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This paper considers the hybrid flow shop scheduling problem for the objective of minimizing the number of
tardy jobs. In hybrid flow shops, each job is processed through multiple production stages in series, each of
which has multiple identical parallel machines. The problem is to determine the allocation of jobs to the parallel
machines at each stage as well as the sequence of the jobs assigned to each machine. Due to the complexity of
the problem, we suggest search heuristics, tabu search and simulated annealing algorithms with a new method to
generate neighborhood solutions. In particular, to evaluate and select neighborhood solutions, three surrogate
objectives are additionally suggested because not much difference in the number of tardy jobs can be found
among the neighborhoods. To test the performances of the surrogate objective based search heuristics,
computational experiments were performed on a number of test instances and the results show that the surrogate
objective based search heuristics were better than the original ones. Also, they gave the optimal solutions for

most small-size test instances.
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1. Introduction

A hybrid flow, a system with serial production stages and
one or more parallel machines at each stage, is an extended
system of the ordinary flow shop. The parallel machines are
generally added to increase system throughput as well as
flexibility. In other words, it is a natural way to increase the

system capacity by adding more machines to each production
stage of the ordinary flow shop (Gupta 1988). In the hybrid
flow shop, the flow of jobs is unidirectional through the seri-
al production stages and each job can be processed by one of
the parallel machines at each stage. Various hybrid flow
shops can be found in the electronics industry such as printed
circuit board (PCB), semiconductor, and lead frame manu-
facturing (Linn and Zhang 1999; Lee et al. 2004). Besides
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these, various traditional industries, such as food, chemical
and steel, have various types of hybrid flow shops (Tsubone
et al. 1996).

There are a number of previous research articles on hybrid
flow shop scheduling, which can be classified according to
the performance measures used: those without due-dates and
those with due-dates. (See Linn and Zhang (1999) for a liter-
ature review.) Gupta and Tunc (1991) considered a two-stage
hybrid flow shop scheduling problem with parallel machines
only at the second stage and suggested heuristics that mini-
mize makespan. Other heuristics for the objective of mini-
mizing makespan in two-stage hybrid flow shops were sug-
gested by Lee and Vairaktarakis (1994), Chen (1995), Lee
and Park (1999), and Choi ef al. (2009). Fouad et al. (1998)
considered a three-stage hybrid flow shop scheduling prob-
lem for the woodworking industry and suggested heuristics
that minimize makespan. Brah and Hunsucker (1991) consid-
ered the multi-stage hybrid flow shop scheduling problem
and suggested a branch and bound algorithm that minimizes
makespan, and later, their lower bounds were improved by
Moursli and Pochet (2000). For the same multi-stage prob-
lem, Guinet and Solomon (1996) suggested the list schedul-
ing algorithms in which the jobs are listed in some order us-
ing priority rules and then assigned to the machines accord-
ing to this order, and Janiak ef al. (2007) suggested search
heuristics under the multiple objectives of minimizing the to-
tal weighted earliness, tardiness and waiting time, and Kemal
et al. (2007) suggested an ant colony algorithm for the mul-
ti-stage problem with the makespan measure. Also, Azizoglu
et al. (2001) considered the objective of minimizing the total
flow time for multi-stage hybrid flow shops and suggested a
branch and bound algorithm that gives the optimal solutions.

Unlike the articles without due-dates, not much work has
been done on the problems with due-date based performance
measures due to their problem complexities. Lee and Kim
(2004) considered a two-stage hybrid flow shop with parallel
machines only at the first stage and suggested a branch and
bound algorithm that minimizes the total tardiness. Later,
Lee et al. (2004) extended their earlier research to mul-
ti-stage hybrid flow shops and suggested a bottle-
neck-focused heuristic in which a schedule for the bottleneck
stage is constructed and then those for the other stages are
constructed based on that for the bottleneck, and Lee (2006)
suggested a list scheduling approach for the problem with
dynamic order arrival. Gupta and Tunc (1998) suggested
heuristics for a two-stage problem that minimizes the number
of tardy jobs. Recently, Choi and Lee (2007) considered a
general two-stage hybrid flow shop with two or more parallel
identical machines at both stages, and suggested a branch and

bound algorithm that minimizes the number of tardy jobs,
and later, Choi and Lee (2009) improved their branch and
bound algorithm by tightening the lower bounds and sug-
gested heuristics for large-size problems. For the objective of
minimizing the maximum tardiness, Guinet and Solomon
(1996) suggested the list scheduling algorithms for mul-
ti-stage hybrid flow shops.

We consider multi-stage hybrid flow shop scheduling that
determines the allocation of jobs to parallel machines at each
stage as well as the sequence of the jobs allocated to each
machine for the objective of minimizing the number of tardy
jobs. The objective considered here is important in many
practical cases since the cost penalty incurred by a tardy job
does not depend on how late it is, but the event that it is late.
For example, a late job may cause a customer to switch to
another supplier, especially in the just-in-time production en-
vironment (Ho and Chang 1995). In overall, this research is a
generalization of Choi and Lee (2007, 2009) in that three or
more production stages are considered for hybrid flow shop
scheduling. To the best of the authors’ knowledge, there are
no previous research articles on multi-stage hybrid flow shop
scheduling that minimizes the number of tardy jobs.

The problem considered in this paper is NP-hard, which
can be easily seen from the fact that the parallel machine
scheduling problem that minimizes the number of tardy jobs
is NP-hard (Garey and Johnson 1979). In fact, Choi and Lee
(2007) reported that their branch and bound algorithms can
give the optimal solutions for the test instances only with 14
jobs even in two-stage hybrid flow shops. Therefore, to ob-
tain good quality solutions within a reasonable amount of
computation time, we suggest search heuristics, tabu search
and simulated annealing algorithms, each of which in-
corporates a new method to generate neighborhood solutions.
In particular, three surrogate objectives are additionally sug-
gested to evaluate and select neighborhood solutions because
not much difference in the number of tardy jobs can be found
among neighborhood solutions. To the best of our knowl-
edge, there is no previous research on applying surrogate ob-
jectives to hybrid flow shop scheduling that minimizes the
number of tardy jobs. To show the performances of the sur-
rogate objective based search heuristics, computational ex-
periments were done on a number of test instances and the
results are reported.

The rest of this paper is organized as follows. The follow-
ing section describes the problem with a mathematical
formulation. Section 3 presents the search heuristics with the
method to generate neighborhood solutions and the surrogate
objectives to evaluate and select neighborhood solutions. The
test results on computational experiments are reported in
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Section 4, and finally, Section 5 concludes the paper with the
discussion of future research.

2. Problem description

Before describing the problem in more detail, we explain the
structure of a multi-stage hybrid flow shop. As shown in
<Figure 1>, the multi-stage hybrid flow shop consists of two
or more serial stages and there exist one or more identical
parallel machines at each stage. In this figure, m; denotes the
number of machines at stage £, k= 1, -, K. Note that we con-
sider the general hybrid flow shop in that there may exist one
or more parallel machines at each stage, i.e., my >1 for k=1,
..., K. Each job has K operations and operation k is processed
on one of the parallel machines at the stage £.

As stated earlier, the problem considered here has two deci-
sions : (a) allocating jobs to parallel machines at each stage;
and (b) sequencing the jobs allocated to each machine. The
objective is to minimize the number of tardy jobs, i.e.,

minimize »,6(7}),

i=1

where T; = max{0, cix — d;} and §(T;)=1if T; > 0, and 0
otherwise. Here, ¢k and d; denote completion time of job i at
the last stage K and due-date of job i, respectively. The com-
pletion time of each job depends on the two decision varia-
bles, allocation and sequencing, and our problem is to de-
termine the two variables that minimize the number of tardy

parallel machines

Stage 1

259

jobs. As stated earlier, this research extends the previous re-
search articles to multi-stage hybrid flow shops with three or
more serial production stages.

In this paper, we consider a static and deterministic version
of the problem. That is, all jobs are ready for processing at
time zero and the job descriptors, such as processing times
and due-dates, are deterministic and given in advance. Also,
each operation of a job has the same processing time on each
parallel machine since we consider identical parallel ma-
chines at each stage. Other assumptions made for the prob-
lem considered here are: (a) each machine can process only
one job at a time and each job can be processed only on a
machine at each stage; (b) setup times for the jobs are se-
quence-independent and hence can be included in the corre-
sponding processing times; (¢) no job can be split and
pre-emptied; and (d) machine breakdowns are not
considered.

3. Solution algorithms

Two types of search heuristics, tabu search and simulated an-
nealing algorithms, are presented in this section. First, the al-
gorithm to obtain an initial solution is explained. Then, the
search heuristics, together with the neighborhood generation
method and the surrogate objectives, are explained.

3.1 Obtaining an initial solution

The initial solution is obtained using the list scheduling ap-

parallel machines parallel machines
i i o Ma |
| ] e |
i 2,m, i i L% i
Stage 2 Stage K

Figure 1. A schematic description of multi-stage hybrid flow shops
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proach in which all jobs are listed in some order using a pri-
ority rule and then assigned to the machines according to this
order. To order the jobs, the EDD (earliest due date) rule is
used. Then, according to this order, the jobs are allocated to
the earliest available machine from the first to the last stage.
Here, the earliest available machine is the one that has the
smallest completion time before the job is allocated.

3.2 Search heuristics

3.2.1 Tabu search algorithms

Tabu search (TS) is a well-known search technique to
escape from terminating at local optimum prematurely
(Glover 1989). In general, TS can be described as a proc-
ess which attempts to move from the current solution to
one of its neighbors. The moves that are worse than the
current solution might be accepted to escape from the en-
trapment of a local optimum in its search for the global
optimum. The most recent moves are classified as tabu
(forbidden) for a particular number of iterations (tabu ten-
ure or tabu list size) to avoid the cyclic searching path,
and these moves are stored in a set A, called the tabu list.
In other words, the elements of A define all tabu moves
that cannot be applied to the current solution. The size of
A 1is bounded by a parameter /, called the tabu list size. If
[Al = [, before adding a move to A, one must remove an
element in it, the oldest one in general. Note that a tabu
move can be allowed to be chosen if it creates a solution
better than the incumbent solution, called the aspiration
criterion in the literature. See Glover (1989) and Glover and
Laguna (1993) for generic descriptions of the TS algorithm.

An application of TS is characterized by representation of
solutions, generation of neighbourhood solutions, definition
of tabu moves, and termination condition. A detailed ex-
planation of each component is explained below.

() Solution representation. The solution is represented by a
set of vectors (S}, S, -, Sk), where i denotes a permutation of
1 jobs to be allocated to the parallel machines at stage k. (This

solution representation method is also used for the SA
algorithms.) Note that we focus on non-permutation schedules
in which the job sequences are allowed to be different at dif-
ferent stages. According to the given sequence for each stage,
the job allocation is done in such a way that each job is allo-
cated and sequenced to the corresponding earliest available
machine. As defined earlier, the earliest available machine im-
plies the one that has the smallest completion time before a job
is allocated.

For example, consider a two-stage hybrid flow shop prob-
lem with § jobs and 2 machines at both stages. Let the sol-
utionbe §1=(1,2,3,4,5,6,7,8)and $,=(1,2,3,4,5,7, 8,
6). Then, we can easily see that the resulting schedule, in
which the jobs are allocated to the earliest available machine
according to the job sequences S| and S, can be represented
as <Figure 2>

(b) Neighborhood generation. Neighborhood solutions are
generated using a hybrid interchange and insertion method.
Here, the interchange method generates a neighborhood sol-
ution by selecting two jobs in the current sequence and inter-
changing them, while the insertion method selects two jobs in
the current sequence and removes the first job from the origi-
nal place and inserting it to the position that directly precedes
the second job. In this research, we use the hybrid method to
generate neighborhood solutions as scattered as possible,
called the diversification strategy in the literature. See Kim et
al. (2007) for other application of the hybrid neighborhood
generation method.

The hybrid method to generate neighborhood solutions can
be described as <Figure 3>. Let (S}, 51, -, Sk) denote the cur-
rent job sequences at serial stages. As can be seen in the fig-
ure, the hybrid method uses the interchange and the insertion
methods in a consecutive way. (More specifically, the in-
sertion method is done for a specified number of times after
the interchange method is used. In this research, the specified
number was set to the tabu list size / from a preliminary test.)
The detailed explanation of the hybrid method is as follows.

Stage1 Machine® | 1, | I I [ 1, | 5 |
Machine 2 b | Js I
Machine 1 [ I [ 5, | 5 |
Stage 2
Machine 2 1, 1, Js Jo
1 I 1 1 1 1 T I T 1 T T
0 1 2 3 4 5 6 8 9 10 11 12 13 14 15 16 17 18 19

Figure 2. Complete schedule for a given solution representation : an example
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First, a new job sequence S,;, for a randomly selected stage &
is obtained by interchanging two randomly selected jobs in
the current sequence S. Then, the insertion method is applied
to the new job sequences (5, -+, S,;, -, S,) for a specified
number of times in such a way that a job with the maximum
flow time is selected and it is placed to a randomly selected
position located earlier than the current position. More for-
mally, selected is the job i at stage &~ such that

(i*, k:*) = arg maX{C;;k, — 7"7:1«}’

=1, k>1

where Cy and ri denote the completion time and the ready
time of job 7 at stage k, respectively. Here, the ready time of a
job at a stage implies the time at which the job is available
for processing at the stage.

There may be a number of ways to consider the moves.
Among them, we use the method of examining a portion of the
entire neighborhood and taking the best move that is not tabu.
This is because the hybrid method described earlier may gen-
erate too many neighborhood solutions, and hence it is neces-
sary to limit the number of neighborhood solutions examined.
This is called the candidate list strategy in the literature
(Laguna et al. 1991). The purpose of the candidate list strategy
is to screen the neighborhood solutions in order to concentrate
on promising moves. From a preliminary test, the number of
neighborhood solutions examined was set to the tabu list size
1. Note that the candidate list is maintained for neighborhood
solutions generated by the hybrid method with insertion and
interchange operator.

Interchange move

sl@
OO0 -®

7]
~

Sx@

Insertion

v O-O-O-®- -0

Ji;: job sequenced at position i at stage k
Sk: sequence of jobs at stage K

Figure 3. Hybrid neighborhood generation method

(¢) Neighborhood selection with surrogate objectives.
The objective function considered here, minimizing the
number of tardy jobs, converges to the local optimum
easily, i.e., not much difference in the objective values
of neighborhood solutions. To overcome this difficulty,
in this paper, we suggest surrogate objectives to eval-
uate and select a neighborhood solution among those
that give the same smallest number of tardy jobs. The
following are three surrogate objectives tested.

o Minimum tardiness : select a neighborhood that has the
job with the minimum tardiness

o Minimum mean tardiness : select a neighborhood that
gives the minimum mean tardiness

o Maximum mean earliness : select a neighborhood that
gives the maximum mean earliness

In summary, three TS algorithms, i.e., TS1, TS2, and TS3
with the surrogate objectives of minimum tardiness, mini-
mum mean tardiness, and maximum mean earliness, are sug-
gested in this paper.

(d) Tabu conditions. Tabu moves are defined as follows. In
the interchange method, a tabu move is defined as a pair of
jobs that have been interchanged and the corresponding stage.
Also, the insertion method defines a tabu move as the job to be
moved and the job that directly precedes the second job at the
corresponding stage. More specifically, if job i is inserted be-
tween jobs (j — 1) and ; at stage k, jobs i and j together with
stage k, i.e., (i, J, k), are stored in the tabu list. If job i is in-
serted to the last position in the job sequence, job i and the last
job together with the corresponding stage are defined as a tabu
move. As stated earlier, a tabu move can be allowed to be
chosen if it generates a solution better than the incumbent sol-
ution, i.e., the best objective value obtained so far.

(e) Termination condition. The three TS algorithms stop if
no improvements have been made for a certain number of con-
secutive iterations, denoted by Lzg in this paper. Here, the iter-
ation number increases by one whenever an interchange move
is done.

3.2.2 Simulated annealing algorithms
Like the TS, the SA is a search heuristic that attempts to

move from the current solution to one of its neighbours.
Starting from an initial solution, SA generates a new solution
in the neighborhoods of the original one. Then, the change in
the objective function value is calculated. (In our application,
the surrogate objectives were used to evaluate the objective
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value since there is not much difference in the objective val-
ues of neighborhood solutions.) If there is an improvement,
the transition to the new solution is accepted. Otherwise, the
transition to the new solution is accepted with a specified
probability denoted by exp(— A/f), where A is the amount
of change in the surrogate objective value and ¢ is a control
parameter called the temperature. By allowing the uphill
moves (that increase a surrogate objective value), the SA can
escape from a local minimum.

There are four generic parameters to implement the SA al-
gorithms: initial temperature (ty); epoch length (c), i.e., num-
ber of transitions made with the same temperature; rule speci-
fying how the temperature is reduced, and termination condition.
A choice of these parameters is referred to as a cooling sched-
ule, and the performance of an SA algorithm is affected by
these parameters and methods. In our application, the method
suggested by Park and Kim (1998) was used to set the parame-
ters required. Also, the temperature was decreased using the
commonly used equation, ¢, = r - ¢, _,, where # is the tem-
perature used during the kth epoch and r is a positive constant,
called the cooling ratio, with a value less than 1. Finally, we
terminated the algorithm when there is no improvement for a
certain number of iterations, denoted by Ls, in this paper.

As in the TS algorithms, we tested three SA algorithms ac-
cording the three surrogate objectives, i.e., SA1, SA2 and
SA3 with the surrogate objectives of minimum tardiness,
minimum mean tardiness, and maximum mean earliness, to-
gether with the hybrid neighborhood generation method ex-
plained earlier. In fact, the SA algorithms are identical to the
TS algorithms except for the basic search mechanism.

4. Computational experiments

To compare the performances of the search heuristics sug-
gested in this paper, computational tests were done, and the
results are reported in this section. We tested eight search
heuristics, TSO (SA0) without the surrogate objectives and
TS1 (SA1), TS2 (SA2), TS3 (SA3) with the surrogate ob-
jectives of minimum tardiness, minimum mean tardiness, and
maximum mean earliness, respectively. All the algorithms
were coded in C and the tests were done on a workstation
with an Intel Xeon processor operating at 3.20 GHz clock
speed and 1.0 GB RAM memory.

To find the appropriate values of the parameters, a prelimi-
nary experiment was done for each search heuristic type. For
the TS algorithms, several values for the tabu list size (/) and
Ls for the termination condition were tested on representative
test instances, and they were set to 50 and 500, respectively.

Also, for the SA algorithms, the parameters were set as (f, «,
r, Lsq) = (1, 20, 0.99, 500) according to the method suggested
by Park and Kim (1998), where f), o, r, and Lg, denote the in-
itial temperature, the epoch length, the cooling ratio, and the
parameter for the termination condition, respectively.

The first test is on the comparison of the search heuristics
with each other for multi-stage hybrid flow shops since the
optimal solutions could not be obtained in a reasonable
amount of computation time. The performance measures
used are: (a) the relative performance ratio; and (b) CPU
seconds. Here, the relative performance ratio of search heu-
ristic a for a problem is defined as

[(az_ Qest)_ q}(ﬁst] ' 100(%)

where C, is the original objective value obtained from al-
gorithm a and Cj. is the best original objective value for that
problem among the four search heuristics.

For the test, 300 instances were generated, i.e., 50 in-
stances for each of six combinations of three levels of the
number of jobs (20, 50, and 100) and two levels of the num-
ber of stages (5 and 7). The number of parallel machines at
each stage and the processing times were generated from DU
(1, 5) and DU (10, 40), respectively. Here, DU (a, b) is the
discrete uniform distribution with range [a, b]. Finally, the
due-dates were generated using a modified one of the method
of Gupta (1988) since it considers two-stage hybrid flow
shop. More formally, they were generated from DU (p - a, p

- B), where a and § (> o) were set to 0.2 and 0.4 and p was
set as
max
1)

)3 pij/mj} }/max

p= {i(ipij/mj)+ (n—

j=1\i=1

Test results for multi-stage hybrid flow shops are given in
<Table 1> that summarizes the average relative performance
ratios and CPU seconds. It can be seen from the table that the
TS algorithms are better than the SA algorithms in overall
solution quality. In addition, the TS algorithms required
much shorter computation times than the SA algorithms un-
der the same termination condition. Also, the search heu-
ristics with surrogate objectives outperformed those without
surrogate objectives, which shows the effectiveness of the
surrogate objectives for hybrid flow shop scheduling that
minimizes the number of tardy jobs. Therefore, it is recom-
mended that the surrogate objectives (instead of the original
objective to break ties among the neighbourhood solutions
with the same number of tardy jobs) be used for other sched-
uling problems that minimize the number of tardy jobs.
Finally, among the three surrogate objectives, minimizing the



Surrogate Objective based Search Heuristics to Minimize the Number of Tardy Jobs for Multi-Stage Hybrid Flow Shop Scheduling 263
Table 1. Test results for multi-stage hybrid flow shops
Number of | Number of | - peyr | g2 | 152* | 7183 | sa0' | sal’ | sa2? | sa3

jobs stages

20 5 023(3)| 0.15@3)| 016(3)| 0.11(3) 0233)"| 0194)| 0214 0.17(4)

7 023@)| 0.16(5)| 021(5| 0.094)| 029(7)| 021(6) 023(5| 0.13(5

5 5 0.25(35)| 0.10(37)| 0.14(47)| 0.04(37)| 0.31(35)| 0.26(42)| 0.19(56)| 0.09 (39)

7 0.26 (48)| 0.11(44)| 0.13(49)| 0.08 (43)| 0.28(59)| 0.22(48)| 0.25(52)| 0.14(49)

100 5 0.22 (582)(0.12 (532)| 0.14 (531)| 0.03 (414)| 0.27 (942)|0.20 (1010)|0.23 (1220)|0.21 (1329)

7 0.22 (673)| 0.12 (594)| 0.16 (664)| 0.05 (555)[0.28 (1215)]0.22 (1103)[0.17 (1183)|0.12 (1416)

Average 0.24 (219)| 0.13 (202)| 0.16 (217)| 0.07 (176)| 0.28 (377)| 0.22 (369)| 0.22 (420)| 0.14 (474)

1
2
3
4
¥

search heuristics without surrogate objective
search heuristics with the surrogate objective of minimum tardiness
search heuristics with the surrogate objective of minimum mean tardiness
search heuristics with the surrogate objective of maximum mean earliness

average relative performance ratio out of 50 problems and CPU seconds (in parenthesis)

maximum mean earliness gave better results than the others.
This may be because of the fact that earliness is closely re-
lated with slack time and hence the surrogate objective of the
maximum mean earliness may decrease the possibility of be-
ing tardy. On the other hand, the surrogate objectives asso-
ciated with tardiness are directly related to the number of tar-

Table 2. Test results for two-stage hybrid flow shops :

(a) Cases of loose due-dates

dy jobs and hence break ties randomly.

The second test was done for two-stage hybrid flow shops.
In this test, TS3 and SA3 with the surrogate objective of
maximum mean earliness were compared with the optimal
branch and bound algorithm of Choi and Lee (2009). (Here,
we selected TS3 and SA3 since they perform better than the

SA3 TS3
(M, My)' Number of jobs Number of jobs
10 12 14 15 10 12 14 15
(1,2) 10%10° 10/10 10/10 10/10 10/10 10/10 10/10 10/10
(1,3) 10/10 10/10 10/10 10/10 10/10 10/10 10/10 10/10
(1,4) 10/10 10/10 10/10 9/9 10/10 10/10 10/10 9/9
2,2) 10/10 10/10 10/10 10/10 10/10 10/10 10/10 9/10
2,3) 10/10 10/10 10/10 10/10 10/10 10/10 10/10 10/10
2,4) 10/10 10/10 10/10 10/10 10/10 10/10 10/10 10/10
(3,2) 10/10 10/10 10/10 10/10 10/10 10/10 10/10 10/10
(3,3) 10/10 10/10 10/10 10/10 10/10 10/10 10/10 10/10
(3, 4) 10/10 10/10 10/10 10/10 10/10 10/10 10/10 10/10
(4,2) 10/10 10/10 10/10 9/10 10/10 10/10 10/10 10/10
(4,3) 10/10 10/10 10/10 10/10 10/10 10/10 10/10 10/10
4,4 10/10 10/10 10/10 10/10 10/10 10/10 10/10 10/10

" number of machines at the first and the second stages, respectively
2 qumber of problems that the search heuristics gave the optimal solutions out of 10 problems
* number of problems that the branch and bound algorithm gave the optimal solutions out of 10 problems
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(b) Cases of tight due-dates

* Hyung-Won Kim - Dong-Ho Lee

SA3 TS3
(M, M) Number of jobs Number of jobs

10 12 14 15 10 12 14 15
(1,2) 10/10° 10/10 10/10 8/8 10/10 10/10 10/10 8/8
(1,3) 10/10 10/10 10/10 9/9 10/10 10/10 10/10 9/9
(1,4) 10/10 10/10 9/9 8/8 10/10 10/10 9/9 8/8
2,2) 10/10 10/10 10/10 9/9 10/10 10/10 10/10 9/9
2,3) 10/10 10/10 10/10 10/10 10/10 10/10 10/10 10/10
2,4 10/10 10/10 10/10 9/10 10/10 10/10 10/10 10/10
(3,2 10/10 10/10 10/10 10/10 10/10 10/10 10/10 10/10
(3,3) 10/10 10/10 10/10 10/10 10/10 10/10 10/10 10/10
3,4 10/10 10/10 10/10 10/10 10/10 10/10 10/10 10/10
4,2) 10/10 10/10 10/10 10/10 10/10 10/10 10/10 10/10
4,3) 10/10 10/10 10/10 10/10 10/10 10/10 10/10 10/10
4,4 10/10 10/10 10/10 10/10 10/10 10/10 10/10 10/10

See the foot notes of Table (a).

others.) The performance measures are: (a) number of in-
stances that each search heuristic gave the optimal solutions;
and (b) CPU seconds. For this test, we used the 960 test in-
stances of Choi and Lee (2009), i.e., 10 instances for each of
96 combinations of the number of machines (1, 2, 3 and 4 at
the first stage and 2, 3 and 4 at the second stage), four levels
of the number of jobs (10, 12, 14 and 15), and two levels of
the due-date tightness (loose and tight).

Test results are summarized in <Table 2>, which shows
that TS3 and SA3 suggested in this paper give the optimal
solutions for most test instances. Note that the CPU seconds
are not reported here since they solved all the test problems
within 2 seconds. On the other hand, the branch and bound
algorithm required more than 2000 seconds to obtain the op-
timal solutions for the test problems with 15 jobs (Choi and
Lee 2009). Therefore, we can conclude that TS3 and SA3
can be used instead of the optimal branch and bound algo-
rithm for small-size two-stage hybrid flow shop scheduling
problems since they can give very near optimal solutions
while requiring much shorter computation times.

5. Concluding remarks

This paper considered multi-stage hybrid flow shop schedul-
ing, which can be found usually in the electronics industry as

well as various traditional industries such as food, chemical
and steel. The problem is to determine the allocation of jobs
to parallel machines at each stage as well as the sequence of
the jobs assigned to each machine for the objective of mini-
mizing the number of tardy jobs. Due to the complexity of
the problem, two types of search heuristics, tabu search and
simulated annealing algorithms, were suggested with a hy-
brid neighborhood generation method. In particular, surro-
gate objectives were additionally suggested to break ties
among the neighborhood solutions with the same number of
tardy jobs since the objective has the characteristic that not
much difference can be found among the neighborhood
solutions. The computational results on a number of test
problems can be summarized as follows. First, the search
heuristics with surrogate objectives outperformed those with-
out surrogate objectives. Second, the tabu search algorithm
with the surrogate objective of the maximum mean earliness
outperformed the others. Finally, for two-stage hybrid flow
shops, the best search heuristics with the surrogate objective
of minimizing the maximum mean earliness can be used in-
stead of the optimal branch and bound algorithm.

As an initial research on multi-stage hybrid flow shop
scheduling that minimizes the number of tardy jobs, this re-
search has certain further research issues. First, it may be
needed to develop an optimal solution algorithm, especially
in the theoretical aspect. Second, the lower bounds are worth
to be developed to evaluate the absolute solution qualities of
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possible future heuristics to be developed. Finally, the prob-
lem can be extended to those with uniform or unrelated par-
allel machines at each stage and/or re-entrant product flows
for more practical applications.

References

Azizoglu, M., Cakmak, E. and Kondakei, S. A. (2001), A flexible flow
shop problem with total flow time minimization, European Journal
of Operational Research, 132, 528-538.

Brah, S. A. and Hunsucker J. L. (1991), Branch and bound algorithm
for the flow shop with multiple processors, European Journal of
Operational Research, 51, 88-99.

Chen, B. (1995), Analysis of classes of heuristics for scheduling a
two-stage flow shop with parallel machines at on stage, Journal of
Operation Research Society, 46, 231-244.

Choi, H.-S. and Lee, D.-H. (2007), A branch and bound algorithm for
two-stage hybrid flow shops: minimizing the number of tardy jobs,
Journal of the Korean Institute of Industrial Engineers, 33, 213-220.

Choi, H.-S., Kim, H.-W., Lee, D.-H., Yun, J., Yoon, C. Y., and Chae,
K. B. (2009), Scheduling algorithms for two-stage reentrant hybrid
flow shops: minimizing makespan under the maximum allowable
due-dates, International Journal of Advanced Manufacturing
Technology, 42, 963-973.

Choi, H.-S. and Lee, D.-H. (2009), Scheduling algorithms to minimize
the number of tardy jobs in two-stage hybrid flow shops,
Computers and Industrial Engineering, 56, 113-120.

Fouad, R., Abdelhakim, A. and Salah, E. E. (1998), A hybrid
three-stage flowshop problem: efficient heuristics to minimize
makespan, European Journal of Operational Research, 109,
321-329.

Garey, M. R. and Johnson, D. S. (1979), Computers and Intractability:
A Guide to the Theory of NP-Completeness, W.H. Freeman and
Company.

Glover, F. (1989), Tabu search: part I, ORSA Journal of Computing, 1,
190-206.

Glover, F., Laguna, M. (1993), Tabu search in Modern Heuristics
Techniques for Combinatorial Problems, Blackwell Scientific
Publications, Oxford, 70-141.

Guinet, A. G. P. and Solomon, M. M. (1996), Scheduling hybrid flow
shops to minimize maximum tardiness or maximum completion
time, International Journal of Production Research, 34, 1643-
1654.

Gupta, J. N. D. (1988), Two-stage hybrid flow shop scheduling prob-
lem, Journal of Operation Research Society, 39, 359-364.

Gupta, J. N. D. and Tunc, E. A. (1991), Scheduling for a two-stage hy-
brid flowshop with parallel machines at the second stage,

265

International Journal of Production Research, 29, 1480-1502.

Gupta, J. N. D. and Tunc, E. A. (1998), Minimizing tardy jobs in a
two-stage hybrid flowshop, International Journal of Production
Research, 36,2397-2417.

Ho, J. C. and Chang, Y. L. (1995), Minimizing the number of tardy
jobs for m parallel machines, European Journal of Operational
Research, 84, 343-355.

Janiak, A.,Kozan, E., Lichtenstein, M. and Oguz, C. (2007),
Metaheuristic approaches to the hybrid flow shop scheduling prob-
lem with a cost-related criterion, International Journal of
Production Economics, 105, 407-424.

Kemal, A., Orhan, E. and Alper, D. (2007), Using ant colony opti-
mization to solve hybrid flow shop scheduling problems,
International Journal of Advanced Manufacturing Technology, 35,
541-550.

Kim, S.-I., Choi, H,-S. and Lee, D.-H. (2007), Scheduling algorithms
for parallel machines with sequence-dependent setup and distinct
ready times: minimizing total tardiness, Proceedings of the
Institution of Mechanical Engineers Part B: Journal of Engineering
Manufacture, 221, 1087-1096.

Laguna, M., Barnes, J. W. and Glover, F. (1991), Tabu search methods
for a single machine scheduling problem, Journal of Intelligent
Manufacturing, 2, 63-74.

Lee, C. Y. and Vairaktarakis, G. L. (1994), Minimizing makespan in
hybrid flow shops, Operations Research Letters, 16, 149-158.

Lee, G.-C. (2006), Scheduling methods for a hybrid flowshop with dy-
namic order arrival, Journal of the Korean Institute of Industrial
Engineers, 32, 373-381.

Lee, G.-C. and Kim, Y.-D. (2004), A branch-and-bound algorithm for
a two-stage hybrid flow shop scheduling problem minimizing total
tardiness, International Journal of Production Research, 42,
4731-4743.

Lee, G.-C., Kim, Y.-D. and Choi, S.-W. (2004), Bottleneck-focused
scheduling for a hybrid flow shop, International Journal of
Production Research, 42, 165-181.

Lee, J. S. and Park, S. H. (1999), Scheduling heuristics for a two-stage
hybrid flowshop with nonidentical parallel machines, Journal of the
Korean Institute of Industrial Engineers, 25, 254-265.

Linn, R. and Zhang, W. (1999), Hybrid flow shop scheduling, Compu-
ters and Industrial Engineering, 37, 57-61.

Mourisli, O. and Pochet, Y. (2000), A branch-and-bound algorithm for
the hybrid flow shop, International Journal of Production Research
Economics, 64, 113-125.

Park, M.-W. and Kim, Y.-D. (1998), A systematic procedure for set-
ting parameters in simulated annealing algorithms, Computers and
Operations Research, 25, 207-217.

Tsubone, H., Ohba, M., and Uetake, T. (1996), The impact of lot sizing
and sequencing on manufacturing performance in a two-stage hy-
brid flow shop, International Journal of Production Research, 34,

3037-3053.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


