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Abstract This paper considers a single batch machine
dynamic scheduling problem, which is readily found in the
burn-in operation of semiconductor manufacturing. The
batch machine can process several jobs as a batch si-
multaneously, within the capacity limit of the machine, and
the processing time is represented by the longest process-
ing time among all jobs in a batch. For a single batch
machine problem with arbitrary job release time, we
proposed an improved algorithm (merge-split procedure) to
refine the solution obtained by the LPT-BFF heuristic, and
two versions of a hybrid genetic algorithm (GA) are
introduced in this paper. Each version of the hybrid GA
diversifies job sequences using the GA operators in stage 1,
forms batches in stage 2, and finally sequence the batches
in stage 3. The difference is that merge-split procedures are
involved in the second version of the hybrid GA. Com-
putational experiments showed that the hybrid GA would
obtain satisfactory average solution quality and the merge-
split procedures would be good at reinforcing the solution
consistency of the hybrid GA.
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1 Introduction

The single batch machine problem is a scheduling problem
where jobs can be grouped into batches which are within
the capacity limit of a machine conforming to the
following requirements: the processing time of a batch is
equal to the longest processing time among all jobs in the
batch; once a batch is processed, it cannot be interrupted;
and no jobs can be removed from the machine until the
process is completed. This problem is motivated by the
burn-in operation in semiconductor final testing. Early
Ikura and Gimple [1] studied the batch machine problem,
proposing an optimal algorithm for the single batch
machine problem with identical job processing times, unit
job sizes, dynamic job arrivals, and an objective of min-
imizing makespan. Lee et al. [2] gave a detailed de-
scription for burn-in operation. Following their study of
the problems that batch machines encountered in a number
of different production environments including diffusion
and burn-in operations in semiconductor fabrication, heat
treatment operations in metalworking, batch machine
problems have been extensively treated in the literature.
For the batch machine problem where capacity of a
machine is measured by the number of jobs it could
accommodate, Lee et al. [2] studied the problem in which
the processing time of jobs are the same and the
relationship of release time (r;) and due date (d)) is
agreeable, i.e., 7;<7; implying d;<d;. They proposed
dynamic programming algorithms to minimize maximum

tardiness (7nax) and the number of tardy jobs (Z U,-). Li

and Lee [3] showed that there is an optimal solution in
which the jobs be arranged in such a way that r; <r, <..<r,,
d;<d,<..<d, and p;<p,<..<p,, and applied dynamic
programming algorithms to minimize maximum tardiness



and the number of tardy jobs. Sung and Kim [4] considered
the two batch machine flow shop problem where the
processing time of a batch depends on an individual
machine. The problem is an example of steps in the wafer
fabrication process such as oxidation, etching operations. For
this problem they presented dynamic programming algo-

Fig. 1 Flowchart of merge
procedure
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rithms to minimize maximum tardiness, number of tardy
jobs, and total tardiness.

Most of the algorithms mentioned above consist of
employing a sorting rule to determine a job sequence, and
then apply dynamic programming or other methods to
determine the batches. This type of algorithm is also
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applied to other criteria. To minimize total completion
time, Chandru et al. [5] indicated jobs are indexed
according to the shortest processing time (SPT), and
there is an optimal schedule where all batches are
composed of consecutively indexed jobs. According to
this property, Chandru et al. [5] and Dupont and Ghazvini
[6] used a branch and bound method for a static version of
the single batch machine problem. Hochbaum and Landy
[7] applied this property to the dynamic programming
algorithm in minimizing total flowtime for an m-type
burn-in problem in which jobs belonging to type ¢ have the
same processing time p,. In contrast, the longest process-
ing time (LPT) dispatch rule commonly determines the
sequence of jobs for makespan criterion, and it can be
found in the FBLPT algorithm proposed by Bartholdi [8].
Subsequently, Dupont and Dhaenens-Flipo [9] presented
an easy algorithm similar to the FBLPT algorithm to obtain
an optimal solution for the special case of a single batch
machine problem where jobs have identical capacity
requirements. In addition, they provided a branch and
bound method for the problem with non-identical job sizes
and identical release times. Uzsoy [10] proposed five
heuristics to minimize the makespan for the static version
of batch machine problem with non-identical job sizes.
These five heuristics applied different sorting rules to
the job sequence decision, and the results revealed that the
LPT dispatch rule was better than other rules when the
batching rule was the Batch First-Fit (BFF) heuristic.
Following that, Zhang et al. [11] provided worst-case
analysis for Uzsoy’s proposed heuristics.

When release times of jobs are arbitrary, it is difficult to
decide which kinds of sorting rules are dominant to

determine the sequence of jobs. Lee and Uzsoy [8] and
Sung and Choung [12] applied dynamic programming
algorithms for grouping jobs as batches under the as-
sumption that job sequence is predetermined for the single
batch machine problem. Since the job sequence would
result in a significant influence on solution quality for the
dynamic version of the single batch machine problem, to
date there has been no dominant sorting rule of the job
sequence for this problem. Therefore this paper applies a
genetic algorithm to generate the job sequence pool in
order to decrease the influence of job sequence on solution
quality. We also proposed a novel procedure to improve the
solution quality under the assumption that batches are
given. Moreover, a variety of experimental data were used
to compare these proposed algorithms with respect to
solution quality and execution time.

This paper considers the single batch machine problem
in which release times of jobs are arbitrary, job sizes are
non-identical, and the objective function is to minimize the
makespan. The definitions of the problem and notations are
described in Section 2. Sections 3 and 4 present the
proposed novel procedure and the genetic algorithm
implementation. In Section 5, experimental results are
presented that examine the effectiveness of the proposed
approaches. Finally, Section 6 offers brief concluding
comments.

2 Minimizing the makespan on a single batch machine

This paper considers the burn-in oven scheduling problem
where burn-in ovens are modeled as batch machines. For
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the single batch machine dynamic scheduling problem, the (3) The sum of job sizes of jobs in a batch must be less
following assumptions and notations are described: than or equal to the maximum capacity of the machine,
i.e., bs* < L where bs* = > si
ieBF

Once processing of a batch has begun, other jobs
cannot be added or removed from the machine until
processing is finished. The processing time of batch B*
is given by the longest processing time of the jobs in the

batch, i.e., #* = max {p,-}i € B* }, the available time

(1) There are n jobs to be processed. The processing time
and the release time of job i are denoted by p; and r;, (&)
respectively.

(2) All jobs are compatible, and job sizes (s;) of job i are
less than or equal to maximum capacity L of machine.
All data of p;, r,, s; and L are deterministic and known a
priori.
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and completion time of batch B* are denoted by ay
where a® = max {r;|i € B*} and cB* where cB* =
max (cB*~', a*) + t*, respectively.

(5) Machine breakdown is not allowed.

(6) The objective criterion is to minimize the makespan,
Cmax~

3 Merge-split procedures

For minimizing the makespan on a single batch machine
problem where all release times are zero and job sizes are
non-identical, Dupont and Dhaenens-Flipo [9] proposed a
definition of Left-Shifted schedule ifno job i in the batch B”
satisfied Si <sc and pis t*, where sc* is leftover capamty of
batch B*, batch B* is processed before batch B”, and the
starting tlme of batch B*"/ is equal to the completlon time
of batch B*. They proved lefi-shifted schedules are domi-
nant for any regular criteria. According to the definition of
left-shifted schedule, we can continue to shlft job i in batch
B" which satisfies s, <sc* and p; <¢* from B” to B* until the
schedule becomes a left-shifted schedule. This procedure is
clearly an improvement, and we here call it the lefi-shifted
procedure. Based on the lefi-shifted procedure, we devel-
oped a more generalized improvement procedure, called
the merge procedure, for a single batch machine problem
with arbitrary job release time. The merge procedure con-
sists of right-shifted and swapped improvement. The right-
shifted improvement is to shift job i from batch B” to batch
B* if the following conditions are satisfied.

(1) Batch B” preceded batch B,

(2) Jobiisa longest job, 1 e., its processmg time is equal to
the processmg tlme " of batch B".

B)ri<a ,p, < ¥ and s; < sck,

Swapped improvement makes an exchange for job i and
w set where the member of jobs in w set is greater than or
equal to one. The swapped improvement is triggered when
the following conditions are satisfied.

(1) Batch B" preceded batch B*,

(2) Jobiisa longest job, 1 e., its processmg time is equal to
the processmg time 1" of batch B”, and p; < .

(3) w set is a subset of batch B, and the processing times
of all jobs belonging to w set are less than the
processing time p' of job i.

(4) The job sizes of job i are less than or equal to the
leftover capacity of batch B* plus the sum of job sizes
of w set, i.e., s; < sck + s

JEw

(5) The sum of job sizes of jobs belonging to w set 1s less
than or equal to the leftover capamty of batch B" plus
job sizes of job 7, i.e., D55 < sch 4 s;.

JjEw
The merge procedure is analogous to the forward
procedure which progresses from the batch in position &
toward the batch in position 1 when a batch schedule is

GA — Generate job sequence
Reproduction l
|  crossover Form batches
mutation BEF heuristic BFF with merge-split
procedures

immigration l l

Schedule batches
Calculate makespan

Fig. 4 Hybrid genetic algorithm

given. A flowchart describing the merge procedure is
shown in Fig. 1.
Now consider the case where the machine’s capacity is

n
larger than the sum of all job sizes, i.e., L > > s;. When all
i=1
release times of jobs are the same, placing all jobs in a
batch is optimal for the makespan criterion. However this is
not always true for cases where jobs have different release
times. For example, assume there are five jobs where
release time, processing time and job sizes are
{10,48,28,3,48}, {35,16,30,38,9} and {9,1,1,8,10}, re-
spectively, and the machine’s capacity is 40. We place all
jobs in one batch because the machine has enough space to
accommodate all jobs, and the makespan is 86. However, if
we place jobs 1, 3, 4 in the first batch, and jobs 2, 5 in the
second batch, then the makespan would decrease to 78.
Therefore, for a dynamic version of the single batch
machine problem, it is necessary to decide whether to stop
current batching and then continue next batching or to wait
for the arrival of another job, even when the current batch
has still enough space to accommodate other jobs. For this
example we can conclude that the BFF heuristic proposed
by Uzsoy [10] to generate batches would yield the same
result, no matter what job order was used. The BFF
heuristic would cause unnecessary idle time due to waiting
for the arrival of another job when the current batch has
enough space to accommodate it. To avoid this situation,

Table 1 Experimental design of a preliminary test

Parameter Value

Population size 200

(Crossover, immigration, (50, 45, 5), (70, 25, 5), (90, 5, 5),

reproduction) (%) 98,1, 1)

Mutation (%) 0.25, 1.25, 2.5, 5, 7.5, 10, 12.5,
15, 17.5, 20
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we proposed a split procedure to decrease idle time of
batches. This procedure starts with batch B* with nonzero
idle time, i.e., ¢B*'<a*, and shift job i that satisfied
conditions r=a* and p;<t* from batch B* to subsequent
batch B, j> I, which has enough space to accommodate
job 7 and the processing time of the batch is larger than p; or
it creates a new batch to place the job i.

The shift process could reduce the idle time of batch B,
and it is possible that the makespan would be decreased
(see Fig. 2). Assuming that a batch schedule is given, the
split procedure proceeds from the batch in position 1
toward the batch in position k, and the flowchart of the split
procedure is shown in Fig. 3.

Merge-split procedures start with a given batch sched-
ule obtained by any heuristic, followed by a merge
procedure and a split procedure that together have the
possibility of improving the performance of an initial
batch schedule.

4 Hybrid genetic algorithm

GAs have been applied extensively to combinatorial op-
timization problems, including scheduling problems. In GA
applications for single machine scheduling problems, the
sequences of jobs are considered as individuals (chromo-
somes) of a population, and the objective function of an
individual is measured as the fitness value. An individual
with a higher fitness value has a larger probability to be
selected for reproduction, and crossover/mutation for next
generation.

Table 2 Parameter settings for the hybrid GA

Parameter Value
Population size (ps) 200

Reproduction 5%
Crossover probability 90%
Mutation probability 10%
Immigration 5%

Mutation

5% 150% 10% 12.50% 15% 17.5% 20%

This paper proposes two versions of a hybrid genetic
algorithm with three stages. Stage 1 is to generate a variety
of job sequences using the GA operators, forming the
batches in stage 2 and scheduling the batches on a single
batch machine in stage 3. In stage 2, the first version of
hybrid GA uses only the BFF heuristic to form batches,
while merge-split procedures are applied to improve the
result of the BFF heuristic in the second version. Because if
batches are fixed and known in advance, Sung et al.
showed that scheduling the batches by earliest release time
(ERT) order would be optimal [13]. Therefore, when the
batches have been determined by stage 2, they are assigned
on a single batch machine by non-decreasing order of
batches’ available time in stage 3. The stages of this hybrid
genetic algorithm are shown in Fig. 4.

The GA is principally used to decide the sequence of jobs
in this paper, and the operators of the GA are described
below.

Population generation A job sequence is represented as
chromosome whose length is equal to the number of jobs
to be scheduled. The initial population includes chromo-
somes obtained by first in, first out (F/FO), LPT and SPT
dispatch rules. The rest of the chromosomes were gen-
erated randomly. The population size for each generation
is 200. The next generation is from the combination of re-
production, crossover/mutation, and immigration. For exam-
ple, 10% of the next generation comes from the top 10%
of solutions from the last generation, 80% from the cross-
over/mutation, and 10% is randomly generated.

Crossover A one-point crossover [14] is used in the GA, in
which two parent chromosomes are selected randomly

Table 3 Representation of three approaches

Approach Notation

Al
A2(version 1 of hybrid GA)
A3(version 2 of hybrid GA)

H(LPT,BFT+merge split, ERT)
H(GA,BFEERT)
H(GA,BFF+merge_split, ERT)
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Fig. 6 Average performance 1.3300
for small job sizes
1.2800
g
g 1.2300
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according to fitness, and the crossover point is randomly
chosen.

Mutation Swapping and shift mechanisms are commonly
used in the mutation operator. Here, we used a swapping
mutation which randomly selects genes of offspring to
change with a predefined probability.

Selection Parts of chromosomes are selected from the
population for crossover using the roulette wheel tech-
nique [14]. Because the makespan is minimized, we need
to transform the objective function for maximization. We
defined fiess (0;) = 1.10 - Max(sol(07), . . ., sol(c2,)) —
sol(o;), where sol(0;) is the makespan value of o;, and o;
means the batch schedule obtained through stage 2 (form

Fig. 7 Average performance 1.4300

for large job sizes
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batches) and stage 3 (schedule batches) for the ith job
sequence. The probability of selection of a certain chro-

% where ) is the

icy

mosome is calculated by

current population.

Stopping criterion In this paper three stopping criterion are
used to control the hybrid GA: (1) when 1000 generations
have been reached, i.e., maxg=1000, (2) there has been no
improvement for the best solution in the last 100
generations, and (3) the best solution is equal to the
lower bound. If any of these three stopping conditions is
satisfied, the GA is stopped.

—o— Al
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—>— A3
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Since the performance of a GA is generally sensitive to
the settings of crossover and mutation, a preliminary
experiment using the problem of 50 jobs and job sizes with
the interval [1, 30] had been conducted to obtain
appropriate values. The experimental design is listed in

Table 1 and % of formula is used to measure the

performance of GA with difffserent parameter settings
where lower bound is obtained by min(r;)+sol(FBLPT)
[8]. The preliminary results are shown in Fig. 5. From the
figure it is apparent that interaction is present in this
experiment and 0.90 of crossover seems to give the best
results, regardless of mutation factor. In addition, the
performance tends to stabilize when mutation exceeds
10%. The final parameter values chosen for the hybrid GA
are listed in Table 2 according to the outcomes of Fig 5.

Fig. 9 Performances obtained 125

by A3 for small job sizes

Performance
—_
—
n
T
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instances of 50-jobs problem

5 Computational experiments

To compare the algorithms described in the previous
sections, these algorithms were tested on problems with 5,
10, 15, 20, 50, and 100 jobs. For each job i, an integer
processing time p; was generated from the uniform
distribution [8, 48], an integer release time r; from the
uniform distribution [0, 48], and an integer job size s; from
the uniform distribution [1, 30] and [15, 35]. The maximum
capacity of the machine is 40. There were fifty instances for
each problem and ten repetitions for each instance in the
GA implementation.

Due to the complexity of this problem, which consists of
job sequencing, batching, and batch scheduling stages, we
use the H(x, P, 7y) notation to represent different
approaches. For example, H(LPT, BFF, ERT) indicated

max
min
——average

1 L e e e

1 3 5 7 9

11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49

instances of 50-jobs problem
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Fig. 10 Performances obtained 1.4000

by A2 for large job sizes
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——average

1 3

that in stage 1 this approach uses the LPT dispatch rule to
decide the job sequence, the BFF heuristic to form batches
in stage 2, and finally assign batches on a single machine
by the ERT rule in stage 3. Since the results of Uzsoy [10]
exhibited that LPT dispatch rule on the job sequence
decision was better than others, and the BFF heuristic is an
easy and intuitive method for batching jobs on minimizing
makespan criterion, thus in this paper we examined three
approached as shown in Table 3. These approaches were
coded in C++ language and run on a Pentium /' 3.2 GHz
computer.

Figures 6 and 7 show the average performance of all the
three approaches for s,~U[1,30] and s;~U[15,35], respec-
tively. The performance is computed by dividing the
solution of each approach by the lower bound for each

1.4000

5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49

instances of 50-jobs problem

. . sol;( 4; R .
instance, 1.e., ﬁbézm’ i=1,2,..,50,;=1,2,3. From

Figs. 6 and 7, increasing the diversity of job sequence by
GA operators is helpful to improve the solution quality and
average performance of A2 and A3 more slowly increased
than A1 as job number increased. Additionally, the effect of
merge-split procedures is significant for small job sizes
(s;~UJ1,30]), especially in large problem cases, but not for
big job sizes (s;~U[15,35]). This is because bigger job sizes
make shifting/swapping jobs less possible, and most
batches could accommodate only a few jobs, so that only
using GA operators to generate various job sequences
would cover the weakness of the BFF heuristic. Thus,
Fig. 7 shows that the average performance is almost the
same for A2 and A3.

Fig. 11 Performances obtained
by A3 for large job sizes
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Performance
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Table 4 Average execution time(s) of the three approaches

n  Job sizes [1,30] Job sizes [15,35]

Al A2 A3 Al A2 A3
5 0.0000 0.0295 0.1477 0.0000  0.0285 0.1402
10 0.0000  0.0639 0.2959 0.0000  0.0647 0.3311
15 0.0000 0.1365 0.5769 0.0000  0.1215 0.6029
20 0.0000  0.2981 1.3814 0.0000  0.2228 1.1482
50 0.0000 4.9723  35.7686 0.0000 3.8132  24.2906
100 0.0003 47.8608 453.5126 0.0003 43.6389 420.1930

Figures 8, 9, 10, 11 show the maximum, minimum, and
average values obtained over ten repetitions of each
instance for the 50-jobs problem by the hybrid GA. From
Figs. 8,9, 10, 11, it is evident that merge-split procedures
not only decrease the average value but also decrease the
solution variance. Thus we could conclude that hybrid GA
incorporating merge-split procedures is worthwhile to
implement in real-world batch machine scheduling prob-
lems because its robustness.

The average execution times of A1 were less than 1 s for
each problem, while A2 and A3 required much more
computational time than A1, especially for large problems,
as shown in Table 4. This is because there is greater
diversity of job sequences as the number of jobs increases,
the GA needs more time to converge to the predetermined
stopping condition. Additionally, A3 has more execution
time than A2 due to in A3 each chromosome needs to
proceed merge-split procedures to obtain schedule result
for each population (ps=200) of each generation
(maxg=1000).

6 Conclusions

This paper extends the single batch machine scheduling
problem considered by Uzsoy [10] to dynamic job release
time. From the results of Uzsoy [10], it was apparent that
job sequence has influence on solution quality even for the
static problem. This motivated us to develop a hybrid GA
which would generate a diversity of job sequences that
would decrease the impact and to provide merge-split
procedures to implement a local improvement for a given
batch schedule. From our computational experiments, the
results supported our observation and showed that the
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hybrid GA obtains satisfactory solution quality. Addition-
ally, merge-split procedures would make the hybrid GA
advantage over solution quality improvement and more
robust by shifting or swapping jobs between batches.

In this paper we only apply the intuitive batching rule
proposed by Uzsoy [10] to form batches, so considering
different effective batching rules to group jobs for the prob-
lem is of interest for future work. Furthermore, different
batch machine problems such as parallel or flow shop en-
vironments are also another research direction.
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