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et al., 2005).

Partitioning

This function divides the plant into portions (for example, when the
layout is divided into bays). There are several options for encoding this

function (see Figure 8).

The first of these options is the combination of integer permutations and
integers. Matsuzaki et a. (1999) used this method in the dlicing tree
structure, where the integer permutations indicate the facility sequence, and
the other integers are operators that enable divison of the plant into
sections.

The second option is a string of increasing positive integers (Tate and
Smith, 1995), which indicates the locations of the breakpoints.

The third way of grouping is through the integer string. In this case, the
elements could be inserted without restrictions, being operators that
represent the plant divisions, it has been used by Honiden (2004), Tam
(1992), and Wu and Appelton (2002); or they could show the way to group
the facilities through the sweeping direction and the sweeping band (Hu and
Wang, 2004), (Wang et al., 2005). Another grouping option used by Enea et
al. (2005), Lee et a. (2005), Aiello et a. (2006), and Chae and Peters
(2006); is the integer string, where the element adds the total number of
facilities that exists in the layout. This string indicates the number of
facilitiesin each bay block, such that the string has the same elements as the
baysin the plant.
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The last option for grouping is binary encoding that is used by Gomez et
al. (2003), Hu and Wang (2004), Wang et a. (2005), and Dunker et a.,
(2005). When the value '0" appears in the binary string, it indicates that the
equivalent facility is in the same group or block; when the value '1' appears
in the string, it isthe indication to begin with another block.

Orientation

Orientation is the last function seen in Figure 8. This function allows
rotation of a facility over its central axis with respect to the point of origin.
For setting the orientation of the facility, a integer string is used by Wu and
Appelton (2002), where each element is an operator that provides this

facility orientation.

3.3.2 Encoding structures

Having anadysed the studies that have investigated this aspect, it is
possible to classify the encoding schemes into several types. Integer/Real
Permutations, Integer Permutations and Integers, Integer Sring, Float
Sring, and Binary String.

Integer/Real Permutations

The objective of this encoding is to determine the facility sequence that
comprises a plant. Generally, this encoding is a string of n sizes, wherenis
the number of facilities in the layout. Logically, the string can not have
repeated elements, because the same facility can not be placed in two
locations of the layout. In order to establish the facility sequence, integer

strings have been applied by many authors, for example, Chan and Tansri

45



Genetic Algorithmsin Facility Layout Problems

(1994), Baakrishnan et al., (2003a, 2003b), Chae and Peters (2006), Aiello
et a., (2006), among others. However, only a Lee et a., (2003, 2005) have
used real strings. In the case of dynamic facility layout problem, Conway
and Ventakaramanan (1994), and Balakrishnan et al. (2003) represented the
corresponding layout for each period with permutations of integers, and
Dunker et al. (2005) represented it with permutations of floats. In the last
case, the authors use the real string to establish simultaneoudy the facility

sequence and position the facility centres.

Integer permutations and integers

This encoding was proposed by Matsuzaki et a. (1999) to determine the
facility sequence and to simultaneously group the facilities in the layout. For
the first one, this method uses integer elements that can not be repeated. To
represent the cut operators, they used 4 characters (that can be translated
into integers) that can be repeated. Both types of elements are combined in
the string. The size of the string is the sum of the number of facilities and
the numbers of cut operators (which are equal to the number of facilities

minus one).

Integer string

This type of encoding scheme could be divided into three types:
Increasing positive integer string, sum of all elements equal to total number
of facilities, and without restrictions.

Increasing positive integer string. The integer string is created because
each element is larger than the next. Tate and Smith (1995) used this

encoding to group into bays the elements of the layout, which consists of an
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integer string where each element represents the last facility of the bay. The
total number of elements of the string plus one, is equal to the total number

of the baysin the plant.

Sum of all elements equal to total number of facilities. The integer string
is created because each element is greater than 'l', and the sum of all
elementsis equal to the number of facilities that make up the layout. Enea et
al. (2005), Lee et al. (2005), Aiello et a. (2006), and Chae and Peters
(2006) have used this encoding to group the facilities into bays, and hence
they proposed an integer string where each integer element represents the
number of elements that exist in abay.

Without redtrictions. This encoding is used to group facilities and to
determine the orientation of the facility. Honiden (2004) employed an
integer string to show the grouping order of facilities. Tam (1992b) used a
string composed of characters (that can be trandated to integers), each of
them of a value of four possible operators: bottom, upper, right, and left,
which determine the cuts of the dlicing tree. Wang et al. (2005), and Hu and
Wang (2004) utilized this coding scheme to show the sweeping band, that
determines the method of grouping the layout. Wu and Appelton (2002)
used this encoding for two functions. On the one hand, they employed a
string of integers that represents the cutting levels and allows grouping of
the facilities in the plant. On the other hand, they used another integer
string to indicate the orientation of the facility. Each element of this string
could associate one of four possible values, for example, O degrees, 90
degrees, 180 degrees and 270 degrees.
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Float String

This encoding scheme could be divided into three cases, too:

Without restrictions. The real or float string is used to place the element
position in the layout. Thus, Lee et a. (2003, 2005) applied it in order to
allocate the vertical and horizontal passagesin the plant.

Values are in in the interval (0,1). The real or float string is created
considering that the value each element has is included in the range (0-1).
Norman and Smith (2006) used this encoding to arrange the sequence of the
facilities of the plant by assigning a random vaue between '0' and '1' to each

facility and then, arranging the string from the smaller to the higher value.

Sum of all elements area are less or equal to total area. The float string
is created considering that each element value is included between lower
and higher bounds. Moreover, it is necessary that the sum of all elements be
lower or equal than the total area of the distribution. In this case, the string
is composed of float elements (that are organized as the string of facility
sequence) which offer the area information of each facility in the layout.

Binary String

This type of encoding groups the facilities in the layout to enable the
determination of the orientation of the facility. Gomez et a. (2003)
employed a binary string of elements to divide the plant into bays. When
the value '1' appears in the string, the facility is the last among the bays, in
the other case, the value '0" appears in the string. Moreover, Dunker et al.
(2005) used a binary string to establish the facility orientation in the

dynamic layout. If the value is '0', the orientation is vertical, or elsg, it is
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horizontal .

3.3.3 Evolutionary operators

The evolutionary operators andysed are: Crossover operator, and

Mutation operator. They will be explained below.

Crossover operator

The crossover is the process whereby a new individual solution is
created from the information contained within two (or more) parent
solutions, is considered by many to be one of the most important featuresin
GAs (Eiben and Smith, 2007). Most of the operators analysed are well
known and are illustrated in Eiben and Smith (2007). The crossover
operators that have been studied are Uniform Crossover, Partial Mapped
Crossover (PMX), Order Crossover (OX), Cycle Crossover (CX), N-Point
Crossover, and the selection of the best parent (is taken for the child
created).

The Uniform Crossover (Syswerda, 1989) selects randomly a gen from
each parent until the offspring is completed. Many authors have been used
this Uniform Crossover to FLP, for example, Tate and Smith (1995a),
Balakrishnan et al. (2003b), Aiello et a. (2006), among others.

The PMX was proposed by Goldberg and Lingle (1985). In this
crossover method, two cut points are randomly selected, then the segment
between them is copied from the first parent into first child, and from the
second parent into second child. Next, the first child is completed with the
second parent, and the second child with the first parent. If any element will
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be repeated, the element inserted will be selected by equivalence. This

method of crossover has been widely applied to FLP by researchers, for
instance, Chan and Tansri (1994), Mak et al. (1998), Sigh et a. (1998),
Tavakkoli-Moghaddain and Shayan (1998), Gémez et al. (2003), El-Baz
(2004), Honiden (2004), Dunker et al. (2005), and Chae and Peters (2006).
This crossover method isillustrated in Figure 19.

Table 2: Relation of the crossover methods used by each encoding scheme.

Representation Crossover
Structure Subtype Uniform | PMX|OX|CX Or!e Select the
point|best of set
. integers 4 v | v|v| Vv v
Permutation
of
floats 0] v 0|0 Vv @]
Integer permutations + Integers v O |00 O @]
Increasing positive X X | X|X| O @]
Integer Sum all = total fac. X v |O]0| X o]
String
Without restrictions 0] O|o0|lO0| Vv O
Without restrictions O
Float String Values (0-1) X X (0]
Sum of ihe elements X X o
area <= total area.
Binary String Binary values (@] v O X| O o]
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The OX was designed by Davis (1991). This method is similar to PMX,
except in the order to insert elements from the parents, in this case, it is
begin to insert elements in the position of the second cut point. Chan and
Tansri (1994), Ficko et a. (2004), Honiden (2004), and Ramkumar et al.
(2008) applied this crossover method to FLP.

The CX (Oliver et al., 1987) divides the elements into cycles of element
which has the quality that each element always occurs paired with another
element of the same cycle when the two parents are aligned (Eiben and
Smith, 2007). Then, the offspring is creating selecting aternative cycles
from each parent. The CX has been employed to deal with FLP by Chan and
Tansri (1994), and Honiden (2004).

The N-Point Crossover divides the parents into segments, and then, the
child is created by taking aternative segments from the parents. This
method of crossover has been used in FLP by many authors, as Tam
(1992b), Conway and Ventakaramanan (1994), Wu and Appelton (2002),
Gomez et a. (2003), Hu and Wang (2004), Lee et a. (2003, 2005), and
Wang et a. (2005). This crossover method isillustrated in Figure 19.

Balakrishnan et a. (2003a) used as crossover method the selection of the
best parent, that will be taken for creating the new child created.

Mutation operator

The mutation is the process whereby a parent solution is modified to
obtain a new offspring. The purpose of mutation in GAs is to alow the
algorithm to escape from local minima. Normally, this process is applied
with a low probability called mutation rate. The mutation operators that
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have studied are: Random Pair-wise interchange mutation (PM), Random
Adjacent interchange mutation (AM), Random Sicing mutation (SM),
Inverse mutation, PM if the individual improve (the mutation is done if the
new individua is better), Insert/Delete or Increase/Decrease a gen, Divide
or Join genes.

In PM, two positions are randomly selected a its content is interchanged.
This is the most common mutation method, it has been applied in most of

revised works.

The case of AM is similar, but two positions are randomly selected a its
content is interchanged with the content of its neighbour, an example of the

application of this mutation method isin Ramkumar et al. (2008).

The SV selects two positions randomly, then the content of the first
position is copied into the second position, from now on, the following
values are copied in the same sequence, this mutation method has been

applied by Ramkumar et al. (2008), among others.

The inverse mutation selects two positions randomly in the string, and

then, reverses the order in which the values appear between those positions.

Enea et al. (2005), and Aiello et a. (2006) applied a mutation that is
based on Insert/Delete or Increase/Decrease a gen. Thus, in the vector of
bay divisions with a probability a gen is increased or decreased, aso it is
possible that a gen will be inserted or deleted.

Tate and Smith (1995) used as mutation method, the division of a bay
gen in order to obtain two adjacent bay genes, moreover, they also join two

adjacent bay genesinto one.

52



3.3. Encoding schemes for Facility Layout Problems

Table 3: Relation of the mutation methods used by each encoding scheme.

Representation Mutation
I D J
Structure Subtype P AS nl. PMif |Ins/Del|Inc/Dec . |0
MMM v improve | agen | agen v !
n
_ integers vIiviv|v v X X XX
Permutations
of
floats v|0|0|0 o] X X X| X
Integer permutations + Integers | O|O| 0|V o] 0] 0] Vv
Increasing positive | X| X | X |X X (0] (0] X| X
Integer String Surfn alll'.:total v10|0|0 0 v v 0|0
acilities
Without restrictions | v'|O|O| O @] X X XX
Without restrictions |O|O| 0|0 O X X X| X
Float String Values (0-1) X|X|X|X X X (0] XX
Sum oft_he elements xlololo X X v x| x
area <= total area.
Binary String Binary values v10|0|0 @] X X XX

We can see the analysis of the Crossover operators are in Table 2 and
Mutation operators in Table 3. The operators that have been studied in the
revised works, are marked "\'. The methods that could not be applied by the
encoding nature are marked 'X', and finally, it is marked with the symbol 'O’
those that can be applied but are not used in reviewed literature.
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3.4. Conclusions

In this chapter, a survey that focuses on encoding schemes and the
evolutionary operators used by GAs applied to FLPs is presented. Other
surveys have examined FLPs, but they have not studied evolutionary
techniques in depth. Although, this overview can not be exhaustive, the
analysis carried out enables usto identify:

1. Themanner of placement of facilities on the surface.

2. The component functions that could be used to create the facility

layout solutions.
3. Thetechniques to encode them.

Combining the identified component functions could create new

unexplored encoding schemes.

In this manner, many different ways of encoding the facility layout
solutions are available. Logically, crossover and mutation operators also
depend on the encoding scheme selected. Moreover, the evolutionary
operators that could be applied to each encoding scheme have been
identified. Some of them have not been tested yet. These encoding schemes
and their operators will determine the ability of the GA to obtain good

solutions.

The classifications and analyses described in this chapter, could prove
useful for future studies in FLPs. In this context, the next step of research
could be to evaluate new encoding schemes and untested evolutionary

operators. This would enable achieve the am of improving results and



recommending the best among them.

3.4. Conclusions
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4. The proposed Genetic
Algorithm for the Unequal Area
Facility Layout Problem

4.1. Introduction

In this chapter, it is presented an evolutionary approach for solving the
Unequal Area Facility Layout Problem (UA-FLP). For that purpose, a new
GA issuggested, which includes a new way to represent the plant layout.

The suggested approach considers aspects that can be quantified, such
as. material handling costs; logical relations between spaces, and the shape
of each area.
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4.2. Algorithm formulation

In order to solve the UA-FLP a Genetic Algorithm (Goldberg, 1989) has

been designed according to the following specifications:

It is based on n facilities with known surface areas s distributed in

arectangular area with HxW dimensions.

The necessary closeness or distance ratios for each pair of facilities
are indicated in a relation matrix and expressed with codes from
Table 4. These ratios are represented in a triangular relational
matrix (REL).

Table 4: Closeness or Distance ratios

Symbol Closeness/Distance ratios
A Essential closeness
E Very important closeness
| Important closeness
O Normal closeness
U Indifferent closeness
X Undesirable closeness
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4.2. Algorithm formulation

The density of material flows (for example in kg/hour) between
each pair of facilities are a'so known. This matrix does not have to
be symmetric.

In the definition contained in the REL table, causes of closeness or
distance requests may be, for example, the logical organisation of the
production system, the absence or presence of noise or safety reasons.
Therefore, users may voluntary or inadvertently assign closeness requests in
the REL table according to the flow of materials, which would be redundant,

although thisis not necessarily problematic for generating layouts.

4.2.1 Evaluation function

The evaluation function consider three aspects: minimisation of the
distance covered by materials, compliance with the ratios expressed in the
REL matrix; and the rectangular shape assigned to each facility.

In order to evaluate the distance covered by materias, the following

expression is used:

Fi=2 2. D;fyey
i

Where;

Dj: distance between the centroids of the facilities measured according
to the Manhattan distance and excluding the distance covered inside the

facilities.
fi: flow of materials from facility i to facility j.
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Cj: cost to move aunit of material from facility j to facility i.

The following expression has been used to evaluate compliance with the

logical ratios between facilities:

F=2 2,
i

Where:

REL XDy if REL;>0

—{

" | IREL,|
—— L ifREL,;<0
O ,

i

The REL;; values depended on the logical relationship existing between
the pair of facilities ij. By default, these have assigned the following values:
A=40, E=12, |=4, O=1, U=0 and X=-1. Nevertheless, they may be modified

by users according to the characteristics of the problem.

Finally, for the desired aspect ratio (b), a value has been established for

the areas assigned to the facilities. The aspect ratio is evaluated as follows.
6= \(b—x,)

where:
b: optimum aspect ratio (i.e. 1.5, 1.6, etc.).

Xi: aspect ratio of the facility i (largest side divided by the smallest side).
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4.2. Algorithm formulation

The global evaluation function it is:

min C=(a1><F1+0(2><F2’)><6
where:
a1 and a, are weighting factors that had to add up to 1.

Users can either consider or ignore the facility shape factor, in which
case the value of § would be forced to 1.

4.2.2 Layout representation

In order to encode the possible solutions of the algorithm, the following
structure of representation have been proposed. It uses a three-row matrix
with n columns as shown in Table 5.

Table 5.- Coding of an example solution.

G H B D F C E A
1 1 0 0 0 1 1 0
1 3 0 1 2 0 3 1

The first row indicates the order in which the facilities have been
arranged on the available surface area (GHBDFCEA). The second row
contains random zeros and ones and indicated the groups that would be
selected to distribute the facilities. In this case, the first section G has been

grouped individually because there was only one 1 at the beginning. It is
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followed by three zeros, corresponding to the next three sections (HBD). F,
C, E have been grouped together, corresponding to three consecutive ones.
Finally, section A is grouped individually. The third row corresponded to
orientation: 0, left vertical line; 1, right vertical line; 2, bottom horizontal

line; 3, top horizontal line. Thus, the matrix in Table 5 represents a layout
like the one shown in Figure 9.

C

Figure 9: Layout resulting from the coding in Table 5.

If the available area was larger than necessary, the excess space could
remain in the centre or on any of the edges.

4.2.3 Genetic Algorithm steps

The steps of the proposed GA are explained below:
1. Aninitia random population of N individuals is generated.

2. The selection method is applied to select the individuals that will be
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4.2. Algorithm formulation

involved in the evolutionary operations.

3. Crossover and Mutation operators are applied to the individuals with

aprobability given by the user.

4. Elitism is applied on the new population. The process continues and

goesto step 2, until the number of iterations is reached.

4.2.4 Crossover and mutation mechanisms

Crossover has been performed by exchanging complete rows among the
matrices representing the two selected individuals. A random number
between 0 and 2 is obtained. If the result is 0, the first row is exchanged; if it
is 1, the second is exchanged; and if it is 2, the third row is exchanged.

Similarly, for mutation one of the three rowsis modified randomly.

4.2.5 Selection and replacement methods

Various selection methods have been used to alow users to select the
most appropriated one in each situation. These include roulette whedl,
sigma scaling, rank selection and steady state. Similarly, the option of
elitism between one generation and another is offered for selecting the

number of individuals to be rescued.

4.3. Empirical evaluation

In this section, the evaluation of the suggested GA is presented. The
proposed algorithm has been integrated into a software application. In order
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to test our approach, two UA-FLP examples have been selected. They are
taken from Salas-Morera et al. (1996) and Aiello et al. (2006), respectively.

Case 1l

This case consists of a rectangular area measuring 65 x 25 in which 12
facilities should be arranged with the surface areas, dimensions, and

closeness and distance ratios indicated in Table 6.

Table 6.- Ratios between facilitiesin case 1 (surface areasin
brackets).

Proximity Ratios
A: Indispensable
E: Very Important
I: Important

O: Ordinary

U: Unimportant
X: Undesiderable

The material flows among the different facilities are shownin Table 7. In
order to resolve this, tests have been performed with 3 repetitions and

different combinations of weighting parameters and different crossover and
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mutation percentages, always based on 10,000 iterations with populations of
500 individuals (Table 8).

Table 7: Movement between work centres for case 1.

1,2 345 67,8910 11 12
1/--/80/0/ 0 0/0|]0|0O]0O]0O]0OO
2,0|-12002|50 0, 000|000
3,0/, 0/--0|0 0O/20/0|0]0/0]O
4,0/ 0/0|(~- 0 0]0|0|]O0O/0O0]|O0]2
5/0/0/0/0|--50/ 0 0]0|]0|0|O0
6, 00 0 0|0 - 0/0|0|5 0|0
7,0/, 0/0/0|O0]|]O0O/--/0]0]|0]020
g8, 00/ 0/ 0O 0O/ 0O0O|-|0]0O0J0O]O
9/0/]0/0|0|O0O/O0O/O0O O0O|-]0]|0]O0
0,0/ 0/ 0/ 0j]O0/O0O/0]O0O|O0O|--0]O0
17, 0/0/0]0/0 00 0]0]0O|-]0
12/0/{0/0/0, 0|0 0|]0O/0|0]O0|--

The materia flows between the work centres and the ratios in the REL
table show that all the pairs of facilities between which material movement
exist, are marked with 'A'. Therefore, one cause considered in this table has
been precisely the flow of materials; hence, this cause is considered twice in
the analysis. The decision is therefore taken to perform a set of tests
weighting compliance with the REL table and the minimization of materials
flows to 50%, and another test in which the latter has been eliminated.
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Table 8: Results of the tests for different values of the parametersin case 1.

Mut. Cross. | a; | a |lterat. Fi F 8 C
100 | 100 |05|0.5| 8382 | 44097 | 4266 | 798 | 1929
100 | 100 |05|0.5| 8511 227311 | 550.39 | 4.21 | 5943
100 | 100 | 05|05 8423 1666.90 | 28431 | 810 | 7902
100 50 |05/05] 1420 | 767.86 | 144.00 | 7.95 | 3625
100 50 |05/05] 3947 | 3113.05 | 422.40 | 312 | 5515
100 50 |05/05] 4343 | 91794 | 202.28 | 6.08 | 3405
50 100 |05/ 05| 9385 | 29542 | 0.00 198 | 292
50 100 |05]/05 174 | 2339.60| 35130 | 591 | 7952
50 100 | 05|05 3000 | 3114.05 | 42240 | 312 | 5517
50 50 |05/05| 8758 | 287.01 | 0.00 | 10.65 | 1528
50 50 |05/05] 3798 | 637.00 | 140.00 | 14.58 | 5664

v
8

WINRPOWOINRFRIOINPIONRPIOINIRPRIWOINP OINPRP®OWIN|R

50 50 |05/05] 672 | 3113.05 | 42240 | 312 | 5515
100 1 100 | 1 | O | 4343 | 172045 | 1015 | 250 | 4301
100 | 100 | 1 | O | 3255 | 23527 | 19410 @ 25.70 | 6046
100 100 | 1 | O | 8312 | 1776.50 | 298.00 | 9.32 | 16557
100 50 1] 0 1134 7839 0.00 6.76 531
100 50 1 | 0 866l 203014 42240 | 216 | 4385
100 50 1| 0| 6877 | 63691 | 140.00 | 14.60 | 9299
50 100 | 1 | O | 6311 | 203014 | 42240 | 216 | 4385
50 100 | 1 | O | 4762 @ 86.26 0.00 | 10.74 | 926
50 100 | 1 | O | 7965 | 89.35 0.00 6.03 | 539
50 50 10| 2314 637 140.00 | 14.60 | 9300
50 50 1 0| 7357 | 136,85 | 60.00 | 13.46 | 1842
50 50 1| 0| 1307 | 87.29 0.00 | 1045 | 912

The dark areas in Table 8 represent the solutions in which the lowest
values have been obtained for each evaluation criterion and for the global
evaluation in each set of tests. This would alow designers of the industrial

plant to select the most interesting design according to the importance
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attributed to each criterion.

Figure 10: Best layout found in the first set of testsin case 1.

Figure 11: Best layout found in the second set of testsin case 1.

Figure 10 and Figure 11 represent, respectively, the best solutions found
for the two sets of tests performed (marked with * in Table 8). These figures
show that the two layouts are practically the same, except for the positions
of facilities 8 and 9, thus also generating a larger shape factor in the latter
one.
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Case 2

This problem case is taken from Aiello et a. (2006), who considered the
problem of finding layouts to minimize materia handling costs and to
maximise an adjacency function that qualitatively expressed closeness
requests and distance requests. It is also took into account the form of the
facilities, considering those with a ratio of 1:1.5 as optimum. The problem
consists on 20 facility areas or centres with strongly inter-related movements

of materials between most of these centres.

Because of Aiello et a. (2006) utilized the same method to evaluate the
costs of material flow between facilities that is used in the suggested
approach, it is possible to compare directly the results obtained by them and
by the proposed strategy. However, it is not possible do the same for
comparing the closeness relationships because they used different ratios to
measure them. Thus, in order to know if the suggested approach offers good
solutions, these requirements will be analysed qualitatively. In the case of
the desired aspect ratio, the formulation given by them has been
implemented and incorporated to the proposed approach. So that, also this

value can be compared directly.

To test this problem using the suggested approach, the test strategy
applied is the same that it has been described in case 1. Thus, the tests that
have been realized use the combination of the parameters that appearsin the
Table 9.
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Table 9: Parameters for the performed testsin case 2.

4.3. Empirical evaluation

Repetitions | Crossover Mutation al a2
3 repetitions 50.00% 50.00% 05 0.5
3 repetitions 50.00% 50.00% 0.5 0
3 repetitions 50.00% 50.00% 1 0.5
3 repetitions 50.00% 50.00% 1 0
3 repetitions 50.00% 100.00% 0.5 0.5
3 repetitions 50.00% 100.00% 05 0
3 repetitions 50.00% 100.00% 1 0.5
3 repetitions 50.00% 100.00% 1 0
3 repetitions 100.00% 50.00% 0.5 0.5
3repetitions | 100.00% 50.00% 0.5 0
3 repetitions 100.00% 50.00% 1 0.5
3 repetitions 100.00% 50.00% 1 0
3 repetitions 100.00% 100.00% 05 0.5
3 repetitions 100.00% 100.00% 0.5 0
3repetitions | 100.00% 100.00% 1 0.5
3 repetitions 100.00% 100.00% 1 0

In the problem taken from Aiello et a. (2006). The material flow that
exists between the facilitiesis displayed in Table 10.
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Table 10: Material flow between facilities

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

150

200

280

240

55

50

95

55

890

0

0

320

655

395

845

80

95

25

235

935

515

0

0

75

0

95

840

50

915

135

935

910

675

265

60

800

180

0

70

90

665

995

620

75

160

80

60

180

165

0

385

175

890

955

60

430

555

90

75

50

80

70

520

95

70

435

65

95

50

175

925

50

55

510

760

95

195

900

110

55

60

305

235

385

305

95

760

60

60

75

80

555

380

65

50

80

525

90

975

85

980

95

830

55

90

50

70

65

0

95

60

530

90

80

265

60

85

95

85

10

170

50

90

90

665

50

975

85

75

90

55

640

255

385

80

11

50

90

765

980

180

425

75

65

725

515

930

180

85

515

65

12

90

195

110

585

185

385

95

60

220

670

13

135

550

55

690

310

410

60

50

165

85

195

80

55

14

65

90

220

80

65

605

90

425

70

65

95

785

15

80

55

70

75

70

545

90

95

80

70

755

16

65

140

730

80

55

80

50

90

80

740

65

95

455

70

17

70

880

95

50

685

70

870

725

450

70

450

50

18

70

75

60

80

65

50

65

430

80

130

190

80

90

765

19

80

725

310

85

885

50

85

85

90

75

485

65

20

80

60

365

80

50

50

110

65

90

Besides, there are certain qualitative requirements. The first one are the

closeness requests which are expressed in Table 11. The second one, it is

referred to the distance requirements, which are displayed in Table 12,
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Table 11 Closeness requests.

112 34/ 5|67 89/|10/11/12 13 14/15/16|17 18/ 19|20

6 4 4 11
9 8 8 8
11 2 2 2

Table 12: Distance requests.

1/2/3/4/5/6|78|9|1011/12 13 14 1516 17 1819/ 20
1 8 |8 8 8| |8 8
2 2 |2 2 2| 2 2
3 4|4 4 4| |4 4

After of the redlization of tests. The solutions that are presented in
Figure 12 and Figure 13 have been the best solutions obtained by the
proposed approach. Regarding Table 13, it is possible to anayse
quantitatively the results obtained by the suggested approach and the two
best achieved by Aiello et a. (2006) (which are displayed into Figure 14 and
Figure 15). Thus, it could say that with the proposed agorithm, solutions
with better material cost than those achieved by Aiello et a. (2006), are
obtained with an approximately similar aspect ratio.

In order to compare qualitatively the solutions, it is analysed if the
closeness and distance requirements which are given in Table 11 and Table
12 are satisfied. This way, regarding visualy the solutions obtained the
proposed approach (Figure 12 and Figure 13) and these that are obtained by
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Aidlo et a. (2006) (Figure 14 and Figure 15) it is possible to extract the
information that is shown in tables 14, 15, 16y 17.

Table 13: Quantitative results obtained for case 2.

Solution obtained by the proposed | Solutions obtained by Aiello et al.
approach (2006)

Solution 1 Solution 2 Solution 1 Solution 2

Material | Aspect | Material | Aspect  Material | Aspect | Material | Aspect
cost ratio cost ratio cost ratio cost ratio

243106 0.82 | 2910° | 0.6 |2.88-10°| 084 | 29-10° | 0.88

In Table 14 and Table 15 displays which of the defined closeness
requests are satisfied by Aiello et al. (2006) and by the suggested approach,
respectively. Thus, it can be seen that both solutions obtained by the
proposed approach are adjusted to them better than the solutions achieved
by Aiello et al. (2006).

In Table 14 and Table 15 are displayed which of the defined distance
requirements are satisfied by Aiello et al. (2006), and by the suggested
approach, respectively. In this case, it can be also seen that both solutions
obtained by the proposed approach are adjusted to them better than the
solutions achieved by Aiello et a. (2006).

Taking into consideration the obtained results, it can be stated that the
first solution that has been obtained by the proposed approach, offers better
results than any other achieved by Aiello et a. (2006). Due to this solution
presents a lower value of material handling cost with a similar aspect ratio,

and also satisfies more of the closeness and distance requirements than
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solutions obtained by Aiello et al. (2006).

Table 14: The satisfaction of the closeness requests for the solutions
obtained by Aiello et al. (2006).

Solution 1 Solution 2

719 1)12 14,20 7|9 11|12 14| 20

6 v v v v X v
9 v v v
11 | X v v v v X

Table 15: The satisfaction of the closeness requests for the solutions
obtained by the proposed approach.

Solution 1 Solution 2

7 9 | 1112 14| 20| 7 9 | 11|12 14| 20

6 v | vV |V v | v | vV
9 v | v v
11 | v X v | v

Observing the second solution that have been obtained by the suggested
approach, it can be seen that it has a material handling costs smilar to the
solutions given by Aiello et al. (2006). Besides, this solution satisfy al the
requirements of closeness and distance, which have not been satisfied by
they. However, the aspect ratio of this solution is substantially worse than
the one achieved by Aiello et a. (2006).
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Table 16: The satisfaction of the distance requirements for the solutions
obtained by Aiello et al. (2006).

Solution 1 Solution 2
4 5 8 [ 13|15 | 18| 4 5 8 | 13| 15| 18
1 v v v v v v v v v
2 | vV | vV |V X | X | v X | X
3 v v v v v v

Table 17: The satisfaction of the distance requirements for the solutions
obtained by the proposed approach.

Solution 1 Solution 2
4 5 8 |13 15| 18| 4 5 8 | 13| 15 | 18
1 v v v v v v
2 v v v v v v
3| v | v |V X | v | v | v
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Figure 12: Thefirst of the two best solutions achieved by the proposed
approach.

Figure 13: The second of the two best solutions achieved by the proposed
approach.
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Figure 14: The first of the two best solutions achieved by Aiello et al. (2006)

Figure 15: The second of the two best solutions achieved by Aiello et al.
(2006)
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4.4. Conclusions

A useful genetic algorithm has been proposed for the UA-FLP. This
algorithm includes a new, simple and easy-to-implement method for coding

possible solutions.

Although the algorithm is relatively simple, it is able to generate good
solutions in all the cases tested, which varied in type and complexity; thisis
aso true when compared with other algorithms described in the

bibliography.

The evaluation of the solutions considered both qualitative aspects such
as closeness or distance requests between facility centres due to logical
production processes, information flows, existence of noise or thermal
environments, and quantitative aspects such as material flows. Optionally,
the algorithm can also take into account the appearance of the layout when
considering the shape of each facility.

According to the characteristics of the problem, the weights assigned to
the evaluation criteria can be easily modified, making it easier to obtain

good solutionsin awide range of practical scenarios.
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5. The proposed Interactive
Genetic Algorithm to Unequal
Area Facility Layout Problem

5.1. Introduction

Unequal Area Facility Layout Problem (UA-FLP) has been addressed
using several methods that are explained in chapter 2 of this thesis. Most
researchers have addressed UA-FLP using quantitative performance criteria
(e.g. material handling cost, closeness or distance relationships, adjacency
requirements, aspect ratio), which are used in an optimization approach.
However, qualitative features sometimes aso have to be taken into
consideration, for instance: preferences about the location of specific
facilities, distribution of the remaining spaces, relative placement
preferences, or any other subjective preference that can be considered as
important by the Decision Maker (DM). Such qudlitative features are
complicated to include with a classical heuristic or meta-heuristic
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optimisation (Brintup et al., 2007). As a consequence, the participation of
the DM is essential to include qualitative considerations in the design.
Moreover, involving the DM into the design process provides additional
advantages, such as including expert knowledge, finding a solution that
satisfies the DM but that is not necessarily an optimal solution (Avigad and
Moshaiov, 2009), selecting the best trade-off solution when a conflict
among objectives or constraints exists (Jeong and Kim, 2009), helping the
algorithm in guiding the search process to the user preferences (Luque €l al.,
2009; Quiroz et a., 2008), eliminating the need to specify all the required
preference information in advance, giving the DM the ability to learn about
his’/her own preferences (Jeong and Kim, 2009), stimulating the user's
creativity (Sato and Hagiwara, 2001), and obtaining original, innovated and
practicable solutions.

As it is said in the second and third chapters, several Evolutionary
Computation (EC) approaches have been applied to UA-FLP. Among these,
the Genetic Algorithms (GAs) (Holland, 1992) are commonly used.
Brintup et al. (2006) have highlighted the fact that Interactive Evolutionary
Computation (IEC) can greatly contribute to improving optimised design by
involving users in searching for a satisfactory solution (Brintup et al., 2007).
Interactivity allows more qualitative considerations, which can be more
subjective, to be taken into account. In EC, the fitness function is based on
a human evauation (Takagi, 2001). Thus, intuition, emotion, and domain
knowledge can be involved in the identification of good designs (Quiroz et
al., 2007). Such an approach has been suggested in (Quiroz et al., 2009) to
handle collaborative design issues in constructing floor-plans. However, to

the best of our knowledge, there seems to have no article that proposes
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interactive approach for UA-FLP.

In this chapter, an IGA that uses the DM's expert knowledge to address
the UA-FLP is presented. This approach allows the DM to interact with the
algorithm guiding the search process. In this way, the algorithm is adjusted
to the DM's preferences through hissher subjective evauations of
representative solutions, which are sufficiently different from each other and
are chosen using a clustering method. This is performed in order to not
overburden the DM. Thus, the whole population has been classified into
clusters by means of the c-Means clustering method and only the

representative element of each cluster is evaluated.

The remainder of this chapter is organised as follows. In Section 2, the
problem formulation is presented. The proposed approach is described in
Section 3. In Section 4, this approach is evaluated using two examples.

Finally, the conclusions of the chapter are given in Section 5.

5.2. Problem formulation

UA-FLP (Armour and Buffa, 1963) considers a rectangular plant with
fixed dimensions (HxW) and a set of facilities , each of them with a given
required area (A), where the sum of the facility areas must be less than, or
equal to, the plant area; see the Equation below. The aim is to allocate the
facilities in the plant so as to optimize a given criterion, subjected to the
restriction that facilities cannot overlap.

> ASWxH

81



The proposed Interactive Genetic Algorithm to Unequal Area Facility Layout Problem

Different quantitative criteria have been considered in UA-FLP: material

handling cost, adjacency, distance requests or desired aspect ratio. The

optimization is performed with one criterion or a combination (Aiello et d.,

2006). In this chapter, emphasis is put on qualitative criteria that are

difficult to elicit from the expert or difficult to quantify, for example,

because they are not known in advance or explicitly given. The goal of the

presented approach is to take into account several types of qualitative
features that the DM would like to consider in the solution. The DM's

interests could be, amongst others:

1
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The distribution of remaining space in the plant layout. In this
respect, the DM may want solutions that have, for instance, all the
remaining space either concentrated in a determined location or
distributed in some useful way in the plant layout, for example, it can
be dispersed in the plant layout to be used as storage rooms among

facilities.

The facility placement preferences, which could imply that a certain
facility will be placed in the south front, in the centre or in a corner
of the plant layout, in order to satisfy transport needs, marketing, or
just aesthetic preferences, among others.

The facility orientation. This aspect involves the orientation that the
DM prefers for a certain facility, for example, to better suit the

sequence of the productive process.

The desired locations to avoid. This aspect could be interesting for
the DM when undesirable factors (e.g., noise, bad smells, humidity)
exist in the plant, and it is necessary to avoid certain locations for



5.2. Problem formulation

certain facilities.

5. Any other subjective interest that the DM would like to consider.

5.3. Interactive Genetic Algorithm Proposed

Below, the characteristics of the IGA proposed to solve the UA-FLP are

explained. These have been previoudly described.

5.3.1 Layout representation

In order to represent the plant layout as a chromosome, the Flexible Bay
Sructure (FBS) proposed by Tong (1991) is employed, which is currently
receiving widespread attention from researchers (Wong and Komarudin,
2010). The plant layout is delimited by its height and width dimensions.
This rectangular areais divided in one direction into bays of varying width.
Then, each bay is subdivided to allocate the facilities that make up the
layout. The bays are flexible in that their widths will vary with the number
of facilities that they can contain (Tate and Smith, 1995b). Figure 3 shows

an example of aflexible bay structure.

5.3.2 Encoding Structure

Each individua of the population has the encoding structure shown in
Figure 16, which is made up of the following three different parts: Genotype
part, Phenotype features, and Evaluation part. These parts will be explained
as follows.
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GENOTYPE PHENOTYPE FEATURES EVALUATION
. Cut - N° L
Facility divisions | Flow Adjacency  Distance ASP?Ct Facility Sequence of Sl.leECt}VS
Sequence Ratio Coordinates Evaluation
of bays bays
|1 2345 6]UIDUI| 100 1.5 100 100 | (Axqg, Ayy), (Bxo, Byo), 53 | 4 |

Figure 16: The proposed Encoding Structure together with its associated
Phenotype and Evaluation.

Genotype

To encode a plant layout, the chromosome used is inspired from that
proposed by Gomez et al. (2003), and it is made up of 2 segments. The first
segment represents the facility sequence that is read bay by bay, from top to
bottom and from left to right. In order to interpret it, a permutation of the
integers 1 through n, is used, where n is the total number of facilities in the
plant layout.

The second segment contains the necessary information about where the
bay divisions are in the plant layout. For that purpose, (n-1) binary elements
are employed. When the value 1 appears in the second segment, the facility
that isin the same position in the first vector, is the last element of the bay.
In this way, the chromosome of Figure 16 corresponds with the
representation of Figure 3.

Phenotype features

This part of the encoding structure contains the features of the physical
shape of the facility layout that can be quantified, using the formulation
given by Aiello et a. (2006). In these respect, it has been considered
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material handling costs, adjacency requests, distance requirements, and
aspect ratio satisfaction. This part of the encoding structure also, includes
the coordinates of each facility centre that compose the plant, and the
number of bays that divide the surface. The inclusion of these quantitative
aspects offers the DM additional information that can be useful to him/her
for selecting the final solution that he/she prefers.

Evaluation field

In this part of the encoding structure, the subjective evaluation of each
solution is stored. This evaluation is either assigned by the DM or derived
from one assigned by the DM, asit is explained in the next section.

5.3.3 Evaluation

The evaluation is made by the DM and therefore is purely subjective. In
order to avoid the DM fatigue, the population is classified into clusters in
each generation, and only a subset of individuals that are representative
elements of each group are displayed to the DM, who assigns a subjective
mark to each one in a range between 1 (the shown solution does not satisfy
the DM) and 5 (the solution displayed satisfies the DM). An element is
considered as representative of the cluster when it has most of the
characteristics of the elements that compose the cluster. Each element of the
population belongs to each cluster with a value that depends on the
similarity grade between the individual and each group. Thisvalueis called
the member ship grade m;. Using the membership grade of the individual in
each cluster and the mark assigned by the DM to the representative element

of each cluster, the subjective evaluation of the remaining individuals that
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make up the population are calculated using the next equation:

s.e.; ZZ’C m;e;
Where:
s.e,;: the estimated subjective evaluation of individual.
c: number of clusters.
my;: the membership grade of the individua j to the cluster i.

&: the mark assigned by the DM to the representative element of cluster

Recall that the sum of all the m; of each individual isequal to 1.

Clustering

To avoid tiring the DM with too many individual evaluations and to offer
a choice between sufficiently different solutions, only a representative
subset of the population of solutionsis submitted to the DM. In this context,
Gong et al. (2009) display 8 representative solutions to be evaluated by the
user, in each generation. In turn, Kamalian et al. (2004) suggest 9. In our
approach, the DM evaluates a subset that consists of 9 solutions in each
iteration because they fit well on the screen (see Figure 17), although this
parameter can be configurable in order to offer another number of
representative solutions to the DM. These solutions should be representative
elements from the initial population and sufficiently different from each

other. In order to select the elements to display to the DM, a clustering
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method has been used.

A clustering method is a unsupervised learning that tries to divide a data
set of elements into subsets (clusters) depending on certain characteristics.
In this way, the elements that are in the same subset or group are similar in
certain way. Thus, using the clustering allows to group the population into
different categories and chooses the element to represent each one of them.

Because of the number and complexity of the features that define the
UA-FLPindividuals, it is preferable to allow each element to belong to more
than one cluster simultaneoudy. This way, it can receive inherited
evaluations from more than one representative element, which allows the
algorithm to adjust the evaluations of the elements that are near the bounds
of the clusters accurately. Because of these requirements, an overlapping
method of clustering, such as the Fuzzy c-Means Clustering Algorithm
described in Bezdek et al. (1984), has been selected. This approach chooses
as centroid of a cluster, the mean of all elements, weighted by their degree

of belonging to the cluster.

In our particular case, our approach selects the nearest element to the
cluster centroid as representative element. Then, a membership value for
each one of the remaining elements of the population is calculated for each
representative cluster element, m;. In this way, given the membership grade
between a certain element and each of the clusters, this element can be
categorised as being in the cluster where it has the higher membership
value. Thus, if a cluster representative element gets a good mark from the
DM, any element that belongs strongly to this cluster also will obtain a good

mark.
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Figure 17: A screen shot of the web application devel oped.
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5.3. Interactive Genetic Algorithm Proposed

Interactive genetic algorithm steps

The steps of the proposed IGA are shown in the flow diagram of the

Figure 18 and explained below:

5.

6.

10.

Aninitial random population of N individualsis generated.

The process of clustering is applied over the initia population,
grouping the individuals into c categories.

The representative elements of the clusters are displayed to the DM.

If the DM is satisfied with the algorithm result, then, the process
ends. Otherwise, the system takes the subjective evaluation from the

DM about the representative solutions of the population.

If one or more solutions are judged interesting to the DM, he/she can
select them for storage in the system memory in order to recover
them for further analysis. These solutions, called favourites, will be
visible to the DM during the entire process. This allows the DM to
compare each set of new solutions to the best achieved here. This
assures an improvement. In this way, none of the solutions that the

DM considers interesting will be lost in the IGA evolution.

Considering the marks given by the DM to the representative
elements of the clusters and the membership grade to each cluster,
the fitness evaluation for each individual is computed.

. The selection method, here the Tournament Selection, is applied to

select the individuals that will be involved in the evolutionary

operations.
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Randomly generate initial population

v

Clustering of individuals

v

Display a representative element from each cluster to the DM

Evaluation

\

Is DM
satisfied?

Get qualitative evaluation from the DM

Keep the solution
in memory

Is interesting
for the DM?

Assign fitness to every individual using
qualitative evaluation and cluster membership

v

Probabilistic Selection of fittest individuals

v

Apply Crossover and Mutation operators

!

Replacement

Evolution

Figure 18: Flow diagram of the proposed IGA.
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12. Crossover and Mutation operators are applied to the individuals with
aprobability given by the DM.

13. Elitism is applied on the new population. Go to step 2.

5.3.5 Selection operator

On the basis on the subjective evaluations, each individua will have a
determined probability of passing to the next generation. In order to select
the individuals that will made up the new offspring, the method of
Tournament Selection (Mitchell, 1998) is applied. Moreover, to force the
IGA to keep some number of the best individuals (given by the DM) at each
generation, the Elitism method (Mitchell, 1998) has been included.

Moreover, the memory system that has been implemented stores the
solutions that are interesting to the DM, avoiding to lose them in the IGA
evolution. At same the time, the DM can see on one screen, the solutions
generated by the system for him/her to evaluate, and on the other screen, the
solutions that he/she has kept as favourites. This allows the DM to compare
each new solution to the best achieved here so far and ensure that there is an

Improvement.

5.3.6 Crossover operator

The way in which the different segments of the chromosome are
involved in the recombination process is illustrated in Figure 19. The
crossover operator is applied depending on the chromosome segment. In

this way, in the first segment, which corresponds to the sequence of
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facilities in the plant layout, the Partial Mapped Crossover (PMX) (Eiben
and Smith, 2007) has been implemented because this method ensures that
no elements are repeated. In the second one, which corresponds to the
vector of bay divisons, the recombination method used is N-Point
Crossover (Holland, 1992; Starkweather et al., 1991).

FACILITY SEQUENCE SEGMENT BAY DIVISION SEGMENT

Father 1 Father 2 Eather 1 ather 2

[AICIDIETE[E[G] (BIDIETETA[CIC] el i
(o[=olET1] (i[OTETeT0]

Frototype chidren

(AICIFIEAIE[G] [BID|DIF]B]ICIG]

Child 1 Child 2

Child 1 Child 2 |0|0|1|U‘|l| |l|1|0|1|0|
(BICIFIEIAIDIG] [A[EIDIFIBICIG]

Figure 19: Crossover operator example

5.3.7 Mutation operator

The mutation operator is applied with a certain probability in the

following way:

1. In the facility sequence segment, positions are randomly chosen

and their content is switched.

2. In the segment of bay divisions, arandom position is selected and
its value is changed to its opposite.

5.3.8 Visual information

The usefulness of visualizing the information in layout has been
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highlighted in Chiang (2001). In order to show the most relevant
information about each facility layout to the DM in an easily understandable
way, in our interactive approach (see Figure 20), the following type of
graphical information has been employed:

KHE
ID J
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== |°

Figure 20: A particular solution.

1. A grey line shows the material flow relationship between each pair
of facilities. In order to avoid overloading the visual representation
of a solution, only the flows with the highest values are displayed to
the DM. There is a parameter to choose how many of these highest
values are shown, up to al the materia flow relationships that exists
in the plant. The grey line represents the flow between facilities
rather than, their paths. It is supposed that there is enough space
among facilities to transport the material flow.

2. A blue line between a pair of facilities informs the DM that the

93



The proposed Interactive Genetic Algorithm to Unequal Area Facility Layout Problem

adjacency relationships that could exist between them are satisfied.
However, if afacility has not satisfied all its adjacency relationships,
then that facility's background is coloured in soft red.

3. A dark red line between a pair of facilities indicates to the DM that
their distance requirements have not been satisfied.

4. The facilities with grey background represent the remaining spaces
left in the plant layout.

5.3.9 Remaining space management

In order to deal with the possible remaining space, first, the average area
of al the facilities that make up the plant layout is calculated. Then, the
remaining space is divided into as many portions with the average area
calculated as possible, and if there exists any remainder space, it is joined
with the remaining fraction. By these means, al of the remaining space is
allocated into blocks whose area is not greater than the average area of all
the facility that made up the plant. Then, these remaining spaces are

incorporated into the IGA to be manipulated as dummy facilities.

5.4. Empirical Evaluation

In this section, the evaluation of the suggested IGA is presented. The
proposed algorithm has been integrated into a web application. This allows
the DM to use the IGA from several computers at different locations. Figure
17 shows an application screen shot of this system where two windows can

be seen. The first one contains the nine solutions that are displayed to the
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DM to be evaluated; the second one shows all the solutions that have been
considered as favourites by the DM. In order to test our approach, two UA-
FL P examples have been selected. They are taken from Aiello et al. (2006)
and Salas-Moreraet al. (1996), respectively.

In Figure 21, the proposed approach is graphically summarized. This
offers a general idea about how our suggested approach works.

X] <] [X]
X & X
KEE

N
N oA

X

Decision
Maker

Figure 21: Graphical Abstract of the proposed approach.

5.4.1 Methodology

Original UA-FLP problems from Aiello et a. (2006) and Salas-Morera
et a. (1996) consider aspects that can be quantified. However, the DM could
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have any qualitative interests, which are difficult to consider with an
optimisation strategy. In this chapter, the focus is on finding solutions
considering certain interests of the DM that are hard to obtain without
including the DM's expert knowledge into the algorithm process. Indeed,
the DM can have in mind severa types of considerations, which seems
important to him/her, and they can be very different from one case to the
next one. In many problems, several important considerations can also not

be perceived or known apriori.

Because the DM must evaluate nine solutions at each iteration of the
algorithm, it is not possible to demonstrate the suggested approach with
large case tests. In this way, running a test case consists in executing the
proposed approach taking into account, for the evaluation of each displayed
individual, the particular interests that the DM would like in the final
solution. Thus, it can be evaluated how well the suggested IGA could adapt
to the DM desires.

The main aim is to achieve a solution that satisfies the DM. This is a
solution that satisfies al the interests established by him/her, or in other
words, a solution that is valued with the maximum possible punctuation or
mark (5) by the DM. On the other side of the balance, the DM should not be
overloaded with excessive evaluations to avoid fatigue. In this way, it is
desirable to reach a good solution with the minimum possible number of

user evaluations.

The experiment consists of three diverse test cases of four interests
representing the DM desires. The sets of interests that the DM would like
for the example problem taken from Aiello et al. (2006) are described
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below.

1. The DM would like a solution that has the plant layout divided into 4
bays, where facility 'G' touches any side of the plant, facility 'J is
located in any corner of the layout and facility 'G' is adjacent to
facility T

2. The DM is interested in a solution that has the plant layout divided
into 4 bays, where facility 'G' touches the left side of the plant and
facility 'J is located in any right corner of the plant layout, but,
he/she would not like a solution with facility 'G' adjacent to facility
T

3. The DM would like a solution whose blocks of remaining space are
connected in the layout, where facility 'G' is located in the left side
of the layout, and facility 'J is an interior facility, that is to say, one
that avoids any side of the plant layout. Also, he/sheisinterestedina
solution that has the plant layout divided into 4 bays.

For the example problem taken from Salas-Morera et a. (1996), it is
considered that the user would prefer solutions that have the following

characteristics:

1. The DM isinterested in a solution that has the plant layout divided
into 3 bays, where facility 'B' touches any side of the layout, and
facility 'A" is located in the bottom right corner of the plant layout
and also adjacent to facility 'F'.

2. The DM would like a solution that contains the remaining space in
any corner, where the plant layout is crossed completely by facility
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'C', facility 'B' is located in a right corner of the plant layout, and

facility ‘A’ is adjacent to ablock of remaining space.

3. The DM would like a solution whose blocks of remaining space are
dispersed in the layout, in other words, the DM rejects solutions that
include adjacencies between blocks of remaining spaces. Also,
he/she is interested in a solution whose plant layout is divided into 4
bays, where facility 'C' is an exterior facility, and the higher
dimension of facility 'A" is parallel to the top side of the plant layout.

Each test case has been repeated three times to assure that the results are
not obtained by chance. In order to evaluate how well the proposed IGA
could adapt to such DM's interests, the maximum mark assigned by the DM
and the average mark of all displayed solutions are stored for each 1GA
iteration. In the same way, the number of iterations until reaching a good
solution (marked with 5) is used to measure the cost in terms of DM fatigue.

Table 18: IGA parameters.

Parameter Chosen value Tested Vaues
Elitism 15.00% | 5.00% | 10.00% | 15.00%
Population size 100 100 200 300
Clustering fuzzyness 12 12 14 16
Crossover probability 0.5 04 0.5 0.8
Mutation probability 0.01 001 | 0.05 0.1

The proposed IGA has several parameters that have been tuned
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empirically using several test cases. In Table 18, the tested and chosen
parameter values are shown. Finally, the parameter vaues that work better
with the proposed IGA have been selected. They are indicated in Table 18
and have been used for the rest of the experiment on our interactive
approach.

5.4.2 Results

In order to study the improvement of solutions through generations, the
evolution of the proposed IGA is presented in Figures 22, 23, 24, 25, 26,
and 27. The maximum mark and the average of all displayed solutions in
each agorithm iteration are shown. On average, one or two of the DM's
interests are satisfied in the first iterations. Then, it can be seen that in all of
the test cases, a solution with the maximum mark (5) is obtained.
Furthermore, the maximum mark obtained in each iteration evolves with
losses of no more than one level. The average shows an increasing tendency
in al cases and repetitions.

As it can be seen on the next graphics (see Figures 22, 23, 24, 25, 26,
and 27), the number of iterations necessary to achieve an acceptable
solution for the DM are different in the test cases carried out. Table 19
displays the number of iterations necessary to obtain a solution that satisfies
all the interests desired by the DM. This number ranged between 3 and 7 for
the first problem and between 7 and 16 for the second one. This number of
evaluations turns out to be reasonable regarding a possible fatigue of the
DM. The sets of interests have been chosen considering different levels of
complexity to achieve an acceptable solution; for example, it is more

difficult to achieve a solution that requires a facility to be located in a
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certain corner than one that simply requires the facility to touch any side.
The speed to attain a satisfactory solution depends on the complexity of the
considerations that the DM wants to be taken into account (there may be
conflicting preferences, important considerations can not be known at the
beginning of the study and can be discovered along the generations
evaluating the solutions, among others.) and the problem.

Table 19: Number of iterations that are necessary to satisfy each set of the
DM interests

Aielloetal.

Case| Iterations | Average| Std. Dev

1 5/7|7 633 115

2 14,3 6 433 153

3 4,37 467 2.08

Salas-Moreraet d.

Case| Iterations | Average| Std. Dev

1 |8/10/10| 9.33 115

2 19 1416 13 361

3 |15/11 7 11 4

The randomness of GA is the reason why there are differences between
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the numbers of iterations needed to obtain a satisfactory solution for the DM
among repetitions of the same test case. In this respect, the third test case of
the second example shows the greatest difference among repetitions of the

same case, with anumber of 8 iterations.

In summary, the results prove that the proposed algorithm satisfies the
pursued aim, so that, in al of the testing cases, a solution that carries out the
interests defined by the DM is obtained. Moreover, this solution is achieved
in areasonable number of iterations without tiring the DM.
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Figure 22: Evolution of the DM evaluations for the first case applied to the
problem taken from Aiello et al. (2006)
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Figure 23: Evolution of the DM evaluations for the second case applied to
the problem taken from Aiello et al. (2006).
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Figure 24. Evolution of the DM evaluations for the third case applied to the
problem taken from Aiello et al. (2006)
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Figure 25: Evolution of the DM evaluations for the first case applied to the
problem taken from Salas-Morera et al. (1996)
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Figure 26: Evolution of the DM evaluations for the second case applied to
the problem taken from Salas-Morera et al. (1996)
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Figure 27: Evolution of the DM evaluations for the third case applied to the
problem taken from Salas-Morera et al. (1996)
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5.5. Conclusions

In this chapter, an IGA that uses the DM's expert knowledge to address
the UA-FLP is proposed. Our approach allows the DM to interact with the
algorithm, guiding the search process by means of his’/her evaluations. In
order not to overburden the DM with excessive evaluations, these
evaluations have been realised exclusively over a subset of representative
solutions of the total population in each IGA iteration, which are
sufficiently different and are chosen using the c-Means clustering method.
Thus, the chosen solution is determined in accordance with the
considerations that are judged to be important by the DM, which are
difficult to consider in aclassical optimisation approach and which may not
always be known in advance.

From the empirical study, it is shown that the proposed IGA is capable
of capturing the aspects that the DM would like in the solution. In fact,
solutions found to be acceptable by the DM have been reached in al the test
cases performed. Moreover, this solution is achieved in a reasonable number
of iterations. These numbers of iterations depended on the randomness of
the initial population and on the complexity of the DM's interests. The
stricter the interests are, the more iterations will be necessary to obtain
individuals that satisfy them.

The direct intervention of the DM in the evolution process improves not
only the chance that his’her predefined interests will be satisfied but also the
chance that new solutions that have features that can be appropriated into
the problem will be discovered by the DM and taken into account in the
following generation. This can stimulate the DM's originality and creativity
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in the search for solutions.

Furthermore, the proposed approach save solutions that are interesting to
the DM in certain iterations in memory during the evolution of the
algorithm, thus preserving those solutions for future reference. In such way,
at each stage, the DM can compare new solutions with the best achieved so
far, which contributes to an improvement of the new solutions proposed by
the IGA. This memory is an important reference used and enriched all along

the process.

Due to the fact that many features of the solutions should be considered
a the same time, the DM could end up distracted. In future work, a
promising line of research could be to add some quantitative aspects to the
approach without losing the efficient adaptation of our IGA to the interests
that the DM would like in the final design. Furthermore, to improve the
reduction of DM fatigue, different techniques to avoid tiring the DM could
also be investigated. Finally, another interesting research direction could be
to study alternative methods of offering visual information to the DM with

the aim of transmitting this information in a more ergonomic way.

109



6. Concluding remarks

In this thesis, the existing approaches to solve the Facility Layout
Problems (FLPs) and, in particular, the Unequal-Area Facility Layout
Problems (UA-FLPs) has been reviewed. This way, the basic knowledge of
these problems has been provided. For that purpose, an anaysis of the
literature published in the area has been performed having into account the
workshop characteristics, and the resolution approaches used by researchers
in order to solve the different FLPs.

From the previous literature review, it can be said that UA-FLP is till an
open and active area. This fact has stimulated the author to work with this
main category of the FLP. Thus, the emphasis has been put on the UA-
FLPs. This problem can be modelled by different layout representations,
which has been identified and described in this thesis.

Additionally, an study of the encoding schemes and the evolutionary
operators used by GAs for solving FLPs and UA-FLPs, has been performed.
This has lead to discover which of them is the most adequate for each
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proposal and the unexplored combinations to research. Although there are
surveys which have examined FLPs, there seems to be no studies which
have reviewed FLPs focused on the evolutionary techniques in depth.
Although this overview can not be exhaustive, the anadysis carried out
enabled us to identify:

The manner of placement the facilities on the surface.

The component functions that could be used to create the facility

layout solutions.
The techniques that are used to encode this elementary functions.

From the study carried out, it is possible to extract as conclusion that
combining the identified component functions could create new unexplored
encoding schemes. In this manner, many different ways of encoding the
facility layout solutions are available. Logically, crossover and mutation
operators also depend on the encoding scheme selected. Besides, we have
identified the evolutionary operators that could be applied to each encoding
scheme. These encoding schemes and their operators will determine the
ability of the GA to obtain good solutions. Thus, the classifications and
analyses about the encoding schemes and the evolutionary operators used by
GAs for solving FLPs, which have been described in this thesis, could be
useful for future studiesin FLPs.

Besides, a new GA for solving UA-FLP is suggested. In this approach, a
new, ssimple and easy-to-implement method for encoding and representing
possible solutions has been designed and implemented. The evaluation of

the solutions considered both qualitative aspects that are quantified such as
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closeness or distance requests between facility centres due to logical
production processes, information flows, existence of noise or thermal
environments, and quantitative aspects such as material flows. According to
the characteristics of the problem, the weights assigned to the evaluation
criteria can be easily modified, making it easier to obtain good solutions in
awide range of practical scenarios. Optionally, the algorithm can also take
into account the appearance of the layout when considering the shape of
each facility. The algorithm is able to generate good solutions in all the
cases tested, which varied in type and complexity; this is also true when
compared with other algorithms described in the bibliography.

Additionally, a new IGA for solving UA-FLP is proposed. This
interactive approach allows to introduce qualitative considerations in the
design using the expert knowledge from the DM to address the UA-FLP.
The idea of using an interactive approach for handling qualitative aspectsin
UA-FLPisanovel concept because from the best of our knowledge, thereis
no interactive approach applied to UA-FLP. The proposed approach enables
the DM to interact with the algorithm, guiding the search process by means
of his’/her evaluations. In order not to overburden the DM with excessive
evaluations, these evaluations have been realised exclusively over a subset of
representative solutions of the total population in each IGA iteration. For
that purpose, a c-Means clustering method has been integrated into the IGA
in order to group the population into clusters and to choose the
representative from each one. Thus, the solutions found are determined in
accordance with the considerations that are judged to be important by the
DM, which are difficult to consider in a classical optimisation approach and

which may not always be known in advance.
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From the empirical study, it is shown that the proposed IGA is capable
of capturing the aspects that the DM would like in the solution. In fact,
solutions found to be acceptable by the DM have been reached in all the test
cases performed. Moreover, this solution is achieved in a reasonable number
of iterations. These numbers of iterations depended on the complexity of the
DM's interests. The dtricter the interests are, the more iterations will be
necessary to obtain individuals that satisfy them.

The direct intervention of the DM in the evolution process improves not
only the chance that his’her predefined interests will be satisfied but also the
chance that new solutions that have features that can be appropriated into
the problem will be discovered by the DM and taken into account in the
following generation. This can stimulate the DM's originality and creativity

in the search for solutions.

Furthermore, the proposed approach save solutions that are interesting to
the DM in certain iterations in memory during the evolution of the
algorithm, thus preserving those solutions for future reference. In such way,
at each stage, the DM can compare new solutions with the best achieved so
far, which contributes to an improvement of the new solutions proposed by
the IGA. This memory is an important reference used and enriched all along

the process.

As final concluding remark, it can be said that the goals set at the
beginning of this study, have been satisfied. This way, the thesis performed
incorporates two contributions to the UA-FLP. A new genetic approach that
has into account tangible aspects, and an interactive genetic strategy that
considers the qualitative features that the DM could desire in each particular

14
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situation.
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7. Future work

The investigation has been successful in terms of results achieved, but it
has also marked the beginning of a new grounds which exploration seemsto
be a promising lines of future work in order to obtain new interesting
results. Thus, these lines are:

1. The implementation and evauation of new encoding schemes
created by combination of the elemental components identified in
the Chapter 3, together with the empirical evaluation of the
untested evolutionary operators that have been identified. This
would enable to achieve the aim of improving results and

recommending the best among them.

2. The incorporation into the approach of additional constraints or
devices, as for example, elevators. This inclusion enables to the
Decison Maker (DM) to facilitate his work with more realistic
designs.

3. The application of the proposed approaches to another Facility
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Layout Problems (FLPs), such as, the Dynamic Facility Layout
Problem or Multi-Floor Facility Layout Problem.

. The combination of the presented approaches with other methods,

for instance, a multi-objective algorithm, another meta-heuristic
search, a artificial neural networks, among others, in order to
improve the performance of the proposed approaches.

. Due to the fact that many features of the solutions should be

considered at the same time, the DM could end up distracted. For
that reason, it should be interesting to create a new system that
integrates both strategies of evaluation: quantitative from
traditional UA-FLP and qualitative from interactive evaluation,
but without losing the efficient adaptation of our IGA to the
interests that the DM would like in the final design.

. To improve the reduction of the DM fatigue. For that purpose,

different techniques to avoid tiring the DM could aso be
investigated, implemented and valued. In this respect, a learning
strategy seems to be a promising approach.

. To study and evauate alternative methods of offering visual

information to the DM with the am of transmitting this
information in the most ergonomic way.

. The implementation of a collaborative system that allows the

introduction of severa DMs into the approach. This way, the
knowledge of severa experts can guide the Interactive Genetic
Algorithm (IGA) to the final solution. In advance, it seems that



7. Future work

the obtain solution will be better if there are more experts that
give their knowledge and experience that if only one of them
realize this action.

. To investigate techniques for preserving the diversity of the
solutions. This could assure that the same solution will not be
displayed to the DM for being evaluated more than once.
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