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CELLULAR LAYOUT DESIGN USING TABU SEARCH, A CASE STUDY

FARHAD GHASSEMI TARI* AND KHATEREH AHADI

Abstract. This paper presents a facility layout design for a cellular manufacturing system (CMS),
with the automated guided vehicles (AGVs) as the transportation device, to minimize the total material
handling costs. A new concept of assigning the workstations to the non-overlapping closed zones, by
which independent AGVs are allocated for internal transfer of materials/parts in each zone, is proposed.
To handle this problem, a mathematical programming model is developed. The problem has been shown
to be NP-hard. This computational difficulty has led us to consider suboptimal solutions generated by a
Tabu search with three algorithmic variants. To evaluate the efficiencies of these algorithms, an ANOVA
statistical test is performed and the best algorithm is designated. The solution of the new algorithms
is then compared with the solution obtained by the CPLEX software. The result indicates that the
designated algorithm can provide an average solution with a small deviation of only 0.01% from the
optimal solution. This algorithm is also applied to a real-world case problem. The use of this algorithm
for re-designing of the layout for the real-world case problem shows considerable cost saving comparing
to its existing layout design.
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1. INTRODUCTION

Increasing growth of competition has forced the manufacturing firms to improve their manufacturing produc-
tivity. Utilizing a more advanced manufacturing technology such as the cellular manufacturing system (CMS) is
one of the approaches for lowering the manufacturing costs and enhancing the production productivity. CMS is a
manufacturing arrangement which is a division of just-in-time manufacturing and lean manufacturing including
group technology. In CMS, similar machines such as lathes, mills, drills, and grindings are located close together.
CMS is a production process in which a collection of parts with similar manufacturing process or geometric
shape/size are grouped to form a product family. The product group is processed in a center, composed of
one or multiple different machines, called a machining cell. Each machining cell consists of several functionally
dissimilar machines with the capability of processing a specific product family. In terms of the facility layout
planning, the utilization of the CMS provides the obvious benefits of less travel distance for parts, less required
machines space, fewer needed machines, efficient flow and high production rate, and reduction of the setup time.
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In the literature, the basic types of layouts are classified as: “product layout”, “process layout”, and “fixed
position layout”. Fixed position layout is apt where products are heavy so movement of machineries and equip-
ment are less costly compared to movement of products. Product oriented layout is suitable for high volume,
low variety products. Process oriented layout is appropriated for low volume, high variety products. Process
layout is a design for the floor plan of a shop which aims to improve efficiency by arranging equipment according
to its function [14]. In this type of layout, departments are placed with large interdepartmental flow of parts
next to one another [28]. Process layout design is more complex than other two types [17]. In a type process
layout, the shops can be divided into small groups or cells of machines. This type of configuration is called
cellular manufacturing layout. Cellular manufacturing is a type of layout where machines are grouped according
to the process requirements for a set of similar items. These groups are called cells. Therefore, a cellular lay-
out is an equipment layout configured to support cellular manufacturing. This type of layout provides several
advantages. In that; material flow is significantly improved, the distance traveled by materials is considerably
reduced, parts inventory is decreased, and overall productivity is improved. In this paper, the general prob-
lem of cellular manufacturing layout design, with the automated guided vehicles (AGVs) as the transportation
device, to minimize the total material handling costs is considered. A new concept of assigning the worksta-
tions to the non-overlapping closed zones, by which independent AGVs are allocated for internal transfer of
materials/parts in each zone, is proposed. The flow of the material among the zones is handled by the lift
truck.

This paper also proposes to use the above mentioned problem to solve a layout design problem of a
real-world manufacturing firm named “MM Power train Manufacturing Inc. (MMPM?)”. Due to high vari-
ety of products, the layout of MMPM plants is a process layout. The core components are manufactured
in plants of MMPM and additionally there are 346 contractors which supply a vast verity of the other
parts and components to MMPM. All these parts and components are assembled in MMPM to make
the final products. The new management board decided to improve the plant efficiency through redesign
of the current layout. Although this study is an attempt for proposing a solution for the MMPM prob-
lem, however, we considered a general layout design of cellular manufacturing system (CMS) and pro-
posed a cost-efficient solution approach which can be adapted to the manufacturer with the similar prob-
lems. Therefore, this paper can be regarded as two distinct subjects. In the first subject, the facility
layout planning problems for a CMS is considered in which the automated guided vehicles (AGVs) are
employed as the transportation systems. The result of this research is then applied for solving the MMPM
problem.

A mathematical programming model in the form of a nonlinear mixed integer program (NMIP) is developed
to minimize the total facility layout costs. A Tabu search with three algorithmic variants is developed for solving
the proposed problem. The efficiencies of these algorithms are then evaluated by an ANOVA statistical test [33],
and the best algorithm is designated. The designated algorithm is used for solving the MMPM problem.

The reminder of this manuscript is organized as follows: In Section 2 we present a review of the previous
research studies on the related area. The developed mathematical model is presented in Section 3. Section 4
describes the development of three algorithms. In Section 5 we demonstrate the computational experiments and
a brief discussion on the results of the randomly generated test problems. The case problem is described in
Section 6. Finally, Section 7 concludes this research study.

2. LITERATURE REVIEW

Well-designed facility layout proved to be efficacious by contributing many benefits, such as: reduction in
material handling cost and work in process; and increase of the adjacencies score between department pairs
and safety through better equipment arrangements [13,27]. Layout problems are found in several types of
manufacturing systems. Layout design of CMSs is one of interesting types.
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Design of CMSs can be categorized into: part selection and/or formation; machines configuration: and, and
design of the facilities and facilities layout [5]. Although extensive research efforts are dedicated to the field
of CMSs design, however most of them are focused on the cell formation problem. Very few researches are
concurrently considering all three phases of the CMS design.

Among the works devoting the problems of cell formation, is the study conducted by Sankaran and Kasilingam
[32]. The machine-cell formation problem and the within-cell layout problem are concurrently considered in [30].
A mathematical programming model for the cell formation problems is proposed in [31]. A study considering
changing part routings, adding a new machine, duplicating an existing machine, removing an existing machine
and transferring a machine to another cell is presented in [37].

One of the early research efforts considering the simultaneous solution of the machine grouping and layout
problems of the CMS is the work of Alfa et al. [1]. A coincident problem of cell formation and cell layout
design in CMS is studied in [7]. The joint problem of the cell formation problem and the machine layout are
proposed by Mahdavi et al. [25]. Ariafar et al. [3] presented an algorithm for solving the cellular layout design
for arranging the machines within machine cells, and cells in the shop-floor. In an extension, a mathematical
model for layout problems in a hybrid CMS that minimizes both inter-cell and intra-cell material handling cost
proposed in [4]. An attempt to concurrently design the Inter-cell layout and the material handling system is
a study conducted by Leno et al. [23]. A new mathematical model for inter- and intra-cell layout problem in
CMS is the work of Jolai et al. [19]. Kia et al. [20] presented a mixed-integer non-linear mathematical model
for designing group layout of a CMS in a dynamic environment. Other studies dealing with the layout problems
of CMSs refer to [11,21]. A mathematical programming to solve the cell formation, operator assignment and
inter-cell layout problems, simultaneously is proposed in [6]. Development of an algorithm to solve a classical
cell formation problem can be found in [34]. This algorithm has been claimed to outperform current available
heuristics in the literature. Mohammadi and Forghani [26] proposed a new layout framework for the layout
of CMSs. A study investigating reconfigurable CMSs and hybrid manufacturing-remanufacturing systems has
been conducted by Aljuneidi and Bulgak [2]. Golmohammadi et al. [16] considered a lean technique of produc-
ing similar parts using cells or groups of team members, workstations, or equipment to facilitate operations
by removing setup and unnecessary cost components among various operations. The cell formation problem
determining decomposition of the manufacturing cells of a production system is the work of Noktehdan et al.
[29]. A mathematical programming incorporating cell formation and cell layout with the alternative process is
introduced in [12]. A two-phase heuristic approach to solve the dynamic cellular FLP is proposed in [22]. Other
research studies focused on dynamic cellular FLPs are found in [15, 18, 24].

The problem of cell formation by employing AGVs for transferring parts through cells is addressed in [9].
The only research study considering the use of AGVs for designing of the layout problem in CMSs is the work of
Xing et al. [36]. The intra-cell machine re-layout problem of CMSs is considered in which the AGVs were used
for transporting the materials between manufacturing cells. An efficient utilization of the AGV is considered in
[35]. A two-stage model called Spine Bay Layout is developed to allocate the workstations into several inter-
bay systems to minimize the material handling cost. For a review of material transferring methods, related
techniques, and their effects on CMSs refer to [10,39,40].

Thorough review of the related literature reveals that, no work is dedicated to the facility layout of CMSs with
the objective minimizing the transportation cost between cells, investment cost for procuring the AGVs, and
the cost for loading and unloading of the lift trucks. Also, the problem of cell formation to the non-overlapping
closed zones in which the material flow between cells is eliminated is not overlooked. Also, the reviewed works
have shown that the Tabu search outperforms other algorithms in terms of the objective function value and
average execution time for adapting the similar optimization problem. But, none has considered the use of Tabu
search algorithm for the facility layout of the CMS problems with the AGV as the transportation vehicle. These
observations motivated us to adapt the Tabu search technique as the solution approach for the problem under
consideration.
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3. MATHEMATICAL PROGRAMMING MODEL

Before presenting the mathematical programming model, the parameters and the decision variables are
defined as follow:

C Per unit AGV transportation cost per unit distance.

\% The load capacity of an AGV.

dj;  Distance between cell location j and [, where j,l € N

wir  Transportation load between cell ¢ and k, where i,k € M

R Purchasing cost of an AGV.

P Penalty cost for per unit loading and/or unloading of lift truck between two zones.
T;,  Total number of AGVs required for zone h,where h € H

Zp A set containing of the location numbers in the hth zone.

N Total number of locations.

H  Total number of zones.

M Total number of cells.

Xy Total cost.

x;j A zero-one variable taking 1, if cell 7 is assigned to location j and takes the value of zero otherwise

M N M N H H M
Xo=Y_Y 3" Condjmijar+ Y Z Z > Z > Poiaijrn + Z RT, (3.1)
i=1 j=1k=11=1 h=1t = =1jezZy k=11leZ,
75
Subject to:
d ay=1 Vi=1,2,...,N (3.2)
injgl Vji=1,2,....,.M (3.3)

M M
kXt < VT, Yh=12...H (3.4)
J

i=1 jEZy k=11€2),
zij = 0orl Vi=1,2,...,N&j=1,2,....M (3.5)
T, =0,1,2,... Vh= 1,2,...,H (3.6)

The first term of equation (3.1) indicates the total AGVs transportation cost among cells within and between
the zones. The second term presents the cost of loading and unloading of material between the zones. And
the last term is dedicated for the purchasing costs of the AGVs. By constraint (3.2) it is secured that a cell
is allocated to the only one of the location. Constraint (3.3) is presented to enforce that at most one cell is
assigned to each location. Constraint (3.4) is presented for imposing the AGV load capacity limitation in each
zone. Finally, constraints (3.5) and (3.6) each defines the characteristic of the variables.

4. DEVELOPMENT OF THE ALGORITHM

The proposed mathematical programming is an NP-hard model and it cannot provide the optimal solution
of the real sized problems [8,38]. Therefore, a heuristic approach has to be employed for finding a good solution
for the proposed problem.

There are several heuristic and Meta heuristic approaches for solving the layout problems of the CMSs. Among
them the Tabu search (TS) approach has not been considered as much as the other metaheuristic approaches. A
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preliminary investigation, conducted prior to this study, comparing a genetic algorithm with TS revealed that
for a given computational time the TS provide a better solution. Therefore, we are motivated to explore the use
of this method for solving the layout problems of the CMSs. To conduct this, some preliminary concepts and
procedures are presented as follows:

Solution space: The solution space is defined by Matrix SP with N rows and M columns in which its ij element
represents the allocation of the ith cell to the jth location. This element takes one if the ith cell is assigned to
the jth location, and has the zero value otherwise.

Determining the initial feasible solution: Given the flow matrix denoted by ¢ and the distance matrix denoted
by D, the initial feasible solution is constructed by the following steps:

Step 1. Among the un-flagged elements of Matrix ¢, designate the element with the maximum value.

Step 2. Among the un-flagged elements of Matrix D take the element with the minimum value.

Step 3. Assign the selected cell to the selected location of Matrix SP.

Step 4. Flagged the selected elements of Matrix ¢ and Matrix D. If all elements of Matrix ¢ are flagged, go to
step 5. Otherwise go to step 1.

Step 5. Stop, and take Matrix SP as the initial feasible solution.

Generating a neighboring feasible solution: The neighboring feasible solutions are generated using the pseudo
random generation number. By the use of this random number, a uniform density function with range of 1 to
M and a uniform density function with range of 1 to N are employed to generate a cell number and a location
number respectively. The generated cell is then assigned to the generated location. This routine is repeated until
a neighboring feasible solution is completed.

Determining the Tabu List: Three different methods are evaluated for determining the Tabu list. Based on this
evaluation three variant of the Tabu search algorithms are proposed as follows:

— TSC algorithm— The move of a specific cell is prohibited for the pre-specified number of iterations (the Tabu
size).

— TSL algorithm— Any assignment to a specified location is prohibited.

— TSCL algorithm— The assignment of a specified cell to a specified location is prohibited.

Tabu size: A preliminary computational experiment is conducted for determining the best value of the Tabu
size. As the result, the best Tabu size is determined as 1, 3, and 5 for the small, the medium, and the large
group respectively. This experiment will be illustrated in the next section of this paper.

Aspiration criteria: Using the objective function value, two aspiration criteria are
defined as follows:

Aspiration criterion 1: Tabu is designated as overridden if a Tabu move has a solution
better than any obtained so far.

Aspiration criterion 2: If there is no available move, then a solution is removed from Tabu
list based on the FIFO discipline.

Stopping rule: A specific number of iterations and/or the computational time are
defined as the stopping rule.
Searching procedure: Ten of the generated neighboring feasible solutions, with the low-

est objective function values, are selected as the search base. Then
algorithm is moved to the new solution with the best objective
function value, even if the objective function value is not better
than the current solution.
Based on the above-mentioned procedures, the steps of main algorithm will be presented as follows:

Initialization steps:

Step 1: Choose the type of the Tabu list (TSC, TSL, or TSCL), and input the ST (the limit on the number of
algorithm iteration).
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Step 2:

Step 3:

Step 4:

Step 5:
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Designate the problem group PG. i.e. PG=1 for the small group, PG =2 for the medium group, PG=3

for the large group. Assign the Tabu size of T* =1 for PG=1, the Tabu size of T* =3 for PG=2, the

Tabu size of T* =5 for PG=3.

Step 2.1. Let PG =1, and IT = 1.

Step 2.2. Generate 10 test problems of group PG, using the random number generation mechanism.

Step 2.3. Let k = 1.

Step 2.4. Solve test problem k using the Tabu size T*, and designate its objective as O(T ).

Step 2.5. If T=51, go to Step 2.6, otherwise let IT=1I1T+ 1, and go to Step 2.4.

Step 2.6. Let O*(k) =Max{O(T)y}, and let frequency F(k) = IT for obtaining O*. If k =10, go to Step
2.7, otherwise let kK = k + 1 and IT=1, then go to Step 2.4.

Step 2.7. Assign the most frequent 7', F'(k) = T, to the Tabu size T* (PG), and designate this Tabu
size for the test problems in group PG.

Step 2.8. If PG< 3, let PG = PG + 1 and go to Step 2.2, otherwise go to Step 3.

Generate the flow between cells and locations, and construct flow Matrix ¢ and Dy« . Construct

the solution space, Matrix S Py« n, and assign zero to all elements of the solution space matrix.

Select two cells having the largest flow from Matrix ¢prxps and two locations having smallest value

distance from Dy« . Allocate the two selected cells to the two selected locations by assigning 1 to their

associated elements in Matrix SPy;x .

If all the rows of the SPys«n have one element with value 1, let the iteration number, IT=1, and the

Tabu size, TS=0, and go to Step 6, otherwise eliminate the selected cells and the selected locations and

go to Step 4.

Iterative steps:

Step 6: By selecting the Tabu list type (Step 1) and having the Tabu size determined for the problem group

(Step 2.8), construct the Tabu list using the random number generation mechanism.

Step 7: Generate ten neighboring feasible solutions using random number generation mechanism, and find the

solution with the lowest value of the objective function.

Step 8: If this solution is not restricted by the Tabu list or if this solution has the best solutions found so

far, move from initial solution to this solution and designate this solution as the initial solution. Let
the best solution becomes the solution with the lowest objective function value and go to Step 10. In
case that the selected neighboring solution is in the Tabu list, update the Tabu list using the random
number generation and go to Step 10. Otherwise find the next lowest objective function from the
neighboring feasible solution which is not restricted by the Tabu list, then move from initial solution
to this solution and designate this solution as the initial solution, and go to Step 10.

Step 9: If T'S=T", update the Tabu list using random generation mechanism, and let T.S=0, and go to Step

7, otherwise go to Step 10.

Step 10: If IT = SI, stop and designate the best solution as the final solution, otherwise let T.S= TS+ 1, and

IT=1IT+1, then go to Step 7.

5. COMPUTATIONAL EXPERIMENTS

Two distinct computational experiments are performed for evaluating the efficiency of the proposed algorithm
and its variations. A statistical test is conducted for comparing the performance of the three Tabu algorithms.
Then the closeness of the objective function values obtained by the proposed algorithms and the optimal solution
is determined.

Before conducting these experiments, a preliminary analysis is performed to determine the best value for
the Tabu size. In this analysis, 30 distinct test problems are generated and classified per their sizes as; small;
medium; and large instances. For each individual problem in each class, the Tabu size is varied from 1 to 20
and 20, and the test problems are randomly generated and solved. The best objective function frequency and
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its associated Tabu size are recorded for each group. Based on the result of this experiment, the best Tabu size
is determined as 1, 3, and 5 for the small, the medium, and the large group respectively.

5.1. Statistical experiment

A paired one-tailed, sample t-tests is performed to evaluate the equality of the average objective function
values of every pair of the propose algorithms. Note that by conducting this type of test, there would be no
need to perform a statistical test for the equality of their variances.

In this experiment, 30 test problems are randomly generated and grouped in three classes of the small, the
medium and the large size. The data for quantity of flow between two cells, and distance between two locations,
are generated by employing two uniform density functions with the ranges of [50, 150] and [1, 15] respectively.
Four constant values of, 10, 1000, 100, and 20 are assigned to the unit transportation cost, the AGV price, the
AGYV capacity, and the loading unloading cost, respectively.

The Tabu size of 1, 3 and 5 are assigned for the small, the medium and the large size problems. The generated
test problems are solved by the three-proposed algorithms and the objective function values are attained as
presented in Table 1. Referring to this table, it can be realized that the deviation of the objective function values
for some of the three-proposed algorithms are so small and could be due to the random variations. However,
as it can be realized, TSC is more frequently appeared to be the best algorithms. This is also acknowledged by
the results of the second experiment. Therefore, a one tailed test can be performed for statistically verification
of the equality of the average objective function values.

The powerful program of R, version 2.8.1, is employed for this test. Three ANOVA statistical tests are
performed to evaluate the equality of the average objective function values of the three-proposed algorithms as
follows:

Case I
Hy : Averagepgcr, > Averagepgo
Hj : Averagegcr, < Averagegc
Case II.
Hy : Averagergr, > Averagegc
Hy : Averagergr, < Averagergc
Case III.

Hy : Averagerg, > Averagergcy,
Hy : Averagepg, < Averagergcr,

The result of the hypothesis for Case I reveals that the p-value is greater than «. Therefore, there would be
no justification for the rejection of the null hypothesis. This indicates that Algorithm TSC on average provides
a better solution comparing to Algorithm TSCL.

The result of the hypothesis for Case Il shows that the p-value is greater than «. Therefore, the null hypothesis
cannot be rejected. It indicts that Algorithm TSC on average provides a better solution comparing to Algorithm
TSL.

Heretofore, it is concluded that Algorithm TSC performs better than Algorithm TSCL as well as Algorithm
TSL, in terms of the average objective function value. It is worthy to compare the same measure for the two
later algorithms. Case III presents the hypothesis testing for average objective function values of these two
algorithms. The result of the hypothesis for Case III concludes that Algorithm TSCL on average provides a
better solution comparing to Algorithm TSL.

The results of the three-hypothesis testing for the three cases reveal that Algorithm TSC performs better
than Algorithm TSCL and consecutively Algorithm TSCL performs better than Algorithm TSL.
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5.2. Comparing the solution of the proposed algorithm with the optimal solution

In this experiment, a set of 15 small size test problems is generated using the density functions described
in Section 5.1. For each test problem, the number of zones, the number of cells, and the number of locations
as well as the constant values of, 10, 1000, 100, and 20 for the unit transportation cost, the AGV price, the
AGYV capacity, and the loading unloading cost respectively, are assigned. The quantity of flow between every
two cells, and distance between every two locations, are generated by employing two uniform density functions
with the ranges of [50, 150] and [1, 15] respectively. Using the generated data the test problems are solved by
the proposed algorithms and the CPLEX software. To obtain the solutions of the CPLEX software, the test
problems are converted to a linear form, as below:

Let a zero-one variable Yjji; is defined as: Yjjr = 245 * 1. Then the convert model will be as follow:

M N M N N
i=1 j=1k=11=1 =1 h=1¢ i=1jeZy k=112,

H H M
Comdyijm+ Y, >, > Y Z > Pouyijui + Z RT, (5.1)
o

> mi=1 Vi=1,2,...,N (5.2)

2 <1 Vi=1,2,...,.M 5.3
Z J J )< ’

M M
Z Z Z Z Comyijrt < VT, Yh=1,2,...H (5.4)

i=1j€Z), k=11€Zy,

Tij + Tpr — Yije < 1 V all values of 4,5, k,I's,i # k,j #1 (5.5)
1 1

2 %is + TR~ Yijht >0 Y all values of 4,7, k,1's,i # k,j # 1 (5.6)
Tij, Yijer = Oorl V all values of 4, j, k,l's,i # k,j #1 (5.7)
Ty =0,1,2,... Vh= 1,2,... H (5.8)

In this model Y;;x;, a zero-one variable to substitute x;; * xx;. To support this substitution, constraints (5.5)
and (5.6) are presented. Constraint (5.6) forces Yjji; becomes zero if either x;; = 0 or xy = 0, or both
simultaneously take zero value. While constraint (5.5) insures that if z;; =1 and x3; =1, then Y, =1.

The percent deviation of the objective function obtained by the proposed algorithms from the optimal solution
is calculated for each problem using the following relation:

Objective function of algorithm — Optimal objective function

Deviation% = x 100. (5.9)

Optimal objective function

The result of this experiment is presented in Table 2. As it is realized the average deviations of the best
solution obtained by the proposed algorithm from the optimal solution is 0.01% with the standard deviation
of 0.92. Referring to this table, it can also be realized that the best solution is more frequently obtained by
Algorithm TSC. To reveal this fact the best solution is bolded in this table. These numbers indicate that the
proposed algorithms can provide a solution very closed to the optimal solution. Specially, Algorithm TSC can
obtain an astonishing solution.

6. A CASE PROBLEM

In the previous sections of this paper, we considered a general version of cellular manufacturing system with
the AGV as its transportation vehicle and we developed a Tabu search algorithm for solving the layout design
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of the proposed problem. The proposed algorithm is constructed in such way to handle the general version of a
cellular manufacturing plant layout design. However, the main objective was to use the proposed algorithm for
solving the layout design problem of MMPM firm. This section provides an overview of the layout design of the
case study company.

6.1. Overview of the MMPM company

The case study plant is a power train manufacturer for different types of vehicles which provides design,
manufacture, testing, distribute, return/repair services and assembly of vehicle part components. The MMPM
is a manufacturing firm, affiliates directly as a subsidiary of a vehicle industrial group in a developing country.
This vehicle industrial group is a public corporation producing various types of vehicles with more than 80
subsidiaries. The MMPM is established to manufacture all the power trains (engine, gearbox, and axle) for
different types of the vehicles which are produced in the industrial group. MMPM has two manufacturing sites
located in two different cities. The main site is located in the same city of the industrial group and supplies
most of the required power trains of the industrial group. The other site is a relatively small plant which
manufactures the power trains of the only two types of the vehicle. The layout design proposal however faces by
the both sites. Currently the layout of MMPM in the both plants is a process layout. The major manufacturing
operations of MMPM are parts machining. That is the raw parts either casted or forged cut into a desired final
shape and sized by a controlled material-removal process. The core components are manufactured in plants and
additionally there are 346 contractors supply a vast verity of the other parts and components to MMPM. All
these parts and components are assembled in MMPM to make the final products.

6.2. Data gathering and analysis and modeling

Essential data of the plant such as product data, manufacturing process data, flow process (routing), the
available spaces, the space requirements, the existing layout pattern, manufacturing facilities and relationship
between each process are collected. The general information of the company such as company mission, business
groups, strategy, history, products, factory size, and so on are also gathered. As mentioned before the current
plant layout is a process layout. In order to design a cellular layout, the products are grouped by their weights.
The products of this plant are grouped into the heavy products, medium weight products, and low weight
products. The engine’s housing, engine’s cylinder head, axle’s housing, and gearbox housing are some example
of the heavy weight products. Axle shaft crankshafts, camshafts, flywheels, and clutch housing are some examples
of the medium weight products. Different types of pulleys, flanges, and piston rods of different kinds of engines
are some example of the low weight products. Then cells are created by consolidating the processes required to
create parts.

6.3. Alternative layout improvement and selection

Layout improvement alternatives have been developed using the proposed Tabu search algorithm. A set of
24 alternative layouts is generated by manipulating different combination of the algorithm parameters, such as
the Tabu size, the Tabu list, the Aspiration criteria, etc. Among them, five layout designs having the five lowest
objective function value are designated for the final selection. A committee consisting of the representatives
from five departments; process engineering, supply chain, planning, plant engineering, and a top manager
representative is held to review and evaluate the practical consideration of the designated five layouts. As the
result a layout design is selected to be implemented.

6.4. Findings

The AGV’s purchasing investment cost and material handling costs are considered as the measure of effec-
tiveness for the re-layout of MMPM plants. The suggested cellular layout, with AGV as the material handling
device, to substitute the current process layout requires an extra initial the AGV purchasing investment. More-
over the new concept of non-overlapping zones has a higher initial investment for purchasing some extra AGVs.
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FIGURE 1. Comparison of the objective function value (material handling costs + AGV invest-
ment annual cost).

Therefore, for justification of the proposed layout solution, we must show that these initial investments can be
compensated by the reduction in material handling costs. To disclose this a period of 7 years (as a period for
depreciation of the AGVs) is considered to evaluate the total cost of these three plans. Figure 1 depicts the
trend of the objective function values of these three plans. In this figure the objective function values of the
current layout is depicted by a dotted line. This line remains flat since there is no initial investment in this
case. The cellular layout without overlapping zones and the cellular layout considering non-overlapping zones
are depicted by a dashed line and a solid line respectively. Referring to this figure it is realize that although
the line showing the non-overlapping zone layout costs has higher cost initially, but it is declined more rapidly
comparing to the overlapping zone layout costs after the first year. As it reveals, the cellar layout, in both cases,
provides considerable saving over the current layout. Additional it reveals that although the layout without
non-overlapping due to the initial investment has a smaller objective function, however the reduction in the
material handling costs reimburses this initial costs over the future periods.

7. CONCLUSIONS

In this paper, a facility layout planning problem for a CMS in which AGVs are employed as the transportation
systems is considered. A new concept of assigning the workstations to the non-overlapping closed zones, in which
independent AGVs are used for internal transfer of materials/parts in each zone, is proposed. It is assumed that
AGVs have limited capacity for transporting material/parts. All the transportation of the material/parts is
carried exclusively by AGVs and the lift trucks are only used for delivering loads between zones (loading and
unloading). It is assumed that the facility layout costs comprise three types of costs; the transportation cost
between cells, investment cost for procuring the AGVs, and the cost for loading and unloading of the lift trucks.

A nonlinear mixed integer mathematical program is developed to model the proposed problem. The proposed
mathematical programming model is a NP-hard model. Therefore, a Tabu search algorithm with three variants is
developed. The developed variants are named as T'SC algorithm, TSCL algorithm, and TSL algorithm based on
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the distinct Tabu list for prohibiting some of the solutions. The efficiencies of these variants are then evaluated
through a statistical test. To perform this evaluation a set of test problems are generated using the pseudo
random number generation mechanism. Through this analysis one of the variants of the three algorithms which
demonstrated to have significantly better result is distinguished.

To evaluate quality of the solution of the proposed algorithms, 15 test problems are randomly generated,
and solved by the proposed algorithms and CPLEX.V12.1. To conduct the later computational experiment, the
developed NMIP model is converted to a linear form to become suitable for solving by CPLEX software. The
result indicates that one of the proposed algorithms can provide the average solution with a small deviation of
only 0.99% from the optimal solution, while in 5 out of 15 instances it is reached to the optimal solution. This
algorithm is designated for designing of the layout problem in a real-world case problem.

The AGV’s investment cost and material handling costs are considered as the measure of effectiveness for
the re-layout of case problem. The measure of effectiveness of the proposed layout design is compared with the
existing layout. The result indicates a considerable saving on the material handling costs. Since in the proposed
layout design a concept of non-overlapping zones is considered for the AGV paths, it is also compared to the
case where the non-overlapping paths are not considered. The result reveals that although the layout without
non-overlapping initially has a smaller objective function value, however the reduction in the material handling
costs in every other years reimburses this over initial cost.
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