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ABSTRACT

A MATHEMATICAL MODEL AND A SIMULATED

ANNEALING ALGORITHM FOR AN INTEGRATED

FACILITY LAYOUT AND CELL FORMATION

Abenet Lemma Hodiya Advisor: Professor F.M. Defersha

University of Guelph, 2015 Co - advisor: Professor S.E. Moussa

In this thesis, we develop a mathematical model that integrates distributed layout

and cell formation configurations in manufacturing systems. The proposed model incor-

porates a number of operational attributes such as sequence of operations, lot splitting,

alternative process plans, and detailed relationships between pairs of locations along

with material handling and product flow costs to determine Intra and Inter-cell layout

configurations. Good solutions quality for the proposed mathematical model can only

be found for small size problems because of NP-complexity. To solve the model for

large size problems, an efficient simulated annealing algorithm is developed. A number

of numerical examples of different sizes are presented to demonstrate the nature of the

proposed model. In addition, some empirical studies to demonstrate the computational

behaviours of the proposed solution procedure are presented.

Keywords: Mathematical Model, Distributed Layout, Cell Formation, Simulated An-

nealing
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Chapter 1

Introduction

Throughout the history of the manufacturing industry, the search for higher yield

has required continuous improvement of the manufacturing system toward main-

taining and increasing the market share. These manufacturing industries should

direct their manufacturing system to give more flexibility, efficiency, market adap-

tiveness, workers satisfaction, response in product design changes, and customer

satisfaction. Many areas have been considered as potential candidates for im-

provement and achieving increased productivity in the increased competitive

markets. The introduction of the production line by Henry Ford is an effort

to improve productivity. The purpose of any production system is to produce

a product or family of products as economically as possible while meeting or

exceeding customer expectation. Facility and material handling planning is ac-

tively used for selecting and arranging economical and efficient physical layout

and material handling devices. The designed and implemented layout dictates

many characteristics of a manufacturing system. Each layout brings certain ad-

vantages and limitations to the production floor. The traditional manufacturing

systems methods, such as job shop process oriented production system, and flow

line product oriented production system, can not satisfy this dynamic and com-

petitive market. This gave rise to group technology (GT) which has been gaining
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Chapter 1. Introduction

increasing acceptance over the past decades. The goal of group technology is to

create part families and machine cells in such a way that one or more part families

are produced within a single cell with no need for intercellular moves. Cellular

manufacturing is the most fundamental application of group technology.

1.1. Cellular Manufacturing

In the past five decades, modern manufacturing industries have shifted from mass

production to the production of mid-volume and mid-variety product mixes due

to increasing international competition, dynamic customer needs, shorter product

life cycle, etc. To meet these changes, industries must be able to make their man-

ufacturing system more flexible and efficient by offering a higher quality product

at a lower price. In order to deal with these production requirements cellular

manufacturing systems (CMS) have been implemented with encouraging results.

Traditional manufacturing methodologies such as job shop and flow line can not

achieve the required productivity and efficiency. Job shop is a process oriented

layout system based on the low-volume, high-variety strategy. It groups machines

which perform specific processes together: lathe machines in turning department,

milling machines in milling department, and so forth. This type of production

system is more applicable in the case where rapid change in product mix, low

volume, and non similar products are required. A good advantage of this system

is its flexibility in equipment, labour assignment, and the process need not be

halted with the breakdown of one machine. Figure. 1.1 is not a complete list of

all possible configurations but an illustrative selection of possible realizations of

a job shop system.

After completing the required operation in one department, a product may

have to travel longer distances to get to the next operation, which will incur high

material handling cost, more production planning and control, large in-process

2
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Figure 1.1: Job shop manufacturing system

inventory, longer machine idle time, and total production delay. On the other

hand, flow lines, Figure.1.2, are product oriented layout systems based on mass

and batch production system with high production rate. The machine layout and

related equipment are arranged with the idea of minimum material movement.

The major limitation of this system is lack of flexibility and high initial investment

cost, as shown in Figure 1.2 where more machines are required than for other

production methodologies. Flow lines are designed for a specific product and if

new product is introduced, it is a must to open a new line or redesign the layout

with an additional cost. Cellular manufacturing system (CMS), an application

of group technology which integrates the flexibility of job shop and productivity

of flow line system with a low production cost, is a production philosophy with

the idea of ”similar things should be done similarly”. This means processing

of a group of similar part families into the corresponding machine cells. Figure

1.3 is not a complete list of all possible configurations but rather an illustrative

selection of possible realizations of a cellular manufacturing system.
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Figure 1.2: Flow line manufacturing system
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Figure 1.3: Cellular manufacturing system
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Advantages of Cellular Manufacturing

The major advantages of CMS includes reduced paper work, reduced work in pro-

cess, reduced production lead time, reduced labour, better supervisory control,

reduced tooling, reduced setup time, reduced delivery time, reduced rework and

scrap materials, reduced material handling cost, reduced in process inventory, im-

proved productivity with improved efficiency, and better market response time;

Defersha and Chen (2006), Ah kioon et al. (2009), Lo and Nson (1997), Wem-

merlöv and Hyer (1986), Ratchev (1997). Based on these papers the advantages

of Integrated Cell Formation and Facility Layout are summarized below.

1. Reduced material handling cost: In CM, most of the operations of part

family are processed within a single cell. Product traveling distance and

time are negligible.

2. Reduction in resource element and setup time: Resource elements

are used to find alternative routing of the product. A manufacturing cell

manufactures part families with similar production requirements. These

part families require a group of resource elements, jigs, and fixtures. Locat-

ing these tools in a cell minimizes the set up time required to change one

job with the next which is directly affected by the work holding devices.

3. Reduced throughput times: In CMS, unlike job shop, parts are trans-

ported individually inside a cell and in small batch size across different cells.

Thus, the waiting time decrease significantly.

4. Better product quality: In CMS, products are transferred in small lot

size from station to station. If any defect is found it is easily tracked and

solved without stopping the production.

5
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5. Better scheduling and product design change: Production scheduling

and product design changes can be comfortably applied within a cell instead

of the whole shop.

6. Better production and inventory control: Successful implementation

of cellular manufacturing system gives numerous advantages in production

and inventory control. Machine grouping into manufacturing cells reduces

the scheduling process and part family grouping reduces the complexity of

the product scheduling process.

7. Better work environment: Improve employee satisfaction and motiva-

tion since in most of the time the whole operation of a part may be done

in a single cell, workers can visualize their contribution to the product.

1.2. Research Objectives

The design of cellular manufacturing system in the facility which should address

the following components (Wu et al. (2007a)):

• Cell formation - grouping similar operation of parts into part families

with corresponding machines to machine cells. Parts in part families are

similar in terms of geometric design feature, or process requirement.

• Facility layout - efficient distribution of machines within a cell (intra-cell

layout) and laying out of machine cells within the facility (inter-cell layout).

• Scheduling - part and part family scheduling for production. The schedul-

ing problem can be defined as the achieving of the optimal allocation of

manufacturing resource to activities over time.

• Resource allocation - assignment of resource elements, materials, and

workers.

6
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1.2.1. Cell formation

Cell formation is grouping similar operation of parts into part families with cor-

responding machines to machine cells so that no, or a minimum number of inter-

cellular material movement is involved. Cell formation methods are basically

divided into two: design oriented, parts in part families are categorized in terms

of similarity in design feature, or production oriented which takes the group of

parts that require similar operations. The modeling technique for these methods

is classified into cluster analysis, artificial intelligence based, graph partitioning,

heuristics, and widely used mathematical modeling approach. A comprehensive

mathematical model which includes most manufacturing attributes was presented

by Defersha and Chen (2006).

1.2.2. Facility layout

Facility layout is well exploited combinatorial optimization area which ranges in

many problems such as airports; schools; hospitals; warehouse; manufacturing

industries; and so forth. The main concern of facility layout in manufacturing in-

dustries is distribution of ′n′ facilities in ′m′ locations to facilitate the efficiency of

any job, it may be a work center, a manufacturing cell, a machine shop, machine

tool, etc. Facility layout in cellular manufacturing context considers arrangements

of ′M ′ machines in ′L′ locations within a cell and layout of each cell relative to

each other. Proper design of facility layout minimizes material handling cost,

lead and throughput time, and work in process while increasing productivity

and efficiency. Facility layout problems have been formulated as quadratic as-

signment problem, quadratic set covering problem, linear integer programming

problem, mixed integer programming problem, and graph theoretic formulation.

Furthermore, the solution procedure for facility layout can be described as opti-

mal procedure, heuristics, meta-heuristics, and artificial intelligence (AI) system.

7
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Mutingi and Onwubolu (1987)). Figure 1.4 shows the four kinds of facility lay-

outs used in cellular manufacturing systems( When machines are arranged in a

circular pattern, figure 1.4 (b), robots serve as a material handling device. Auto-

mated guided vehicles (AGV ) perform efficiently when the machines are arranged

in a straight line fashion as shown in Figure 1.4 (a) and 1.4 (c). Considering the

size of the machines and the interaction with the material handling robot are the

influential factors, regardless of the geometrical arrangement of machines Figure

1.4 (d) gantry robots are used (Kusiak and Heragu (1987)). Recently, distributed

layout has emerged as an alternative to the above mentioned layout methods

when the product variety is high and product demand is variable (Lahmar and

Benjaafar (2005)). In a distributed layout, machines are distributed in the shop

floor in order to increase access to the resources from different regions of the

layout with the aim of minimizing the material handling cost by identifying the

efficient routes for large size product mixes. Figure 1.5 is not a complete list of all

possible configurations but rather an illustrative selection of possible realization

of a Distributed Layout.

Distributed layout

Distributed layout approach was first proposed by Montreuil and Venkatadri

(1991) with the aim of minimizing the expected material flows. The need for

physical machine relocation can be avoided by using this technique. Recently,

the aim of facility layout design is shifting from long-term material handling ef-

ficiency to short-term responsiveness and reconfiguring layouts more frequently

to avoid short-term over-crowding (Shafigh et al. (2015)). Fractal and holonic

layout types are also very similar to the distributed layout approach, they are

able to generate layouts for factories working under dynamic manufacturing en-

vironments. In fractal layout, the facility is divided into identical fractals which

are capable of producing all products with no inter-fractal product movements

8
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Figure 1.4: Typical machine layouts

and the moving distances to perform consecutive operations of a product are

minimized within each fractal. On the other hand, holonic layouts distribute

the machines over the factory randomly with the intent to provide efficient pro-

cess routes for any product demand that the system may be asked to manufacture

with minimum time. This layout constructs product routes immediately when an

order arrives based on product capability requirements, machine locations, and

machine availability. Baykasoglu (2003) argues distributed layout is the most

suitable strategy for designing virtual manufacturing cells.

Advantages of distributed layout

The most important advantages of distributed layout are:

• Minimizing material handling costs because of distributing similar machines

9
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in different locations and reduction of distances between machine types.

• Increasing the availability to all machines from different areas of the layout

and avoiding physical relocation of machines.

• The efficiency of distributed layouts does not depend much on demand

distribution. It can be designed without demand or product variety infor-

mation. Thus, a distributed layout as a fixed layout is a good option for

most factories with variable demands and products.

 

 

 

 

 
Figure 1.5: Distributed Layout

1.2.3. Scheduling

The scheduling problem can be defined as the achieving of the optimal alloca-

tion of one or more time intervals on one or more machines, to each job. It

is considered feasible if no two time intervals on the same machine overlap, if

no two time intervals allocated to the same job overlap, and if it also meets a

number of specific requirements concerning the machine environment and the job

characteristics. The scheduling problem consists of two phases, allocation and

10
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sequencing. The allocation phase, commonly known as the assignment problem,

is a necessity for the solution of the group technology problem. Sequencing and

scheduling problems arise when scarce resources need to be allocated. Due to

computational complexity most researchers did not address components of cell

formation problem simultaneously. The first two components are the major focus

of this thesis work. The aim of this research is to propose and solve integrated fa-

cility layout and cell formation problem in a cellular manufacturing system. The

solution of this model is NP-hard and the standard off-the shelf optimization

packages can not solve real size problem. In order to solve these type of problems

meta-heuristic search techniques like simulated annealing is implemented.

1.3. Research Approach

To implement the development of a Mathematical Model and a Simulated An-

nealing Algorithm for an Integrated Facility Layout and Cell Formation problem

the following steps are incorporated.

1. Identifying and reviewing the major manufacturing attributes in cell for-

mation and facility layout related works from previously published articles.

2. Formulation of a mathematical model which incorporates the attributes

identified in step 1 above.

3. The formulated model in step 2 is converted into a standard off-the-shelf

optimization software.

4. Generating data which are in the range of published articles.

5. Solve and analyze the mathematical model using the optimization software

selected in step 3 and the generated data in step 4.

11
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6. Develop a simulated annealing algorithm with large size data set.

7. Develop and implement a source code for the selected meta-heuristic ap-

proach using appropriate programming language.

8. Validate and compare the computational efficiency of the solution in step 7

with that of off-the-shelf optimization software solution.

9. Develop conclusion.

1.4. Organization of the thesis

The remainder of this study proceeds as follows. In Chapter 2, a review of lit-

erature on Integrated Facility Layout and Cell Formation is presented. Chapter

3, represents an integrated mathematical model which incorporates the selected

manufacturing attributes. A detailed solution procedure using simulated anneal-

ing is depicted in Chapter 4. Chapter 5, numerical examples are provided and

solved by the selected optimization packages and proposed algorithm. And finally,

discussion, conclusions and future research are presented in Chapter 6.

12



Chapter 2

Literature Review

2.1. Introduction

Over the past five decades, the design of cellular manufacturing system and fa-

cility layout problem has been explored extensively separately or simultaneously

with various methods. Comprehensive reviews and taxonomies of work devoted

to this work have been carried out by many researchers such as: Wemmerlöv

and Hyer (1986); Kusiak and Heragu (1987); Singh (1993); Singh and Sharma

(2005); Drira et al. (2007); Fraser et al. (2007); Papaioannou and Wilson (2010);

and Askin (2013). Practical case study is made by Bazargan-Lari (1999) that

shows integrating facility layout with cell formation improves the socio-technical

environment, creation of waste of material, as well as cost related to part and

material handling devices movements in the shop floor. After the facility lay-

out and cell formation issues are addressed the processing of a part family in a

cluster of machines requires knowledge of the relationship between design and

operational constraints. The methods used for machine cell or part family for-

mation is classified into two categories: design oriented and production oriented

approach. Design oriented methods group product families based on similarity of

design feature whereas, production oriented approach forms part families based

13
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on similarity in process requirements. The remainder of this chapter is depicted

in fig 2.1 which presents a review of articles in the area of mathematical pro-

gramming and evolutionary computation for Integrated Facility Layout and Cell

Formation problem.

 

                                     Solution to Solution / Iterative algorithm 
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Techniques  for Integrated Facility 
Layout and Cell formation problem

Mathematical Programming Evolutionary Computation

Deterministic

Tabu Search

Probabilistic

Simulated Annealing

Genetic Algorithm

Ant Algorithm

Electromagnitism  like 
Algorithm

Figure 2.1: Taxonomy on integrated facility layout and cell formation methods
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2.2. Mathematical Programming

Mathematical programming approaches are extensively employed in the Integra-

tion Of Facility Layout and Cell Formation problem. They provide numerous

advantages over other methods as they can easily address and model design and

production logics in their objective and constraint functions. On the other hand,

they fail to give a solution for real size problems in a practical length of time.

Such real size problems generally require heuristics and approximate methods

such as Lagrangian relaxation with subgradient optimization and evolutionary

computation methods (Defersha and Chen (2006)). Irani et al. (1993) proposed

mathematical model for integration of machine grouping with functional layout

design. The model considers overlapping of routes and virtual cell formation to

accommodate machine breakdowns, product mix, and other uncertainties. Slomp

et al. (2005) proposed multi period mathematical model by considering functional

layout with virtual cell formation. The model considers factors like capacity con-

straints, cell size, optimization of load imbalances, and optimization of intercel-

lular movements of parts. However, the model did not consider detailed layout

and production considerations that are related to the proposed model. Urban

et al. (2000) developed an integrated machine allocation and layout problem by

mixed integer mathematical programming with quadratic assignment problem

and tabu search algorithms. The model shows the material flow dictates the ma-

chine placement in the facility rather than allocating machines to either functional

or cellular layout. Mahdavi and Mahadevan (2008) developed an integrated cell

formation and layout problem by using sequence data as an input and identified

machine cells and layout of the machines inside the cells. The model did not con-

sider the layout of cells in the facility which may improve the two performance

measures they developed to show the efficiency of model. Bagheri and Bashiri

(2014) proposed a mathematical model to integrate cell formation, inter-cell lay-

out, and operator assignment problems. The objective is to minimize inter-part

15



Chapter 2. Literature Review

movement, machine relocation cost, and operator related issues. The solution is

obtained by LP-metric approach. The model did not consider machine location

and important production information.

2.3. Evolutionary Computation

Obtaining an optimal solution for some optimisation problems is a very difficult

task, often practically impossible. This is because when a problem gets sufficiently

large, it is necessary to search through numerous possible solutions to get a better

solution. Evolutionary Computing is the general name for a range of problem-

solving techniques that involve combinatorial optimization problems with meta-

heuristic character. Evolutionary Computing like other optimization techniques

does not depend on the form of the objective function. The basic requirement

of the objective function is that the meta-heuristic should map the solution into

partial ordered set,this character increases the flexibility of the objective function

to utilize multiple cell formation and facility layout design issues with large variety

of data.

Papaioannou and Wilson (2010) and Shafia et al. (2011) provided a direction

towards evolutionary computing techniques for the design of CM because of its

converging ability to give optimal solution. A meta-heuristic gives promising re-

sults if there is a balance between the exploration and the exploitation processes.

Exploration, related to global search, is a process of probing entire search space

with the hope of finding good solutions. Exploitation, related to local search, is a

process of refining promising solutions. Evolutionary Computing which are clas-

sified as single solution procedures are called exploitation oriented approaches;

on the other hand, population based approaches are commonly known as explo-

ration oriented. These two methods are being widely and actively proposed to

a variety of problems, ranging from leading-edge scientific research to practical
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applications, broadly this field includes: Evolutionary algorithms; Genetic algo-

rithm; Evolution strategy; Swarm intelligence; Ant colony algorithm; Particle

swarm algorithm; Bees algorithm; Differential evolution; Artificial immune sys-

tems; Cultural algorithms; and Electro-Magnetism like algorithm. Logendran, R

, Ramakrishna (1997), and Selim, H. M., Askin, R. G., & Vakharia (1998) showed

that the implementation of cell formation and facility layout problem is NP-hard

and it is difficult to solve it within reasonable time frame.

2.3.1. Tabu Search

Tabu search is a deterministic meta-heuristics technique with single solution based

method, the search process starts from initial solution and expands into the search

space. The adjacent solution of the initial solution is explored through move op-

erators (used to generate adjacent solutions from a current solution) and the next

adjacent solution is accepted even if its objective function is worse than the cur-

rent. The adjacent solutions that are categorized into tabu list are forbidden to be

searched. Promising CM design results are achieved using this meta-heuristic if

good adjacent structure, move operator, and aspirations criteria are implemented.

Logendran et al. (1994) proposed tabu search algorithm to determine number of

machine type with a particular process plan for the corresponding parts and then

assign these machines and parts into a manufacturing cells. Chen (1997) pro-

posed tabu search algorithm for machine cell and part family formation problem

by basing it on graph theory, specifically shortest spanning path problems, row

for the machines and column for parts without considering any production data.

Lozano et al. (1999) applied a weighted sum of intercellular moves and intracel-

lular voids by assuming limits to the size of parts and machine cells to keep the

parts family homogeneous. A linear network model with tabu search algorithm

is implemented to explore feasible part families and machine cells and the perfor-

mance is benchmarked against two simulated annealing models and other tabu
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search approach. Wu et al. (2004) considered production and process plan fac-

tors such as cell size and production volume with the objective of maximizing the

total part flow inside each manufacturing cell. The problem is solved using long

term memory structure tabu search algorithm. Chang et al. (2013) considered to

simultaneously integrate cell formation and layout problem issues by modeling it

with two stage mathematical programming considering process routing, produc-

tion volume, and operation sequence. Because of NP-hard nature of the problem

tabu search algorithm based on similarity coefficient is applied.

2.3.2. Simulated Annealing

Simulated annealing (SA) simulates annealing process in metallurgy, a method

that uses heating and controlled cooling of a material to decrease the defects and

increase the crystal size. The slow cooling process in the metallurgy represents

slow probability of accepting worse solution in simulated annealing algorithm. SA

is the oldest meta-heuristics local search algorithm which is capable of escaping

from local optima by worsening the objective value in hopes of obtaining global

optima. SA applies a pre defined adjacent structure on a feasible solution. The

search characteristics are governed by the temperature value which is similar to

the annealing processes in metallurgy. In each iteration, an adjacent solution x′

to the present solution x is computed. If x′ has a better objective function result

than x, x′ is accepted. If x′ does not have a better objective function value, x′

is accepted in certain conditions depending on the difference between x′ and x

objective values and the temperature parameter.

Alfa, A. S., Chen, M., & Heragu (1992) presented an integrated machine

grouping and facility layout problem in cellular manufacturing system. They

formulated a simulated annealing algorithm and a quadratic assignment prob-

lem as an alternative. They made an effort to simultaneously address machine
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grouping; machine layout within a cell; and layout of cells in the facility by pre-

determining the number of cells and the specific position in which the machine

is to be located. Sofianopoulou (1999) proposed a nonlinear programming model

for manufacturing cell formation problem by considering machine duplication,

alternative process plans, and process sequence. The objective is to minimize

intercellular part movement. Two dimensional simulated annealing was proposed

to produce a better layout configuration. The efficiency of the model was limited

to medium size problems. The model did not consider the geometry of the cells

and the material handling distance between cells. Wang et al. (1998) proposed

a simulated annealing model for solving both intracellular and intercellular fa-

cility layout problems for cellular manufacturing system. The model addresses

minimization of total material handling distance on the facility. They restricted

the shape of cell to be U shaped and the material handling layout is constructed

after the formation of cells. In addition the model did not consider production

constraints. Wang et al. (2001) improved the previous model by considering a bi-

quadratic assignment problem for simultaneously determining U shaped machine

cell, the intra and inter cellular facility layout problem. The model is also for-

mulated to minimize the total material handling cost by considering the product

life cycle in CMS environment. Similar scope of work is made by Tavakkoli-

Moghaddam et al. (2007) by considering a stochastic demand to minimize the

cost of intra and inter part movement in the facility. Das et al. (2006) proposed

mixed integer programming model by considering multiple objective functions

such as minimization of machine operation and utilization cost, total material

handling cost, and maximization of system reliability. The model was solved us-

ing hybridized simulated annealing algorithm with genetic algorithm operators

to have improved adjacent solutions. Besides considering the inter cellular mate-

rial handling cost they did not consider inter cellular part movement. Wu et al.

(2009) proposed hybrid simulated annealing algorithm with genetic algorithm
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operators. The objective was minimizing intercellular part movement and maxi-

mizing the group efficiency by considering multiple process route of parts. Ariafar

and Ismail (2009) proposed mathematical programming for integrated facility lay-

out and cell formation problem to minimize the intra and inter cellular material

handling costs, the problem is solved using simulated annealing algorithm. The

model considers only U shaped machine cell formation which decreases the sys-

tem flexibility. Kia et al. (2012) and Kia et al. (2013) proposed a mathematical

programming and simulated annealing solution procedure for an integrated facil-

ity layout and cell formation problem. The model analysed multiple layouts of

equal-sized facilities, flexible configuration of cells, cost related to the locations

assigned to machines, material handling costs in the facility, calculating number

of cells, workload balancing among cells and considering intercellular part move-

ments between two machines in a dynamic environment. However, the model

did not consider detailed layout design consideration which affects the inter-cell

material movement and material handling cost.

2.3.3. Genetic Algorithm

Genetic algorithm (GA) mimic biological evolution, such as reproduction, mu-

tation, crossover, and selection. The evolution of generations occurs after the

repeated application of the following operators: Individual population (coded

chromosomes) are the candidate solutions for the optimization problem and the

quality of the solution is determined by fitness function. Al-Hakim (2000) pro-

poses a genetic algorithm technique for intra-cell layout problem by considering

linear and circular configuration of the facility. However, the model was con-

strained to intra-cell problem without considering wider aspects such as inter-cell

layout or facility layout problems. Kaebernick and Harraf (2000) developed a

mathematical model to address machine/part grouping problem, intra and inter

cell layout problems to a white goods manufacturing company. The model in
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general considers non overlapping boundaries and rectilinear distance between

two machines as a way to calculate the material traveling distance. However, the

model did not consider process constraints. Norman and Smith (2006) proposed

non mathematical model and genetic algorithm technique for the layout problem

taking into account uncertainty in material handling costs on a continuous scale.

The model considers unequal block layout problem and dynamic layout. An-

bumakar and Prabhaharan (2006) proposed machine layout problem in cellular

manufacturing system to optimize the part flow distance between machines where

GA technique is implemented as a solution procedure. Wu et al. (2007a), Chan

et al. (2008) presented a two-phase approach to describe cell formation problem

with layout consideration using genetic algorithm as a solution algorithm. In the

first phase, a quadratic assignment problem with multi-objective function is pro-

posed to obtain the machine cells and part families. Next, another mathematical

model with single-objective function is presented with the objective of minimiz-

ing the total intra/inter-cell part movements. They consider alternative routing,

sequence of machines, and production volume. However, machine capacity and

detailed layout consideration are not discussed. Furthermore, the formed cells

are arranged linearly and the geometry of the cells is restricted.

Wu et al. (2007b) proposed a hierarchical GA to integrate cellular manu-

facturing and layout problem. The aim of this work was to develop hierarchical

chromosome structure to encode two important cell design decisions, a new selec-

tion scheme to dynamically consider two correlated fitness functions and a group

mutation operator to increase the probability of mutation. Ahi et al. (2009) pro-

posed hierarchical genetic algorithm for integrating cell formation with machine

layout. The results were evaluated by taking the six test problems from Chan

et al. (2008) that used technique for order preference by similarity to the ideal so-

lution (TOPSIS) methods. Comparison of results in terms of grouping efficiency

and grouping efficacy showed that hierarchical genetic algorithm outperforms the
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two methods. Recently Mohammadi and Forghani (2014) considered non-linear

integer programming model with GA technique for layout problem in cellular

manufacturing systems with alternative processing routings and subcontracting

approach. The model considers many design features; however, detailed machine

location relations are not considered.

2.3.4. Ant Algorithm

The basic idea in ant colony optimization is to imitate the cooperative behaviour

of real ants for finding the shortest path to reach its food source. First, ants move

randomly towards the food source by leaving pheromone traces on their paths.

After they find the food, they will evaluate its quantity and quality. In the return

trip, they will leave pheromone trails with an equivalent intensity to the quantity

and quality of the food. The pheromone on the return trip will be used to guide

other ants towards the food source. Ant algorithm has been used extensively for

many manufacturing problems. Saghafian and Jokar (2009) presented an inte-

grative cell formation and layout design in cellular manufacturing system. They

implemented dynamic programming algorithm in simulated annealing approach

with genetic operator to simultaneously solve cell formation and layout problem.

In addition, the intra-cell layout was solved by ant colony algorithm. They pro-

posed an easy to code algorithm, however, it did not consider production and

design issues. Solimanpur et al. (2004) developed quadratic assignment prob-

lem with ant algorithm technique to develop inter-cell layout problem in cellular

manufacturing system. The performance of this method was compared to facility

layout algorithms such as H63, CRAFT , and Bubble Search and also to other

existing ant colony implementations for QAP . The model significantly outper-

forms the facility layout solution problems. However, the model did not consider

major production and location constraints for calculating the material movement

among cells.
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2.3.5. Electromagnetism like Algorithm

Electromagnetism (EM) like algorithm is one of the newest meta-heuristic methods

proposed by Birbil and Fang (2003) for the first time. This method uses each point

in the solution space as a charged particle and utilizes an attraction/repulsion

mechanism to move these points towards the optimality. Jolai et al. (2012) pro-

posed an electromagnetism like algorithm for cell formation and layout problem to

minimise the cost of material handling cost and number of exceptional elements.

The model uses the GA model proposed by Wu et al. (2007a) and compares the

results, EM like algorithm outperforms the GA technique for small, medium, &

large scale data. Javadi et al. (2013) proposed hybrid EM like algorithm for dy-

namic inter/intra-cell layout problem. The model was performed in two stages.

First, the cell formation problem is solved and then inta-cellular layout is per-

formed. EM, GA, and hybrid EM- GA algorithm are implemented as a solution

procedure. The EM-like algorithm outperforms the GA technique for small and

medium sized problems, but for large sized problems the performance of the GA

was superior than EM-like algorithm. Notably hybrid EMGA algorithm gives the

best results among the two algorithms.

2.4. Research Motivation

As it is presented in the above articles the layout issue has a significant con-

tribution in the design of cellular manufacturing systems by directly impacting

the production performance. The Integrated Cell Formation and Facility Layout

problems are addressed from different perspectives for instance, by the type of

material-handling devices used, shape of the layout, & the distance and orienta-

tion between two machines or departments. Many articles considered minimiza-

tion of various cost criteria as objective function separately or simultaneously.
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For instance, material movement (both inter-cell and intra-cell), machine reloca-

tion, machine operation and utilization, operator related, & variable production.

Nevertheless, there are several limitation on those research. These limitations

are:

• Ignoring detailed layout design (considering the relationship between each

location) which leads to decreasing the flexibility of the whole facility while

increasing production and material handling cost by restricting the shape

of a manufacturing cell.

• The cell formation and the layout problems are considered sequentially lead-

ing to inefficient design.

• Consideration of practical production factors such as alternative process

plans, sequence of operations, processing time, and lot splitting are usually

not considered in most of the articles. As a result these limit the application

to real life problems.

• The shape of the manufacturing cells are considered to be rectangular.

• The way machines are allocated to the corresponding locations.

To overcome the above limitations, this work presents an Integrated Cell

Formation and Distributed Layout using a mathematical programming approach

followed by an efficient simulated annealing technique. A detailed distributed

layout design is presented by considering the actual machine location in order

to increase the accuracy of material movement (both inter-cell and intra-cell) by

simultaneously creating manufacturing cells without restricting the shape of the

cells. From the layout perspective, a product requires all of its operations to

be completed with minimum travelling in order to minimize its completion time

and cost. This need cannot be easily satisfied by the classical layout approaches.

The machines are distributed over the layout with the aim of minimizing the
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summations of the product traveling distance based on the product sequence of

operations. Moreover, practical production factors such as alternative process

plans, sequence of operations, product processing time, and lot splitting are in-

corporated.
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Mathematical Model

3.1. Introduction

This chapter presents a Mixed-Integer Linear Programming (MILP) model for In-

tegrated Facility Layout and Cell Formation problem. In reality the overall CMS

efficiency depends on the machine layout in a manufacturing cell and these cells

in the facility. The machine location arrangement within a cell reduces intra-cell

product movement distance/distances whereas efficient cell layout arrangement

in the facility minimizes the inter-cell product movement cost/distance. Real

size cell formation and facility layout problems may be represented using mathe-

matical formulations, but solving it with considerable computational time is very

difficult. However, mathematical formulation of the problem is an important step

to describe the problem statement in a clear way and it may be considered a good

approach for developing an efficient heuristic algorithm for solving it with con-

siderable computational time. In this chapter, before formulating the Integrated

Cell Formation and Facility Layout problem mathematically we developed cell

formation and facility layout mathematical models separately which can lead to

the integrated model by considering a detailed location relationship in the facility

in order to create the cell boundary. At the end of the chapter, a mathematical
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model which considers multiple production and design constraints such as recti-

linear distance between locations, operation sequence, lot splitting, and multiple

process plans is presented.

3.2. Preliminary study

In this section, two mathematical models in cell formation and facility layout are

presented. The first model, is a cell formation model which is based on grouping

of machines that are capable of processing consecutive operations of a product

according to the given process plan in the same cell as much as possible. The ma-

jor consideration in this model is sequence of operations and alternative process

plan. After the clustering of machines a sub-model based on product demand

splitting into sub lots is developed with the objective of minimizing the inter-cell

product movement cost. This model adopts production constraints from Defer-

sha and Chen (2008) to increase the flexibility and efficiency of the model. The

second model is facility layout model that can address the material handling dis-

tance. Most layout problems can be classified according to the type of input data,

objective function, and the layout format they require (Tompkins et al. (2010)).

From the perspective of input data, algorithms accept quantitative, qualitative,

or both data types. This model develops the facility layout problem based on the

principles of distributed layout. The distributed layout is formulated based on

the work of Shafigh et al. (2015) with the objective of minimizing material han-

dling cost. The layout is represented as a matrix and the grid size is considered

to have equal area with a rectangular shape and the orientation of facility is not

considered.
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3.2.1. Cell formation Model

Model I.

Problem description:

The most common objective function for the mathematical programming model

is usually to maximize the total sum of similarities of parts in each cell, or to

minimize inter-cell material handling cost Defersha and Chen (2006). This model

proposed two simple models with the aim of assigning machines that are capable

of processing the product operations in the same cell and minimizing the inter-cell

material handling cost, respectively.

Model I Considerations:

• Sequence of operations: Sequence of operations is a basic feature that varies

for each product and it provides a better inter-cell product movement cost

calculation in the objective function.

• Alternative process plans: Various researchers have argued that considering

alternative process plans improves the flexibility in the design phase of cell

formation problem. The benefits offered by this consideration can be smaller

number of machines, better machine utilization, lower inter dependence

between cells, and improved system throughput.

• Lot splitting: Lot splitting is commonly used in batch production for divid-

ing large orders into smaller batches for simultaneous processing of products

on more than one machine. It provides shorter due date performance and

proportional workload distribution.

Model I assumptions:

• Cell establishment cost and time are assumed to be zero.
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• The inter-cell product movement cost is the same for the same product.

• The material handling cost per unit product is known in advance without

considering number of cells formed.

Indexes and input data

P Number of products where products are indexed by p = 1, 2, ..., P .

Rp Number of process plan of a product p where product process plans

are indexed by r = 1, 2, ..., Rp.

Jp,r Number of operations of a product p according to process plan r

where operations are indexed by j = 1, 2, ..., Jp,r.

M Number of machines where machines are indexed by m = 1, 2, ...,M .

C Number of Cells where cells are indexed by c = 1, 2, ..., C.

Dp Demand for product p.

Mj,p,r The index of the machine type used to process operation j of product

p according to process plan r.

Vp Inter-cell product movement cost.

LBc Minimum number of machines in cell c.

UBc Maximum number of machines in cell c.

Variables:

Binary Variables:

ym,c A binary variable equal to 1 if type m machines are to be assigned

to cell c, 0 otherwise.

Ψp,r,j A binary variable equal to 1 if operation j and j + 1 of a product p

according to process plan r is processed in different cell, 0 otherwise.
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Continuous Variables:

αp,r The production sublot size of product p along process plan r.

Objective function and constraints

Minimize:

Z =
P∑
p=1

Rp∑
r=1

Jp,r−1∑
j=1

(Ψp,r,j · αp,r) · vp (3.1)

Subject to:

C∑
c=1

ym,c = 1 ; ∀(m) (3.2)

LBm ≤
M∑
m=1

ym,c ≤ UBm ; ∀(c) (3.3)

ym′,c − ym,c ≤ Ψp,r,j (3.4)

∀(j, p, r, c) | (j < Jp,r, m = Mj,p,r & m′ = Mj+1,p,r)

− ym′,c + ym,c ≤ Ψp,r,j (3.5)

∀(j, p, r, c) | (j < Jp,r, m = Mj,p,r & m′ = Mj+1,p,r)

Rp∑
r=1

αp,r = Dp ; ∀(p) (3.6)

30



Chapter 3. Mathematical Model

Ψp,r,j & ym,c are binary. (3.7)

Model objective function: The objective function given in Eq. 3.1 deter-

mines product flow cost between different cells.

Model constraints: The constraint in Eq. 3.2 guarantees assignment of each

machine to a cell. The constraint in Eq. 3.3 ensures the cell size limit. Eq. 3.4

and Eq. 3.5 show the calculation of consecutive operations of a product between

two machines that are assigned in different cells. The constraint in Eq. 3.6 en-

forces that the sum total of the production sublot size of product p along process

plan r should be equal to the total demand quantity of product p. Eq. 3.7 ensures

the variable values are either 0 or 1.

Linearizing the Model

The objective of this model is a quadratic function because of (αp,r ·Ψj,p,r), this

term is linearized by replacing it with a continuous variable Φj,p,r with additional

constraints given in Eqs. 3.8-3.10.

Φj,p,r ≥ αp,r +M ·Ψj,p,r −M ; ∀(j, p, r) | (j < Jp,r) (3.8)

Φj,p,r ≤ αp,r ; ∀(j, p, r) | (j < Jp,r) (3.9)

Φj,p,r ≤M ·Ψj,p,r ; ∀(j, p, r) | (j < Jp,r) (3.10)
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3.2.2. Facility layout model

Model II.

Problem description:

Because of the variety of considerations found in articles there are several

ways to decide the formulation of layout problems. In terms of mathematical

formulations Quadratic Assignment Problems (QAP) and Mixed Integer Pro-

gramming (MIP) are the most common. Continuous and discrete layout repre-

sentations are another way of classifying the problem. Tompkins et al. (2010)

classified the facility layout problem into two according to the objective function:

one with the objective of minimizing the sum of flows distances, while the other

maximizes the adjacency score. This model formulates the facility layout prob-

lem as distributed layout problem, the system is assumed to have M machines

distributed on L locations (M = L). A product may have a sequence of opera-

tions according to the given process plans. The quantity of a product may split

into sub-lots which are processed independently and product flow cost is linearly

related to the distance it travels. The objective of this model is to minimize the

material handling cost.

Model II assumptions:

• The shop floor is divided into rectangular blocks (locations) with the same

area and shape, and each location is occupied by a machine.

• The number of departments (machines) are equal to number of locations.

• Rectilinear distances are used to measure distances between a pair locations.

• Machine orientation is not considered.
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Additional indexes and input data:

L Number of locations where locations are indexed by l = 1, 2, ..., L.

Fp Material handling cost of a single product per unit distance.

El,l′ Material handling distance between location l and l′.

Variables:

Binary Variables:

am,l A binary variable equal to 1 if machine m is in location l, 0 otherwise.

Continuous Variables:

d̂p,r,j The distance between the locations where consecutive operations of

product p along process plan r are processed and multiplied by the

sublot size αp,r.

Objective function and constraints

Minimize:

z =
P∑
p=1

Rp∑
r=1

Jp,r−1∑
j=1

Fp × d̂p,r,j (3.11)

Subject to:

L∑
l=1

am,l = 1 ; ∀(m) (3.12)

M∑
m=1

am,l = 1 ; ∀(l) (3.13)

d̂p,r,j ≥ El,l′ × αp,r +M(am,l + am′,l′)− 2M ; (3.14)
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∀(j, p, r, l, l′) | (j < Jp,r, m = Mj,p,r & m′ = Mj+1,p,r)

d̂p,r,j ≤ El,l′ × αp,r −M(am,l + am′,l′) + 2M ; (3.15)

∀(j, p, r, l, l′) | (j < Jp,r, m = Mj,p,r & m′ = Mj+1,p,r)

am,l is binary (3.16)

Model objective functions: The objective function given in Eq. 3.11 deter-

mines the material handling cost of a product.

Model constraints: The constraints in Eq. 3.12 and 3.13 guarantee the as-

signment of each location to each machine and each machine to each location.

Eq. 3.14 and 3.15 show the distance travelled by the quantity of product p along

process plan r. It is expressed as a combination of the distance traveled by the

sublot of product p among different locations, l and l′, and the machine index

which are capable of manufacturing the operations of product p in those locations

according to the process plan. Eq. 3.16 ensures the value is either 0 or 1.

3.3. Integrated Cell Formation and Facility Lay-

out model

Model assumptions

• The demand for each product is known a priori.
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• The demand for each product may split into different cells and it is non

deterministic.

• Each product type has a number of operations that must be processed based

on a given process plan.

• The distance between each non adjacent pair of machine locations is differ-

ent and known in advance.

• Cell formation cost and time are assumed to be zero.

• The inter-cell product movement cost is the same for the same product, this

is because the same type of material handling devices are used.

• The material handling cost per unit product is known in advance without

considering number of cells formed.

• Material handling devices which are transporting the product between lo-

cations carry only one product at a time.

Problem description

We are concerned with deciding how to group a given number of machine loca-

tions into manufacturing cells with facility layout design in such a way that the

total inter-cell and intra-cell product movement costs are minimized. The process

plan assigns the required operations of the product on the particular machines.

Numerous articles have addressed different production and design constraints for

an Integrated Facility Layout and Cell Formation problem. In this work the in-

tegrated facility layout is modeled as a distributed layout with cell formation im-

plemented. Furthermore, many articles argue that the layout and cell formation

should be designed first and then the material handling system. However, devel-

oping the material handling system after the layout has an effect on the work-in-
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process, inventory control, and physical control (Tompkins et al. (2010)). These

design limitations are avoided in this work by designing a detailed layout design

which shows the exact location of a machine and the machines are placed accord-

ing to the processing sequence of a product. For example, machine A is placed

next to machine B if consecutive operations of products are performed on these

machines. Essentially, there are two facility shapes in discrete layout format: gen-

erally rectangular and non rectangular, but in this study the layout shape is not

restricted to be either rectangular or non rectangular. The shape is created based

on machine locations, as this procedure allows the flexibility and efficiency of the

production process. Each machine location is modelled by rectangular shape (re-

gardless of their actual orientation, area, or shape) and placed on a grid one by

one. The first location is selected randomly. The second is selected adjacent to

the first. The third location is selected in the grid location that is adjacent to

either of the previously selected two locations. To form a discrete type of cell,

the adjacent locations are added together in a similar fashion by considering the

material handling distance between them. This layout construction procedure

produces two or more alternative cell layouts and provides the feasible one.

This cell formation and facility layout procedure works, as follows: for in-

stance, if L18 is selected arbitrarily (ql18,i1,c1) the next potential locations to be

considered for the cell formation process are those location which are adjacent

to it (L23 , L19, L13, & L17). Suppose L13 is the second location and the third

location can be any of the six locations (L23 , L19, L14, L8, L12 & L17) which are

adjacent to the first and second locations ( L18 & L13 ). To our best knowledge

there is no mathematical model which addresses this much detailed procedure

to the cell and layout design problem. This cell formation procedure is depicted

in Figure 3.1. In this example, the third location (L19) has been selected in the

grid location adjacent to the first location. This shows the potential of creating

non rectangular shaped manufacturing cells. Of course either L8 or L23 locations
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would have been equally as attractive to create rectangular cell. The addition of

locations for cell formation process continues until at most the maximum number

of locations within a cell are reached. The cell formation procedure is developed

in a similar fashion without restricting the shape of the cells in the facility, later

followed by the machine distribution to the particular locations (am,l). After the

facility layout and cell formations features are addressed simultaneously, practical

production considerations are implemented as follows.

Alternative process plan and Sequence of operations

Each product has a known demand, Dp, and can be processed according to the

given process plan r. A process plan in this work is defined as the candidate

of machines that are visited by a particular product in order to process each of

the given operations or a list of operations of the product that are required to

transform the raw material into a finished product, and the precedence require-

ments between those operations. Each product may have more than one process

plan which increases the route flexibility in such a way that the product can be

processed on different machines. This leads to an improved cell formation proce-

dure. Furthermore, it cooperates with the product lot slitting for distributing the

product demand between machines which leads to a better economic advantage

such as lower production and machine investment costs. Sequence of operations

is the cause for product movement in the facility. It occurs if consecutive opera-

tions, j and j + 1, of a product p according to process plan r are performed on

different machines. A few authors have considered sequence of operations in cal-

culating the inter-cell material movement. Not considering sequence of operation

information leads to inaccurate calculation of inter-cell movement based on the

number of cells that a product would visit to complete its production process.

Nevertheless, the number of cells visited by the product can be less than the ac-

tual number of inter-cell and intra-cell material handling cost since the product

may travel back and forth between cells. Such movements may not be accurately
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reflected without properly using sequence of operation data. The mathematical

model was formulated based on the concept of alternative process plans to achieve

economic advantages and the objective function of the model is calculated based

on sequence of operation data.

Lot splitting

In batch manufacturing systems the given demand of a product may be subdi-

vided into sublots, αp,r, providing the advantage of simultaneous process of a

product based on its process plan on more than one machine. This leads to

better machine utilization, reduced flow time, and reduction in inter-cell move-

ment. Lockwood et al. (2000) and Defersha and Chen (2006) implemented the

lot splitting concept in the design of cell formation problem and reported a bet-

ter machine utilization and reduction of inter-cell product movement, production

cost and machine investment along with a balanced workload between cells and

machines. This mathematical model incorporates the lot splitting concept in de-

signing the Integrated Facility Layout and Cell Formation problem to achieve the

indicated advantages.

Location based material handling cost

A product movement occurs if consecutive operations, j and j + 1, of a product

p according to process plan r are performed on different machines. The material

flow cost Fp of a product is directly related to the distance the product travels,

d̂p,r, according to the process plan. The overall product movement in the facil-

ity for more accurate calculation is implemented based on these costs. Intra-cell

cost is incurred if consecutive operations of a given product are performed on

different machines in the same cell. Likewise, the inter-cell product movement is

incurred if consecutive operations of a given product are performed on machines

that are located in different cells. The corresponding inter-cell movement cost for

a single product is Vp. The objective of the proposed mathematical model deals

with minimization of inter-cell movement and total material transportation costs
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with weight attributes. The weight attributes are considerably close to each other

because the inter-cell cost is not significantly higher than the transportation cost.
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Figure 3.1: Cell formation based on location adjacency

Additional and modified notations:

The problem described in section 3.3 is formulated as a mixed integer program-

ming. The notation used in this formulation are presented below.

Modified and Additional Indices:

I The maximum number of locations that can be added to a cell where

the order in which the locations are added is indexed by i = 1, 2, ..., I.
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θ1 Weight factor for the total inter-cell movement.

θ2 Weight factor for the total material transportation.

Modified and additional input Data:

Nl,l′ A binary data which equals to 1 if location l and l′ are adjacent, 0

otherwise.

LBc Minimum number of locations in cell c.

UBc Maximum number of locations in cell c.

Binary variables:

xl,c A binary variable which equals to 1 if location l is in cell c, 0 otherwise.

ηj,p,r,c A binary variable which equals to 1 if operation j of product p along

process plan r is processed in cell c, 0 otherwise.

Auxiliary variables:

ql,i,c A binary variable which equals to 1 if location l is the ith location to

be added to cell c, 0 otherwise.

ym,c A binary variable which equals to 1 if machine m is in cell c, 0 oth-

erwise.

Objective function and constraints

Based on the problem description and notations given in the 3.3 and 3.3, the

mixed integer programming model for Integrated Facility Layout and Cell For-

mation is presented below.
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Minimize:

Z = θ1z1 + θ2z2 (3.17)

z1 = (
1

2
)

C∑
c=1

P∑
p=1

Rp∑
r=1

Jp,r−1∑
j=1

(Vp×αp,r | (ηj+1,p,r,c − ηj,p,r,c) |)

z2 =
P∑
p=1

Rp∑
r=1

Jp,r−1∑
j=1

Fp × d̂p,r,j

Subject to:

xl,c ≤
∑

{l′|Nl,l′=1}

xl′,c ; ∀(l, c) (3.18)

ql,i,c ≤
i−1∑
i′=1

∑
{l′|Nl,l′=1}

ql′,i′,c ; ∀(l, i, c) | i > 1 (3.19)

C∑
c=1

I∑
i=1

ql,i,c = 1 ; ∀(l) (3.20)

I∑
i=1

ql,i,c = xl,c ; ∀(l, c) (3.21)

L∑
l=1

ql,i,c ≤ 1 ; ∀(i, c) (3.22)

LBc ≤
L∑
l=1

xl,c ≤ UBc ; ∀(c) (3.23)

C∑
c=1

xl,c = 1 ; ∀(l) (3.24)

am,l + xl,c ≤ ym,c + 1 ; ∀(l,m, c) (3.25)
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L∑
l=1

am,l = 1 ; ∀(m) (3.26)

M∑
m=1

am,l = 1 ; ∀(l) (3.27)

C∑
c=1

ym,c = 1 ; ∀(m) (3.28)

ηj,p,r,c = ym,c ; ∀(j, p, r, c) | (m = Mj,p,r) (3.29)

d̂p,r,j ≥ El,l′ × αp,r +M(am,l + am′,l′)− 2M ; (3.30)

∀(j, p, r, l, l′) | (j < Jp,r, m = Mj,p,r & m′ = Mj+1,p,r)

d̂p,r,j ≤ El,l′ × αp,r −M(am,l + am′,l′) + 2M ; (3.31)

∀(j, p, r, l, l′) | (j < Jp,r, m = Mj,p,r & m′ = Mj+1,p,r)

Rp∑
r=1

αp,r = Dp ; ∀(p) (3.32)

am,l, xl,c, ym,c, ηj,p,r,c, & ql,i,c are binary. (3.33)

Model objective functions: The combined objective functions given in Eq.

3.17 determine the total transportation cost of the product.

Model constraints: The constraint in Eq. 3.18 shows cell formation is based
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on location adjacency. If new location l needs to be included in cell c, it must

have a particular adjacent location l′ in that cell c. Eq. 3.19 represents addition

of new location l to cell c based on location order i. The addition procedure of

location l into cell c is possible if it has an adjacent location l′ which was already

added in i > 1 order in that cell c. As depicted in Fig 3.1, location l19 is added

to the cell with i3 order, because it has an adjacent location l13 which was added

with i2 order. Eq. 3.20 shows location l can only be assigned to a particular cell

c with a particular order i. The constraint in Eq. 3.21 shows location l is added

to cell c based on order i. Eq. 3.22 refers particular location l is assigned to

cell c with order i. For example, in Fig 3.1, location l13 is added to the cell with

order i only once. Eq. 3.23 enforces number of locations in a cell to be within

boundaries. Eq. 3.24 guarantees that each location must be assigned to only one

cell. Eq. 3.25 shows the logical relations between machine, location and cell. If a

particular machine m is in a particular location l and also the same location l is

in cell c, then that machine m is in cell c. Eq. 3.26 guarantees that each machine

must be assigned to only one location. Eq. 3.27 guarantees each location must

be assigned to only one machine. Eq. 3.28 guarantees that each machine must

be assigned to only one cell. The constraint in Eq. 3.29 ensures an assignment

of an operation of product p along process plan r to cell c is permitted only if

machine m which is capable of producing product p is available in the same cell

c. Eqs. 3.30 and 3.31 show the distance travelled by the quantity of product

p along process plan r is expressed as a combination of the distance traveled

by the sublot of product p among different locations, l and l′, and the machine

index which are capable of manufacturing the operations of product p in those

locations according to the process plan. Eq. 3.32 enforces that the sum total of

the production sublot size of product p along process plan r should be equal to

the total demand quantity of product p. The values in Eq. 3.33 are either 0 or 1.
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Linearizing the Model

The proposed mathematical model is a non linear model because of the absolute

value in the objective function. This term is linearized in two steps. First,

substituting | ηj+1,p,r,c − ηj,p,r,c | by a binary variable zj,p,r,c and it becomes a

quadratic function with αp,r · zj,p,r,c representation. This new function needs

additional constraints which are given in Eqs. 3.34-3.36. Second, replacing the

quadratic function (αp,r · zj,p,r,c) by a continuous variable wj,p,r,c with additional

constraints given in Eqs. 3.37-3.39.

ηj+1,p,r,c − ηj,p,r,c ≤ zj,p,r,c ; ∀(j, p, r, c) | (j < Jp,r) (3.34)

− ηj+1,p,r,c + ηj,p,r,c ≤ zj,p,r,c ; ∀(j, p, r, c) | (j < Jp,r) (3.35)

zj,p,r,c ∈ {1, 0} ; ∀(j, p, r, c) | (j < Jp,r) (3.36)

wj,p,r,c ≥ αp,r +M · zj,p,r,c −M ; ∀(j, p, r, c) | (j < Jp,r) (3.37)

wj,p,r,c ≤ αp,r ; ∀(j, p, r, c) | (j < Jp,r) (3.38)

wj,p,r,c ≤M · zj,p,r,c ; ∀(j, p, r, c) | (j < Jp,r) (3.39)

44



Chapter 4

Simulated Annealing Based

Solution Procedure

4.1. Introduction

In the previous chapter, we presented a mixed integer linear mathematical model

for the Integrated Facility Layout and Cell Formation problem by considering

various design and production issues. For small size problems of such type of

models, off-the-shelf optimization packages such as LINGO and CPLEX can pro-

vide exact solutions. However, for solving large size problems, branch and bound

or branch and cut based algorithm that is used by those software cannot pro-

vide good or near optimal solution within acceptable computational time. This

chapter describes how the proposed simulated annealing method is adapted to

the mathematical model presented in Chapter 3 and followed by algorithms used

to solve the proposed problem.
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4.2. The basic Simulated Annealing (SA) algo-

rithm

Real size optimization problems can be formulated in the form of SA algorithm

and few combinatorial optimization problems can be solved exactly in a reason-

able time. Simulated annealing employed to optimization problem emerges form

the work of Kirkpatrick et al. (1983). It is a stochastic algorithm which is ca-

pable of generating a sequence X0, X1, ..., Xk, ... of random solutions moving

towards the optimal solutions as k → ∞. This sequence of solutions is gener-

ated by following algorithm 1 where X ′k is a neighborhood solution generated by

perturbing Xk, E(Xk) is the objective function , and Tk is the control parameter

(Temperature). All known algorithm development methods require an exponen-

tially increasing number of steps and computational time as the problem becomes

larger. Hence, emphasis has been directed toward simulated annealing heuristics

techniques for solving cell formation and facility layout problems. The difference

between heuristic techniques and an algorithm is that heuristics do not guarantee

to get good result but, they give an acceptable answer with a reasonable compu-

tational time. Algorithm 1 illustrates the basic template of SA algorithm (Talbi

(2009)).
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Algorithm 1 Basic Simulated Annealing algorithm

Input: Cooling schedule.

X = X0; /* Generation of initial solution*/

Tk = Tk (max); /* Starting temperature*/

Repeat /* At a fixed temperature*/

Generate random neighbor X ′k;

∆E = E(X ′k)− E(Xk);

if ∆E ≤ 0 then

Xk = X ′k; / ∗ Accept X ′k ∗ /

else Accept X ′k with the probability of e

−∆E

Tk


;

end if

Until equilibrium condition

Tk = g(Tk); /* Temperature update*/

Until Stoping criteria satisfied

Output: Best solution found.

In addition to the common design perspectives described in the above al-

gorithm, the main design issues specific to SA are:

• Acceptance probability function: This is the fundamental element of

SA that enables non improving neighbours to be selected. The probability

of accepting this neighbour, as mentioned in equation 4.1, is directly re-

lated to Tk and inversely proportional to ∆E. Rand() is a uniform random

number for making a stochastic decision for the new solution that is only

dependant on the current solution. Tk is the temperature at each step, at

each temperature multiple trial solutions are explored. Furthermore, in the

two extreme temperature values, at Tk = ∞, the probability of accepting

worse moves is high and at Tk = 0, no worse moves are accepted and the
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search is equivalent to local search.

exp

(
∆E

Tk

)
> Rand() (4.1)

• Cooling schedule: The cooling schedule makes the algorithm efficient

and effective by specifying the temperature at each step. If the initial Tk

is not sufficient enough or if the temperature level is decreased swiftly, the

algorithm will be trapped in local optimal value. Otherwise, if the initial

Tk is very high random local search will be archived. The following are the

main strategies which deal with the initial temperature (Talbi (2009)):

– Accept all: The initial Tk is set high enough to accept all neigh-

bours in the initial phase of the search process at the expense of high

computation.

– Acceptance deviation: The initial Tk is computed by using the

standard deviation of objective function values with some acceptance

probability.

– Acceptance ratio: The initial Tk is formulated in such a way that

the acceptance ratio of solutions is better than a predetermined value.

For example, Tk is initialized so as to make the acceptance rate be in

the interval [40%, 50%].

For the formulation of the cooling schedule, the probability of the error of not

having an optimal solution after n iterations is calculated by Equation 4.2 where

Umin is a set of optimal solution points. In this equation, n is very large and K > 0

and θ > 0 are constants specific to a given energy landscape and neighbourhood

generation. Thus, as n → ∞ , the solution converges to one of the good points

in Umin with a 100% probability.

P (Xn /∈ Umin) ∼
(
K

n

)θ
(4.2)
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4.3. Multiple Path Markov Chain SA (MPMC-

SA)

Applying single Markov chain has a limitation from performance point of view.

In order to improve the performance Multiple Path Markov Chain Simulated

Annealing (MPMC-SA) has been used widely by many researchers. The general

algorithm as a pseudocode for (MPMC−SA) is given in Algorithm 2. The error

probability to deviate from optimal solution is formulated by using Equation 4.3.

Hence, from this equation, for 0 < K/n < 1, it can be seen that the probability of

the error of not getting an optimal solution decreases exponentially as S increases

in using MPMC − SA while the computational time is increasing linearly with

S. If the time required to move n iterations by a MPMC − SA is given by t,

then a MPMC−SA requires S× t time to operate every independent simulated

annealing by n iterations (Azencott (1992)).

P (XN /∈ Umin) =
S∏
i=1

P (Xn,i /∈ Umin) ∼
(
K

n

)θS
<

(
K

n

)θ
(4.3)

49



Chapter 4. Solution Procedure

Algorithm 2 The general algorithm as a pseudocode for (MPMC − SA)

MPMC-SA (): /* Multiple Path Markov Chain Simulated Annealing */ {

Generate S solution points randomly X0,1, X0,2,..., X0,S

Set n = 0, k = 0; /* Generation of initial solution*/

T0 /* initial temperature */

Repeat

{

For (q = 1 to Q) /* Q = number of iterations at temperature Tk*/

{

For (j = 1 to S) /* S = number of independent search paths*/

{

Generate X ′n,j from Xn,j ;

∆E = E(Xn,j)− E(X ′n,j);

if ∆E ≥ 0

Xn+1,j = X ′n,j

else if exp

(
∆E

Tk

)
> rand() then

Xn+1,j = X ′n,j

else

Xn+1,j = Xn,j

end if

}

n = n+ 1

}

k = k + 1

Tk = γ × Tk−1
}

Until equilibrium condition

Xn = Xn,j∗ such that E(Xn) ≥ Xn,j∗ for j = 1 to S.

}
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4.4. Components of the Proposed SA

The SA approach proposed in this chapter is tailored in accordance with the

nature of the Integrated Facility Layout and Cell Formation problem presented

in chapter 3.

4.4.1. Solution representation

Formulating any heuristic must have an encoding (representation) of a solution.

It plays an important role in the efficiency of the heuristic and it should suit

the proposed optimization problem. Furthermore, the efficiency of an encoding is

also associated to the search operators applied on the representation. In applying

simulated annealing algorithm to an Integrated Cell Formation and Facility Lay-

out problems Wang et al. (1998); Wang et al. (2001); Ariafar and Ismail (2009);

Kia et al. (2012) applied solution representations for the selected problem which

is capable of encoding both cell formation and facility layout problem. In this

section, the formulated solution representation is formulated with the intention

of reducing the space and time complexity of the implemented search operators.

In addition, the encoding is capable of representing solutions which are associ-

ated with the proposed facility and cell formation problem. The schema for the

structure of the Integrated Cell Formation and Facility Layout problem is repre-

sented with two steps. The first step represents the layout and cell formation as

a two dimensional matrix. The number of rows (l) and columns (w) are selected

arbitrarily based on the total number of locations, these values are dependant on

the total number of locations in the facility and are not restricted to be equal.

The flow chart in Figure 4.1 shows how we formulated the facility layout and cell

formation problem where C and K are the number of cells and intended number

of feasible solutions respectively. The algorithm first generates and randomly

distributes C in the grid locations. Next, grow these C to the adjacent locations
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one at a time and if there is a tie between these growing c cells select randomly

and save c as C. In the next step, grow again in a similar fashion. If there is

a tie, select the cell that constitutes the minimum number of locations; repeat

this iteration until all locations are assigned. Finally, after the assignment of all

locations check for cell size limit.

Start

Construct 2d matrix

Generate C & 
randomly distribute

Duplicate C to the 
adjacent location

Is there a tie ? Yes

Choose C with the 
smallest no of 

locations

Assign C to the 
location

Are all locations 
assigned to C ?

No

Set current c 
 to previous C

No

Are LBc or UBc  
violated ?

Yes
Does K = Kmax ?

No

No

Stop

Yes

Yes

Set: l; w; C; K; LBc; 
UBc;

Calculate 
(Nin, Nout).

Does it has
 Nout ?

Yes

Is Nin = 1 
?

Yes
Does it violate

LBc ?

No

Move to candidate 
donor pool.

No

Is R/S 
N-S,  S-N,

W-E, or E-W
?

No

Is the
 included

 cell index the same
 ?

Yes

Randomly pick a 
cell index.

Move to recipient 
cell.

Yes

Reject

No

No

Yes

K = K+1

Figure 4.1: Solution representation algorithm for facility layout and cell formation problem

Figure 4.2 illustrates step by step implementation procedure which is de-

vised to explore assignment of every location to the corresponding cell, taking

l = 4, w = 4, LBc = 3, UBc = 7 & C = 3 as an input. Representing the solution

with two dimensional matrix provides information about the algorithm efficiency

to create regular and irregular shaped cells in the facility with a minimal intra-cell
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distribute number of cells                                                                  

 

Tie location between C1 and 

C2, since C2 has two locations, 

this location is assigned to C1. 

Tie location between C3 and 

C2, since both of them have 

two locations, randomly 

select one of them (C3). 

 

Second step, grow the number of cells.                                                                  

 

Third step, grow the number of cells.                                                                  

 

Figure 4.2: Example of step by step procedure for implementing the layout and cell formation
solution representation

distance. It is considered herein that the individual location size and orientation

are disregarded and assumed to be insignificant in this formulation. After the cell

formation step has been done, the second task is to encode product and machines

related information to the corresponding locations and cells respectively. This

solution representation is depicted in Figure 4.3. The segment is divided into

left- and right-hand side (LHS and RHS) segments. The LHS-Segment formu-

lates the allocation of M machines to L = M locations. In this segment, Ml

takes the index of the machine placed at l location. The RHS-Segment encodes

the variables related to a product, this segment has P segments corresponding

to each product. The segment corresponding to first product is shown in detail.

This subsegment has three alternative process plans r1, r2, & r3. r takes either

0 or 1 to determine whether a process plan is created or not. αr takes a value in

between (0,1) to indicate the quantity of sublot of product p along process plan

r.

53



Chapter 4. Solution Procedure

LHS - Segment RHS - Segment 

l 1 l 2 
… 

l L 
Part 1 Part 2 … Part P 

M1 M2 ML 

 

 

 

 

 

 

  

r1 α1 r2  α2 r3 α3 

Details of Part 1 

Takes the index of the 

machine at location l. 

Takes either 0 or 1 value to 

indicate whether sub lot of a 

product is formed or not. 

Takes a value between 0 & 1 to 

indicate the quantity of a sub lot. 

Figure 4.3: Solution representation for product and machine information

Decoding a solution representation

Most of the variables are determined by decoding a solution under consideration.

The integer variables xl,c are determined by using Eq. 4.4. This decoded value

satisfies the constraints in Eq. 3.18 - 3.22 & 3.24. Furthermore, the number of Cl

in the matrix are in between the lower and upper boundaries;(i.e)., LBc & UBc.

This ensures the handling of cell size constraint in Eq. 3.23. For example, cell 3

( C3) is at grid location 6, 9, 11,&12 it means cell index 3 constitutes 4 locations.

In addition, the value of the integer variables am,l is determined by using Eq.

3.26. Since Ml takes only a single value m = (1, ..., L), the decoded values of

am,l ∀(m, l) satisfy the constraint in Eq. 3.27. Moreover, the values of Ml in the

segment are unique (i.e)., Ml 6= Ml′ for any pair of locations l and l′ (such that

l 6= l′). This guarantees the satisfaction of the constraint in Eq. 3.26. Equation

4.5 and Equation 4.4 together ensure the satisfaction of the logical constraint in

Eq. 3.25.

xl,c =

1; if Cl = c

0; Otherwise

(4.4)
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am,l =

1; if Ml = m

0; Otherwise

(4.5)

The decision variable d̂p,r,j is decoded using algorithm 3. dp,r is defined as

the distance traveled by product p according to the given process plan r. The

line 2, 3 in the pseudocode shows the location of machine m is stored in a matrix

Location[m]. In line 13, the index of the machine assigned to process the jth

operation of product p is obtained and stored in m, and the location of this

machine is stored in l (line 14). The same procedure is done in line 16 and 17 to

get the machine and location of the next operation of the product. The distance

traveled El,l′ by the product in getting these two consecutive operations done

is recursively added to dp,r in line 19. Once this value is calculated for every

operation of product according to the corresponding process plan the constraints

in equation 3.30 & 3.31 can be satisfied by replacing El,l′ by dp,r. The continuous

variable (αp,r) which determines the lot splitting of a product is determined by

equation 4.6. In this equation it can be seen that the product demand constraint

in equation 3.5 is satisfied.

αp,r =

(
αr × r

R∑
r=1

(αr × r)

)
×Dp (4.6)
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Algorithm 3 Pseudocode to calculate the distance traveled by a product.

1: for 1 l = 1 to l = L

2: m = [LHS-Segment][l ][Ml]

3: Location[m] = l

4: end for 1

5:

6: for 2 p = 1 to p = P

7: for 3 r = 1 to r = R

8:

9: dp,r = 0 // Initialize to zero

10:

11: for 4 j = 1 to j = Jp,r-1

12:

13: m = [RHS-Segment][p][r ]

14: l = Location[m]

15:

16: m′ = [RHS-Segment][p][r ]

17: l′ = Location[m′]

18:

19: dp,r = dp,r + El,l′

20:

21: end for 4

22: end for 3

23: end for 2

4.4.2. Energy function

The energy function is given as the sum of the objective function.
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4.4.3. Perturbation operators

In the proposed SA algorithm we use two solution perturbation operators that

are applied at each iteration with small probabilities. These operators can be

classified into:

• Layout perturbation operators.

• Product flow perturbation operators.

Layout perturbation operators

After presenting initial feasible solution that satisfies the Integrated Cell Forma-

tion and Facility Layout problem, generation of an alternative layout is formulated

based on the following operators.

1. Swap: Swap operator is implemented by randomly selecting two locations

which are in the same cell, then exchanging them. In fact the proposed

Multiple Path Markov Chain Simulated Annealing algorithm finds the best

arrangement of locations within the cells.

2. Move: Move operator is performed by selecting a particular location (l)

which is adjacently related to other location (l′) which exists in other cell

and adding l to the cell that has l′ without violating the cell size limit

(LBc & UBc) and creation of orphan location. Figure 4.4 illustrates a par-

ticular problem which shows the violation of moving a location if cell bound-

ary movement is in the arrow direction. It shows 25 locations clustered into

5 cells and the upper and lower cell size limits are 7 and 3 respectively.

For instance in the case of l19 and l20, which are adjacent and exist in cells

3 and 5, moving the C3 boundary to location 20 would make l25 orphan.

Moreover, moving the boundary of C2 to any of neighbour cells (C1 & C3)
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violates the upper cell size limit of C2, similarly moving the boundary of ei-

ther C1 or C5 to the locations of C4 violates the lower cell size limit. Figure

4.5 shows the proposed layout perturbation operator algorithm as a flow

chart. The algorithm works based on the number of neighbour locations

inside and outside (N in,N out) of the cell for each location in the facil-

ity. If a location does not have any neighbour location outside of the same

cell (N out = 0), it will not be considered to be perturbed. It means this

location is engulfed by other locations inside the same cell. On the other

hand, if N out is greater than 0, it will be considered for perturbation de-

pending on the following conditions. First, number of neighbour locations

inside the same cell, N in, is checked. If the value of N in is 1 and mov-

ing this location to the neighbouring cell does not violate the LBc of the

parent cell, then this location will be added to the donor list. Donor list

is a group of candidate locations that are ready to be moved to the recip-

ient cell, from these list of locations a single location is randomly selected

with a small probability. Candidate recipients are those cells which have a

space to accept (less number of location than UBc) any location from the

common border of adjacently related cell. On the contrary, if the value of

N in is greater than 1, then check the following relationships (R/S). If a

location has any of the following straight relationship North-South (N-S),

East-West (E-W), or viceversa (S-N , W-E) with the neighbour locations

within the same cell, then it will not be added to the donor list. Illustra-

tive diagram is given in figure 4.8. On the other hand, If a location has

any of the following South-East, South-West, North-East, or North-West,

90◦ relationship, among the adjacent locations and the included location

is in the same cell, then the location is added to the candidate donor list.

Illustrative location is taken from figure 4.6 and depicted in figure 4.7 and

more elaborative diagram is given in Figure 4.9. Figure 4.6 illustrates a
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particular problem with 12 locations clustered into 3 cells and the upper

and lower cell size limits are 5 and 3 respectively. For the given feasible

layout cell 1, cell 2, and cell 3 has 3, 4, & 5 locations respectively. Cell 3

can not be a recipient cell because it already had the maximum number of

locations. For this model l4, l6, & l10 are added to the candidate donor

list because their N in is 1 and furthermore, l7 & l8 are added because they

make 90◦ relationship and the included location, l12 & l11 respectively, is

within the same cell. For perturbation l6 is randomly selected from the

donor list with a small perturbation probability and added to cell 1. This

layout perturbation operator is applied to any feasible layout in a similar

fashion.
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Figure 4.4: Illustration of the non permitted move perturbation operator.

Product flow perturbation operators

Product flow perturbation operators are applied on the RHS - Segment of Figure

4.3 in the sublot segment of the product using the following two perturbation

operators.

1. Sublot Move (SM): This operator is applied to each αr with a small β1
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probability to step up or step down the sublot with δ value using equation

αr = min {1, αr+δ} or max {0, αr−δ} respectively; δ is a random number

in between 0 and 1. If all the process plans of a product from RHS-Segment

values are zero, then this operator randomly picks one of the process plan

segments and turns it to 1.

2. Sublot Swap (SS): This operator is applied with a small β2 probability

to swap the values of αr in the RHS - Segment.

4.4.4. Cooling schedule

The rules to determine the cooling schedule are:

1. How high the starting temperature should be.

2. When the current temperature should be lowered.

3. By how much the temperature should be lowered.

In this section we use the most popular cooling schedule in which a given number

of iterations are performed at a constant temperature Tk = γ × Tk−1. In this

cooling schedule, k is the index of temperature magnitude and the constant γ,

in [0, 1], is the cooling coefficient and commonly chosen to be close to 1. Thus,

the parameters of the proposed simulated annealing method associated with the

cooling schedule are the initial temperature T0, the cooling exponent γ, and the

number of iterations at each temperature level.

4.5. Steps of the Algorithm

This section presents the steps of the proposed simulated annealing algorithm.

s Index of the Markov chain, s = 1,2,..., S.
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n Iteration counter, n = 1,2,..., N maximum number of the iterations

in each search path.

Xn The solution at the nth iteration.

α Cooling schedule coefficient.

k The index of temperature levels in the cooling schedule.

Tk Temperature at the kth level, Tk = γ × Tk−1 = γk × T0.

Q Number of iterations to be performed in each Markov chain at each

temperature level.

F Iteration frequency, it is defined as the number of iterations to be

performed by each Markov chain before iteration is effected among

these Markov chains.

BI Best feasible individual found so far.

As proposed by Defersha (2014), using the above notations, the proposed

simulated annealing based heuristic steps are listed below. These steps were

coded in C++ on a PC including Intel R© Core
TM

i5 and 8 GB RAM.

Initialize counter: n = 0 and k = 0,

Initialize the Best-Individual BI with a null value.

Step 1. For s = 1 to S

Move: Using the perturbation operators , perturb Xns to get X ′ns. If X ′ns

Decide: If E(X ′ns) ≤ E(Xns), then Xn+1,ns = X ′ns.

Else If exp

(
E(X ′ns)− E(Xns)

Tk

)
> rand().

then X ′n+1,s = X ′ns.

Else Xn+1,s = Xns.
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Update: If E(Xn+1,s) ≤ E(BI), then BI = Xn+1,s

Step 2. Set n = n + 1.

If n mod Q = 0, then set r = r + 1, and Tr = γ × Tr−1.

If (n < N + 1) AND (n mod F 6= 0) go to step 1.

If (n < N + 1) AND (n mod F = 0) go to step 3.

If (n < N + 1), STOP.

Step 3. Set Xns = BI for all s and go to Step 1.

4.6. Chapter Summary and Discussion

Simulated annealing is based on statistical mechanics which is capable of finding

a solution for many real size problems. However, its slow convergence makes

it not suitable for solving many complex problems. Hence, in order to improve

this limitation we developed a Multiple Path Markov chain simulated annealing

algorithm which allows multiple search directions to the solution to be traced

simultaneously. The algorithm incorporates problem specific perturbation oper-

ators to develop alternative and improved solutions. The computational results

showed that the MPMC-SA is much more efficient than the conventional single

Markov chain SA. The solution obtained using MPMC-SA can be further im-

proved by increasing the number of Markov chains to be traced. Increasing the

number of Markov chains results in an exponential reduction of the error prob-

ability and in contrast linearly increasing the computational time. A promising

technique to achieve this reduction of error probability with less or no increment

of computational time is by using parallel computing.
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Figure 4.5: Layout perturbation operator algorithm.
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Numerical Examples

5.1. Illustrative numerical Examples

To verify and validate the linearized Mixed Integer Linear Programming (MILP)

model, illustrative example problems with randomly generated data taken from

in the range of published articles are solved using Branch - and - Bound (B &

B) approach under LINGO 14.0 and Branch - and - Cut (B & C) method under

ILOG CPLEX 12.6. Multiple Path Markov chain simulated annealing algorithm

(MPMC-SA) is coded in C++ Microsoft Visual Studio 2012. These MILP and

MPMC-SA are solved on a PC including Intel R© Core
TM

i5 and 8 GB RAM. The

solutions of MILP for small sized problem are used to compare the performances

of LINGO and CPLEX. Next, a solution solved under CPLEX and MPMC-SA

are compared on relatively large size problem.

Example 1

This example shows and compare the solution of LINGO and CPLEX by consid-

ering a small size problem consisting of two cells, six machines, six locations, &
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twelve parts. Each part type is assumed to have a maximum of three operations

where each operation can be performed by some alternative process plans. In this

numerical example the mathematical model has a total of 451 variables having

9,283 non zero values of which 239 were integers. The corresponding number of

constraints are 2,667.

Input data set

The data sets are generated randomly based on the range of published articles

data sets. Tables 5.1-5.4 show the input data in this example. Table 5.1 contains

data which are related to product information, production sublot size, alternative

process plan, material handling cost, and inter-cell cost. Table 5.4 shows the

material flow distance between each location. Table 5.3 shows data related to

various production alternatives of the product. These are particular machine

index data corresponding to the product alternative process plan and operations.

Table 5.1: Product type data

Parts
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

Demand 1400 1200 1350 1400 1600 1200 1600 1600 4000 1500
Fp 2 3 2 1 2 2 2 1 3 1
Vp 0.12 0.13 0.12 0.12 0.13 0.12 0.13 0.12 0.13 0.12

Table 5.2: Material handling distance between location l and l′ El,l′

L1 L2 L3 L4 L5 L6

L1 0 1 1 2 2 3
L2 1 0 2 1 3 2
L3 1 2 0 1 1 2
L4 2 1 1 0 2 1
L5 2 3 1 2 0 1
L6 3 2 2 1 1 0
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Table 5.3: Product operational information

Operation data Mjpr

Part Rp

1 1 (3) (3) (6)
2 (5)
3 (2) (4) (3)

2 1 (5) (4) (4)
2 (3) (2) (2)
3 (3) (5) (4)

3 1 (6) (5)
2 (3) (2)

4 1 (4) (3)
2 (1) (4)

5 1 (4) (2) (6)
2 (2)
3 (6) (4)

6 1 (3)
2 (3) (1)

7 1 (6)
2 (4)
3 (2) (5) (5)

8 1 (4) (2)
2 (2) (5)
3 (3) (2)

9 1 (4) (5)
2 (3) (2) (4)

10 1 (4) (5)

Solution of example 1

This example is intended to show the result of the proposed mathematical model

and compare the performance of LINGO and CPLEX optimizations packages.

Using the proposed MILP mathematical model and the given data, good facil-

ity layout and cell formation results are found. Branch-and-Bound (B & B)

approach using Lingo 14.0 software and Branch-and-Cut approach using ILOG

CPLEX 12.6 are implemented to analyse the model. This example takes 7 min

and 24 sec. in LINGO and 4.36 sec in CPLEX with 0 optimality gap. When the
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size of the problem increased the performance of LINGO decreased and failed to

give result with considerable computational time, on the other hand CPLEX did

not fail running but it took more computational time to converge for medium

size problem. For example, increasing the size of the problem 12 machines and

12 locations (12 × 12) with the same product information data given in this ex-

ample, LINGO failed to start and crashed whereas CPLEX did not crash but,

after running for 48 hours, the optimality gap was 43 % and it failed to provide

result with considerable computational time.

5.2. Analysis of computational efficiency

This section illustrates the performance comparison of the proposed algorithm

with CPLEX. The MPMC -SA was checked for the same small size data (6×6) and

provides the same objective values which were found by LINGO and CPLEX with

less than a second computational time. Medium sized (12 × 12) test problem is

solved by CPLEX and the proposed MPMC-SA. Figure 5.1 shows the convergence

history of CPLEX and MPMC -SA techniques in solving (12× 12) sized problem

with same product data given in tables 5.1 and 5.3 and table 5.4 for the material

traveling distances. The first figure shows the objective values for both methods

with different iterations. MPMC-SA was run for 200 iterations and provided

the objective value below the 80th iteration. On the other hand, CPLEX was

run for millions of iterations and did not provide result. The lower bound of

the objective value generated by CPLEX was 14,548 (59% off from the objective

value). The MPMC-SA, on the other hand, was able to generate an objective

value of 37,980 within 12 seconds. For slightly large problem size, CPLEX was

unable to converge to the the objective function value, whereas the MPMC-SA

was able to give a good solution in a very good computational time. This shows
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the computational performance of MPMC-SA and its potential for solving slightly

larger problems. Furthermore, Figure 5.2 shows the effect of increasing the search

path on decreasing the computational time, doubling the search path decreased

the computational time by one forth.

Table 5.4: Material handling distance between location l and l′ El,l′ for 12 loca-
tions.

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12

L1 0 1 2 3 1 2 3 4 2 3 4 4
L2 1 0 1 2 2 1 2 3 3 2 3 4
L3 2 1 0 1 3 2 1 2 4 3 2 3
L4 3 2 1 0 4 3 2 1 5 4 3 2
L5 1 2 3 4 0 1 2 3 1 2 3 4
L6 2 1 2 3 1 0 1 2 2 1 2 3
L7 3 2 1 2 2 1 0 1 3 2 1 2
L8 4 3 2 1 3 2 1 0 4 3 2 1
L9 2 3 4 5 1 2 3 4 0 1 2 3
L10 3 2 3 4 2 1 2 3 1 0 1 2
L11 4 3 2 3 3 2 1 2 2 1 0 1
L12 5 4 3 2 4 3 2 1 3 2 1 0
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Summary, Conclusion and Future

Research

6.1. Summary and Conclusions

In the past few decades, the major problem of computative manufacturing indus-

tries are demand instability and change in product design and mix. Integrating

the Cell Formation and Faculty Layout attributes are emerging as a good way

of increasing productivity of the manufacturing system by organizing the sys-

tem into cells and systematically distributing the machines in the facility. The

contribution of this work lies in developing:

• An efficient mathematical model to address the Integrated Cell Formation

and Facility Layout attributes. In addition it has to take into considera-

tion key structural and operational attributes. This mathematical model is

solved using an exact solution procedure (LINGO based branch and bound

algorithm and CPLEX based branch and cut algorithm). The generated

solutions of this model allow the decision maker to determine:

1. Good splitting of the product types to reduce the production length.
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2. Systematic cell boundary formation.

• Efficient solution procedure implementation to solve the proposed model,

especially for upper boundary of medium-scale problems and large-scale

problems. In the mathematical model it is observed that the exact solution

procedure LINGO is only capable of solving small sized problems whereas

CPLEX can solve up to medium sized problems. Real sized problems are

solved using an efficient Multiple Path Markov Chain Simulated Annealing

algorithm. The solutions of MPMC-SA outperform the CPLEX and LINGO

solutions in terms of computational time, especially for real sized problems.

Also, MPMC-SA is found to give very good quality solutions which are close

to exact solution procedures.

6.2. Future Research and Recommendations

6.2.1. Multi period Integrated Cell formation and Facility

Layout

Incorporation of multiple planning horizons to this model lead the manufacturing

cell construction method to the dynamic virtual cell formation problem. A vir-

tual cell formation is a logical grouping of machines assigned temporarily for the

production of a given demand of product families. Once the demand changes, the

logical cells boundaries are disbanded and reconfigured into different cells without

physically moving the machines. From the perspective of the solution procedure,

the MPMC-SA can only give a single good value or near optimal solution for the

proposed mathematical model. This technique can be modified and improved by

incorporating multi period planning horizons to generate several good alterna-

tive solutions. Then, a simulation model will be developed and used to further

evaluate the model.
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6.2.2. Further efficient solution procedures

The use of parallelization techniques has been emerging as a promising methodol-

ogy for solving real sized manufacturing design problems. Parallelization has been

coupled with simulated annealing and genetic algorithm for the design of cellular

manufacturing system. A highly appealing way of research would be to apply

these parallelization methods when solving Integrated Cell Formation and Facil-

ity Layout problems. This could bring greater benefits in terms of computational

time and solution quality. For example, an adaptation of parallelization within

Markov chain simulated annealing algorithm could result in shorter total com-

putation time by exponentially decreasing the error probability in relation to the

number of processors used while keeping the total iterations amount unchanged.

6.2.3. Multiple Criteria Decision Making

The objective of the proposed model was minimizing the total material handling

cost of a product. Introducing performance oriented objectives in Integrated Cell

Formation and Facility Layout problem such as:

• Setup times.

• Work in process.

• Machine loading and scheduling.

• Job dispatching.

• Machine utilization and orientation.

• Socio-technical attributes.

provide more realistic representation of the manufacturing system. These per-

formance measures cannot be expressed in monetary terms and are beyond the

scope of this thesis, given the limited time period.
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