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Abstract This paper addresses the problem of parts
scheduling in a cellular manufacturing system (CMS) by con-
sidering exceptional parts processed on machines located in
multiple cells. To optimize the scheduling of parts as well
as to minimize material handling between cells, the prac-
tice has to develop processing sequences for the parts in
cells. A commonly chosen objective is to find part sequences
within cells which results in a minimum tardiness. This paper
proposes a nonlinear mathematical programming model of
the problem by minimizing the total weighted tardiness in
a CMS. To solve the mathematical model, a scatter search
approach is developed, in which the common components of
scatter search are redefined and redesigned so as to better fit
the problem. This scatter search approach considers two dif-
ferent methods to generate diverse initial solutions and two
improvement methods, and adopts the roulette wheel selec-
tion in the combination method to further expand the con-
ceptual framework and implementation of the scatter search.
The proposed approach is compared with the commercial
solver CPLEX on a set of test problems, some of which are
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large dimensions. Computational results have demonstrated
the effectiveness of this scatter search approach.
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Introduction

In a cellular manufacturing system, machines are grouped
into several cells, where families of parts are produced in
manufacturing cells or a group of machines that are physi-
cally close together but could be dissimilar in function. CMS
incorporates the flexibility of job shops and the high produc-
tion rate of flow shop lines. It overcomes the inefficiencies of
traditional batch and job shop manufacturing through reduc-
tions in transportation distance/time, response time to orders,
throughput time, setup time, work-in-process and finished
goods inventory (Wemmerlov and Johnson 1997).
Implementing an effective CMS involves three phase, i.e.
cell formation (CF), layout of the cell (CL), parts schedul-
ing in cells (CPS). The first two phases are design problems,
while the last phase is production planning problem. CF is
the process of designing a cellular manufacturing system,
and dealing with the identification of part family or families
and the associated machine groups that constitute each cell
(Askin et al. 1997). CF is the first problem of implementing
a CMS. With the development of CMS in the earlier 30s, a
large number of approaches have been proposed for cell for-
mation (e.g., Billo et al. 1996; Selim et al. 1998; Liang and
Zolfaghari 1999; Willow 2002; Vin et al. 2005; Safaei et al.
2007; Wei and Mejabi 2008). CL concerns the problem of
laying out machines within each cell (intracell layout) and
cells with respect to one another (intercell layout). A cell
configuration can be two types, namely a flow-line layout
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or a job-shop layout. In a flow-line layout cell, all parts are
required to visit all machines in the same sequence. But parts
may visit machines with diverse routings in a job-shop layout
cell, and the job-shop layout is general form in a manufactur-
ing cell. So this paper is to study CPS problem in job-shop
layout cells. There have been some researches devoted to
the CL decision (e.g., Hsu and Su 1998; Bazargan-lari et al.
2000; Wang 2001; Wu et al. 2007).

CPS emerges as a problem following the formation of
manufacturing cells, and concerns the scheduling of parts in
cells for production. CPS problem deals with the allocation
of manufacturing resources over time to perform a collec-
tion of parts in cells, and it is a decision-making process
that plays an important role in a CMS. The objective of CPS
is to identify a sequence of parts in part families that min-
imizes some measures of effectiveness. These measures of
effectiveness include total completion time, total weighted
flow time, and total weighted tardiness, amongst others. The
issues of CPS have been mentioned by some researchers in
the literature. Most of them addressed CPS in a flow-line
manufacturing cell. Baker (1990) addressed the problem of
scheduling parts in a two-machine flow-line cell, and time
lags or sequence-independent setup times were considered.
Wemmerlov and Vakharia (1991) developed two heuristic
procedures for part family scheduling in a flow-line manu-
facturing cell with three or more machines, and both proce-
dures were extensions of flow shop scheduling to include a
family sequence. Logendran et al. (1995) and Schaller (2000)
investigated and compared the performance of several com-
bined heuristics for scheduling parts within a part family in a
flow-line cell. Reddy and Narendran (2003) proposed a heu-
ristic for scheduling parts considering sequence-dependent
setup times to improve the use of machines within a flow-
line cell. Some meta-heuristics have been proposed for the
problem. Skorin-Kapov and Vakharia (1993) developed six
tabu search heuristic procedures, and Sridhar and Rajendran
(1994) developed a genetic algorithm, and Venkataramanaiah
(2008) developed a simulated annealing approach for sched-
uling of parts in a flow-line manufacturing cell for the objec-
tive of minimizing makespan. Gupta and Schaller (2006)
proposed a branch-and-bound algorithm capable of solv-
ing the moderate sized problems with independent setup
times in a flow-line manufacturing cell. A few of research-
ers addressed CPS in a job-shop manufacturing cell. Mah-
mood et al. (1990) developed dynamic scheduling heuristics
to stress good due date performance while reducing overall
set-up time in a job-shop cell. Ruben et al. (1993) described
a broad-based simulation study of the performance of parts
scheduling heuristics in a job-shop cell. Tsai and Li (2000)
presented a due-date oriented scheduling heuristic algorithm
for a job-shop CMS based on capacity constraint resource.

However, the contributions in their researches have been
made to CPS problem in an isolated manufacturing cell, and

@ Springer

the above researches assumed that all parts in a part fam-
ily are processed in one cell and there is no intercell move.
Ideally, all machines required for producing a part can be
allocated to a cell.

However, this is hard to achieve in practice because parts
processed in different cells may all require a particular
machine (Arikan and Gungor 2005). Although the difficulty
can be resolved by purchasing additional machines, it may
not be economical to achieve such a cell independence. Thus,
it is not unusual to transport parts between two or more
cells. The parts required processing on machines in two or
more cells are termed exceptional parts (EP). Such a move-
ment of EP is usually called Intercell move. The interaction
between cells caused by the existence of EP disrupts the CM
philosophy of creating independent cells, but it is essential
for enterprises to reduce production cost. So there is a need
to study scheduling in the context of multiple cells (Krish-
namoorthy and Kamath 2000). There has been relatively lit-
tle research on CPS problem considering multiple cells and
intercell move. Only two papers addressed the issue accord-
ing to our limited knowledge. Yang and Liao (1996) assumed
that a CMS consists of two cells and each part cannot have
more than one operation in each cell, despite the fact that a
CMS contains multiple cells and each part might have more
than one operation in a cell. Solimanpur et al. (2004) assumed
that each part must be processed through machines in the
same order, despite the fact that each part may have a differ-
ent required sequencing of operations in a CMS.

Hence, in this paper, CPS problem connotes that a large
number of parts with diverse routings compete for time on
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common machine facilities in a CMS including multiple
cells. Figure 1 shows that a CMS contains N cells and N part
families, and some parts require processing on machines in
multiple cells.

Based on the above discussion, this paper addresses the
problem of parts scheduling in a CMS by considering excep-
tional parts processed on machines in multiple cells. A math-
ematical model of the problem is proposed with the objective
of minimizing the total weighted tardiness in a cellular man-
ufacturing system.

Another significant contribution of this paper is to
develop an efficient scatter search approach for the problem
discussed above, and this paper is the first one to adopt scatter
search procedure to solve CPS problem. Scatter search was
first introduced in Glover (1977) as a heuristic for integer
programming, and it is quite an established meta-heuristics
that has received renewed attention over the last decades.
From the meta-heuristics classification, scatter search can be
viewed as an evolutionary algorithm that constructs solutions
by combining others, and the goal of this methodology is to
enable the implementation of solution procedures that can
derive new solutions from combined elements (Marti et al.
2006). The scatter search methodology is very flexible, and
each of its elements can be implemented in a variety of ways.
Moreover, the algorithm incorporates procedures based on
different strategies, such as diversification, local search, tabu
search or path relinking (Glover 1998).

In this paper, a scatter search approach is developed, which
redesigns the common components of scatter search and
incorporates diversification generation method, local search
method and other improvement mechanisms to provide a
wide exploration of the search space through intensifica-
tion and diversification. Two different methods of generating
diverse initial solutions and two improvement methods are
considered in the proposed approach, and the roulette wheel
selection method based on the probability of total weighted
tardiness values is adopted in the combination method. To
validate the effectiveness of the proposed approach, a com-
putational study is performed on a set of test problems with
various dimensions. The computational results indicate that
the proposed scatter search approach is able to successfully
solve all the test problems with significantly improved solu-
tions and less computational effort, even when the standard
software behaved poorly.

The structure of this paper is given as follows:
in section “Problem description and formulation”, CPS prob-
lem is described and a mathematical model is proposed; in
section “A Scatter search approach”, the logic of the scatter
search procedure is developed in detail; in section “Com-
putational experiment and results”, a series of experimental
tests and computational results are presented; in
section “Conclusions”, conclusions of the study are
presented.

Problem description and formulation
Problem description

A cellular manufacturing system consists of a number of
manufacturing cells. Part family or families and the asso-
ciated machine groups that constitute each cell have been
identified. Machines have been laid out within each cell. Each
type machine can process different parts and only one part at
a time. Some parts require processing on machines in two or
more cells. The intercell move time between different cells
may be different for each part. Compared with the intercell
move time, the intracell move time of parts is negligible.
Each part must be processed on each machine at most once.
Each part has a due date representing a desired completion
time and a sequence of operations processed in the given
order. The processing time for operations of each part type
on a machine is known and fixed. Set-up times for the opera-
tions on the machines are independent of operation sequence
and are included in the processing times. Preemption of each
operation is not permitted. Assumed that all parts are released
at time zero and there is no shortage of materials, machine
breakdown and absence of operators. In order to avoid tardi-
ness penalties, including the possibility of losing customers,
the addressed problem is to develop processing sequences
for the parts within cells which results in the minimum total
weighted tardiness.

For the convenience to illuminate the problem, a simple
instance is given. The part-machine load matrix in a CMS
is shown in Table 1, and data include the processing time
for each operation and the routing of each part through each
machine. The machine groups and part families assigned to
each cell are displayed in Table 2. Since the intracell move
time of parts is minor compared with the intercell move time,
the intracell move time is negligible. The intercell move time
is setto 2.5 seconds for each part. Then the scheduling of pro-
duction in the CMS is obtained, and one feasible solution of
the problem represented by a Gantt chart can be given in
Fig. 2.

List of symbols

The following notations are adopted to describe the above
problem:

Indices:
j = index for part types (j = 1,...,J)
i = index for operations required by part j (i =1,...,1;)

k = index for machine types (k =1, ..., K)
| = index forcells (I =1,...,L)

Parameters:
O;j = ith operation of part j
P;j = standard time to process operation O;;
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Table 1 Part-machine load

matrix Machines Parts
P1 P2 P3 P4 P5 P6 P7 P8
MI 0.8 4.4 0.8
M2 2.3 0.6 1.2
M3 1.6 1.5 0.7
M4 2.1 1.7 3.2
M5 1.8 2.5 1.1
M6 0.9 0.4 2.2
M7 0.6 1.2 2.3
Routing 4-1-5 5-7-4 7-2 1-5 4-3-6 3-6-2 7-2-1 6-3
Table 2 .Machir}e groups and Machines in cells Parts in cells
part families assigned to each
cell Cell 1 Cell 2 Cell 3 Cell 1 Cell 2 Cell 3
Cell formation M3, M6 MI1,M4, M5 M2,M7 P5,P6,PS P1,P2,P4 P3, P7
Fig. 2 Gantt chart of a feasible
solution to the scheduling
problem Part 1 ‘ M4 ‘ M ‘ Ms ‘
.1 ——
Part 2 Ms \ move | My | move | M
Part3| M M: \
Part 4 M ‘ Ms ‘
Part 5 M4 ‘ move i Ms ‘ Ms ‘
Part 6 M3 Ms | move | M:
Part 7 M: | moe | M
Part 8 | Ms | M |
T T T T T T T T T T T T T T T T T T T T >
0 1 2 3 4 5 6 7 8 9 10 Time

M = intercell transfer time of part j in unit distance

Hy = transportation distance between the cell including
machine k and the other cell includingmachine &’

R; = set of pairs of operation (i, i") for part j, where oper-
ation O;; precedes operation O;;

D; = due date of part j

W; = weight of tardiness penalty for part j

1, if operation O;; is required processing

Wjjk = on machine k

0, otherwise

1, if machine k and machine k' are arranged
By = in the same cell

0, otherwise

Decision variables:
X;; = starting time of processing for operation O;;

@ Springer

C; = completion time of part j
T; = tardiness of part j

Objective function and constraints

Following the problem description and notation given in sec-
tions “Problem description” and “List of symbols”, the math-
ematical model of the problem of parts scheduling in a CMS
considering intercell move is presented below.

Meeting due dates has always been one of the most impor-
tant objectives in scheduling management. In order to avoid
tardiness penalties, including the possibility of losing cus-
tomers, the objective of the addressed scheduling problem is
to minimize the total weighted tardiness in a CMS, and can
be expressed mathematically as follows:
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J
Minimize Z W, T; (1)
j=1

The actual production has many peculiar characteristics
and must be subject to some constraints. We describe math-
ematically the characteristics and constraints below.

Constraint (2) states that an operation cannot be started
before its preceding operation is completed and the part is
transported to the corresponding machine in a cell. When
machines k and k” are assigned in the same cell, the intercell
move time of each part is zero.

@iji Xirj — ijk (Xij + Pij) = (1 = i) M Hi
Vi,i', jok ki £ k£ )
ajjra jr = 1 and (i, i/) € R;

Constraint (3) ensures completion time of part j is larger
than or equal to the completion time of all operations of part
Jj. This constraint set can be included in the mathematical
model when minimizing machine idle is desired.

K K
Cj—za,'ij,’jZZaijkPijs Vi, j 3)
k=1 k=1

Constraint (4) is the constraint of the operational sequence
of the operations that are processed on the same machine %,
and Vv denotes OR. This constraint set imposes the require-
ment that no two operations are processed on a machine at
any time.

(cijeXij = iy Xirjr + v jipirjr) V

(i juXirjr = eijiXij + @ijipij) “)
N . LY ./

Vi, i’ j gk iy = 1,0 £, j £

Constraint (5) gives the definition of tardiness for each
part. This constraint can only be included in the model min-
imizing total weighted tardiness.

Tj=max{C; —D;, 0}, Vj 5

Constraint (6) is the integrality requirement. The non-
negativity constraints for X;;, C; and T; are altogether
specified.

Xij,Cj, T; =0, Vi, j (6)

Summarizing the objective and all the constraints, a
nonlinear mathematical model (CPSM) of the proposed prob-
lem can be attained. CPSM is a fractional nonlinear math-
ematical programming model that is neither convex nor
concave, and it is difficult to be solved by traditional meth-
ods. Moreover, as the number of decision variables and

constraints increase substantially with increased number of
operations, parts, machines and cells, the computation
will also become more complex and difficult. Hence, an
efficient scatter search approach is developed for the above
model with greatly reduced computational effort in next
section.

A scatter search approach

In this paper, a scatter search approach is developed to
determine a near-optimum strategy for the above problem,
and it includes the general 5 steps (Laguna and Marti 2003)
and other heuristic techniques. The framework of the pro-
posed scatter search approach is presented in Fig. 3, and the
detailed, step-by-step description of its related implementa-
tions will be presented in the following paragraphs.

Generating diverse initial solutions
Representation

In order to solve CPS problem by scatter search, the first task
is to represent a solution of the problem. An operation-based
representation is adopted that uses an unpartitioned permu-
tation with multiple repetitions of part numbers (Cheng et al.
1996). This formulation names all operations for a part with
the same symbol and then interprets it according to the order
of occurrence in the representation. Each part appears in the
permutation many times and each repeating does not indicate
a concrete operation of a part but refers to a unique operation
which is context-dependent. The length of the representation
is the total number of operations required by all parts in a
CMS. Figure 4 shows the encoding of a solution. As it is
shown, n is the length of the encoding, and p; denotes part
Jj»and p; denotes the part in kth position in the permutation,
and ay; is the sum of times of part j appearing before the
(k + 1) th position in the permutation. ay; is determined as
follows:

ar—1,;+1Vj, k> 1and p, = p;
ag—1,; Vj, k> 1and p; #; @)
0 Vi, k=0

akj =

Accordingly, part p; in the encoding indicates a unique
operation Oy, p;, Which presents ajth operation required by
pj-Meanwhile, any permutation of the representation always
yields a feasible schedule in a CMS. Based on the represen-
tation, an initial solution can be generated randomly by an
encoding method, and the encoding method of the problem
is presented in Algorithm 1.
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Fig. 3 Framework of the
scatter search approach

Generating
Diverse Initial
Solutions

Generating Initial
Reference Set
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P

Fig. 4 The encoding of a solution

Algorithm 1: The encoding method of the CPS problem

Step 1: Let C represent an initial solution of the CPS problem, where
each element of the solution is empty; Let set P contain all
parts;

Step 2: Calculate /en, which is the total number of operations
required by all parts in a CMS;

Step 3: Generate a sequence A = (1,2, ..., len), and B is a random
permutation of A;

Step 4: Arbitrarily select a part pj(p; € P), and delete p; from P;

Step 5: Calculate /;, which is the total number of operations required
by pjsLeti < 1;

Step 6: Let CB(i)) < pj;Leti =i+ 1;

Step 7: Ifi <1Ij,gotoStep 6;1fi > I; and P # ), go to Step 4; If

i> Ij and P = ¢, stop.

The decision variable X;; is determined by a decoding
method under consideration. Suppose Xg; p; presents start-
ing time of processing for operation Og; ;. The decoding
method of the problem is presented in Algorithm 2.
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Diversification generation method

Diversification generation method is used to generate a col-
lection of diverse initial solutions (or seed solutions) while
keeping these solutions uniformly distributed in the feasi-
ble region. In this paper, two different methods of generating
diverse initial solutions are considered. The first one is called
the random generation method (RGM), which is to gener-
ate initial solutions randomly and is adopted widely in the
original scatter search approach. The second one is called
the permutation generation method (PGM), which applies
and improves diversification generator proposed by Glover
(1998).

Algorithm 2: The decoding method of the CPS problem

Step 1: Letk < 1;

Step 2: Determine the part in kth position in the encoding, p, and
calculate ay; based on the Eq. 7;

Step3: Find out machine m processing operation Oakj pj based on
technological constraints;

Step 4: If the operations sequence on machine m is not empty, go to
Step 6;

Step 5: Ifag =1, Xakj P is zero; otherwise, Xakj P is equal to
CT (Oak ip j) that is obtained adding completed time of
processing for (ag;j — 1) th operation of part p; and transfer
time of part p; transported to machine m. Go to Step 8;

Step 6: Based on the operations sequence on machine m, determine

pm thé.lt is the position of operation Oakj pj inserted into the
operations sequence;
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Algorithm 2: continued

Step 7: If pm = land ai; = 1, X“kj]’j is zero; If pm = 1 and

akj > 1, Xayp; 18 CT (Ouypy ): 1f pm > 1 and
agj =1, Xakjpj isequal to CE (pm — 1) that is
completed time of processing for the operation in the
(pm — 1) th position of the operations sequence on
machine m; If pm > 1 and aj > 1, Xakjpj is the
maximum value of CT (Oakjpj) and CE (pm — 1);

Step 8: If k <n,k =k+ 1 and go to Step 2; otherwise, stop.

Definition 1 Given a sequence P = (1,2, ..., n), the sub-
sequence of P is defined as: P(h:s)=(s, s+h, s+2h,...,s+rh),
where h is a positive integer; s is a positive integer between 1
and h; r is the largest nonnegative integer such that s +rh <n.

Definition 2 Given a sequence P=(1, 2,...,n),and h <n, the
permutation P(h) = (P(h:h), P(h:h—1), ..., P(h:1)).

Definition 3 Given two permutations of equal length, C =
(ct, ..., cp)and P(h), L(C | P(h)) is a permutation of C, where
each element is filled by element in the permutation C accord-
ing to the order of the permutation P(h), and the length of
permutation L(C | P(h)) is equal to the length of C.

For example, given a set P=(1, 2, 3, 4, 5,6, 7, 8), choose
h=3, the permutation P(3) can be represented as, P(3)=(3,
6,2,5,8,1,4,7) (Glover 1998). And, for the given sequence
C=(a, b, c, d, e, f, g h), the permutation L(C | P(3)) can be
represented as, L(C | P(3))=(c, f, b, e, h, a, d, g).

Based on the above definition, PGM is presented in Algo-
rithm 3.

Algorithm 3: The permutation generation method

Begin

Leti < 1;

Let N be equal to the number of initial solutions

While i < Ny do
Arbitrarily generate a parts permutation to represent
a feasible solution s = (s1, ..., s,);
Set Np = Length(s)/M, and M is a random
number range from 3 to Length(s)/2;

For j = 1to N do

Generate the permutation P(j) based on Defined

2;

Generate the permutation L(s| P(j)) based on
Defined 3;

i<i+1l, j<«<j+1;

If (i < Nyp) then
Take L(s| P(j)) as one solution;
End If
End For
End While
End

Generating initial reference set

The reference set s a collection of both high quality solutions
and diverse solutions that are used to generate new solutions

by way of applying the combination method (Marti et al.
2006). The reference set is constructed in the initial step,
and it consists of by high quality solutions and b, diverse
solutions from the diverse initial solutions. The size of the
reference set is denoted by b = by + b>. The by high quality
solutions are selected based on the objective function values,
i.e. the solutions with less total weighted tardiness values are
selected as high quality solutions. In order to find b, diverse
solutions, a diversity measure needs to be defined. The dis-
tance calculated via the /;-normis used as a diversity measure
between two solutions (Burcu and Halit 2006). That is

n

d(s1,2) = )

i=1

i i
S1— 9%

®)

where d(s1, s2) connotes the minimum distance between two
solutions s = (sll, ...,8!)ands; = (szl, S 8.

After high quality solutions in the reference set are
included, the minimum of the distances to the solutions in
reference set is computed for each solution in the initial pop-
ulation. Then, the solution with maximum of those minimum
distances is selected. This solution is added to reference set
and deleted from the initial population. Repeat the manner
until b, diverse solutions are found. The resulting reference
set contains b1 high quality solutions and b, diverse solu-
tions.

Generating subsets

The subset generation method operates on the reference set
to produce a subset of its solutions as a basis for creating
combined solutions. There are several systematic ways to
generate these subsets. The number of subsets has an impact
on the overall duration of the algorithm. To decrease the over-
all duration of the algorithm and simplify the subset genera-
tion method, a procedure for generating subsets of reference
solutions is adopted (Burcu and Halit 2006). The strategy
expands pairs into subsets of larger size while controlling
the total number of subsets to be generated, and avoids the
extreme type of process that creates all the subsets of size
2, then all the subsets of size 3, and so on until reaching the
subsets of size b — 1 and finally the entire reference set. The
four types of subset are presented as follows:

e Subset type 1: all 2-element subsets.

e Subset type 2: 3-element subsets derived from the 2-ele-
ment subsets by augmenting each 2-element subset to
include the best solution not in this subset.

e Subset type 3: 4-element subsets derived from the 3-ele-
ment subsets by augmenting each 3-element subset to
include the best solutions not in this subset.

e Subset type 4: the subsets consisting of the bestielements,
fori=5tob.
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Fig. 5 A example of the

solution combination method # e
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Combining solutions

The solution combination method is used to transform a
given subset of solutions produced by the subset genera-
tion method into a combined solution. The roulette wheel
selection method based on the probability of total weighted
tardiness values is adopted in this combination method. Let S
be a subset under consideration for generating a new solution
u, and assume that S contains the solutions {sg, ..., Sp}. In
order to find the value of each element u; in u, a solution
combination method is proposed in Algorithm 4.

As shown in Fig. 5a, considering a subset S consists of
three solutions, s1, s and s3. Percentages of roulette wheel
based on the weighted tardiness values of solutions are cal-
culated, and selection probability of each solution is corre-
sponding to its percentage. Assuming part 1 and solution
s3 are chosen firstly, a temporary solution u is obtained in
Fig. 5b. Then part 3 and solution s; are chosen secondly, a
temporary solution u is obtained in Fig. 5c. Finally, part 2
and solution sy are chosen, a new solution u can be obtained
in Fig. 5d.

Improving solutions

The improvement method is used to transform the solution
generated into an enhanced solution via a local search proce-
dure. If the improvement method yields a better value than the
one from the original solution, the new solution will replace
the original solution. If no improvement has been found after
the local search, no replacement will be made. A scatter
search procedure can be implemented without improvement
method, but it is essential for high quality solutions. Assum-
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ing that one solution u = (u1, ..., u,), and u; represents
the ith element of the solution. Two different methods for
improving solutions are considered below.

Algorithm 4: The solution combination method

Step 1: Let set P contain all parts;

Step 2: Calculate total weighted tardiness values of the solutions
in subset S;

Step3: Arbitrarily select a part p(p € P), and delete p from P;

Step4: Select a solution s with roulette wheel selection method
based on the probability of total weighted tardiness
values of the solutions in the subset;

Step 5: Find out elements whose value is equal to p in the
solution sy, and mark their positions;

Step 6: If elements in the corresponding positions in u are empty,
place p to the elements; otherwise, place p to empty
elements that are nearest to the elements;

Step 7: If P # @, go to Step 3; otherwise, stop.

The first improvement method (IM1) mainly keeps the
same sequence information of the original solution by only
relocating one randomly selected element to the neighbor-
hood of the other randomly selected element. First, one ele-
ment #; is randomly selected from u, followed by randomly
choosing another element u;. If u; is placed in sequence
before u;, the new solution will be generated by placing
u; immediately after u; after the improvement method. If,
on the contrary, u; is placed in sequence after u;, the new
solution will be generated by placing u; immediately before
u; after the improvement method. For example, shown in
Fig. 6a, for the above new solution u, the fourth element is
randomly selected from u, and then the seventh element is
randomly selected. The new solution u’ is obtained after the
improvement method.
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Fig. 6 A example of the two
improvement method
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(a) The first improvement method

The second improvement method (IM2) keeps same
sequence information of the original solution by only swap-
ping two randomly selected elements. First two element u;
and u; is randomly selected from u, then the new solution
will be generated by swapping the positions of elements u;
and u ; after the improvement method. As shown in Fig. 6b,
for the above new solution u, the fourth and seventh ele-
ments are selected and swapped, and then the new solution
u’ is obtained after the improvement method.

Updating reference set

The reference set update method accompanies each applica-
tion of the improvement method, and the update operation
consists of maintaining the record of b high quality solutions
and b, diverse solutions, where the value of b(b = by + by)
is stated as a chosen constant, but may readily be allowed to
vary. Once the new solutions have been generated, the better
ones in the reference set are included and the worst ones are
excluded from this reference set. There are two update strat-
egies of the reference set, static update strategy and dynamic
update strategy. Dynamic update strategy can replace solu-
tions more quickly in reference set for the future combina-
tions, but it neglects some potentially promising combina-
tions (Marti et al. 2006). For obtaining high quality solutions,
the static update strategy of the reference set was chosen.
And the stopping criterion is defined by the convergence of
the RefSet, i.e. when in any iteration no new solutions are
included in the RefSet.

Computational experiments and results

In order to evaluate the performance of the proposed algo-
rithm we have run a series of computational experiments. In
this section we report on the obtained results. All the algo-
rithms have been coded in C and run on a PC with a Pen-
tium IV processor, a 3.0 GHz internal clock and 1G RAM
memory.

(b) The second improvement method

Since there are no benchmarks test sets available for the
above problem, 13 test problems are generated randomly.
The test problems include small-medium size problems and
large size problems. The machine groups assigned to each
cell are shown in Table 3. The number of parts varies from
5 to 50, the number of machines is from 4 to 24, and the
number of cells is from 2 to 6. The distance between differ-
ent cells is randomly generated in [2, 20]. The due date of
each part type is randomly generated in [1, 25]. The weight
of tardiness penalty for each part type is randomly generated
in [1, 10]. The processing time for operations of each part
on a machine is randomly generated in [0.1, 0.9]. The above
random numbers are generated with normal distribution.

Based on the above diversification generation methods
and improvement methods, the four different scatter search
strategies were compared and shown in Table 4. The above
test problems are solved respectively by using SSRI, SSRM,
SSGI, and SSGM, and the obtained results for the problems
are displayed in Table 5.

As it can be seen in Table 5, all test problems are suc-
cessfully solved by SSRI, SSRM, SSGI, and SSGM, and the
total weighted tardiness and execution time (in seconds) for
each instance are obtained. The least mean execution time is
observed in SSRI, and the least mean total weighted tardi-
ness is observed in SSGM. Comparing with SSRI, SSRM and
SSGI, the mean total weighted tardiness obtained by SSGM is
improved respectively about 10.93, 8.22 and 2.01%. It can be
seen that SSGM outperforms other scatter search procedures
achieving better solutions for the test problems. Meanwhile,
comparing with SSRM, SSGI and SSGM, the mean compu-
tation time taken by SSRI is shorter respectively about 16.20,
13.50 and 28.88%. Hence, PGM and IM?2 are essential to this
scatter search approach for obtaining high quality solutions,
but take more computation time. Figure 7 shows a Gantt chart
of one solution obtained by SSGM for test problem 4, which
is taken as an example of the test problems.

In order to further evaluate the performance of the pro-
posed algorithm, the MIP optimizer of the CPLEX 10.1 is
used for the optimal solutions. The above four scatter search
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Table 3 Machine groups assigned to each cell

Problem Parts/machines/cells Cell 1 Cell 2 Cell 3 Cell4 Cell 5 Cell 6
1 5472 M2, M3 M1, M4
2 8/5/2 MI, M2 M3, M4,
M5
3 10/6/3 M2, M5 M1, M4 M3, M6
12/7/3 M3, M4, M1, M7 M2, M6
M5
5 16/8/3 M3, M4, M6, M8 M1, M2,
M5 M7
6 20/10/4 M3, M5, M2, M7 M1, M4, M6, M9
M8 MI10
7 22/12/4 M2, M7, M1, M10 M4, M8, M3, M5,
M12 M9 M6, M11
8 26/14/5 M5, M12, M6, M7 M1, M4, M3, M9, M2, M8
M13 Ml1 M10, M14
9 30/16/5 M1, M2 M10, M13, M6, M9, M7, M8 M3, M4,
Ml14, M15, Ml11, M16 M5, M12
10 35/18/5 M1, M9, M4, M8, M6, M7, M2, M5, M3, M13
M10 M14, M15 Ml6, M17 Ml11, M12,
M18
11 40/20/6 M2, M5, M1, M12, M4, M10, M6, M7, M3, M20 M8, Ml11,
M9, M15 M13 Mil6 M17 Ml14, M18,
MI19
12 45/22/6 M9, M12, M5, M6, M3, M10, M1, M2, M4, M8, M7, M18,
M16, M21 M13, M17, MI15 M14, M20 Ml11 M22
MI19
13 50/24/6 M5, M6, M1, M4, M2, M8, M3, M10, M15, M20, M17, M18
M13, M16 M7, M9 Ml11, M12, M19, M22, M21
Ml14, M24 M23
Table 4 Comparison between Scatter Search RGM PGM M1 M2
scatter search procedures
1 SSRI Vv Vv
2 SSRM Vv J
3 SSGI J Vv
4 SSGM J J

strategies are compared with CPLEX and the results for each
instance with optimal solutions are summarized in Table 6
wherein the gap (in percentage) and execution time taken
over the test problems. The gap in Table 6 is the percentage
deviation of the total weighted tardiness obtained by each
scatter search strategy from the optimal value obtained by
CPLEX. It is calculated as follows:

gap = (tardiness — opt)/opt x 100% O]

where tardiness is the total weighted tardiness, and opt
denotes the optimal value.

To clearly present the gaps between the tardiness and opti-
mal values in Table 6, comparison results for the former ten
problems with optimal solutions is given in Fig. 8.

Asitis shown in Table 6 and Fig. 8, for small-medium size
problems, optimal solutions can be obtained by CPLEX 10.1

@ Springer

within 10h running time, even despite the fact that CPLEX
tests have to be repeated as the memory space is exceeded
occasionally. The gap between the total weighted tardiness
obtained by the proposed scatter search and the optimal solu-
tion is about less than 7.1%. Average CPU time for CPLEX
is too long, which validates the solution time superiority of
the scatter search strategies on solution time over the com-
mercial solver. For large size problems, CPLEX failed to
provide the optimal solution for the test problems within tol-
erance time, 10h of computation time. Moreover, the above
four scatter search strategies were able to successfully solve
all the test problems with significantly improved solutions
and less computational effort. In conclusion, the proposed
scatter search approach proved to be a very useful method
for tackling the small-medium size problems of this difficult
combinatorial optimization problem. As for the large size
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Table 5 Results for the problems solved by scatter search procedures

Problem Parts/Machines/Cells SSRI SSRM SSGI SSGM
Tardiness Time (s) Tardiness Time (s) Tardiness Time (s) Tardiness Time (s)
1 5/412 1.0728 0.3055 1.0728 0.3090 1.0728 0.4251 1.0728 0.4474
2 8/5/2 6.4581 0.3085 6.4581 0.3006 6.4581 0.3833 6.4581 0.4170
3 10/6/3 17.0803 0.6931 15.7261 0.7395 15.1497 0.8626 14.6304 0.8144
4 12/7/3 23.1187 6.0049 22.0689 8.0699 20.6402 8.0546 19.3708 9.3383
5 16/8/3 33.5475 7.8763 35.4221 8.6738 29.9728 8.4479 26.1383 10.5631
6 20/10/4 38.3991 11.4015 36.8542 18.8816 32.3686 17.6364 31.8786 19.1677
7 22/12/4 41.1316 27.2016 40.0641 30.2255 36.3043 24.0704 35.7638 28.6265
8 26/14/5 48.4849 28.9090 46.0863 36.1863 38.9693 33.2122 38.7486 32.6530
9 30/16/5 58.2176 44.2349 57.4624 40.1969 43.4865 40.8756 43.7680 37.5094
10 35/18/5 62.5500 59.6200 59.3574 56.4119 58.2176 53.9935 58.5500 56.3234
11 40/20/6 105.8912 74.8091 103.1550 82.7822 98.7624 69.3110 97.6474 74.2974
12 45/2216 186.1222 70.3788 184.9834 104.2073 183.7631 94.3987 176.3521 106.8106
13 50/24/6 345.7539 101.7820 335.4643 116.7797 324.8497 140.3802 322.0795 181.7602
Mean 74.4483 33.3481 72.6289 38.7511 68.4627 37.8501 67.1122 42.9791

Part 1 : M: Fawe ] [ Mé o | Ms]

Part 2 M7 i e : M
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Part 4 M: Ms

Part 5 M | —— M ] Msl
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Fig. 7 Gantt chart of one solution obtained by SSGM for test problem 4

problems, although the quality of respective solutions is not ~ Conclusions

known, the proposed scatter search approach is, at least, an

easy tool to consistently generate feasible solutions, atalow  This paper studied the problem of parts scheduling in a CMS
computing time, even when the standard software behaved by considering exceptional parts processed on machines in
very poorly. multiple cells and proposed a nonlinear mathematical pro-
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Table 6 Comparison of results for all the problems with optimal solutions

No. CPLEX SSRI SSRM SSGI SSGM
Optimal value Time (s) Gap (%) Time (s) Gap (%) Time (s) Gap (%) Time (s) Gap (%) Time (s)

1 1.0728 2.813 0 0.3055 0 0.3090 0 0.4251 0 0.4474
2 6.4581 7.234 0 0.3085 0 0.3006 0 0.3833 0 0.4170
3 14.35 10.844 19.03 0.6931 9.59 0.7395 5.57 0.8626 1.95 0.8144
4 18.464 3521.279  25.21 6.0049 19.52 8.0699 11.79 8.0546 491 9.3383
5 24.414 3791.813  37.41 7.8763  45.09 8.6738 22.77 8.4479 7.06 10.5631
6 30.641 4906.344  25.32 11.4015 20.28 18.8816 5.64 17.6364 4.04 19.1677
7 33.426 4485.734  23.05 27.2016  19.86 30.2255 8.61 24.0704 6.99 28.6265
8 36.225 5663.406 33.84 28.9090 27.22 36.1863 7.58 33.2122 6.94 32.6530
9 41.135 6515484 41.53 44.2349  39.69 40.1969 5.72 40.8756 6.40 37.5094
10 55.462 7773.719  12.78 59.6200 7.02 56.4119 4.97 53.9935 5.57 56.3234
11 - 36000 - 74.8091 — 82.7822  — 69.3110 — 74.2974
12 - 36000 - 70.3788  — 104.2073  — 94.3987 — 106.8106
13 - 36000 — 101.7820 — 116.7797 — 140.3802  — 181.7602
Fig. 8 Total weighted tardiness 70

of the four scatter search
strategies and CPLEX

Tardiness

gramming model of the problem by minimizing the total
weighted tardiness in a CMS. Since CPS problem is a hard
problem to solve, a scatter search approach was developed
which redesigns the common components of scatter search
and incorporates diversification generation method, local
search method and other improvement mechanisms. In order
to check the efficiency of the proposed scatter search, a series
of test problems were generated and solved by using SSRI,
SSRM, SSGI, SSGM, and CPLEX 10.1 respectively.

The immediate future extension of the study could search
for tight lower bounds as it is essential, especially for large
instances, and focus on the development of different meta-
heuristic procedures to try to improve the quality of the fea-
sible solutions.
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