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Abstract

Cellular manufacturing has received indregaattention in recent years. The key problemgsigning cellular
manufacturing systems is cell formation, whichosaerned with grouping parts with similar procegsequirements
into part families and associated machines intohinaccells. This paper presents a novel approacéoluing the
cell formation problem. The proposed approach $gban a new optimisation technique called the Bégsithm
that mimics the food foraging behaviour of honegdd=xperimental results indicate that the propaggdoach is

very effective for large-scale problems.
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1. Introduction

Manufacturing industry is under intense pressure
from the increasingly competitive global marketglac
Shorter product life-cycles, unpredictable demands,
and diverse customer needs have forced manufagturin
firms to operate more efficiently and effectively i
order to adapt to changing requirements. Traditiona

product design and production processes. A
fundamental issue in CM is the determination ot par
families and machine cells. This issue is knowthas

cell formation (CF) problem. The CF problem invave
the decomposition of a manufacturing system infls.ce
Part families are identified such that they ardyful
processed within a cell. The cells are formed piuwra

the advantages of GT such as reduced setup times,

manufacturing systems, such as job shops and flow reduced in-process inventories, improved product

lines, cannot handle such environments. Cellular
manufacturing (CM), which incorporates the flextiil

of job shops and the high production rate of flowes,

has emerged as a promising alternative for suakscas
[1].

CM is the application of the concept of group

technology (GT) in manufacturing systems. GT is a
manufacturing philosophy that exploits similaritias

quality, shorter lead times, reduced tool requingisie
improved productivity, and better overall contrdl o
operations [2].

The CF problem has long been recognised as the
most challenging problem in realising the concépt o
cellular manufacturing. It belongs to the clasN&¥
hard problems, which means that an increase in the
problem size will cause an exponential increagbén



computational time for all prevalent optimisation

machine-part incidence matrix, so as to maximige th

techniques. Many methods to solve this problem have bond energy measure of the incidence matrix. In the

been developed [3, 4], including array-based method

next section, a new method to solve the CF

clustering methods, mathematical programming-based optimisation problem is described. The new method

methods, graph theoretic methods, and artificial
intelligence-based methods.

This paper presents an application of a new
population-based optimisation algorithm called the
Bees Algorithm to form machine-part cells. The Bees
Algorithm is inspired by the food foraging behaviof

adopts the Bees Algorithm as it has proved to lzave
more robust performance than other intelligent
optimisation methods for a range of complex prolslem
[10, 11].

honey bees and performs a kind of neighbourhood 3. Cell Formation using the Bees Algorithm

search combined with random search to enable it to

locate the global optimum. The algorithm has been
successfully applied to different optimisation geshs
including the training of neural networks for canitr
chart pattern recognition [5], identification of @
defects [6], overcoming the local optimum problem o
thek-means clustering algorithm [7] and job scheduling
[8].

The paper is organised as follows. Section 2
presents the cell formation problem. Section 3
describes the core ideas of the proposed CF agproac
Computational results are reported in section dtiG@e
5 concludes the paper and gives suggestions fanefut
work.

2. The Cell Formation problem

The CF problem solved here is to simultaneously
group machines and their corresponding part familie
into cells so that intercellular movements are
minimised. It can be formulated by using Mnx N
machine-part incidence matrii,= [a;], whereg; is a
binary variable that takes the value of 1 if ppart
requires processing on machinand 0 otherwise. The
problem is equivalent to decomposigto a number
of diagonal blocks of submatrices, where each dialgo
block represents a manufacturing cell. The
effectiveness of the decomposition can be detegnine
by a normalised bond energy measure denotedras
Eq. 1 [9].

M N-1 M-1 N
DIPICNFEDIPICT- Y
i=1 j=1 i=1 j=1 (1)

a =

The objective is to group parts and machines into

The proposed CF algorithm utilises the ability of
the Bees Algorithm to search for the appropriate
groups of part families and machine cells suchttiat
bond energy metriax (Equation 1) is maximised.
Figure 1 shows the basic steps of the CF algorithm,
which are also followed in the Bees Algorithm. Tées
steps are described in detail below.

1. Initialise population with random
solutions.

2. Evaluate fitness of the population.

3. While (stopping criterion not met)
/[Forming new population.

4. Select sites for neighbourhood search.

5. Recruit bees for selected sites (more bees
for the besk sites) and evaluate fitnesses.

6. Select the fittest bee from each site.

7. Assign remaining bees to search randomly
and evaluate their fitnesses.

8. End While.

Fig. 1. Basic steps dhe Bees-Algorithm

The proposed algorithm requires a number of
parameters to be set, namely, number of scout(bges
number of sites selected for neighbourhood seardh (
of n visited sites) ), number of top-rated (elite) sites
amongm selected sitess], number of bees recruited
for the best sites (ep), number of bees recruited for
the other i-€) selected sitemgp), and the stopping
criterion.

The algorithm starts with an initial populationrof
scout bees. Each bee is a symbolic string repiriegent
the sequence of machines and parts that appear in a
machine-part incidence matrix (see Fig. 2). Favian
N machine-part incidence matrix, a string with agtén
of M + Nis needed to encode each candidate solution.
The firstM bits of the string represent the sequence of
machines that appear in the rows of the incidence

clusters by sequencing the rows and columns of a matrix, while the lasN bits of the string represent the



mnl 2 3 4 5 6 sizes are used to test the effectiveness of thoeitig.
10 1 0 0 1 The results obtained are compared to the best-known
2/0 1 0 1 1 0 solutions reported in the literature. The grouping
3|1 0 0 1 1 1 efficiency measure [3]¢, is adopted to assess the
4(1 1 1 0 0 0 quality of the solutions. The measure is defined as
500 01 0 1 1 follows:
61 0 O 1 1 O
Fig. 2. Representation of a machine-part incidenatixa £ = M —[1— M J 2
4 m +n;
sequence of parts appearing in the columns of the kZ_;Mka
matrix. h

In step 2, the fitness computation process is&ri - \yheren, is the number of non-zero entries within the
out for each site visited by a bee by calculating t  manufacturing cells in the machine-part incidence

bond energy measuwe(see Eq. 1). _ matrix; K is the number of manufacturing cells formed;
In step 4, then sites with the highest fitnesses are \, andN, (k = 1, 2,...,K) are the number of the

designated as “selected sites” and chosen for machines and parts allocated to the manufactustig c

neighbourhood search. . k: n, is the number of exceptional elements in the
In steps 5 and 6, the algorithm conducts searches machine-part incidence matrix.
around the selected sites, assigning more beearcis In Equation 2, the first term represents the cell

in the vicinity of the bese sites. Selection of the best  gensity and can be written as:
sites can be made directly according to the fitegss

associated with them. Alternatively, the fitheskiga n

are used to determine the probability of the ditng S« 3)(
selected. Searches in the neighbourhood of theebest z M Ny

sites which represent the most promising solutares k=1

made more detailed by recruiting more bees for the
beste sites than for the other selected sites. Together A high value of; indicates that the machines and
with scouting, this differential recruitment is @k  Partsin each manufacturing cell are very simesrte
operation of the Bees Algorithm. another.

In step 6, for each patch only the bee with the The second term represents the intercellular
highest fitness will be selected to form the nex¢ b ~ Material flows and can be given as:
population. In nature, there is no such a restmcti

This restriction is introduced here to reduce tialoer £, =1- Ny (4)
of points to be explored. n; +n,

In step 7, the remaining bees in the population are
assigned randomly around the search space tofecout A low value ofe, will result if less exceptional
new potential solutions. elements exist in the incidence matrix.

At the end of each iteration, the colony will have According to Equation 2, the value of the grouping

two parts to its new population: representativesnfr  efficiency measure;, ranges from -1 to 1. The higher
the selected patches, and scout bees assigned tdhis value, the better the formed machines andspart
conduct random searches. Steps 4-7 are repeafed untgroups.

either the best fitness value has stabilised or the In the first illustrative example [9, 12], a 16 8 3
specified maximum number of iterations has been machines-parts incidence matrix is utilised. Tlitgh
reached. configuration of the matrix is shown in Figure 3eT

parameters of the proposed CF algorithm are set as
follows: n = 100,m= 40,e = 20,nep = 200,nsp = 100
4. Experimental Results and maximum number of iterations = 1000. By
sequencing the order of rows (machines) and columns
In this section, two examples are first used to (parts) of the incidence matrix, the resulting
illustrate the operation of the proposed CF al@arit configuration of the matrix is shown in Figure 4. |
Then, eight benchmark CF problems with different order to maximise the bond energy of the matrig, th
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Fig. 3. The initial configuration of the machinerpa

incidence matrix of the first illustrative example.
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13 1 1 1 1 11
14 11 1 111 1 1
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Fig. 4. The composition of the manufacturing céllsthe

first illustrative example.

1171171111112

12345678%0123456788%10
11 1 1
2 11 1 1 1
3 11 1 1 1
411 1 1
5 111 11 1
61 1 1
7 1 1 11 1 1
a8 1 1 11 1 1
8 111 11 1
1 1 1 11 1 1

Fig. 5. The initial configuration of the machinarp
incidence matrix of the second illustrative example

1 117 1 1111211
8205374126618894780253
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311111

Fig. 6. The composition of the manufacturing céllsthe
second illustrative example.

In the second illustrative example [9, 12], a 10 x
20 machines-parts incidence matrix (shown in Figure
5) is employed. The parameters of the proposed CF
algorithm are set as follows1 = 100,m = 40,e = 20,
nep = 200, nsp = 100 and maximum number of
iterations = 100. The final configuration of the
incidence matrix is shown in Figure 6. The machines
and parts are grouped into 4 manufacturing celie. T
bond energy of the final solution is 1.388. Thel cel

machines and parts are grouped into 4 manufacturing values of3, ¢,, ande of this solution are 1.000, 0.000,

cells. The bond energy measurgof the final solution
is 1.301. The cell density measusg,is 0.816 which
indicates that the machines and parts in the

and 1.000 respectively. This solution is exactlg th
same as that suggested in [9, 12].
In order to further test its effectiveness, the

manufacturing cells are very similar. The meastre o proposed CF algorithm is applied to 8 test problems

intercellular material flows,s,, is 0.155. The
corresponding grouping efficiency of the final swin,
&, is 0.661, which is better than the best solugiimen

in [9, 12].

The results of the CF algorithm are compared agains
those of the best-known solutions. All the problangs
formulated by 0-1 machine-part incidence matrices.
The parameters of the CF algorithm are sat+dl 00,



Table 1
Results of solving 8 well-known benchmark CF problémm the literature.

Best-known Resultsfrom the CF
solutions algorithm
Literature

No | references Size K| & | & £ a & | & £

1 [13] 7x11 3] 0.7600.095| 0.665| 1.095 | 0.76Q 0.095| 0.665

2 [13] 7x11 3| 0.7600.000| 0.760| 1.053 | 0.76Q 0.000|0.760

3 [12] 10x20 4| 1.0000.000|1.000{ 1.388 | 1.00Q 0.000|1.000

4 [14] 20x35 4 O.76¢0.015 0.745| 1.555 | 0.794 0.029|0.760

5 [15] 24x40 7| 1.0000.000] 1.000] 1.515 | 1.00d 0.000]1.000

6 [15] 24x40 71 0.9390.075|0.864| 1.423 | 0.925 0.061|0.864

7 [15] 24x40 7| 0.8550.138|0.717| 1.192 | 0.86(Q 0.153|0.707

8 [9] 40x100 | 10| 0.9100.086|0.824| 1.471 | 0.910 0.077|0.833
m = 40,e = 20,nep = 200,nsp = 100 and maximum Several opportunities exist for further research.
number of iterations = 100. First, in this study the cell formation model only

Table 1 summarises the results obtained. As can beconsiders machining operations of parts presentad b
seen from the table, the proposed CF algorithm has binary machine-part incidence matrix. There isedhe
produced similar results to those of the best-known to take into account other manufacturing factohsu
solutions for problems 1, 2, 3, 5 and 6. In problm  as production volume, alternate routings and poces
the grouping efficiency measueg,is slightly reduced sequences. Second, the Bees Algorithm employs a
from 0.717 to 0.707. However, the CF algorithm large number of tunable parameters which may be
achieved better results for problems 4 and 8. In difficult for the user to select. An important liroé
problem 4, the cell density measurg, has been research, therefore, is to find ways to help ther us
increased from 0.760 to 0.794, while the measure of choose appropriate parameters.
intercellular flowsg,, has been increased from 0.015 to
0.029. This has led to an increase of the grouping
efficiency,¢, from 0.745 to 0.760. In problem 8, which  Acknowledgements
involves a 40 x 100 machine-part incidence matini,
value ofg, has been reduced from 0.086 to 0.077. The This work was carried out within the ERDF
value ofe; has also been increased from 0.903 to (Objective One) project “Supporting Innovative
0.910. Therefore, the grouping efficiency has been Product Engineering and Responsive Manufacturing

improved (increased) from 0.815 to 0.833. (SUPERMAN) and within the EC-funded Network of
Excellence “Innovative Production Machines and
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