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In this paper, a quaternion firefly algorithm is utilized to solve a multi-row facility layout design
problem with the objective of minimizing the total cost of transportation. A quaternion firefly
algorithm takes the motion of the firefly as a quaternion one. Consequently, the solution space is
explored more accurately and the answers are of higher quality. That is, the answers are considerably
better than those obtained by standard firefly algorithms. Given the necessity to cut the costs of
transferring materials in the facility layout design, a layout is adopted to examine the performance of
the algorithm and the solutions from the proposed algorithm are compared with those of CRAFT
software, entropy algorithm, and genetic algorithm with that of a heuristic process. The results show
better performance of the proposed algorithm comparing other algorithms under examination.
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1. INTRODUCTION

One of the key problems in the manufacturing and
service system design is the layout of facilities and
departments, known as facility layout problem (FLP).
The solution for this problem notably influences the
manufacturing cost, workflow, delivery time and
performance. An effective performance can guarantee
harmonious flow of materials in a factory site. In
addition, a good layout facilitates workflow operations.
For instance, material flow among machineries is
harmonized by an effective layout so that materials are
supplied in a timely manner and accumulation of parts
throughout the work process is avoided. Therefore, an
effective FLP improves the performance of the whole
process and may cut the operational costs up to 50%.
Minimizing transportation costs and manufacturing time
and maximizing available space and flexibility of the
performance are achievable by an effective FLP [1].
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The main factor to set the facility layout is the cost
of materials transportation, which is usually determined
based on materials flow and distance between the
facilities [2]. The meta-heuristic algorithms are so
useful for solving NP-hard problems; by meta-heuristic
algorithms, every model under various complex
constraints can be solved. Meta heuristic algorithms are
used in majority scope. Zoraghi et al. [3] used meta-
heuristic algorithm for the resource constrained project
scheduling problem. Tavakkoli-Moghaddam et al. [4]
used a genetic algorithm for solving mathematical
models of multi-criteria parallel machine scheduling
problem. Poursafary et al. [5] used seeker evolutionary
algorithm (SEA) for continuous optimization. In these
research advantages of this new algorithm compared
with other algorithms used in continuous optimization.
Aghajani-Delavar et al. [6] used meta-heuristic
algorithm for integrated dynamic cellular manufacturing
systems and production planning that minimizes
machine purchasing, intra-cell material handling, cell
reconfiguration and setup costs. Mehdizadeh and
FatehiKivi [7] used simulated annealing (SA), vibration
damping optimization (VDO) and harmony search (HS)
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for single-item capacitated lot-sizing problem with setup
times.

2. LITERATURE REVIEW

Due to wide range of the factors and variables involved,
there is no agreement among the authors regarding an
accurate and common definition of layout problems.
Some of them are as follows:

Koopmans and Beckmann [8] were among the
pioneers in this field. They found the layout problem a
common problem in industries where the main goal is to
reach a layout of facilities in such a way that the
transportation cost of materials is minimized. According
to Meller et al. [9], an FLP has to do with finding non-
overlapping planer orthogonal layout out of rectangular
facilities in a rectangular plane so that the measures
based on distance are minimized. Shayan and
Chittilappilly [10] argued that a layout problem is an
optimization problem to find an effective layout based
on materials flow system and different interactions
among the facilities in the layout.

In accordance with the majority of the problem
solving approaches, here we take the cost of
transportation as the main measure of effectiveness in
the layout. Unfortunately, FLPs are known for their
complicacy and are classified as NP-hard [11]. Different
factors (e.g., volume, variety of products, material flow
system, possible flow paths, number of floor where the
facilities are located, form of the facilities, input/output
points) differentiate FLPs.

Optimization techniques are not limited to exact
methods as near-optimal methods that do not guarantee
optimum answers are also included. These methods are
comprised of meta-heuristic and non-heuristic methods.
Advantage of the former over the latter is its capability
to avoid local optimal answers. Exploration and
exploitation are two features of meta-heuristic methods;
exploitation means local search for better answer in the
neighborhood of current answer and former is to go
beyond the local answers. Meta-heuristic algorithms
have been widely used to solve layout problems. Some
of them are discussed in the following sections.

Alvarenga et al. [12] analyzed FLP in manufacturing
setting and proposed two solutions based on tabu search
(TS) and simulated annealing (SA). They solved
single/multi-row facility layout and concluded that both
methods lead to acceptable result, although, TS is faster
in yielding the result.

Liu et al. [13] used TS and AS to solve facility
layout problem where demand and transportation flow
of the manufacturing system were probabilistic.
Kulkarni and Shanker [14] introduced a mathematic
form using genetic algorithm to solve QAP problem and
tested their algorithm on several problems and reported

good results on small scale. However, performance of
the algorithm decreased with increase of the dimension.
Duran et al. [15] used enhanced particle swarm
optimization (PSO) to solve layout problem. In fact,
they used the concept of likelihood rate and tested their
algorithm on several layout problems and reported
optimum answer from the algorithm.

Zhang et al. [16] employed a one-way design with
loop to solve layout problem. To this end, they first
wrote an optimization model based on target functions
and limitations of the layout problem. Afterward, they
used genetic algorithm to solve the problem. Eventually,
they tested their approach on several practical problems.
Youling et al. [17] proposed a second order FLP
through combining hierarchical analysis and second
order assignment analysis. To solve the problem they
employed ant colony algorithm and estimated time in a
workshop with long and winding production row. Miao
and Xu [18] defined a model by taking into account
standard transportation cost and time and solved the
problem by combining TS and genetic algorithm. By
successful tests on several problems, they proved that
their proposed approach outperformed other similar
algorithms in finding an optimum answer with high
convergence speed.

Jannet et al. [19] considered FLP as a multi-object
problem and used genetic algorithm and some criteria to
minimize transportation and maximize locality to
achieve an effective layout. By taking FLP as a multi-
object problem, Reddy et al. [20] tried to weight the
targets within an interval of 0 to 1. Then, they solved
the problem using PSO algorithm in C™. Benabes et al.
[21] proposed a four-step method to solve FLP; the
method included a description of the problem,
formulating, problem solving, and decision-making.
They employed a combination of genetic algorithm and
a local optimization module. The proposed approach
actually tried to solve the problem in an environment
interacting with the decision-maker so that his/her
experience and judgment are taken into account to
achieve the optimum answer.

Aiello et al. [22] took into account four features (i.e.,
cost of transportation, form ratio, neighborhood rate,
and distance coefficient) for FLP. Looking at the
problem as a multi-objective one, they used ELECTRE
technique along with genetic algorithm for the layout
problem. Tuzkaya et al. [23] utilized genetic and SA
algorithms to solve FLP. To this end, genetic and SA
algorithms parameters of the FLP was determined.
Afterward, the algorithm was run 100 times. The
algorithm results were compared pairwise and target
function, computation time and results revealed that SA
outperforms genetic algorithm regarding quality of the
solution and computation time. More problems were
also solved using the two algorithms and the previous
results were supported.
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3. FACILITY LAYOUT PROBLEM

The main objective in solving multi-row FLP problem is
to minimize material transportation cost. Thus, the
target function is set based on minimizing the cost of
material flow between different departments. One of the
target functions used for the layout problem, proposed
by Wong and Komarudin [24], is as follows:

C=XN XN is)fijcijdij (1)

where, C denotes total cost of transportation, i and j
represent source and destination department numbers,
respectively, N signifies the number of departments, f;;
denotes volume of transported materials between
departments i and j, C;; denotes transportation of one
unit of material between departments i and j, and d;;
denotes distance between departments i and j. It is
assumed in multi-row FLP that the departments can be
positioned in several rows so that different sections in a
department are connected to each other.

4. PROPOSED ALGORITHM

This section presents the proposed algorithm for solving
the multi-row facility layout design problem.

4. 1. Firefly Algorithm The firefly algorithm
(FA) was first introduced by Yang [25]. It is inspired by
flashing behavior of fireflies in a large swarm. Firefly is
one of the most effective algorithms for solving
combined optimizing problems. Other algorithms based
on firefly algorithm all are classified as multi-factor
systems, where the factors are artificial fireflies that
imitate behavior of real fireflies. Firefly algorithm is a
clear example of swarm intelligence where factors with
limited capabilities reach outstanding results behaving
as a swarm. The algorithm is used for solving wide
range of optimization problems including the classic
salesman problem and mapping in long range
telecommunication networks.

The meta-heuristic algorithm is based on the
brightness of the light emitted by the fireflies. Yang
formulated the algorithm assuming:

1. All fireflies are unisexual, so that one firefly will be
attracted to all other fireflies;

2. Attractiveness is proportional to their brightness, and
for any two fireflies, the less bright one will be
attracted by (and thus move to) the brighter one;
however, the brightness can decrease as their
distance increases;

3. If there are no fireflies brighter than a given firefly,
it will move randomly.

4. Brightness is related to the target function.

Attractiveness of each firefly depends on its
brightness; and brightness peak (I) of a firefly in a
unique place (X) can be fixed with target function; this
will be in a situation that attractiveness (B) is a Relative
Attractiveness and level of attractiveness is judged by
other fireflies. Each firefly is lured based on brightness
of other fireflies. Attractiveness of a firefly is obtained

by:
B =P @

where, B- is attractiveness at zero distance.
Distance between two fireflies can be written by:

Tij = ||Xi - Xj|| = ,’Zﬂzl(xi,k ~Xj)° ©))

where X; ;. is k-th element of i-th firefly. As implied by
(3), the less bright firefly (i) is attracted to brighter
fireflies (j), and the movement is obtained by:

s; = 5;+ B (55— 5;) + @.ny(0,1) 4

Clearly, the right side of the equation is comprised
of three parts. The first part represents the i-th firefly;
the second part has to do with attraction; and the third
part is pertinent to n; that randomly adheres to normal
distribution. In most applications, y =1,8. =1, and
a varies between 0 and 1. The process of the FA is
explained below:

Firefly Algorithm

1 Initialize algorithm parameters:

MaxGen: the maximum number of generations
Objective function of f(x), where x=(x ,........ Xd)T
Generate initial population of fireflies or xi (i=, ,..., n)
Define light intensity of i at xi via f (xi)

While (t<MaxGen)

For i = to n (all n fireflies);

For j=to n (all n fireflies)

a B~ W N

If (1j> 1i), move firefly | towards j; end if
Attractiveness varies with distance r via Exp [-yr ],
Evaluate new solutions and update light intensity;
End for j;

End for I;

Rank the fireflies and find the current best;

End while;

© 00 N o

10 Post process results and visualization;

11  End procedure
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where, p(t) is the primary population represented by

real numbers S =5, ..,5©, so that i represents
number of fireflies of population p and iteration t.

Random population of the fireflies is obtained by:
S = (ub; — Ib).rand(0,1) + Ib; (5)

where, lb; and ub; represent lower and upper limits

respectively and the main loop of search process of the

algorithm is controlled by maximum iteration numbers.
The new value o is a random parameter obtained by:

A=1— 10—4/0.91/max—gen (6)

a(t+1) =1- A.O.’(t) (7)

where, A is step length of the variations of o+,
Parameter y denotes change in attractiveness, so that it
is related to the rate of convergence and behavior of the
firefly. Although, by theory the variation range is [0, o],
in practice it is ranged from 0 to 1.

There is no change in attractiveness when y = 0 and
B = B.. That is, brightness is ideally constant and a
highly attractive firefly is visible over a specific region.
From optimization point of view, it means that a general
optimum point is achievable, which is in accordance
with special mode of PSO algorithm by changing the
PSO parameters in order to find the best performance of
the proposed algorithm. Indeed, the special mode
happens when the internal loop is removed for j and I; is
replaced with the best available answer. In this case,
firefly algorithm is standard PSO algorithm.

On the other hand, when vyis considered as an
infinite value, attractiveness of each firefly for other
fireflies is zero, so that the fireflies are attracted to each
other randomly. Therefore, behavior of the algorithm
can be controlled by setting y. In the case of
optimization problems, with decrease of y, the search
process is done in the neighborhood of the available
answer, and increase of y leads to randomization and
increase of distance from local optimal answers. In
some review papers, for instance lIztok Fister et al. [26],
enhancing the firefly algorithm performance is
considered, in which chaotic maps were introduced to
enhance the firefly algorithm.

4. 2. Quaternion Firefly Algorithm (QFA) The
QFA is based on the basic firefly algorithm where the
virtual fireflies use 4 dimensions space instead of
moving in the Euclidean space. The algorithm was
proposed by Fister et al [1] where the Euclidean space
of virtual fireflies is represented as a vector of real
numbers S; = {S;o, Si1, ..., Sin} With D dimension, where
S;j € R™. On the other hand, in 4D space, the fireflies
are represented as a D-dimension vector of quaternion’s
q;i = {in'qil' ...,qin}SO that q” € H""H € R™. The new
condition foretells that the new algorithm would be more

complicated, while its power is increased. Therefore,
computation promises answers with more reliability. The
modified algorithm is explained as follows.

Quaternion Firefly Algorithm

1 t=0;q"=Qzero(); y=1.0; // initialize: gen,counter,
best solution, attractiveness

2 QY =1nit QFA(); // initialize the firefly population
xOep©

3 While r <MAX-GEN do

4 o= AlphaNew(0; // determine a new value of o

5  Evaluate QFA(QY f(||ql|)); /fevaluate o;® according to
lloill

6  order QFA (QY, |[ql]); sort QY according to ||qill

7 q =Find The Best QFA (Q¥, ||qll); // determine the best
solution q

8 QY = Move QFA(QY); // vary attractiveness
9 t=t+l

10  Endwhile

11 returnq’, ||qll; // post process

Difference between the modified and standard
algorithms is specified by using the quaternion’s
representation of individuals. The virtual fireflies move
toward more interesting areas of search space using
quaternion algebra instead of Euclidean space. In fact,
instead of one dimension, every element of the firefly
algorithm is displayed by four dimensions. To describe
QFA function, at first a quaternion preliminary
population of fireflies is created by “grand”
function. § = {S;o, S;, ..., Sp} in the Euclidean space is
obtained by i" quaternion vector “gi” using the norm
function as (8):
Si=|layl|,  forj=1,..D )
which is evaluated like the standard algorithm. Number
of the virtual fireflies remains unchanged and all the
conditions to find the best answer by the standard
algorithm are held true for the modified algorithm. The
modified algorithm is concentrated on the displacement
function, where a population of virtual fireflies moves
in 4D search space. Distance between the fireflies in the
search space is explained by:

ry; = dist(q;, q;) 9)
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where, gi and gj are i™ and j" fireflies in the search
space respectively. Movement of the firefly i toward
firefly j is as follows:

g =q; + ﬁae‘yrz(qj - qi) + a.&.Qrand(), (10)

where, rij is the distance between i" and | firefly in 4D
space, a randomization parameter, ¢ the scale, and
Qrand the 4D random vector. After displacement of the
virtual fireflies, a confirmatory function is used to
ensure that new position of the fireflies is within the
related ranges such as 1b; < [lq;|| < ub;.

5. COMPUTATIONAL RESULTS

In this section, the standard benchmark is for a facility
layout with 12 sections taken from Francis and White
[27]. This example has been examined several times and
here we try to obtain better answers using QFA.
Material flow, transportation cost, and required area are
listed in Tables 1, 2, and 3 respectively.

5. 1. Representation The answers have been
represented in matrix and each entries is filled based on
department No.. That is, number of entries by each
department is obtained based on its area. Changes are

R. Tavakkoli-Moghaddam et al. / [JE TRANSACTIONS B: Applications Vol. 28, No. 11, (November 2015) 1605-1613

represented based on permutation of different forms of
layout of the matrix and based on Quaternion geometry
used in QFA. Different permutations were obtained
based on the order of variables. For instance, a layout
with three departments is represented as Figure 1.

5. 2. Parameters Setting The algorithm code of
QFA was run on a Pentium 4 (2.4GHz) with 6 Gb RAM
computer. Based on the previous studies and based on
features of this problem, the optimum parameters are
considered in three levels (see Table 4). With five
parameters at three levels, Taguchi method needs 27
tests. Different levels of the parameters, the results of
the 27 test, and the results after normalization based on
(11) are listed in Table 5.

Algorithmsol—-Bestsol

RPD = X 100 (11)

Bestsol

In the RPD, the bestsol means that best solution is found
so far. According to s/n ratio diagram, optimal levels of
QFA are level 3 for parameter 1; level 3 for parameter
2; level 3 for parameter 3; level 1 for parameter 4, and
level 2 for parameter 5. Transportation cost for the final
layout and based on QFA results was 71679 for multi-
row layout (see Figure 3).

TABLE 1. Material flow between the departments

1 2 3 4 5 6 7 8 9 10 11 12
1 1000 300 B B _ _ _ _ _ _ _
2 B _ 1000 200 3 B _ _ _ _ _ _
3 200 400 _ 600 _ _ _ _ _
4 - B B 600 B B _ _ _ _ _
5 B _ B _ B 200 400 B B B B B
6 - - - B B _ 600 200 400 B _
7 - _ _ _ _ 400 _ _ _ 200 B 600
8 - B 7 B B 200 B _ _ _
9 _ _ _ _ _ _ _ B _ 200 400
10 - B - B B i B 600 B _ B
11 B _ B B B B B B B B B 200
12 B 3 B _ _ _ . _ _ _ _ _

TABLE 2. Transportation cost

1 2 3 4 5 6 7 8 9 10 11 12
1 B 3 15 B B _ _ _ _ _ _
2 B B 1.23 0.98 B _ _ _ _ _ _
3 0.98 1.23 B 1.1 B B _ _ _ _
4 B B _ _ 21 _ _ _ _ _ _
5 B _ B _ _ 18 15 _ _ _ _ _
6 - B B B B B 1 1 _ 1.2 B B
7 _ _ _ _ _ 1 _ _ 3 1 B 2.4
8 B B _ _ B B 1 _ _ _ _ _
9 _ _ _ _ _ _ _ B B B 1.3 2.1
10 B B _ _ _ _ _ 17 _ _ _
11 1
12
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TABLE 3. Required area for the departments

Department Area (ft) Department Area (ft%)
1 600 7 125
2 425 8 275
3 200 9 285
4 250 10 150
5 210 11 75
6 175 12 715
" . : TABLE 4. Parameters of the QFA
Levels
1 2 3
3 3 Iteration 100 200 300
3 3 Population 30 50 70
3 3 (0) 0.1 0.2 0.3
2 3 (8. 1 2 3
2 1 g ) 1 2 3

Ll wafu
R R

[P EUSY O PO

Figure 1. Permutation representation and design of layout

Main Effects Plot for SN ratios
Data Means

A B c D E

Mean of SN ratios
R
:\
|
i
|
i

Signal-to-noise: Smaller is better

Figure 2. Taguchi tests layout

Figure 3. Proposed layout based on the proposed QFA (Cost
=71679)

TABLE 5. Taguchi test results

No. Levels Results RPD
1 111 11 84876 18.411
2 111 1 2 93519 30.469
3 11 1 1 3 88377 23.295
4 1 2 2 21 79640 11.106
5 1 2 2 2 2 82393 14.947
6 1 2 2 2 3 84319 17.634
7 1 3 3 3 1 71679 0
8 1 3 3 3 2 73559 2.622
9 1 3 3 3 3 80734 12.632
10 2 1 2 31 80173 11.85
11 2 1 2 3 2 90721 26.565
12 2 1 2 3 3 88072 22.87
13 2 2 3 11 74733 4.26
14 2 2 3 1 2 79532 10.955
15 2 2 3 1 3 71679 0
16 2 31 21 82309 14.83
17 2 31 2 2 83597 16.626
18 2 31 2 3 81108 13.154
19 313 21 83624 16.664
20 31 3 2 2 71679 0
21 31 3 2 3 85029 18.6247
22 3 21 31 88838 23.938
23 3 21 3 2 85126 18.76
24 3 21 3 3 79640 11.106
25 3 3 2 11 79640 11.106
26 3 3 2 1 2 74733 4.26
27 3 3 2 1 3 79508 10.922

5. 3. Comparison Comparison of the results with
similar works was carried out based on 3 results and the
layouts. Figure 4 represents the layout obtained from
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CRAFT software (cost = 87963). Figure 5 represents the
layout obtained by Gonzalez and Gomez [28]. They
proposed a layout based on entropy algorithm (cost =
83883). Eventually, figure 6 represents the layout by
Sadrzadeh [29], which is a layout based on heuristic
genetic (cost = 77844). These cost values show a better
performance of the proposed algorithm.

12 giraire
12 9| 9]¢
12 9] 9]¢
12(12(12]12| 9| 9| 9
12(12]12]12| 9| 9| 9
12(12(12|12| 9| 9| 9 |
[ [nj2junjujn
12(12(12]12]12|11]11
12(12]12

12(12]12

Figure 4. Layout obtained from CRAFT software (Cost =
87963)
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N{o|00| || =]
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| 12 |
12 (121212 [12]12 |12 [12]12] 12 [ 12 12]

Figure 5. Layout obtained by Gonzalez and Gomez (Cost =
83883)
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i 188
Figure 6. Layout by Sadrzadeh (Cost = 77844)

7. CONCLUSION

Quaternion firefly algorithm was used for solving a
multi-row facility layout design problem aimed at
minimizing total transportation cost. Comparing with
standard firefly algorithm, QFA vyielded better results.
By assigning 4 dimensions to each variable, the
variables could search the solution space with more
accuracy. After introduction, literature review, and
theoretical bases, a numerical example was represented
using QFA. The results were also compared with those
of CRAFT, entropy algorithm, and heuristic genetic
algorithm. Future studies can take limitations on layout
design, obstacles in the layout or new algorithms into
account. Better results can be obtained by employing
meta-heuristic  algorithms, which  means lower
transportation cost.
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