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Abstract

A scheduling problem for a two-stage flexible flow shop with s-batching machines motivated by processes in
additive manufacturing is considered. A batch is a group of jobs that are processed together on a single ma-
chine. Each job belongs to an incompatible family. Only jobs of the same family can be batched together. A
maximum batch size is given. A setup time occurs between different batches. The jobs of a batch are processed
in a serial manner, that is, the processing time of a batch is the sum of the processing times of the jobs forming
the batch. Batch availability is assumed. A job has a weight, a due date, and a release date. The total weighted
tardiness is considered as performance measure. We establish a mixed integer linear programming formu-
lation for this scheduling problem. For large-sized problem instances, an iterative decomposition approach
(IDA) is proposed that uses a grouping genetic algorithm or an iterated local search (ILS) scheme to solve
the single-stage subproblems. Moreover, an alternative ILS scheme based on a disjunctive graph representa-
tion of the problem at hand is designed. Results of computational experiments based on randomly generated
problem instances demonstrate that the IDA hybridized with ILS outperforms the two other schemes.

Keywords: flow-shop scheduling; s-batching, decomposition; disjunctive graph; Iterated local search; grouping genetic
algorithm

1. Introduction

Flexible flow-shop scheduling problems are important in many industrial domains such as
semiconductor manufacturing, printing, food processing, and textile industries (Emmons and
Vairaktarakis, 2013; Monch et al., 2013). Since flow shop scheduling problems are typically NP-
hard, metaheuristics are applied to solve them. Solution approaches are often based on stage-based
decomposition approaches. We discuss a two-stage flexible flow shop with s-batch processing
machines at each stage. s-batch processing means that the jobs belonging to a batch are processed
in a serial manner (Webster and Baker, 1995; Potts and Kovalyov, 2000).
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Such processes can be found, for instance, in additive manufacturing (AM). Fused deposition
modeling (FDM) is a 3D printing process in which a work piece is built up layer by layer from
plastic extruded through a heated nozzle (Gibson et al., 2021). The distance traveled by the nozzle
and the number of layers determine the processing time of the part. Several parts may be placed on a
build platform of a printer at the same time, thus constituting a serial batch. Painting is a common
finishing process in AM, and FDM parts can have very diverse geometries (Nsengimana et al.,
2019). A uniform application of paint can be achieved through the use of spray-painting robots,
which move a spraying head evenly around the individual work pieces (Gleeson et al., 2022). To
avoid frequent color changes, several parts are processed successively in one batch operation within
the spray chamber. Incompatible families arise due to different base materials at the first stage and
different colors at the second stage. The sum of the sizes of the jobs belonging to a batch must not
exceed a prescribed maximum batch size given by the dimensions of the build platforms and spray
chambers.

Despite its practical relevance, s-batching problems with a maximum batch size are only rarely
discussed in the literature. In the present paper, we study a model problem for a two-stage flexible
flow shop. We propose an iterative decomposition approach (IDA) that exploits the structure of
the considered flexible flow shop. The resulting single-stage subproblems are solved by a grouping
genetic algorithm (GGA) and an iterated local search (ILS) scheme. Moreover, we also propose
an alternative approach for the ILS that is based on the disjunctive graph representation of the
scheduling problem. For this, we extend the batch-oblivious approach proposed by Knopp et al.
(2017) for p-batching to s-batching problems. In p-batching, a group of jobs is processed at the
same time on a single machine (Fowler and Mdnch, 2022). We demonstrate by extensive compu-
tational experiments based on randomly generated problem instances that the IDA based on ILS
outperforms the one that is based on GGAs and also the ILS scheme based on the disjunctive graph
representation. This paper is a considerably extended version of the conference paper by Rocholl
and Monch (2023). It includes the batch-oblivious approach as a third, alternative, approach and
much more computational results.

The paper is organized as follows. In the next section, we describe and analyze the scheduling
problem at hand. Related work is then discussed in Section 3. The different metaheuristic ap-
proaches are presented in Section 4. Computational results are reported and analyzed in Section 5.
Finally, conclusions and future research directions are discussed in Section 6.

2. Problem statement and analysis

We start by introducing the scheduling problem at hand in Section 2.1. We then establish a mixed
integer linear programming (MILP) formulation in Section 2.2.

2.1. Problem setting

A two-stage flexible flow shop is considered. Identical s-batching machines are assumed on each
stage, that is, the processing time of a batch is the sum of the processing times of the jobs that
belong to the batch. Moreover, incompatible job families are assumed, that is, only jobs of the
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Fig. 1. Example of a problem instance.

same family can belong to a batch. A job j = 1,...,n has a size s;, a ready time r; > 0, a due
date d;, and a weight w; to express the importance of job j. A constant setup time g, is assumed
between two batches at stage s. Setups can be performed by anticipating arriving jobs. A batch
can only be started if all jobs belonging to the batch are ready for processing. Batch availability is
assumed, that is, the jobs of a batch can only be processed further when all jobs of the batch are
completed. We have a maximum batch size By < Z’J _ S on stage s, that is, the sum of the sizes
of the jobs belonging to the batch does not exceed B;. The performance measure to be minimized
isthe TWT:= Z’; _w;(C; —d;)" where C; is the completion time of job j, and we abbreviate
x*:= max(x, 0). Using the three-field notation of deterministic scheduling theory (Graham et al.,
1979), the problem at hand can be stated as

FF2|FS,s—batch, rj,sj,qs| TWT, (1)

where FF2 indicates a flexible flow shop, s — batch s-batching machines, and F; the incompatible
families at stage s. It is shown by Cheng and Kovalyov (2001) that even the single-machine version
of problem (1) with the total tardiness performance measure is NP-hard. Hence, we have to look
for efficient heuristics for the flow-shop problem.

We illustrate the problem setting by means of an example. Figure 1 shows a schematic represen-
tation of a problem instance and a feasible solution.

The depicted flexible flow shop comprises three machines with a capacity of three units at the first
and two machines with a capacity of four units at the second stage. Ten jobs are to be scheduled.
The number of symbols indicates the size of a job. The shape of a symbol represents the family in
the first stage, and its color stands for the family in the second stage. The formation of batches,
machine assignments, and processing sequences resulting from a given schedule are shown. On the
one hand, batches with jobs {4, 5} and {3} are processed on machine 1, {9} and {6, 10} on machine
2,and {2, 7, 8} and {1} on machine 3 at the first stage. On the other hand, batches with jobs {4, 7},
{3, 5}, and {6} are processed at machine 1 and {8, 9}, {1, 2}, and {10} at machine 2 at the second
stage.

This example is enriched by concrete data for the instance shown in Fig. 1 in Table Al of
Appendix A. This includes also the resulting objective function value. Moreover, the schedule is
visualized in Fig. A1 of Appendix A.

© 2024 The Author(s).
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2.2. MILP formulation

Next, an MILP formulation for problem (1) is established. We have the following sets and indices:

j=1...,n : set of jobs,

f=1...K : set of families of stage s € {1, 2},

b=1,..., by, : set of batches on machine m of stage s € {1, 2},
m=1,...,m : set of machines at stage s € {1, 2}.

Moreover, the following parameters are used in the formulation:

Cjfs

M

: maximum batch size of a machine at stage s,
: unit processing time, that is, for a single piece, of family f at stage s
: due date of job j,
: setup time at stage s,
: weight of job J,
: ready time of job j,
: size of job J,
| 1,if job j belongs to family f at stage s
{0, otherwise, :
: big number.

The following decision variables are applied in the model:

. | 1, if job j belongs to batch b on machine m at stage s
Thsm 10, otherwise, ’

|1, if batch b on machine m at stage s belongs to family f
Yofsm ’ {0, otherwise, ’
Cjs : completion time of job j at stage s,
T; : tardiness of job j,
Apgm : start time of batch b on machine m at stage s.

The model itself is formulated as follows:

n
min E w; T},

j=

subject to

b sm mg

Y xpm=1,j=1..,nse{l2}
m=1

b=1

1

s

2)

3)
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Z SiX jbsm = By, se{l,2}, m =1,...,my, b = 1,..., by, (4)
Jj=1

F

S b =Lose (L2 m = Loom b= 1. by, ©
=1

e]f\x]bsm S,besm» ] == 17~~'an’ Se {192}9 f - 19""F;" m == 17"'7mS7

b =1,...,bg, (6)
r_]'ijllﬂ E ablrm ] = 1?"'7”5 b = 17"~’b1n15 m = 15-~'amla (7)
qlsahlﬂﬂj:17"'$n’b:ls-"7bll’n’m:1’-~~amla (8)

n I
Absm + 4s + Z Z €ifsDfsSjXjbsm = Apylsmy S € {1» 2} s b = 1, cees bsm,
j=1f=1
m=1,...,my, )

n F;
apsm + Z Z Ci fsP fsSkXkbsm = C]s +M (1 - ijsm) s ] = 1, R (S {1, 2} )

k=1f=1
m=1,....,my,b =1,..., by, (10)
C]lSM(l_x/b2m)+ab2ma] = 17"-5n7m = 19"'7m57b = la---,bsm’ (11)

xjhsmvybf}’n.\‘ E {Oa 1}9 Cj.\‘v Y}vahsm 207 J = 1,...,”1,56 {172}7 f == 13"'7F.;'7
b=1,..., bgpom = 1,...,m,. (13)

The objective function (2) to be minimized is the total weighted tardiness (TWT). Constraint
set (3) ensures that each job at each stage is assigned to exactly one batch. Constraint (4) enforces
that the maximum batch size is respected for each formed batch. Constraint set (5) makes sure
that exactly one family is assigned to a batch. The family of the jobs belonging to a batch and the
family assigned to a batch is the same. This is modeled by constraint set (6). Constraint set (7)
relates the starting time of the first batch on a given machine to the ready time of the jobs that
belong to the batch. Constraint (8) makes sure that setup times are considered at the first stage. The
starting times of adjacent batches on a given machine are modeled by constraint set (9). Constraint
set (10) computes the completion time of jobs based on the completion time of the related batch.
The ready time of a batch at the second stage is not earlier than the completion time of any job of
the batch at the first stage. This is expressed by constraint (11). Constraint set (12) linearizes the
tardiness. The domains of the decision variables are modeled by (13).
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Since problem (1) is NP-hard, we cannot expect that medium- or large-sized instances of the
MILP model (2)-(13) can be solved in a reasonable amount of computing time using a commercial
solver. However, the model can be used to check the correctness of the coded metaheuristics.

3. Related work

A survey for batching including s-batching is provided by Potts and Kovalyov (2000). A single-
machine s-batching problem with a minimum and a maximum batch size and batch availability and
the total completion time measure is studied in Mosheiov and Oron (2008). Efficient optimal solu-
tion procedures are designed. Dynamic programming algorithms are proposed for a single-machine
scheduling problem with s-batching, minimum and maximum batch sizes, and batch availability
in Chrétienne et al. (2011). Here, the performance measure is the sum of the tardiness and the
setup costs. A tabu search approach for a single-machine s-batching problem with a maximum
batch size and batch availability and the TWT measure is discussed by Suppiah and Omar (2014).
Polynomial-time approaches to find Pareto-optimal schedules are established. A parallel-machine
scheduling problem with s-batching, batch availability, family sequence-dependent setup times, and
the total weighted completion time performance measure is studied in Shen et al. (2014). Variable
neighborhood search (VNS) procedures that iterate between batch formation and sequencing are
proposed. A single-machine s-batching problem with a minimum and a maximum batch size and
batch availability where the maximum lateness and makespan are the performance measures is ana-
lyzed by He et al. (2015). A parallel-machine scheduling problem with s-batching, incompatible job
families, unequal job sizes, and a maximum batch size is studied by Gahm et al. (2022). The TWT
performance measure is considered. Heuristics hybridized with local search (LS) are proposed. A
multi-start construction heuristic combined with machine learning techniques is proposed for a
similar scheduling problem by Uzunoglu et al. (2023). All the discussed scheduling problems are
for single- or parallel-machine environments, metaheuristic approaches are rarely used. Hence, to
the best of our knowledge, scheduling problem (1) is not discussed in the literature so far.

The most pertinent papers for the scheduling problem (1) are Tan et al. (2018) and Knopp
et al. (2017). A stage-wise IDA for a two-stage flexible flow shop with p-batching and the TWT
measure is designed by Tan et al. (2018). This IDA will be applied in the present paper to obtain
parallel-machine subproblems for which metaheuristic approaches are proposed. The disjunctive
graph representation for scheduling problems with p-batching is typically based on introducing
additional nodes and arcs for the batching decisions (cf. Ovacik and Uzsoy, 1997). This often
leads to a huge number of additional nodes and arcs. This limitation is reduced in Knopp et al.
(2017) by proposing a batch-oblivious approach that makes the additional nodes and arcs for
batching decisions obsolete. In the present paper, we extend the batch-oblivious approach toward
s-batching situations. To the best of our knowledge, disjunctive graphs are not applied so far to
tackle flow-shop or job-shop scheduling problems with s-batching machines.

The contribution of the present paper can be summarized as follows:

1. We analyze a two-stage flexible flow-shop scheduling problem with s-batching machines.
2. An IDA is proposed where the resulting subproblems are solved by a GGA and an ILS.

© 2024 The Author(s).
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3. Moreover, we examine the question whether the disjunctive graph representation offers some
advantage for the scheduling problem at hand. For this, we extend the batch-oblivious approach
for p-batching to s-batching situations. We propose several ILS variants based on the disjunctive
graph representation.

4. Metaheuristics for the scheduling problem

We start by discussing the main ideas of the IDA in Section 4.1. We then discuss solution procedures
for the subproblems per stage in Section 4.2. The batch-oblivious approach for s-batching machines
is presented in Section 4.3.

4.1. IDA

We adapt the IDA framework proposed by Tan et al. (2018) to the characteristics of the problem
at hand, namely, the s-batch processing. Different metaheuristics are incorporated to tackle the
derived subproblems. The idea of the IDA consists in first decomposing the problem by stage and
then iteratively solving the resulting single-stage subproblems one after another. Each solution of
a single subproblem provides parameters for the consecutive one, that is, completion times of jobs
in a solution to the first-stage subproblem serve as release dates to the second-stage subproblem
of the same iteration. Similarly, the starting times of the batches the jobs are assigned to in a
solution to the second-stage subproblem are the basis for computing internal due dates of jobs of
the first-stage subproblem of the next iteration. By computing high-quality solutions given these
parameters, the intention of the approach is to successively obtain better solutions with regard
to the overall problem. For the first iteration, as no solution for a subproblem is available yet,
reasonable internal due dates are estimated by

dﬁ) = 1/2(rj + pjis;+ dpp — pps;). (14)

Recall that pj, is used to denote the unit processing time of the family of job j at stage s. The
right-hand side of Equation (14) is the point in time in the middle between the earliest possible
completion time of a job’s first operation and the latest time its second operation must be started to
be completed on time. The internal due date can therefore be seen as a compromise that allows for
both operations the same slack. Obviously, it is just a crude estimate as capacity, setup, and batching
are neglected, but it is supposed to perform well enough as a starting point for the heuristic. In
subsequent iterations, the internal due dates are computed by

A==y o (dp = b = WD) S, (15)

where b%? is the processing time of the batch the job j was assigned to at stage s, and W%') is the
waiting time of job j at stage s in iteration g. The waiting time of a job is the difference of its actual
start of processing in a schedule and its availability, that is, we have W/gg) = sg.”;) - r(f;) where sgf’;) is
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Fig. 2. Iterative decomposition approach (IDA) scheme (two consecutive iterations).

the start time of job j at stage s in iteration g. Rearranging the terms of the right-hand side of
Equation (15) yields

d¥:=(1-a)s$" +a (dj2 - bgg‘”) +B-nwE, (16)

that is, three terms contribute to the internal due dates of the jobs in the first stage. The weights of
actual start times of an operation and slack in the previous iteration are controlled by a parameter
a > 0. To compute the slack, we need to consider the actual processing time b(j”;), which depends
on the case of s-batching on all jobs belonging to the batch. The parameter 8 > 0 is used to con-
trol the weight of the waiting time in the schedule associated with the previous iteration. Internal
release dates for the second stage are set in a straightforward manner by r%):z C](f). The approach
is illustrated by means of a schematic representation of an example shown in Fig. 2.

The figure shows two iterations of the procedure by highlighting a single job labeled by an asterisk
symbol *. Assume there are two machines at the first stage and a single one at the second stage. At
the first stage of iteration g, a schedule for that subproblem, represented by a Gantt chart in the
figure, is obtained by means of the procedure therefore designed. The schedule considers internal
due dates either computed in iteration g — 1 or estimated as described above if g = 1. From that
schedule, we derive completion times to be considered as release dates for the second stage. Again,
a schedule is obtained at the second stage from which waiting times and actual processing times of
batches can be taken to compute internal due dates for the first stage in iteration g + 1.

© 2024 The Author(s).
International Transactions in Operational Research published by John Wiley & Sons Ltd on behalf of International Federation
of Operational Research Societies.



46 J. Rocholl and L. Ménch / Intl. Trans. in Op. Res. 32 (2025) 3868

4.2. Subproblem solution procedures

4.2.1. Overall approach
A stage-based decomposition of problem (1) yields two subproblems of the type:

Pm|E,s—batch, rj,sj,qs| TWT. (17)

where Pm denotes identical parallel machines. The subproblem remains hard to solve because of
the parallel machine environment, the batching characteristic, job release dates, and the TW'T per-
formance measure since even the single-machine version of problem (17) is known to be NP-hard
due to Cheng and Kovalyov (2001). Therefore, it is necessary to tackle it with heuristic or meta-
heuristic methods to solve large-sized problem instances within a reasonable amount of computing
time. In the remaining part of this subsection, two different approaches are proposed, namely, a
population-based approach and a neighborhood search approach.

4.2.2. GGA for a parallel-machine setting

Falkenauer (1998) proposes GGAs to overcome the shortcomings of traditional encoding schemes
of GAs when grouping decisions are made. If genes represent jobs or positions of jobs, genetic op-
erations tend to disrupt the formation of groups of chromosomes to a large extent and thus impair
the effectiveness of the propagation of favorable grouping decisions. With a GGA, genes represent
the actual grouping entities, that is, batches, along with their contents, the assigned jobs. Coupled
with specifically designed genetic operators, the GGA representation is better suited to facilitate
the inheritance of favorable groups (Falkenauer, 1996). GGAs are successfully applied to different
scheduling problems with p-batching or multiple orders per job characteristics (for instance, see
Sobeyko and Monch, 2011; Sobeyko and Monch, 2015; Rocholl et al., 2020; among others).

In the proposed GGA, a two-piece random key is complementary and added to encode the
machine assignment and the sequence of the jobs on a single machine. The first part of the key,
that is, the greatest integer less than or equal to the key, is an integer from the range [1, ..., ]
indicating the machine where a batch is scheduled on. The sorting order over the second real
number part of the keys, that is, the difference of the key and the integer part, of all genes assigned
to the same machine defines the processing sequence. For the first generation, all chromosomes are
initialized randomly.

The crossover operation is designed to largely preserve the contents of a batch when it is
passed on to an offspring. The roulette wheel selection method (Goldberg, 1989; Michalewicz,
1996) is used to select two chromosomes as first and second parent for a crossover operation. A
two-point crossover is implemented. An offspring is created by first copying the genes outside the
randomly set demarcation from the first parents. The offspring inherits the genes delimited by the
crossover points from the second parent. To ensure that the offspring can be decoded to a feasible
solution, possibly duplicate jobs need to be deleted and/or missing jobs need to be reinserted. In
the proposed GGA, duplicate jobs are always deleted from the batches inherited from the first
parent. Missing jobs are reinserted in random order into suitable batches processed as early as
possible but not started before the job’s release date. The crossover operation is schematically
shown in Fig. 3. Two chromosomes each containing 10 jobs that belong to four and five batches
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Fig. 3. Grouping genetic algorithm crossover operation.

are depicted in Fig. 3. It can be seen that jobs 6 and 7 are removed from the second batch of the
child chromosome, whereas job 4 is reinserted into the fourth batch of the child chromosome.

The mutation operator is designed to randomly reinitialize the key of one randomly selected gene.
A steady-state GA with overlapping populations is used, that is, the individuals of the population
with the lowest fitness are replaced according to a prescribed replacement rate.

LS is incorporated to further guide the search toward regions of the search space containing
high-quality solutions. To obtain a schedule for an instance of problem (17), three decisions must
be made. Batches have to be formed from the operations assigned to one of the machines, and a
processing sequence of batches must be established. We seek to design the LS to address all of these
decisions by choosing five neighborhood structures, defined by the following types of moves:

1. Insert operation: Select one operation randomly and insert it into a different, randomly selected
batch with sufficient capacity and operations of the same family or into an entirely empty batch.

2. Swap operation: Randomly select and exchange two operations of jobs belonging to batches of

the same family, if sufficient capacity is available.

Insert Batch: Move a randomly selected batch to a randomly selected machine and position.

4. Swap Batch: Swap the positions of two randomly selected batches by considering all positions
at all machines.

5. Split Batch: A randomly selected batch is split into two batches. The distribution of operations
to the two batches is again determined randomly.

[99)

The first two types of moves and the last one alter the batch formation, whereas the third and
fourth move types can lead to changes in both the batch assignment and the processing sequence.
These move types are already applied successfully to p-batching problems (Bilyk et al., 2014).

After each move, a consecutive workload balancing step is performed before the impact on
the objective function value is evaluated, and a move is only accepted if it leads to an improve-
ment. Therefore, the batch with the highest completion time is determined. If the batch cannot
be assigned to a different machine so that it is completed earlier, the workload is considered to
be balanced. Otherwise, the batch is assigned to the machine that becomes available first. The
procedure is repeated until the workload is balanced. The workload balancing might be necessary
because in the s-batching setting, the above-mentioned moves usually alter the processing times of
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the batches and thus can lead to schedules with a workload unevenly distributed across the parallel
machines. Thus, a move without workload balancing can be wrongly assessed to have a negative
impact, and therefore it can mistakenly not be accepted.

Ten moves of each type are executed in the given order. The LS scheme is thus limited to keep the
computing time requirement of the GGA low to allow for multiple iterations of the IDA. Prelimi-
nary experimentation with a small number of problem instances demonstrates that this limitation
is reasonable. The IDA approach with the integrated GGA heuristic is abbreviated as IDA-GGA.

4.2.3. ILS for a parallel-machine setting

ILS is a metaheuristic that is successfully applied to solve different classes of scheduling problems
(Lourengo et al., 2010; Stiitzle and Ruiz, 2018). It is well-known that neighborhood search ap-
proaches such as VNS or ILS often perform well for hard combinatorial optimization problems
(cf. VoB3 and Woodruff, 2006).

The main idea of ILS consists in continuously moving along a sequence of solutions, iteratively
steering the search toward a local optima and escaping them to find different optima with the
intention to gradually move closer toward a global optimum. In the proposed ILS scheme, first, an
initial solution is obtained by simply assigning all jobs to individual batches, that is, only a single
job belongs to each batch, and assigning and sequencing of these batches using list scheduling and
the apparent tardiness cost (ATC) dispatching rule (Vepsalainen and Morton, 1987). The ATC
index of job j for stage s decisions is given by:

(* (dis7!’/":5i7("/'?71)+)+/’(17) ' (18)

Ij (t) ::Wj/pjse
where « is a look-ahead parameter, and p is the average processing time of all unscheduled jobs.
Moreover, d;; and rj, are the due date and ready time of job j at stage s, and ¢ is the time where
the decision is made. The values of the parameter « are taken from an equidistant grid, and the
schedule with the smallest objective function value is used for initialization purposes.

One iteration of the ILS procedure consists of a LS phase that transforms the current solution
into one reaching a local minimum and a perturbation phase that ensures to escape from it to
continue searching in different regions of the search space. The LS scheme is formed by a ran-
domized variable neighborhood descent (RVND) (Hansen and Mladenovic, 2001; Hansen et al.,
2010), similar to the approach proposed by Queiroga et al. (2021) for a p-batching problem. The
five neighborhood structures defined by the following moves are applied.

1. Insert operation: Any operation is considered to be placed into any different batch that is started
earlier. Only batches composed of operations of the same family with sufficient available capacity
need to be considered.

2. Swap operations: Any two operations belonging to the same family are considered to switch
places.

3. Insert batch: Any batch is considered to be inserted into any position at any of the parallel
machines.

4. Swap batches: Any two batches are considered to switch positions in the schedule.

5. Split batch: Any batch is considered to be split into two batches.
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The RVND algorithm randomizes the order of these structures and performs a move by applying
a best-fit strategy, that is, the move that leads to the largest decrease of the objective function value
is performed, if there is at least one move that actually leads to a better solution. If such a move
is identified then the loop starts all over again, randomizing the order of neighborhood structures
and starting with a greedy search in the first one. If within one neighborhood no better solution can
be obtained, then the search continues with the next neighborhood structure. Hence, the LS phase
terminates when no better solution can be found using any of the neighborhood structures.

In the following perturbation phase, two random moves are performed. The type of each move is
randomly chosen from the set of the types of insert operation, swap operation, or split batch with
equal probability. The LS and perturbation phases constitute a single iteration of the procedure.
The pseudocode of the proposed RVND procedure is provided in Appendix B of the paper for the
sake of completeness. The combination of the IDA and the ILS scheme is abbreviated by IDA-ILS
in the rest of this paper.

4.3. Batch-oblivious approach

Scheduling problems with batching characteristic can be represented using a disjunctive graph
model (Ovacik and Uzsoy, 1997). This modeling approach is widely used in the literature for p-
batching problems (Fowler and Moénch, 2022) and also for flow shops (cf., for instance, Koulamas,
1998; Demirkol and Uzsoy, 2000; Yang et al., 2000; and for representations of flow shop scheduling
problems, Panwalkar and Koulamas, 2019). We adapt the batch-oblivious approach proposed by
Knopp et al. (2017) for p-batching problems to the problem at hand including s-batching and design
an ILS algorithm, which alters the graph structure to gradually find schedules with a lower TWT
value. In the following two subsections, the graph model and the heuristic approach are described
in some detail.

4.3.1. Disjunctive graph representation

A disjunctive graph G = (V, E) with a set of vertices or nodes V' and a set of edges or arcs E
is considered. Nodes of the graph represent the operations of the scheduling problem. The nodes
associated with operations of the same job are connected with directed arcs according to the tech-
nological precedence constraints implied by the routes of the jobs. A pair of two oppositely directed
arcs between any two nodes representing operations of one stage is introduced to model the possi-
ble sequencing decisions. In the following, the aforementioned subset of arcs will be referred to as
route arcs while the latter are called sequence arcs. For each of the machines available at the first
stage, a single artificial source node is added to the set V. The TWT measure requires to consider
the individual completion times of all jobs. Therefore, it is also necessary to introduce a sink node
for each job, which is connected by an incoming route arc coming from the second-stage node of
the job. Processing times of operations are represented by outgoing arcs. The outgoing arcs of the
source nodes are weighted with the maximum of the release dates and the setup times of the jobs
they are directed to. The disjunctive graph is exemplified for problem (1) with three jobs and a single
machine at the first stage in Fig. 4. The notation j.s, s € {1, 2, %} is used to indicate that operation
s, or the sink * of job j is associated with a node of the graph.
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POMORO
ORORORO
HORORC

= =» disjunctive sequence arc

Fig. 4. Disjunctive graph example.

From the disjunctive graph, we can derive a conjunctive graph representing a feasible schedule
by fixing at most one of the sequence arcs of each pair and discarding the others while additional
constraints are satisfied. For at least one source node, exactly one outgoing sequence arc needs
to be fixed, while the others are discarded. At most, one outgoing arc may be fixed for each
source node. A weight equal to the processing time of the operation associated with the preceding
node plus the setup time at the related stage is assigned to the fixed sequence arcs. At any time,
it needs to be ensured that there are no cycles in the graph. Moreover, for each subset of nodes
representing the operations of a single stage, there must be no more distinct paths formed of
sequence arcs than there are machines available at that stage. That is because each of these directed
paths represents the sequence of operations processed at a single machine. A conjunctive graph
obtained in such a way represents a schedule where the completion time of a job is equal to
the weight of the longest path to its associated sink node. A feasible schedule is represented by
a directed acyclic graph. The computation of the longest paths to all nodes can be achieved in
linear time based on a topological ordering of the nodes. For each node, the length of the longest
path is equal to the length of the longest path to any of its preceding nodes plus the weight of
the connecting arc. The topological ordering ensures that the longest paths of preceding nodes
are already computed before. When the values are saved for each node, a single pass through the
ordered set of nodes is sufficient to compute all the longest paths in the graph.

We adapt the batch-oblivious approach proposed by Knopp et al. (2017) to s-batching decisions.
The essence of this approach consists in avoiding dedicated nodes representing batches. Instead, the
batching of operations is represented by assigning a weight of zero to all connecting sequence arcs
between operations belonging to a batch. We refer to arcs with a weight of zero in the remainder of
this paper as batching arcs. A path solely consisting of batching arcs is called a batching chain.

Batching imposes additional constraints to be met by conjunctive graphs. The sum of the sizes
of operations related to the nodes of a batching chain must not exceed the given batch capacity at
the associated stage. Furthermore, the family those operations belong to must be the same.
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As in Knopp et al. (2017), we use the notation r(v) to refer to the route successor of a node v and
m(v) to refer to its machine successor. Its predecessors are denoted ' (v) and m~!(v), respectively.
Given a conjunctive graph, the start time S, of the operation associated with v can be derived by
computing the longest path to v. As each node in the conjunctive graph has an in-degree of at most
two, with one incoming route arc and at most one incoming sequence arc, the longest path can be
recursively computed as

Sv = max (Sr*](v) —+ lr’l(v),v’Sm’l(v) -+ lm’l(v),v) . (19)

where /, , is the weight of the arc between v and v.

With the batch-oblivious approach, batching of operations v and m(v) is represented by a se-
quence arc with a weight /, ,,,) = 0 connecting the two corresponding nodes. Because in a feasible
solution of problem (1), all operations belonging to the same batch are started at the same time, it
must be ensured that for the start times, we have S, = S, if /, 5y = 0. The precedence of nodes
modeled by the structure of a conjunctive graph only guarantees S, < S,,(,). To ensure that also
Sy > S,(v) holds, we derive

lv,m(v) =0 = Sv > Srfl(m(v)) + lr*l(m(v)),m(v) (20)

from Equation (19). Following Knopp et al. (2017), we introduce an invariant to be fulfilled by
all nodes v € V and w € V' with w = r~!(m(v)). If two adjacent operations processed at the same
machine do not belong to a batch, then /,,,,) > 0 and S, < §,,,) hold. Contrary to the case of
p-batching, the s-batching restriction may require the consideration of additional nodes to define
the value of /, ,,,(,). Let B, be the set of operations belonging to the same batch as v, corresponding
to the set of nodes comprising a batching chain containing v. Then /, ) = s + ) _,c B. PuSu holds.
Consequently, the invariant ‘

(lv,m(v) =0 A S, > 8, + Zw,m(v)) 4 lv,m(v) = ijsj + g (21)
JEB,

needs to be fulfilled.

A similar requirement is implied by the s-batching mode in combination with batch availability.
As the processing time of a batch is the sum of the processing times of assigned operations and all
these operations are completed at the same time, the constraint

JjeB,

must be fulfilled.

Other than in the case of p-batching (see Knopp et al., 2017), properties (21) and (22) do not
allow to make batching decisions for s-batching problems dynamically in a single pass through the
set of nodes sorted in topological order because changes of the set B, affect the weight of outgoing
arcs of nodes already settled. Instead, the changes of batching decisions in a conjunctive graph
require a traversal along the batching chain and the adaptation of the weight of both sequence and
route arcs. The conjunctive graph model is illustrated by means of an example in Fig. 5.
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¥ route are Job1 [ Job2 | Job3
=—) SEQUENCE arc
""" » batching arc r 8 5 10
at stage 1 5 7 3
Setup at stage 1: 5 2 g
Setup at stage 2: 3 | p at stage 2 5 6 6

Fig. 5. Conjunctive graph example.

The graph represents a schedule for problem (1) with a single machine at the first stage and two
machines at the second stage. A batch containing the first operations of jobs 1 and 2 is processed
before the first operation of job 3 at the first stage. At the second stage, the second operation of job
2 is processed before the second operation of job 1 on one machine. The second operation of job 3
is processed on the second machine of this stage. The length of the longest paths to the sink node
of the first job, that is, its completion time, is 34. The path itself is (A, 1.1, 2.1, 2.2, 1.2, 1.*¥). The
completion times of job 2 and 3 are 26 and 34, respectively.

4.3.2. ILS for a flow-shop setting
An initial schedule is obtained by list scheduling. For the first stage, jobs are assigned to batches
consisting of a single job and sorted with respect to the index (18) of the ATC dispatching
rule. These batches are then assigned to the available machines by list scheduling. The same
procedure is applied to the second stage where completion times of the former one serve as release
dates. The look-ahead parameter « is taken from an equidistant grid for both stages. The schedule
with the lowest TWT value is used for constructing the corresponding conjunctive graph.

Neighborhood structures for exploration during the LS are designed by four different moves. A
direct change of the batch formation is achieved by two moves called SPLIT and MERGE. With
the batch-oblivious approach, such moves do not alter the structure of the graph. Instead, only the
weights of arcs need to be changed. Additional moves are required to address the batch assignment
and sequencing decisions.

Paulli (1995) proposes a procedure to move a node to a different position within the graph for
a flexible manufacturing system. Dauzere-Pérés and Paulli (1997) show that a move of this type
cannot introduce a cycle and therefore not render a feasible solution infeasible for the case of a
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multiprocessor job-shop. In the following, we apply the same arguments to show that moving a
node in a conjunctive graph representing a flexible flow shop with s-batching machines cannot
introduce a cycle, and therefore cannot lead to an infeasible solution. Moving a node v between the
nodes 1 and w is accomplished with two steps. First, the sequence arcs (m~!(v), v) and (v, m(v)) are
replaced by the arc (m~'(v), m(v)). Second, the arc (1, w) is replaced by the arcs (1, v) and (v, w).
There are only two situations in which this move can introduce a cycle:

1. There is a path from w to ¥~!(v) in the original graph.
2. There is a path from r(v) to u in the original graph.

In a flow-shop setting, all jobs follow the same route, and the sets of machines dedicated to
operations of different stages are disjoint. Consequently, only operations of the same stage can be
processed at the same machine. The nodes v, u, and w thus represent operations of different jobs
that are to be carried out at the same stage of the flow shop. If w is processed at the same stage
as v, and r~!'(v) at the earlier stage, then there cannot be a path from w to r~!(v), as there are no
route arcs between nodes of different jobs and no sequence arcs between nodes of different stages.
Analogously, there cannot be a path from r(v) to u, and consequently neither of the two scenarios
is valid. The described situation is illustrated in Fig. 6.

This reassignment technique of Paulli (1995) appears to fit the purpose of simultaneously ad-
dressing the batch formation, assignment, and sequencing decisions. However, the impact of moves
of this type on the batch formation requires a more elaborated treatment, compared to the original
neighborhood structure due to Dauzére-Pérés and Paulli (1997), which is given below. The move
types constituting the neighborhood structures to be exploited with LS are now described in more
detail. For the sake of better readability, the notion of predecessor and successor will be used to
refer to the nodes connected via incoming and outgoing sequence arcs.

The proposed four move types are as follows:

1. SPLIT: Any batching arc between two nodes u and v is considered. To model the split of a batch,
the processing times of the two resulting batches must be calculated. The set of nodes belonging
to the first batch can be recursively determined by

E( ) u, if lnr'(u). u = 0 (23)
u) = ~ '
uU B (m~" (1)), otherwise,
and the set of nodes belonging to the second batch is
- v, if Zv,m(v) >0
B(v) = - : (24)
vU B (m(v)), otherwise.

A weight of ) A )pjsj is assigned to all outgoing route arcs of nodes u' € E(u), and
jeB(u

> oo PIST to outgoing route arcs of nodes v' € B(v). For possible outgoing sequence arcs the
JjeB(

setup time is added.
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(b) after moving v between u and w  (c) hypothetical cycles introduced by the move
Fig. 6. Cycle avoidance after insert move.

(a) initial situation
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2 MERGE: Any sequence arc between two nodes u and v with a weight /, , > 0 is considered. The
operation can only be performed if both u and v belong to the same family and if Zjef;(u)uﬁ(v) §; <
B holds. The weights of outgoing route arcs of all nodes of the combined set are set to the
processing time of the resulting batch. For the weight of a possible outgoing sequence arc, the
setup time is added.

3 INSERT: Any node v is considered to be moved between any two nodes u and w = m(u) where
v, u, and w represent operations of the same stage. The move requires replacements of sequence
arcs as described above. Each of the nodes may belong to a batch before the move is performed,
and it has to be defined how to proceed in that case. As the batch formation is already addressed
by the SPLIT and MERGE moves, the INSERT step is designed to largely maintain previous
batching decisions. First, SPLIT operations are performed on possible batching arcs going into
or out of v. If m~'(v), v, and m(v) belong to a batching chain before the move, then a MERGE
operation is performed on m~!(v) and m(v) after the relocation of v. If u and w are connected by
a batching arc before the move, then MERGE steps are performed after the insertion of v first
on u and v and afterward on v and w. Recall that a MERGE operation includes checks on the
compatibility and capacity constraints. Consequently, after the move all of the nodes, u# and v,
v, and w or none of them can belong to one batch. The operation may produce a graph where
the number of distinct groups of nodes connected by machine arcs is smaller than the number of
available machines at the respective stage. In that case, the most critical node v,,;; is isolated by
replacing the arc (m ' (Verir ), Verir) and (Verir, M(Veyi)) by (7 (Verir ), m(verir)). The criticality of a
node is the sum of the TWT values of all connected sink nodes.

4 SWAP: Any two nodes v and w representing operations of the same stage are considered. The
move comprises two INSERT operations where first v is inserted between m~!(w) and w and
then w is inserted between m~1(v) and m1,,.(v). Here, m,,.(v) indicates the successor of v before
the execution of the move.

With the exception of the different neighborhood structures, the LS is designed as an RVND
scheme corresponding to the procedure described in Section 4.2.3.

Each perturbation phase comprises two random steps that are of the type INSERT with a
probability of 0.7 or of the types SPLIT or MERGE with each a probability of 0.15. The INSERT
move is preferred as it is more disruptive and can as well impact the batch formation, machine
assignment, and sequence.

To assess the impact of a move, it is sufficient to recalculate the weights of those arcs which lie
on a path with at least one of the directly affected nodes or arcs. This limitation to directly and
indirectly affected nodes can reduce the computational cost. However, in a two-stage flow shop,
each node of a first-stage operation is always connected to at least its corresponding second-stage
node and thus possibly to additional immediately connected nodes. The potential reduction of
affected nodes would be higher on higher stages, but in the present two-stage flow shop, it may be
rather small. Moreover, the lower the number of machines available and therewith the number of
paths, the higher the average number of nodes affected by an LS move. The s-batch processing mode
also requires additional feasibility checks and calculations. For these reasons, we do not expect a
large benefit using the disjunctive graph for problem (1). However, the approach can be easily scaled
to scheduling problems with more stages where it may possibly prove advantageous. We refer to the
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resulting approach as ILS-DG in the remainder of this paper where the abbreviation DG is used
for disjunctive graph.

Moreover, a modified version of the procedure is designed for which the described ILS loop is
executed repeatedly, each time starting from a different initial solution. For the first start, the initial
solution is obtained using the list scheduling approach combined with the ATC dispatching rule
as described above. For consecutive starts, the initial solution is obtained by first assigning each
job to an individual batch and then applying list scheduling with a random ordering of batches at
both stages to obtain a schedule. This multi-start version is abbreviated by ILS-DG-MS where MS
stands for multi start. The pseudocode of the ILS-DG-MS procedure is summarized in Appendix
C of the present paper.

5. Computational experiments

The design of experiments is discussed in Section 5.1. Moreover, the applied parameter settings
and implementation details are described in Section 5.2. Computational results are presented and
analyzed in Section 5.3.

5.1. Design of experiments

The performance of the proposed algorithms is assessed based on randomly generated problem
instances. We expect that the performance of the heuristics depends on the number of jobs per fam-
ily, the number of incompatible families, the distribution of workload capacity across the stages,
and the release dates of the jobs. Job sizes are set according to s; ~ DU[1, 8] where X ~ DU]a, D]
denotes a discrete uniform random variable from the interval [a, b]. Batch capacities of 15 and
30 pieces are considered at both stages, which is considering the average job sizes, equivalent to
an average maximum batch size of B, € {3, 6} operations per batch. The setup time is chosen as
qgsi= [ (7" — s‘j‘.li“) Py /4] where §7%* and sf}li“ are the maximum and minimum job sizes, respec-
tively. Moreover, pT** is the maximum unit processing time among the families.

Three different bottleneck scenarios are examined. The number of machines at each stage is
computed based on the given total number of machines using the bottleneck configuration (BC)
algorithm, described by Tan et al. (2018), and adapted to the case of serial batching. The workload
at stage s is defined by

1 n
WL, = > piss). (25)
=1

By ;

The algorithm yields the most balanced set of numbers of machines at the first and second stage
(m7, m%), with the smallest absolute difference of workloads |W L; — W L,|. From the most bal-
anced situation, a bottleneck situation is achieved by shifting one machine to the opposite stage (cf.
Tan et al., 2018, for details). Problem instances with a bottleneck at each stage and the situation

© 2024 The Author(s).
International Transactions in Operational Research published by John Wiley & Sons Ltd on behalf of International Federation
of Operational Research Societies.



J. Rocholl and L. Ménch / Intl. Trans. in Op. Res. 32 (2025) 3868 57

with the most balanced distribution of machines are considered in the experimentation. Release
dates of the jobs are set according to

n

1 1 "
ri~DU |0, |a| = SiProH1 + = SiDfr0)2 . (26)
J { BlmT JZ:I JPf()) B2m§ ,Z:l JP ()

The parameter o € {0.25, 0.75} is multiplied with a crude estimate of the makespan to create
tight and wide ranges of release dates. The parameter m} is equal to the number of machines at
stage s in the most balanced setting obtained by the BC algorithm. Due dates are set based on the
release dates adding the job’s overall processing time multiplied by a flow factor of FF = 1.3. The
quantity F F is an indicator for the expected average waiting time of the flow shop.

Another set of experiments with very small-sized problem instances is designed to compare the
heuristics against a benchmark provided by solving the MILP formulation of Section 2.2. These
instances feature two families at the first stage with five jobs each. A total number of three machines
with a batch capacity of 10 pieces is used. The remaining values correspond to the ones of the
regular instances. Ten instances per factor combination are randomly generated with a different
seed. The design of experiments is summarized in Table 1.

5.2. Parameter setting and implementation issues

Any heuristic is allowed a given period of computing time to yield a solution. In the case of the IDA,
it is therefore necessary to distribute that time between multiple executions of the procedure solving
the subproblem. There is a trade-off between a higher number of iterations and more computing
time allowed to solve each individual subproblem, likely facilitating better solutions thereof. It
seems hard to determine a reasonable allocation of time valid for a larger set of problem instances
without conducting extensive preliminary studies. Therefore, instead of prescribing a fixed number
of iterations to be processed within the overall time limit, convergence is used as the stopping
criterion for solving the subproblem (see below). The actual number of iterations is thus dependent
on the time used for solving the subproblems.

Some preliminary experimentation and Tan et al. (2018) for a related p-batching problem show
a significant influence of the choice of parameters on the solution quality of IDA approaches.
The values are set to « = 0.66 and B = 1.66. These value combinations proved to lead
to the best results from the set, that is, parameter grid {0.0, 0.33, 0.66, 1.0, 1.33, 1.66, 2.0} x
{0.0, 0.33, 0.66, 1.0, 1.33, 1.66, 2.0} in preliminary experiments with a limited number of prob-
lem instances.

To further assess this setting against the best choice from the combinations for each instance,
additional experiments are conducted where the IDA-ILS is performed with each of the 49 possible
parameter combinations from the grid. The experiments are limited to the 48 problem instances
with 45 jobs and a bottleneck at either the first or the second stage. A computing time limit of 60
seconds per instance is prescribed, resulting in a computing time requirement of 49 minutes per
instance for the grid search.
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The same subset of problem instances is used for experiments to measure the performance of
the ILS-DG against the ILS-DG-MS with a large amount of computing time. The computing time
limit of the ILS-DG is set to 49 minutes. The ILS-DG-MS is configured to restart seven times with
a computing time limit of seven minutes, resulting in a total computing time requirement of also 49
minutes per instance. The results produced by these two heuristics are also evaluated in the context
of the results obtained by the above-described IDA-ILS grid search configuration.

Preliminary experiments are conducted with 20 randomly chosen instances from the set of
large-sized instances described in Table 1 to find appropriate parameter values for the meta-
heuristics. For the GGA, results from experiments with each combination of population size
np0p € {150, 300, 450} and mutation probability p, € {0.01, 0.05, 0.1} are compared. Conse-
quently, the parameters are set to 7,,, = 150 and p,, = 0.05. Ten chromosomes of each generation
are modified with LS. The crossover probability is set as p. = 0.9, and the replacement rate
is p, = 0.8 after performing some preliminary experiments with p. € {0.80, 0.85, 0.90} and
pr € {0.75, 0.80, 0.85}. After five generations without improvement, the algorithm terminates and
returns control to the IDA. Regarding the ILS, results of preliminary computational experiments
with a number of perturbation steps from the set {2, 5, 10} are compared. The best results are
achieved with two perturbation steps, which are therefore adopted for all further experiments.
After 10 iterations without improvement, the number of perturbation steps is increased to four to
support escaping local optima. The heuristic terminates after 25 iterations without improvement.
The probabilities for the different move types used in the perturbation phase of the proposed ILS
schemes are determined based on a trial and error strategy. Whenever the ATC dispatching rule
with index (18) is applied, the look-ahead parameter « is taken from the interval [0.1, 2.5] with a
step size of 0.1 (cf. Tan et al., 2018). Each problem instance is solved five times with different seeds
to obtain statistically significant results.

Factor values relevant only for the set of small-sized instances are indicated with an asterisk.

All algorithms are coded using the C++ programming language. The GGA implementation
makes use of the GAlib framework (Wall, 2023). We implement the graph representation with the
help of the boost framework (Boost, 2023) in version 1.72. The MILP formulation of Section 2.2 is
implemented with the commercial solver IBM ILOG CPLEX 12.1. All experiments are conducted
on an Intel Core 17-2600 CPU 3.40GHz computer with 16GB of RAM.

5.3. Computational results

5.3.1. Results for small-sized instances
We first present the results of the experiments with the small-sized problem instances. Instead of
presenting the objective function values, we report the heuristic ratio of an approach:

HR,:= OBJ,/OBJ,, (27)

where OBJ, represents the average objective function value of an approach 4, and OBJ, stands
for the objective function value of a benchmark approach. CPLEX is used to provide benchmark
solutions with a fixed computing time limit of 60 minutes per instance. A computing time limit of
30 seconds is granted for the applied heuristics. The average values from the 10 corresponding
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Table 2
Results of small-sized problem instances

Bottleneck Range of

stage releases IDA-GGA IDA-ILS ILS-DG CPLEX J gap

1 Tight 1.008 1.018 1.009 1.000 90.94%
Wide 0.995 1.005 1.039 1.000 92.45%

2 Tight 1.039 1.048 1.045 1.000 11.08%
Wide 1.013 1.015 1.017 1.000 7.16%

Average 1.014 1.021 1.027 1.000

instances are presented for each factor combination. The relative mixed integer programming
(MIP) gap of a solution obtained by CPLEX is computed as

gap:= |best bound — obj*| / |obj*

: (28)

where the abbreviation obj* is used for the objective function value. Average values are reported.
The best solutions per row are indicated by a bold typeface. The obtained results are shown in
Table 2.

Instances with a bottleneck at the first stage appear harder to solve as for these CPLEX cannot
find results with a proven optimality, and the average relative MIP gap is larger than 90%. The range
of the release dates does not have a significant influence on the hardness. The average objective
function values obtained by the heuristics are close to the ones of the benchmark solutions and
in the case of a wide distribution and a bottleneck in stage 1 even slightly below. IDA-GGA can
find the overall best results within 1% of the benchmark solutions. Optimality of the benchmark
solutions is proven for eight out of the 10 instances with the bottleneck in stage 2 and tight or wide
ranges of release dates. All approaches can reliably find the optimal solutions for three to four of
the instances with tight and five to six instances of the instances with a wide range of release dates
in all five executions of the heuristic with a different seed. On average, the objective function value
deviations are within 2% to 5% of the solutions found with CPLEX. The results demonstrate that
the implementations of the algorithms are correct, and the heuristics are, in principle, able to find
optimal or near-to-optimal schedules.

5.3.2. Results for large-sized instances

Next, the results of experiments with large-sized instances are examined. As CPLEX cannot be
used as a benchmark, only solutions from the heuristic approaches are compared. A computing
time limit of 360 seconds is applied. Again, average TWT values from five independent replications
of the heuristics are considered. A Wilcoxon signed-rank test (Wilcoxon, 1945) with a significance
level of 1% reveals statistically significant differences between the examined results.

The IDA-ILS scheme yields the overall best results and is therefore declared the reference with
HR;p4_ s = 1.0. Average values across groups of instances with similar factor values are com-
puted. As no significant influence of the batch capacity at the first or second stage on the relative
performance could be observed, this factor is not displayed in detail. We rather aggregate groups of
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Table 3
Results for large-sized problem instances
Number Bottleneck Range of
of jobs stage releases IDA-GGA IDA-ILS ILS-DG
30 1 Tight 1.10 1.00 1.06
Wide 1.13 1.00 1.11
2 Tight 1.14 1.00 1.04
Wide 1.18 1.00 1.06
Balanced Tight 1.15 1.00 1.07
Wide 1.21 1.00 1.12
45 1 Tight 1.24 1.00 1.07
Wide 1.30 1.00 1.11
2 Tight 1.20 1.00 1.06
Wide 1.26 1.00 1.08
Balanced Tight 1.27 1.00 1.10
Wide 1.37 1.00 1.17
60 1 Tight 1.35 1.00 1.08
Wide 1.45 1.00 1.13
2 Tight 1.27 1.00 1.08
Wide 1.35 1.00 1.10
Balanced Tight 1.36 1.00 1.11
Wide 1.45 1.00 1.17
Average 1.27 1.00 1.10

instances with the same number of jobs, the same range of ready times, and the same BC to focus
on factors of impact. Consequently, each line shown in Table 3 corresponds to the average value of
12 individual instances.

The data indicate a clear hierarchy with the IDA-ILS at the top and the IDA-GGA at the bottom
regarding the quality of solutions. The IDA-ILS scheme outperforms the ILS-DG by between 4%
and 17%. The advantage grows only slightly with an average of around 1% to 5% with increasing
number of jobs from 30 to 60. A similar difference can be observed in relation to the bottleneck
stage, where with a bottleneck at the first stage, the advantage of the IDA-ILS is around 2%—4%
higher than if the bottleneck is at the second stage. For the balanced situation, an advantage of
3%-9% can be observed. Instances with a balanced distribution of machines and a wide range
of ready times appear to be the hardest for the ILS-DG. The TWT values are up to 17% worse
on average, compared to the IDA-ILS. Obviously, the IDA-GGA is no match for the other two
approaches in the face of larger problem instances. The quality of solutions deteriorates by up to
45%, compared to the benchmark.

A much stronger sensitivity to the number of jobs can be observed, compared to the other ap-
proaches. A reason may be a computational overhead caused by the population-based GGA. More
lightweight approaches such as ILS may utilize the given computing time more efficiently and there-
fore appear more appropriate. We can also again observe the largest differences for instances with
a wider range of release dates and a bottleneck at the first stage.
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Average TWT value from 144 problem
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Fig. 7. Influence of the computing time limit on the solution quality.

Table 4
Results from the IDA-ILS procedure with different parameter settings
Number Bottleneck Range of (o, B) a = 0.66,
of jobs stage releases grid B = 1.66 Rel. difference
45 1 Tight 86,469 87,708 —1.4%
Wide 73,757 74,949 —1.6%
2 Tight 66,673 71,246 —6.4%
Wide 56,437 60,357 —6.5%
Average 70,834 73,565 —=3.7%

5.3.3. Dependency of the solution quality on the computing time

Further experiments are conducted with the problem instances with a bottleneck at either the first
or the second stage and varying time limits to further investigate the gap between the IDA-ILS
and the ILS-DG. The IDA-ILS is tested with a computing time limit of 1, 3, 6, 9, and 15 minutes.
The ILS-DG is in addition tested with a 30-minute computing time limit per instance. The average
TWT values across all 144 problem instances in relation to the computing time limit are displayed
in Fig. 7.

One can see that already with a computing time limit of one minute, the IDA-ILS can provide
fairly high-quality schedules. The decrease of TWT is steep with the increase up to three minutes,
and after that, the slope remains rather flat. For the ILS-DG, a steeper decrease is observed for a
computing time limit of up to six minutes. On average, even 30 minutes of computing time is not
sufficient to achieve results on the level of the former approach obtained within a single minute,
even though for subsets of instances, especially with a higher number of jobs, at least this can be
observed. The superiority of the IDA-ILS over the competing approaches presented in this paper,
however, can be clearly seen.

5.3.4. Dependency of the solution quality on the IDA parameterization

The difference of the average TWT values obtained by applying the IDA-ILS with the best-
performing values of o and § taken from the grid, compared to the ones obtained by a single
run of 60 seconds with @ = 0.66 and B = 1.66, are presented in Table 4. Again, the Wilcoxon
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Table 5
Results from experiments with extended computing time limit
IDA-ILS

Number of jobs  Bottleneck stage = Range of releases («, 8) grid ILS-DG ILS-DG-MS
45 1 Tight 1.000 1.081 1.074

Wide 1.000 1.145 1.130

2 Tight 1.000 1.064 1.085

Wide 1.000 1.091 1.119

Average 1.000 1.095 1.102

signed-rank test (Wilcoxon, 1945) with a significance level of 1% confirms statistically significant
differences between the results obtained by the different approaches.

On average the extensive trial of parameter values leads to TWT values, which are around 1.5%
lower with a bottleneck at the first stage and around 6.5% with a bottleneck at the second stage.
However, due to the significantly higher computing time requirements, the comparison is only of
theoretical interest. But the observed results indicate that the initial setting of the parameter values
is in principle suited to find high-quality schedules. Further improving the performance by a more
tailored choice of parameters for instances with different characteristics may be promising.

The objective function values found using the IDA-ILS with the grid configuration are compared
to the ones obtained using the ILS-DG and the ILS-DG-MS, also achieved with a given overall
computing time limit of 49 minutes. The heuristic ratios are shown in Table 5.

Again, the IDA-ILS is used as a benchmark. This is quite remarkable as the solutions are actually
obtained within 60 seconds of computing time per instance, although profiting from a strongly
tuned set of @ and B parameters. Even with 49 minutes of computing time per instance, the TWT
values found using the ILS-DG are around 10% higher. The results provided by the ILS-DG only
slightly outperform the ones found by the ILS-DG-MS approach. The Wilcoxon signed-rank test
(Wilcoxon, 1945) with a significance level of 1% confirms statistically significant differences between
the different results.

6. Conclusion and future research

In this paper, we discussed a two-stage flexible flow-shop scheduling problem with s-batching char-
acteristics. A maximum batch size was assumed for each machine at any of the two stages. More-
over, only jobs belonging to the same family can be batched together. A constant setup time occurs
between the processing of consecutive batches. We proposed a stage-based decomposition scheme
that iteratively computes appropriate due dates for the jobs at the first stage. The resulting subprob-
lems for parallel machines were solved by a GGA and by an ILS scheme. Moreover, an alternative
ILS scheme was proposed that was based on a disjunctive graph formulation of the scheduling
problem at hand. By designed computational experiments, we demonstrated that the decomposi-
tion scheme based on the ILS scheme outperforms the two remaining approaches. High-quality
solutions were computed using a reasonable amount of computing time.
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There are several directions for future research. First of all, the two-stage flexible flow shop can be
replaced by a /-stage flexible flow shop where [/ > 2. The different stages can contain machines with
s-batching or p-batching characteristics. Moreover, it is interesting to assume reentrant flows in the
flow shop, that is, the same stage is visited several times by the same stage. Such process conditions
appear in semiconductor wafer fabrication facilities (wafer fabs) (cf. Monch et al., 2013). Job shops
might be considered instead of flow shops. It seems also worthwhile to study parallelization schemes
for the different subproblems that appear within the decomposition approach.
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Appendix A: Computational Example

Additional data for the example shown in Fig. 1 is provided in Table Al. The table also contains
the completion times of the jobs on each stage, the processing times of the batch job j belongs to
on each stage s (denoted by b;), and the resulting weighted tardiness values w;T; for each job j.
The family of job j on stage s is fj;. The TWT value of the schedule is also reported in the table.

The schedule is visualized by means of a Gantt chart in Fig. Al. The shaded areas indicate setups
on the machines due to processing of consecutive batches.

Table Al

Problem instance data

Job S fjl r; dj w; bj[ Cj sz bjz Cj2 WjT}'

1 2 1 7 26 3 4 21 1 6 27 3

2 1 2 6 23 1 9 15 1 6 27 4

3 3 3 3 23 2 6 18 1 8 32 18

4 2 1 4 21 1 6 10 2 6 21 0

5 1 1 3 14 3 6 10 1 8 32 54

6 1 3 4 17 1 6 15 3 1 36 19

7 1 2 6 21 1 9 15 2 6 21 0

8 1 2 4 17 3 9 15 3 3 18 3

9 2 3 3 19 1 4 7 3 3 18 0

10 2 3 7 19 3 6 15 2 4 34 45
TWT 146

Setup time per stage Unit processing times by family and stage

q1 q2 Pu D21 D31 P12 § 25 D3

2 3 2 3 2 2 2 1

Appendix B: RVND

The pseudocode of the RVND algorithm is show next.

Algorithm RVND(input: initial schedule S, set of neigborhood structures N)

randomly sort the set of neighborhood structures N
k <1
while k < |N]|
S <« bestFit(Ny)
if TWT(S) < TWT(S)
S« S,k <1
continue at Step 1
else
k <~ k+1
0 return S

— O 00 1N L A WD —

Here, the bestFit procedure explores the neighborhood N (S) and provides a schedule S” with
smallest TWT value from the solutions that belong to the neighborhood.
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Appendix C: ILS-DG-MS

Next, the pseudocode of the ILS-DG-MS procedure is summarized.

Algorithm ILS-DG-MS(input: termination criteria 1, £2)

1 while(not ¢1)

2 initialize solution S

3 While(not 72)

4 // Local search

5 S < RVND(S),

6 S* <« S

7 // perturbation

8 S < PERTURB(S)
9 return S*

Here, the RVND procedure with different neighborhood structures is taken from Appendix B,
whereas the PERTURB procedure is described in Section 4.3.2. The termination criteria ¢1, 12 are
typical maximum allowed computing times. In the case of the ILS-DG variant, only a single pass
is carried out starting from Step 1.
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