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RECONFIGURABLE DYNAMIC CELLULAR
MANUFACTURING SYSTEM: A NEW BI-OBJECTIVE
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Abstract. Dynamic Cell Formation Problem (DCFP) seeks to cope
with variation in part mix and demands using machine relocation, repli-
cation, and removing; whilst from practical point of view it is too hard
to move machines between cells or invest on machine replication. To
cope with this deficiency, this paper addresses Reconfigurable Dynamic
Cell Formation Problem (RDCFP) in which machine modification is
conducted instead of their relocation or replication in order to enhance
machine capabilities to process wider range of production tasks. In this
regard, a mixed integer nonlinear mathematical model is proposed,
which is NP-hard. To cope with the proposed model’s intractability,
an Imperialist Competitive Algorithm (ICA) is developed, whose ob-
tained results are compared with those of Genetic Algorithm’s (GA’s),
showing superiority and outperformance of the developed ICA.
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1. INTRODUCTION

Today, sophisticated competitive business environment has caused manufactur-
ers to control their relevant production costs in any involved aspects of process.
Among these aspects, facilities might be one of the fields requiring high level of
investment as estimated over $250 billion annually in the United States [1]. In this
regard, Group Technology (GT) is adopted by most of the companies to tackle
different manufacturing issues. GT is defined as the principle of grouping parts
upon their similarities in design and production process [2]. One of the concepts
introduced in GT is Cellular Manufacturing System (CMS) which attempts to
form manufacturing cells by grouping machines into physical cells which are able
to process specific families of parts. To do so, CMS takes advantages of both flow
shops and job shops with lower level of cycle time than job shops and higher level
of flexibility and job satisfaction than flow shops [2]. More recently, shorter prod-
uct life cycles and new product introduction have had direct influences on product
mix and demand volumes, resulting in reconfiguring the cells upon the changes.
To cope with this issue, Dynamic Cellular Manufacturing System (DCMS) was
firstly introduced by Rheault et al. [3]. In DCMS, machine grouping is updated
with respect to the changes of product mix and demands. To do so, one might
swap existing machines between cells (machine relocation), or add new machines
(machine replication), or remove existing machines [4]. Figure 1 shows a schematic
view of a DCMS including three cells in two consecutive time periods. As shown
in this figure, Machines 3, 4, and 5 are relocated from some cells to some others
in Period 2.

Although cell changes (machine relocation, removing, and replication) are uti-
lized in order to cope with the changes of demand mix and volumes, it seems
impossible or too costly to relocate heavy machines between cells. Also, machine
replication imposes purchasing costs of machines which are mostly expensive. With
respect to the skilled workers, workers are also relocated with machine relocation,
requiring costs of training and setup for the new tasks assigned to the workers.
On the other hand, if one decides to equip all cells with all types of machines
at the beginning of the planning horizon, high level of investment and property
taxes are suffered. Hence, it is inevitable to conduct some sorts of actions to both
cope with market changes and reduce capacity costs of system. In this regard, this
paper addresses a RDCFP for the first time. To do so, concept of machine mod-
ification is adopted, which was firstly introduced by Foulds et al. [5] in the case
of static Cell Formation Problem (CFP). Foulds and his colleagues called such a
CMS as a sustainable CMS. Since sustainability is mostly dedicated to environ-
mental issues, the authors decided to call the considered system as a reconfig-
urable dynamic cellular manufacturing system, because reconfigurable manufac-
turing system is defined as a system capable to rapidly rearrange/replace/modify
its structure/software/hardware in order to respond to sudden changes in market,
technology or regulatory requirements [6, 7].
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FIGURE 1. Schematic view of a three-cell DCMS in two consecutive periods.

In the considered problem, it is revealed whether machine modification or ma-
chine replication is cost effective; whilst it is not possible to add new machines
to the cells whose capacity is totally utilized. Some instances of such systems are
reported in [5,8]. Grahl [8] reported a case study in ceramic industry in which
machine modification could have improved firm productivity of %15; on the other
hand, some manufacturing firms used machine modification instead of machine
replication to perform wider range of production processes, such as Skoda (http://
www . skoda. cz) [5]. To tackle the considered RDCFP, a bi-objective mixed-integer
nonlinear mathematical model is proposed. In order to cope with the multi-
objective structure of the proposed model, Goal Programming (GP) approach
is adopted. Additionally and with respect to NP-hardness of CFP, large-size in-
stances of the proposed model are intractable upon which an ICA is developed.
ICA has been deployed in some problems so far, such as flow shop scheduling and
hub covering location; while no cases are reported in the field of CMS and CFP
(relevant literature review is presented in Sect. 2). Moreover, the adopted algo-
rithm is developed to cope with discrete structure of the proposed model, since
the classic ICA is suitable for the continuous problem instances. Finally, results of
the developed algorithm are compared with those of GA to validate the developed
algorithm. Remainder of the paper is as follows. Section 2 reviews literature body
of DCFP. Section 3 elaborates objective functions of the proposed mathematical
model as well as the GP approach adopted to tackle the mathematical model.
An example of the considered RDCFP is described in Section 4. Sections 5 and 6
explain the improved ICA and the utilized GA, respectively, in order to validate
obtained results of the developed algorithm. Section 7 reports numerical experi-
ments conducted to validate solution quality of the improved ICA and Section 8
provides some notable conclusions and future research directions.
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2. LITERATURE REVIEW

CFP literature body might be reviewed from different points of view. For in-
stance, mathematical programming has been used even in remote literature for
modeling the CMS problems [9-12]; or, Song and Hitomi [13] developed a method
by comnsidering production planning and cellular layout for a long-run planning
horizon, where flexible manufacturing cells are designed.

Moreover, previous investigations have been done in the content of modelling
and methodology of the CFP in dynamic environment. For example, Safaei
et al. [14] proposed a mixed-integer programming model of CMS under dynamic
condition. The advantages of the proposed model are to consider inter/intra-cell
material handling in specific batches by assuming the sequence of operations, con-
sidering alternative process routes for part types, and considering replication of
machines. Their aim is to minimize the sum of the inter/intra-cell movements,
reconfiguration costs, constant costs, and variable costs of the machines. Another
mixed-integer programming model was developed by Ghotboddini et al. [15]. Their
mathematical model minimizes costs of over time and human resource, and also
maximizes utilization rate of human resource. Also, Wang et al. [16] presented a
nonlinear multi-objective programming model for DCFP considering three con-
flicting objectives: minimizing machine relocation costs, minimizing machine uti-
lization, and minimizing total number of inter-cell movements. Bajestani et al. [17]
presented a multi-objective program of DCMS to deal with two objectives including
minimizing total cell load variation, and minimizing miscellaneous costs (inter-cell
material handling costs, machine costs, and machine relocation costs). Recently,
some researches have been conducted in dynamic environment such as Saxena
and Jain [4] and Mahdavi et al. [18], which presented a mixed-integer nonlinear
programming model to design a CMS. Saxena and Jain [4] integrated different
production aspects among which machines’ breakdown effect and part inventory
holding are the primary ones differentiating their research from the others. The
aim of the proposed model by Mahdavi et al. [18] is to minimize hiring, firing and
salary costs, holding and backorder costs, inter-cell material handling costs, and
machine and reconfiguration costs.

Satoglu and Suresh [19] proposed a multi-objective mathematical programming
model to design hybrid CMSs in dual resource constrained environments for real
world problems. They used GP approach to deal with the conflicting objective
functions. Among the considered assumptions of DMS, some assumptions, specifi-
cally, machine purchasing costs and machine relocation costs have not been taken
into account in some papers such as [14,20-26].

Due to the fact that CFP is a NP-hard problem, solving the relevant model us-
ing classical optimization approaches needs a long computational time. There are
many researches discussing solving CFP using some classical metaheuristics, such
as GA, Simulated Annealing (SA), Neural Networks (NNs), Tabu Search (TS), and
Scatter Search (SS). To solve their DCMS models, Wang et al. [16] developed an
SS approach and checked the efficiency of proposed SS by comparing it with GA.
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Bajestani et al. [17] also designed a multi-objective scatter search (MOSS) for find-
ing Pareto-optimal frontier and compared the developed MOSS with two salient
multi-objective GAs (SPEA-II and NSGA-IT) based on some comparison metrics to
show the efficiency of their proposed algorithm. Tavakkoli-Moghaddam et al. [21]
discussed solving DCFP using three metaheuristics GA, SA and TS. They con-
cluded that the SA algorithm mainly found better solutions than GA and TS
in less computational times. Arkat et al. [27] presented an integrated method-
ology based on a new concept of similarity coefficient to design a CMS. They
used SA method to solve the problem, and compared the proposed SA with GA.
Aljaber et al. [28] modelled the CFP based on graph theory, and proposed a
TS to cope with the problem complexity. Spiliopoulos and Sofianopoulou [29],
Logendran and Karim [30], Wu et al. [31], Lei and Wu [32] have also applied
TS algorithm to the field of CFP. Additionally, NN is another solution method
which has been applied in numerous instances due to its robust and adaptive na-
ture. Papers [22,33-35] are some examples of recent researches addressing CFP
using NNs.

GAs have been widely used in the literature of the CFP, among which the
first instance backs to the one applied by Venugopal and Narendran [36]. Pierreval
et al. [37] reviewed the application of GA in CMS. Defersha and Chen [38] proposed
a mathematical programming model with the objective function of minimizing
several different kinds of costs. Their model involved many different elements such
as alternative routings, sequence of operations, workload balancing and machine
separation requirements. For large-size problems, the authors developed an efficient
heuristic method based on GA. They evaluated the proposed heuristic using some
sort of computational results comparing optimal solutions of the heuristic with
the optimal solutions of small and medium sized problems. They also obtained the
optimal solution of a large-size problem under certain assumptions. Solimanpur
et al. [35], Wu et al. [39], Yasuda et al. [40] are other research samples using GA
for CMS.

In this paper, an ICA is adopted in order to tackle problem complexity. ICA is
an evolutionary algorithm firstly introduced by Atashpas—Gargari and Lucas [41].
This new method has been applied to a number of different problems such as
flow shop scheduling problem and hub covering location problem. For solving var-
ious NP-hard problems, there are several researches indicating the superiority of
ICA over other metaheuristics including SA, GA, and particle swarm optimiza-
tion (PSO). Despite this superiority, ICA has not been considered significantly
in the literature of CMS. The only research has been conducted by Sarayloo and
Tavakkoli-Moghaddam [42] in which the authors considered DCFP with produc-
tion planning where the objective function was to minimize constant machine
costs, variable machine costs, production planning costs, reconfiguration costs,
and intra/inter-cell movement costs. To expand the application of this algorithm
in CFP, we adopt ICA to cope with intractability of the proposed mathematical
model.
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3. PROPOSED MODEL

In this section, a bi-objective mixed-integer programming model is formulated
for the proposed RDCFP under the following assumptions.

3.1. ASSUMPTIONS

(1) All the machines are purchased at the beginning of the first period.

(2) All the machines can be modified, and each modified machine can be changed
to its primary situation.

(3) Capacity of each machine type is calculated upon its time capacity.

(4) Machine Modification and returning to its primary situation are not performed
in the same period.

(5) Purchased machines are allocated to cells in the first period, and subsequent
periods do not involve adding, removing, or relocating machines.

(6) Each part type has a specific number of operations.

(7) The processing time of all operations on different machine types are known
and deterministic.

) Demands are known and deterministic.

(9) Parts are moved between cells as batch.

(10) A lower bound is not considered for the cell size, because smaller cells are
more suitable. Also, maximal cell size is known in advance.

(11) All machine types are single purpose.

(12) All demands must be satisfied in the given period, that is, backorders are not

allowed.

(13) Setup times are not considered.

(14) No queuing in production is considered.

(15) Machine modification cost is less than their purchasing cost.

(16) Batch size for every part type is constant.

(17) The maximum number of cells that can be formed in each period is specified

in advance.

(18) A modified machine cannot perform as its primary state.

(19) Machines cannot be modified more than once in each period.

(20) If a particular machine needs to be used as two distinct machine types in
different periods, it is changed to its primary situation before the second mod-
ification. For example, assume that a particular machine of type m, in cell c,
has been modified in period ¢ — 1 to be used as machine type h, and we also
need to modify this machine in period ¢ to perform as machine type d, so, in
period ¢, we first have to change the machine to its primary situation, which
is included a cost, and then modify that to perform as machine type d.
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3.2. NOTATION

??;“Q-““@SO

Indezes

index for manufacturing cells (¢ =1; ...; C)

index for machine types (m =1; ...;M)

index for part types (p=1;...; P)

index for time periods (t =1; ...;T)

index for operations of part p (j =1; ...;0,)

index for modified machine types (h =1; ...;M)

index for the number of each machine type in each cell (k=1; ...; Nkc)

Input parameters

number of part types

number of operations for part p
maximum number of machine types
maximum possible number of cells

D,; demand for part p in period ¢

inter-cell movement cost per batch

T,, ~maximal time-capacity of machine type m

maximal cell size
m Pprocessing time required to perform operation j of part type p on machine
type m

ajpm 1 if operation j of part p can be done on machine type m; 0 otherwise

modification cost
cost of changing each machine to its primary situation

Pm  purchasing price of machine type m

Decision variables

Ny  number of machine type m allocated to cell ¢

X;

Zm

pmet 1 if operation j of part type p is done on machine type m in cell ¢ in period
t; 0 otherwise

khet 1 if kth machine of type m in cell ¢, is modified to perform as machine
type h in period t; 0 otherwise

Imket 1 if kth machine of type m, in cell ¢, is changed to its primary situation

in period t; 0 otherwise

Yjpet 1 if operation j of part type p is done in cell ¢ in period ¢; 0 otherwise
Cmet  Total capacity of set of machines of type m in cell ¢ in period ¢ (total

capacity of set of machines of type m in cell ¢ in period t equals the sum
of the capacity of each of the machines minus the amount of time that
these machines are used as the other machine types in cell ¢ in period ¢,
and plus the amount of time that the other machine types of cell ¢ perform
as machine type m in the same period).

batch size
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1 if kth machine of type m which has been modified to perform as machine
type h in period t — 1 is reused as machine type h in period ¢; 0 otherwise
the amount of time that kth machine of type m is used as machine type
h in cell ¢ in period t

the amount of extra time that kth machine of type m, which has been
modified in the previous period, perform as machine type h in period ¢, in
comparison with the previous period. For instance, if a particular machine
of type m is used as a machine of type h for 3 h in a particular period,
and is used again as machine type h for 5 h in the next period, t;khct will
equal 2 h

the amount of time that kth machine of type m performs for lesser time
as machine h in period ¢, in comparison with the previous period

Last uninterrupted using time of kth machine of type m, in cell ¢ as
machine type h in periods 1,2,..., ¢t — 1.

3.3. MATHEMATICAL MODEL

The multiple conflicting objectives are as follows: 1) minimizing the total sum of
miscellaneous costs such as constant costs, reconfiguration costs, inter-cell move-
ment costs, and machine modification costs; and 2) Maximizing utilization rate of
machines.

3.8.1. Minimizing the total sum of miscellaneous costs

op,—1 C

P M M C T
Min 1/222 ’V pt-‘ Z Z’Y‘y(j—‘rl )pet — yjpct| Z Z Zzzgzhkmct
p=1 h=1m=1c=1 k

= j=1 c=1

Npme M M Nrc

mr(t 1) § § tmkhet Zmkhet + § § Zrkmettrimet

k=1 h#m r#m k=1

Npe M Nyc

§ § tmkhet—12Zmkhet—1 mk:ct_ E § trikmet—12rkmet— llrkct

k=1 h#m k=1r#m
Nme M M  Npc Nipe M

- Z Z t ket Dmkhet + Z thkmctbrkhd + Z Z bokhetOmkhet

k=1 h#m r#m k k=1 h#m
M Npe

Y timetbrkhet = Conet Vt>2,m,c (3.2)
r#m k
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a=1 h#m f=2
Imker =0 VYm,c k (3.5)

Nine rc
Cmcl = Tmch - Z Z tmkhel Zmkhel + Z Z trikmel Zrkmel Vm, c (36)

k  h#m k h#m
tmkhet < Tm Vm, c, ku hvt (37)
Z Z DptDjpmxjpmct < Cmct Vm, C, t (38)
C
Zzajpmmjpmct =1 vjvpat (39)
c=1 m
> Npe<s Ve (3.10)
Z Zhkmet S 1 VC, h7 ta k (311)
B-1 B
Dot < (zmkhct X max (0, (1 -y lmca>>> VB =2,3,...,T (3.12)
t=1 a=t+1

mkhct 1(1 mkct) + t;khctflbmkhct—l - t;lkhctfl bmkhct—l = Amkhct
vm,c, k,h,t  (3.13)

t;khct < Tm AMtht vmv C, k7 ha t (314)
tmkhct < Amkhft vmv ¢, kv h7 t (315)
Z Zrkmet < 1 _brk:hct vcvkvhvtvr: ]-7~~'7M (316)
m#r

Amkhcl = 07 Amk:hc2 - tmkhclzmkhclat;khpl = Oytr_nkhpl =0 Vm C, k h (317)

Nmm Cmct7 thkmch Amkhct 0 lmkcta Ljpmets Zhkmet bmk:hcta Yjpct S {0 1}
Ym, k,h,c,t.  (3.18)

The objective function given in equation (3.1) seeks to minimize the total sum of
the miscellaneous costs. The first term is related to the inter-cell part handling
costs. The second term represents the machine modification costs. The third term
represents the total cost of changing the machines to their primary situations.
The last term represents the purchasing cost of all machines, which are required
throughout the planning horizon. Constraint (3.2) is called balance constraint that
plays the role of the memory for available capacity in each period. The second term
of this constraint deducts the amount of time that machine type m will perform
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as the other machine types in period ¢ from the capacity of the previous period
if machine type m has not been modified in period ¢t — 1. The third term adds
the amount of time that some of the other machine types will be used as machine
type m in period t to the capacity of the previous period if these machines have
not been used as machine type m in period ¢ — 1. Also, if machine type m has been
used as the other machine types in period ¢ — 1, and is changed to its primary
situation in period ¢, the available capacity of machine type m will be increased
in this period. The forth term of constraint (3.2) is related to this fact. The fifth
term deducts the amount of time that some of the other machine types have been
used as machine type m in period t—1 from the capacity of this period provided
that these machines do not perform as machine type m in period ¢. If a particular
machine needs to perform as another machine for two successive periods, and also
the amount of using time in the second period is more, the extra time will be added
to the first period using time in the form of ¢*. Therefore, the sixth term deducts
the amount of extra time that machine type m will be used as another machine
type from the available capacity of period ¢ — 1. The seventh term is related to the
extra using time during which the other machine types perform as machine type m
in period t Moreover, if a particular machine needs to perform as another machine
for two successive periods, and the amount of using time in the second period is
less, the difference will be deducted from the first period using time in the form
of t~. Therefore, the eighth term adds this difference to the available capacity of
period ¢t — 1. In other words, machine type m will perform as a certain machine in
period t for less time compared to period t — 1 and therefore, the capacity will in-
crease. Similarly, the ninth term ensures that the capacity will decrease in period ¢.
Constraint (3.3) is related to the assumption (20). Constraint (3.4) ensures that
every machine can be changed to its primary situation only when it is modified.
Constraint (3.5) guarantees that the machines cannot be changed to their primary
situations in the first period. Constraint (3.6) specifies the available capacity of
the first period. Equation (3.7) states that the machines cannot perform as the
other machines more than their maximal capacities. Constraint (3.8) guarantees
that machine capacity is not exceeded. Equation (3.9) ensures that each operation
is assigned to one type of machine and to one cell. Constraint (3.10) specifies the
upper bound for cell size. Equation (3.11) is related to the assumption (19). Deci-
sion variable by, khet 1S applied when the kth machine of type m needs to be used as
machine type h for two or more successive periods. Thus, constraint (3.12) ensures
that bkner can be 1 only if this machine is already ready to perform as machine
type h, that is, it does not need to be modified at the beginning of period ¢. Each
machine can be modified and used as a particular machine for several successive
periods. Thus, variable A,,xhe 18 to indicate the last uninterrupted using time of
machine m as machine h by the beginning of period ¢. In other words, if machine m
is modified into machine A in period 2, for example, and reused in periods 3 to 6
Apnkner will be equal to the total using time of periods 2, 3, 4, 5 and 6. However,
if this machine is changed to its primary situation in period 4 and is not modified
to machine h again, A,,kner Will be equal to zero. Therefore, equation (3.13) is to
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ensure this balance for all machines. Variable A,,xnet is used to obtain an upper
bound for variables ¢, . and ¢ ,, . in constraints (3.14) and (3.15) respectively.
Constraint (16) ensures that if a machine needs to be reused as a particular ma-
chine type in a particular period, it cannot be modified into another machine type
in the same period. Constraint (3.17) represents some of the variable values in the
first period. Equation (3.18) is the nonnegativity and integrality constraint.

3.8.2. Maximizing utilization rate of machines

The objective function given in equation (3.19) minimizes the maximum de-
viation between the workload assigned to each type of machine and its available
capacity in order to increase machine utilization. In the case that modification cost
exceeds that of machine purchasing, the last term of objective function (3.1) seeks
to buy as many as required machines of each type at the beginning of the first
period. This results in a high amount of investment as well as some issues, such as
extra property tax and machine idle time. To cope with this deficiency, objective
function (3.19) is proposed so as to maximize overall utilization rate of machines.
Having the proposed objective function adopted, the idle time of machines are
challenged to be minimized. Hence, the two proposed objective functions (3.1)
and (3.19) are conflicting in nature.

N
Min mﬂ%X Z Tmch - Z Z Z Z Dpttjpml'jpmct - Z Z Z Z Amk:hct .
c t c p j t c h#m k
(3.19)

3.4. GOAL PROGRAMMING

To find the optimal solution of multi-objective problems, several methods have
been introduced, such as weighted metric, weighted sum, e-constraint, interactive
approaches, and GP. In this paper, we use GP method to combine multiple objec-
tives into a single objective. To do so, assume that Z; and Z5 are the first and the
second objective functions in the proposed model. Hence, the single objective and
the added constraints are as follows:

S = minZ(Si

51 d

z1

5, =1 SL2te)
z2

where f; is the ith objective function’s optimal value. In other words, for each
objective function, the model run individually, resulting in values of f; and fs.
Unlike the first objective function, it is possible for fs to obtain the value of zero.
If so, in the second constraint, we will have 05 = 1. As a result, d» will be a constant
variable and does not change when variable Z5 varies. Hence, parameter ¢ is added
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TABLE 1. Test problem generation.

Parameter Value Parameter Value Parameter Value
T U(10, 50) c Equal to M Dm U (100, 200)
S (/o] +1 Op Regard to ~ > 9/3Tbm
problem size
T Regard to problem size Dy U(1,10) g = 1/5%
P Regard to problem size tipm U(1,10) U 1/2¢g
M Ip/2 +2 S @im  1Vip

to prevent this situation If fo > 0, parameter € will be assumed to be equal to
zero, and also if fo = 0, € will be considered as a number with small value. S,
(0 < S < 2), represents the value of the obtained single objective function.

4. A NUMERICAL EXAMPLE

To verify the applicability of the proposed model, a hypothetical example with
randomly generated data is presumed. This example is solved by GAMS 22.1\
DICOPT. The data are generated according to Table 1.

In this table, >~ ajpm shows the number of the alternative machines for pro-
cessing operation j of part p, and it is assumed that ) ajpm < 2. Term U stands
for uniform distribution. Maximal cell size (S) and the number of machine types
(M) are obtained according to [,/p]| +1 and [p/2] + 2 respectively [14]. Modifica-
tion cost (g) is assumed to be less than both inter-cell movement cost () and the
purchasing price of the machines. The inter-cell movement cost is also assumed
to be less than the purchasing price of the machines. It is noted that values are
rounded in the case of sign 2. Also, it is assumed that ¢ = 0 if fo > 0, and
e = 0.001if fo = 0. When f; = 0, we only need to consider £ as a number which is
smaller than 1 as it has been assumed that 1 < ¢, < 10 and therefore the value
of variable Z5 will not be smaller than 1.

Table 2 consists of the data set related to the considered example. In this ex-
ample, we have assumed three machine types, two part types, and two periods.
During each period, every part has two operations being processed. The program-
ming model has been solved three times using GAMS 22.1\ DICOPT. Initially,
the first objective function and constrains (3.1) to (3.18) have been run, and the
optimal value of the objective function has been considered as fi. Subsequently,
the same constraints have been run with the second objective function, and the
optimal value has been considered as f,. Finally, constraints (3.1) to (3.18) and
the constraints proposed in Section 3.3 have been run with the single objective
function which was obtained according to Section 3.3.

The best solution for this example was found after twelve minutes. The solution
is illustrated in Figure 2. According to this figure, in order to satisfy the first period
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TABLE 2. Typical test problem.

Part 1 Part 2 Cost Capacity of
Op.1 Op.2|Op.1 Op.2 machines

Machine 1 6 min P1=100% T1 =50 min

Machine 2 6 min 8 min 10 min | P2 = 120$ T2 = 25 min

Machine 3 5 min P3=110% T3 =35 min
Demand of period 1 5 2 ~ = 80%
Demand of period 2 4 3 g =203
U = 10%

demands, both operations of part 2 are processed on machine 3. Also, the second
operation of three parts of type 1 is processed on machine 2. Machine 1, initially,
performs the first operation of all the parts of type 1, and then is modified to
be used as machine 2 to process the second operation of the two remaining parts
of type 1. In period 2, both operations of two parts of type 2 are processed on
machine 3, and the operations of the remaining parts of type 2 are processed on
machine 2. This machine performs the second operation of one part of type 1
as well. Since machine 1 has been modified in period 1, we can reuse machine 1
as machine 2, without modification cost, to process both operations of part 1.
In period 1, the amount of time during which machine 1 is used as machine 2
is 16 min, rising by 8 min in period 2. This difference is indicated in the form of
{1212 = 8. The optimal value obtained for this example is Z; = 390$.

5. IMPROVED IMPERIALIST COMPETITIVE ALGORITHM

The Imperialist Competitive Algorithm (ICA) is an evolutionary algorithm in-
troduced by Atashpaz and Lucas [41]. This algorithm uses socio-political evolution
of human as a source of inspiration to develop a strong optimization method. Since
the basic ICA is only suitable for problems with continuous variables, we improve
the algorithm in order to be proper for discrete problems. Moreover, crossover
and mutation operators of the genetic algorithm are applied to ICA. Following,
we explain the steps of the proposed ICA, while its pseudocode is presented in
Figure 3.

5.1. SOLUTION CODING (COUNTRY STRUCTURE)

A country- or a feasible solution- developed for the described model has a macro-
scopic structure as follows:

[N]mxc‘ [t]mkxhxt ‘ [t+:|mkxhxt ‘ [x]pxjxt

Matrix [N],,,.. is related to the assignment of machines to cells. The members of
this matrix are limited to 0, 1, 2, ..., S (maximal cell size). Term N = 3, for
example, means that there are three machines of type 1 assigned to cell 2. Matrix
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five(part mperatiom:ﬂ) two(part 2-operation 1)

two(part 1-operation 2) j’)
(modifying) idle=4 min || two(part2-operation 2)

idle=5 min

three(part1-operation 2) @

idle=1 min
Cell one Cell two
period 1
five(partl-operationl) @ two(part-operationl)
three(partl-operation2) 7@
. . - 3 A
(reusing) idle =?min two(part2-operationX) idle=Smin
one(partl-operationl)
one(partl-operationl)
one({part2-operationl)
idle=2min
(modifying)  cell 1 cell

period 2

FIGURE 2. Best obtained cell configurations for typical test
problem presented in Table 2.

tm,xhxt 18 a three-dimensional matrix associated with machine modification. We
assume that matrix ¢,,, xnx¢ is encoded for every couple (c,m), and [t],, .} in-
dicates the set of these three-dimensional matrices. The members of these matrices
have a structure of t,(cfg (C), and their values are between —T'm and 4+ Tm where T'm
is the time capacity of machine type m. Also, my, is the number of machine type m
in each cell, ¢t indicates the period and h is a notation for the type of machine. For
instance, t%)5(4) = 6 means that the second machine of type 1 in cell 4 is modified to
be used for six minutes as machine type 3 in period 5. It is obvious that [t]mk Y hxi
consists of C' x M matrices t,,, xnxt at most. In other words, matrix t,,, «xnxt is
encoded for couple (¢, m) if machine type m is placed in cell ¢. It is noted that

the existence of machine m in cell ¢ can be recognized by matrix [N], . .. Figure 4
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Create the initial population randomly.
Select N imp countries from the best ones as the imperialist, and construct the empires.

Divide the rest of the countries among the empires based on their normalized power.
Select any unselected colony.
4.1. Apply the Crossover operator to the colony and its relevant imperialist.
4.2. Name the best produced countries ‘the best offspring’.
4.3. Apply the Mutation operator to the colony and name the result ‘Mutated offspring’.
4.4. Select the best solution among Mutated offspring, best offspring, and related colony.
4.5. If the selected solution is the colony, eliminate that; otherwise, replace the selected solution as the
colony.
4.6. If there is unselected colony, go to step 4.
5. If there is a colony in an empire which has lower cost than it’s imperialist, exchange the position of
that colony and the imperialist.
6.  Imperialistic competition
6.1. Find the weakest empire based on the total normalized power.
6.2. Separate the worst country of the selected empire and assign it to the empire which has the most
likelihood to possess it.
If there is an empire with no colonies, eliminate that.
If more than one empire remain, go to step 4; otherwise, go to step 9.
Display the only imperialist as the optimal solution.

Ao oo~

0 % N

F1GURE 3. Pseudo-code of the developed ICA.

illustrates the matrix structure of t,,, xnx: for each couple (¢, m). Similarly, matrix
[tﬂmkX nxt consists of three-dimensional matrices t;;k «hx¢ Which are encoded for
every couple (¢, m). This matrix is associated with variables ¢_,, , and tjnkhct,
and its members have a structure of t;ff:n ) For example, t;3(54 W = _6 means
that the second machine of type 4 in cell 1 is used for 6 min less than the amount
of time for which it has performed as machine 3 in the previous period. Matrix
[X],xjx¢ consists of ¢ matrices X« indicating the assignment of the parts to

. . o) (2 .
the machines, and its members are defined as m;jt)xgjg = 5, for instance, means

that the forth operation of part type 1 is processed on machine type 5 in cell 2. Ob-
viously, the number of three-dimensional matrices in [X] , equals the number
of cells.

pPXJX

5.2. INITIAL POPULATION

A sequential strategy is used for obtaining a feasible solution. In this strategy,
machines are first assigned to the each cell, randomly. This assignment makes
matrix [N], .., and the only limitation for assignment is the upper bound of
the cell size. Then the values of the members of matrix [t],, ., are produced
randomly with respect to the number of each machine type in each cell. Also,
another limitation is that all the members of layer h = m in each three-dimensional
matrix ¢,,, xnhxt+ are zero. For instance, in Figure 4, m = 2 and so the entire layer
h = 2 (the blue layer) is zero. Since the feasibility control of matrix [tT],, .,
is difficult, we consider a penalty for the infeasible solutions resulted from matrix
[tﬂmkX nx¢e Finally, parts are assigned to machines and to cells randomly with
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h

FIGURE 4. An illustration of three-dimensional matrix t,,, xnxt
for the couple (¢ =1, m = 2).

respect to the capacity of each machine in each cell, the number of machines in
cells and from the situation of the modified machines. According to the proposed
strategy, matrices [N], . and [t] . ., are always feasible and therefore, the
infeasibility of matrix [t*] ., ., affects only matrix [X] ;.-

According to the proposed strategy, we create initial population of size of
Neountry- Subsequently, Nin, countries are selected from the best members- the
ones with the lowest costs- of this group to be considered as the imperialists. Now
there are N, countries left as colonies. Then, proportional to the imperialists’
power, calculated as below, the colonies are allocated to them.

A =max{c,} Yn € Ninp

C,=A—-c,
where ¢, is the cost of the nth imperialist and C, is its normalized cost. The cost of
each country is appointed by its fitness function. In this paper, the fitness function

is as the same as the single objective function, obtained using goal programming
approach. Also, the imperialists’ proportional power is computed as following:

Chn
Nim '
Zn:lp n

Consequently, the number of each imperialist’s primary colonies equals NC,, =
round [p,, - Neoi]. In this formula, NC,, represents an imperial’s initial number of

Pn =
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colonies and ‘round’ is a function which shows the closest integer to a decimal.
So, we select some primary colonies randomly for the nth imperialist and appoint
them to it.

5.3. SOLUTION IMPROVING

5.3.1. Crossover operator

After specifying the imperialists and their colonies, each colony has to move
toward its imperialist. To approve it, we apply the Crossover operation of genetic
algorithm on all the colonies by selecting a colony and applying the crossover
operation between it and the imperialist. There are two countries as the product
of each crossover operation. The lower cost produced country is compared to the
colony. If this country has lower cost than the colony, it is substituted for the
colony; otherwise, both countries are omitted. To apply the crossover operator,
the Arithmetic Crossover operator is used. Two offspring of this operator are
produced by their parents’ linear combinations. These linear combinations are:

pr=ax1+(l—a)ze ps=azs+ (1—a)z.

If 0 < a < 1, the values of p; and ps are between their parents’ value. For this
reason, it is assumed that « = U (—~, 1+ ~) where 7 is free parameter which is
considered v = 1 in this paper. The crossover operator is applied to all the members
of matrices [N],[t], [t*], and concerning the mentioned strategy in Section 6.2
the feasibility of the solution is controlled. To apply the Crossover operator to
matrix [X] the same Arithmetic Crossover is used. However, the only difference is
that o can be 0 or 1 at random.

5.8.2. Mutation operator

To search more space around imperialists, we use Mutation operator, which is
another GA operator, for each colony. To fulfill it, we apply the Mutation operator
to each colony and in the case of accessing a better result than Crossover result,
we substitute the new country. Whereas, the Crossover operator led to omit the
colony, the mutation function is applied as well and in the case of better result, it
is substituted for the colony. To apply Mutation operator to a particular colony, as
seen in Figure 5, the members of a block of matrix [N] of the colony are replaced
by those of the same block of matrix [N] of the related imperialist. Considering the
cell size restriction, the rest of the members of matrix [N] are produced randomly.
According to the mentioned strategy, we produce matrices [t], [¢7], [X] considering
matrix [N]. The produced solution is known as mutated country.

5.3.3. Colony and imperialist substitution

While colonies are moving toward their imperialists, they are possible to reach a
better situation compared to the imperialist. In this case, the colony will be substi-
tuted for the imperialist, and the algorithm will continue with the new situation.
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1012321501 4 51610021437 20710021437
01247201113 03B4200(532 1324720532
43(25000p12 2341040512 33(25000(512
12003251003 ] 1181042003 =—— |31p3251/003
5471002143 0161002143 2171002143
imperialist | [ colony | L new colony

FIGURE 5. A schematic of the mutation operation.

5.4. EMPIRE POWER

According to Atashpaz and Lucas [41], the power of an empire equals the im-
perialist’s power plus a fraction of its total colonies’ power. Thus, the power of an
empire is computed as follows:

TC,, = cost (imperialist,,) + « - mean (cost (colonies of empire,,))

where T'C',, indicates the total cost of an empire, and « represents a number
between 0 and 1. In general, « = 0.3 is a proper measure and has had a proper
result for the proposed problem.

5.5. IMPERIAL COMPETITION

According to the basic ICA, in this section 8 numbers of the weakest colonies of
the weakest empire are considered, and then a competition among all the empires
is arranged to take possession of these colonies. In this paper, we have considered
B = 3. The colonies will not be possessed necessarily by the most powerful empire,
but the more power, the more possibility. To model the empire competitions to
possess these colonies, we first calculate the probability of each empire possession
considering the total cost of an empire:

B =max{TC,} Vn € Nimp
NTC,, =B - TC,.

In this equation, T'C), equals the total cost of the nth empire, and NT'C,, represents
the normalized cost by which the possession probability of each empire is computed

as following;:
NTC,

Ppn = SN o
TSP NTC,

Using the above probability, we make vector p to randomly divide the mentioned
colonies among the empires.

P: pplvpp27"'apPNimp:|'
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Then we create a vector with the same size as P whose elements are uniformly
distributed random numbers.

R = [7‘1,7‘2, [N 7TNimp:| .

Finally, vector H is formed as follows:

H:P—R: |:pp1 _Tl,ppg _r2a-"appN, _TNimp:| .

imp
Given vector H, we will hand the mentioned colonies to an empire whose rele-
vant index in H is maximum. This level of the algorithm ends through possessing
mentioned colonies.

5.6. ELIMINATING AN EMPIRE

An empire is eliminated when it has lost all of its colonies. After a while, all
the empires except the most powerful one will be collapsed. In such a condition
we stop the algorithm and display the only imperialist as the optimal solution.

6. GENETIC ALGORITHM

Since GA is a classical metaheuristic algorithm yielding acceptable results, it
has been used a lot in the literature (for example, in papers [38,42,43]). Thus,
GA can be a valid measure to compare the proposed heuristic algorithm. To apply
the classical GA, a few successive steps are implemented: 1. Solution coding: to
code the solution of the problem, a special structure for the chromosome of GA
is constructed. In this regard, we have employed the country structure used in
the proposed ICA. 2. Initial population: the first step to start the algorithm is to
produce the initial population. The number of the produced solutions (N;) depends
on the problem size, and in this paper, after analyzing the variety of sizes, we
concluded the proper values. These values will be introduced in the experimental
results section. 3. Fitness value: in order to assess the quality measurement of
a solution or chromosome, fitness value is used as a criterion. In this paper, the
fitness value is as the same as the single objective function obtained using goal
programming approach. 4. GA Operators: the three well-known genetic algorithm
operators are Inversion operator, Crossover operator, and Mutation operator. In
this paper, Crossover and Mutation operators are considered to be used. To do
the operations, firstly, we use Rolette wheel selection [44] to select the parents.
It is assumed that the Crossover operator is assigned to the 80% of the initial
population, and Mutation operator is applied to the rest of that. Both Mutation
and Crossover operators are as the same as those of the improved ICA. 5. Stopping
criterion: the new population, produced by Crossover and Mutation operators,
has more individuals than the considered population size. Thus, the next step is
to choose the best N; individuals and consider them as the new generation. The
number of generations Ny is considered as a stopping criterion. This number varies
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Create \, chromosomes as the initial population randomly.

Calculate the fitness value of each solution (chromosome).

Select parents using Rolette wheel selection method.

Implement Crossover and Mutation operators.

Choose the best N, individuals and consider them as the new generation.

If the number of generations is less than  , go to step 3; otherwise, go to step 7.
8

=N O O S

Display the best individual in the last generation.

FIGURE 6. Genetic algorithm pseudo code.

depending on the problem size, and will be discussed more in the experimental
results section.

7. EXPERIMENTAL RESULTS

In order to evaluate the effectiveness of the improved ICA for solving the pro-
posed problem, we have solved 25 random instances (15 small/medium-sized + 10
large-sized). These problems have been generated randomly according to Table 1
based on similar data in the literature. All test problems have been solved by both
GA and the improved ICA. These algorithms have been coded in MATLAB 7.0
and implemented on an Intel_Celeron_Mobile 2.5 GHz (core 2Duo) personal com-
puter with 3 GB RAM. In order to verify the performance of the considered meta-
heuristics, for the small/medium-sized problems, the results of both GA and ICA
are compared to the solutions obtained by GAMS 22.1\ DICOPT. As a quality
criterion for these comparisons, we use the percentage of gap which is the devia-
tion of the first objective function’s values obtained by the metaheuristics (ICAz
and GAz) from those obtained by GAMS (Lz). The percentage of the gap is cal-

culated as follows: oA I
%Gap = ZEE T RE 00
Lz

Since the second objective function adds neither new decision variables nor new
constraints, so its effect on the value of the first objective function is more im-
portant than its value. Thus, it is enough to take into account only the value
of z1. For large-size problems the results of the improved ICA are compared to
the GA-related results. Table 4 contains the results of ICA and GAMS for the
small/medium-size problems. Table 5 compares the results of GA to those of
GAMS for small/medium-size problems. The comparison of ICA to GA for the
large-size problems is reported in Table 6. Also, the ICA parameter setting is
shown in Table 3.

The metaheuristic algorithms have been run four times for each test problem
and the ‘Average’ columns show the mean of the values obtained in the individual
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TABLE 3. ICA parameter settings.

ICA Parameters Small and medium size problems Large size problems
Ncountry Nimp Ncol « B Ncountry Nimp Ncol « ﬁ
Value 150 20 130 0.3 3 300 60 240 03 3

25000

20000
15000 /
10000 l//
5000

_ﬂg,,r” . —ICA
O_IIIIIIIIIIIIIIIIIIIIII

1 3 5 7 911131517192123

F1cure 7. Comparison of the solving times between ICA and
GAMS for the 23 test problems.

runs. In Tables 4 to 6, p, O,, t and M indicate the number of part types, the
number of operations, the number of periods and the number of machine types
respectively. For simplicity, we assumed that all the part types have the same
number of operations. It is noted that for all small and medium-size problems, the
run time is limited to three hours (10800 s). In Tables 5 and 6, Ni and Ny indicate
the number of population and generation of GA, respectively. According to Ta-
bles 4 and 5, although both metaheuristics have reasonable solutions compared to
GAMs, the average of Gap™®® and Gap®®** have been improved in the proposed
ICA in comparison to the classical GA. Also, both metaheuristics have more prac-
tical solving times compared to those of GAMS. Figure 7, for example, compares
the solving times of ICA to GAMS. However, Tables 4 and 5 show that the av-
erage of CPU time has been improved more when using the proposed ICA. For
large-size problems, Table 6 shows that the average of the optimal values obtained
by the improved ICA is better than the GA’s. Figure 8 indicates this superiority.
Also, according to Table 6, the average CPU time for the ICA is 863 s while it
is 902.8 s for the classical GA. This superiority is indicated in Figure 9. To sum
up with respect to the mentioned measures, although both of the algorithms have
reasonable solutions, the proposed ICA dominates the classical GA in solving the
proposed problem.
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Ficure 8. Comparison of ICA to GA in terms of their best
objective function values.
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F1GURE 9. Comparison of ICA to GA in terms of their average solving times.

8. CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS

Today, competitive environment and shorter product life cycles have caused the
emergence of dynamic cellular manufacturing systems whose cells are reconfigured
during different planning periods by means of machine relocation, replication, or
removing. In most cases, machine relocation is too costly or even impossible due
to reasons, such as machine sizes and skilled workers movements. To tackle this
shortcoming, this paper considered RDCFP in which machine modifications were
performed in order to respond the need to cell reconfiguration. In this regard,
this paper proposed a mixed-integer nonlinear mathematical model which was
NP-hard. Therefore, an ICA was developed in order to tackle the proposed discrete
model, although it was tested on continuous-variable models. The ICA is selected
because to the best of our knowledge it was the first research adopting ICA in
the field of CMS and DCFP. Also, obtained results of the improved ICA were
compared with those of GA, which validate outperformance of the developed ICA.
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In order to continue current research direction of this paper, recommendations
are threefold. First, modeling and analysis of RDCFP using the approach upon
adjacency matrices might be interesting. Also, considering setups might yield more
realistic results in different production settings. Mathematical models of such man-
ufacturing environments have more binary variables intensifying computational
complexity of the developed model. At last, it is highly suggested to make effort
to linearize CFP mathematical model’s binary variables. It might help practition-
ers put in practice the concept of cell reconfigurability.
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