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A review of lot streaming in a flow shop
environment with makespan criteria

Segura-Andres R, Gomez-Gasquet P!, Andres-Romano C

Abstract. In production scheduling, lot streaming is considered as the work set-
ting in which the lots can be divided into smaller entities, called sublots. Dealing
with a lot streaming problem means to widen the range of scenarios or typologies
and an extension of the nomenclature and taxonomy is required. Aspects such as
those related with the size of the sublots or the use of interleaving open a range of
very interesting solutions to examine in different industrial environments. Howev-
er, lot splitting makes it more complex to find optimal solutions. In this paper a
comprehensive review of the literature will reveal the types of problems that have
been addressed up to date, and with what degree of satisfaction have been resolved
in the field of flow shop to minimize makespan (C,,,,) using lot streaming.
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1.1 Introduction

In the last sixty years thousands of papers have dealt with different scheduling is-
sues related to flow shops configurations, and many others in its different varia-
tions. Most of these works have always been considered hypothesis, where jobs
were not split. At the end of last century, and consolidated in the last decade, there
arose a great interest in considering scenarios where the lots could be divided, that
is what we call lot streaming. It seems clear that if it is possible, lot streaming
minimize C,,,. However, the difficulty in the resolution with this approach has, so
far, prevented it can be considered a consolidated approach.

In the following section notation and structure of the problem will be present-
ed, section 1.3 will review the two-machine cases, that are the basis to understand
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different approaches and to address more complex problems, such as those re-
viewed in section 1.4. And finally, section 1.5 discusses the techniques used to ob-
tain the different solutions.

1.2 Notation

This paper is focus on flow shop problems where the number of stages and ma-
chines are the same; no multiple resources are available in any stage. All the re-
viewed flow shop lot streaming (FSLS) papers are presented on tables. These ta-
bles follow a modified notation of one previously published (Sarin & Jaiprakash,
2007): {No. of machines}/{no. of jobs}{sublot type}/{idling }/{sublot sizes}/{setup,
special features}

As we only deal with flow shop problems, we only specify the number of ma-
chines on it (2, 3 or N). Number of jobs may be single job (1) or multiple jobs (N).
Sublot types may refer to equal (E), consistent (C) and variable (V). Intermittent
idling (II) or no-idling (NI) will be also specified. Real numbers will be expressed
in continuous values (CV) and integer sublots in discrete values (DV). For setup
times, if no setup time is considered (No-ST), if it is considered (ST) or if it is se-
quence dependent (SDST). Special features include conditions such as no-wait
condition (No-wait), when it is considered removal times (RemT) or transporta-
tion times (TransT) or even when interleaving is allowed (Interleaving). Makespan
is considered implicitly in all cases reviewed.

1.3 Lot Streaming in two-stage flow shop

The 2/*/E problem, with one or n jobs, it could be regarded as a simple sequence
problem of equal sublots, using Johnson’s rule (Johnson, 1954) to find the optimal
sequences in the two-machine. As it may be observed on Table 1.1, only three
problems have been founded. A single job problem with discrete values but not
using setup times (Sen, Topaloglu, & Benli, 1998). Other paper proposed an n job
problem with continuous values (Vickson & Alfredsson, 1992). Further analytical
research was performed over the previous paper and sublot-attached setup times
were incorporated into the model (Baker, 1995). Other authors considered setup
times on the problem (Cetinkaya & Kayaligil, 1992; Kalir & Sarin, 2003).

For the 2/1/C using consistent sublots, the objective is to simply determine the
optimal sublot sizes for all the machines. First paper on the matter with continuous
values indicated when it was convenient the use of them (Potts & Baker, 1989).
Later on, different forms of the problem existing in the literature were reviewed
and some important structural insights were generalized using both, continuous
and discrete values (Trietsch & Baker, 1993). Years later, a paper was presented
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for determining both, number of sublots and sublot sizes for a single job problem,
and also for the n job one, considering setup times and a no-wait flowshop
(Sriskandarajah & Wagneur, 1999). Previously, an analytical solution was provid-
ed using discrete values, to the problem when no setup times were considered (Sen
et al., 1998). Other authors used a network representation to analyze the structure
of the optimal sublot allocation (Chen & Steiner, 1999). They proposed an
efficient solution method based on the structural properties giving discrete results.

Table 1.1 Papers of two-stage flow shop

Problem Author(s) Problem Author(s)
2/1/E/MI/DV/{No-ST}  [Sen 1998 2/N/C/II/CV/{No-ST} Potts 1989
2/N/EM/CV/{No-ST} |Vickson 1992 [2/N/C/II/CV/{ST ,RemT} [Cetinkaya 1994
2/N/EMI/CV/{ST} Cetinkaya
1992, 2/N/C/II/CV/{ST} Vickson 1995
Baker 1995, 2/N/C/TII/CV/{ST No-wait} |Sriskandarajah 1999
Kalir 2003 2/N/C/II/DV/{ST} Vickson 1995,
Ganapathy 2004
2/1/C/NI/CV/{No-ST} [Potts 1989, Marimuthu et al.
Trietsch 1993 2004, 2005
2/1/C/MI/CV/{ST, Sriskandarajah [2/N/C/I/DV/{ST,RemT} |Cetinkaya 1994
No-wait} 1999 2/N/C/II/DV/{ST No-wait} |Sriskandarajah 1999
2/1/C/NI/DV/{No-ST} [Trietsch 1993 [2/N/C/II/DV/{ST TransT, |Cetinkaya 2006
2/1/C/M/DV/{No-ST}  |Sen 1998, Chen |Interleaving}
1999
2/1/C/1I/DV/{ST, No- |Sriskandarajah [2/1/V/II/CV/{No-ST} Sen 1998
Wait} 1999

For the 2/N/C/II/CV, we need to simultaneously obtain the best job sequence
and the optimal sublot allocation (sublot starting and completion times). All the
papers allowed intermittent idling. It was showed that it is not possible to solve the
n-job problem simply by applying lot streaming individually to the single-job
problem (Potts & Baker, 1989). Several papers independently show that this prob-
lem it is decomposed into an easily identifiable sequence of single job problems,
using continuous values, even with setup times (Vickson, 1995) and transfer
times (Cetinkaya, 1994). Other authors have widely tackled the same problem us-
ing discrete values (2/N/C/II/DV) considering setup times (Ganapathy, Marimu-
thu, & Ponnambalam, 2004; Marimuthu & Ponnambalam, 2005; Marimuthu, Pon-
nambalam, & Suresh, 2004). Sublot attached and detached setup times were also
considered (Vickson, 1995). It was presented some closed form solutions for con-
tinuous sublots and a fast polynominally bounded search algorithm for discrete
sublots. Other papers proposed the use of removal times (Cetinkaya, 1994), of no-
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wait condition (Sriskandarajah & Wagneur, 1999) or even allowing interleaving
(Cetinkaya, 2006).

Using variable sublots in a 2/*/V problem, only a paper was founded. Due to
the complexity that involves variable sublots, it calculated continuous values and
it did not consider setup times (Sen et al., 1998).

1.4 Lot streaming in m-stage flow shop

For the problems with more than two-machine, papers published on the topic are
displayed on the Table 1.2. For the 3/N/E problem, Johnson’s rule was modified to
obtain the optimal solution with unit-size sublots and continuous values (Vickson
& Alfredsson, 1992). Equal-sized sublots are popular in practice. These were first
studied in an m/1/E problem, where setup times were considered (Truscott, 1985).
Later on a bottleneck minimal idleness heuristic (BMI) was developed to generate
solutions that were very close to the optimum (Kalir & Sarin, 2001). For the
m/N/E problem, the BMI model was extended to n jobs but it did not consider set-
up times on it (Kalir & Sarin, 2001b). Other paper used integer programming to
determine optimum sublot sizes while enumerating the number of sublots for an n
jobs problem using discrete values (Huq, Cutright, & Martin, 2004). Other re-
searchers presented five methods including a tabu search (TS), simulated anneal-
ing (SA), hybrid genetic algorithm (HGA), ant colony optimization (ACO) and
threshold accepting (TA) algorithms involving attached setup times (Marimuthu,
Ponnambalam, & Jawahar, 2007, 2008, 2009). Idling and no-idling condition was
added to the problem (Pan, Wang, Gao, & Li, 2011).

Linear and integer programming formulations were presented to determine
optimal sublot sizes for one job on a 3-machine flow shop (3/1/C) using both,
continuous and discrete values with consistent sublots (Trietsch & Baker, 1993).
Years later, no-wait condition was added to the problem (Wagneur, 2001). Other
authors extended to the case containing detached (Chen & Steiner, 1997a) and at-
tached (Chen & Steiner, 1998) setup times. For the case of m/1/C/CV, it was ex-
tended a previous work (Sriskandarajah & Wagneur, 1999) and it was used genet-
ic algorithm (GA) to solve problems in which fixed and variable numbers of
sublots for each product were included (Kumar, Bagchi, & Sriskandarajah, 2000).
For the m/1/C/DV, Glass and Potts proved that only dominant machines may ap-
pear on a critical path (Glass & Potts, 1998). Years later, a heuristic using discrete
sublot sizes and no setup times was proposed (Edis & Ornek, 2009). Most of the
papers used different methods to convert continuous into discrete sublot sizes
(Chen & Steiner, 1997b, 2003; Glass & Herer, 2006). Multi-objective lot stream-
ing problem (minimizing makespan and mean flow time simultaneously) was in-
vestigated (Bukchin & Masin, 2004). They also considered setup times such as
(Kumar et al., 2000), who considered no-wait condition like (Chen & Steiner,
2003).
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Table 1.2 Paper of more than 2-stage flow shop

Problem Author(s) Problem Author(s)
3/N/E/I/CV/{No-ST} Vickson 1992 |m/1/C/1I/DV/{No-ST} Glass 2006
m/1/E/NI/CV/{ST} Truscott 1985 |m/1/C/II/DV/{No-ST No-Wait}|Chen 2003
m/1/E/II/CV/{ST} Kalir et al. m/1/C/II/DV/{ST} Buckhin 2004

2001 m/1/C/II/DV/{ST No-wait} Kumar et al. 2000
m/N/E/II/CV/{No-ST} Kalir 2001 m/N/C/II/CV/{ST No-wait} Kumar et al. 2000
m/N/E/II/DV/{ST} Huq 2004, m/N/C/II/CV/{ST,Interleaving} Bukchin 2010

Marimuthu et |m/N/C/II/DV/{ST No-wait} Kumar et al.2000,

al. 2007, 2008, Hall 2003,

2009 Kim 2009
m/N/E/{II,NI}/DV/{ST} [Pan et al. m/N/C/II/DV/{No-ST, Feldmann 2008

2011 Interleaving}

m/N/C/II/DV/{ST Interleaving} Martin 2009

3/1/C/{NIJI}/CV/{No-ST}Trietsch 1993 |m/N/C/II/DV/{SDST} Pan et al. 2010a,

3/1/CNI/CV/{No-ST ,No- |[Wagneur 2001 2010b
wait} m/N/C/{ILNI}/DV/{SDST}  |Pan & Ruiz 2011
3/1/CHANLII}/DV/{ST}  [Chen 1997b,
1998 3/1/V/{NL]II}/CV/{No-ST} Trietsch 1993
m/1/C/I/CV/{ST No-wait} Kumar et al. |3/1/V/{NLII}/DV/{No-ST} Trietsch 1993
2000 m/1/V/II/DV/{No-ST No- Liu 2003
m/1/C/{NLII}/DV/{No- |Glass 1998, [|Wait}
ST} Edis 2009 m/1/V/NI/DV/{ST, Transp} Chiu 2004
m/1/C/II/DV/{No-ST} Chen 1997 m/N/V/II/DV/{ST} Defersha 2010

For the problem of m/N/C/CV an heuristic and the use of GA for sequencing
the products and for determining the number of sublots were proposed (Kumar et
al., 2000). Bukchin extended his previous work in m/1/C to n jobs, but this time
allowing interleaving (Bukchin, Masin, & Kirshner, 2010). Many researchers
studied the no-wait FSLS problems not allowing interleaving but integer sizes
(m/N/C/DV) were assumed (Hall, Laporte, Selvarajah, & Sriskandarajah, 2003;
Kim & Jeong, 2009; Kumar et al., 2000). Other authors allowed the use of inter-
leaving among different jobs (such as Bukchin but using discrete values), not con-
sidering setup times (Feldmann & Biskup, 2008) or considering them (Martin,
2009). Other authors focused on sequence dependent setup times (Pan, Duan,
Liang, Gao, & Li, 2010a; Pan, Tasgetiren, Suganthan, & Liang, 2010b) and in-
cluded no-idling condition (Pan & Ruiz, 2012).

For the 3/1/V problem, no setup times were considered in both cases, with con-
sistent and discrete values (Trietsch & Baker, 1993). A heuristic method was pro-
posed for the m/1/V problem with no setup times and no-wait condition (Liu,
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2003). Later on, other paper considered transportation and setup times (Chiu,
Chang, & Lee, 2004).

For the m/N/V, only one paper has been founded in which it was considered
setup times (Defersha & Chen, 2010).

1.5 Method used in flow shop lot streaming

In the two previous sections, efforts have focused on analyzing the types of prob-
lems addressed and the satisfaction achieved with the proposed solutions. This
section introduces a classification of techniques that have been used in the papers
reviewed and a brief analysis of them.
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Fig. 1.1 Methods used for two-machine and m-machine flow shop.

The methods used have been classified in exact and approximate, being the last
type divided in meta-heuristics (Evolutionary and Non-evolutionary) and heuris-
tics. As it is shown in Figure 1.1, for the simple case of two-machine, exact meth-
ods dominate proposed solutions. From the 62% of the exact solutions proposed,
most of them focused on the approach of a MILP model which is then analytically
developed hypotheses allowing, in some cases in other dimensions theorems for
minimizing C,,,. 11% are heuristics, usually developed from the MILP model
analysis, and 23% are traditional meta-heuristics, evolutionary methods only rep-
resent 4%. In Figure 1.1 also shows the distribution of techniques employed in the
case of more than two machines. As you can see the use of exact methods is re-
duced to 36%, although they have been used to simplified cases (few jobs). The
evolutionary methods achieve a significant 27%, while non-evolutionary meta-
heuristic and heuristics techniques make a similar contribution (=20% both).

This work has been carried out as part of the project “PAID-06-10-2396 (NegoSol-
MAS)” funded by Vicerrectorado de Investigacion of Universitat Politecnica de Valéncia.

321



1.6 References

Baker, K. (1995). Lot streaming in the 2-machine flow-shop with setup times. Annals of Op-
erations Research, 57, 1-11.

Bukchin, J., & Masin, M. (2004). Multi-objective lot splitting for a single product m-machine
flowshop line. lie Transactions, 36(2), 191-202.

Bukchin, Y., Masin, M., & Kirshner, R. (2010). Modeling and Analysis of Multiobjective Lot
Splitting for N-Product M-Machine Flowshop Lines. Naval Research Logistics, 57(4), 354-366.

Cetinkaya, F. (1994). Lot streaming in a 2-stage flow-shop with set-up, processing and re-
moval times separated. Journal of the Operational Research Society, 45(12), 1445-1455.

Cetinkaya, F. C. (2006). Unit sized transfer batch scheduling in an automated two-machine
flow-line cell with one transport agent. International Journal of Advanced Manufacturing Tech-
nology, 29(1-2), 178-183.

Cetinkaya, F., & Kayaligil, M. (1992). Unit sized transfer batch scheduling with setup times.
Computers & Industrial Engineering, 22(2), 177-183.

Chen, J, & Steiner, G. (FEB 1 1997a). Lot streaming with detached setups in three-machine
flow shops. European Journal of Operational Research, 96(3), 591-611.

Chen, J, & Steiner, G. (OCT 1997b). Approximation methods for discrete lot streaming in
flow shops. Operations Research Letters, 21(3), 139-145.

Chen, J, & Steiner, G. (2003). On discrete lot streaming in no-wait flow shops. fie Transac-
tions, 35(2), 91-101.

Chen, JA, & Steiner, G. (1998). Lot streaming with attached setups in three-machine flow
shops. lie Transactions, 30(11), 1075-1084.

Chen, JA, & Steiner, G. (1999). Discrete lot streaming in two-machine flow shops. Infor,
37(2), 160-173.

Chiu, H., Chang, J., & Lee, C. (2004). Lot streaming models with a limited number of capaci-
tated transporters in multistage batch production systems. Computers & Operations Research,
31(12), 2003-2020.

Defersha, F. M., & Chen, M. (2010). A hybrid genetic algorithm for flowshop lot streaming
with setups and variable sublots. Int. Journal of Production Research, 48(6), 1705-1726.

Edis, R. S., & Ornek, M. A. (2009). A tabu search-based heuristic for single-product lot
streaming problems in flow shops. International Journal of Advanced Manufacturing Technol-
ogy, 43(11-12), 1202-1213.

Feldmann, M., & Biskup, D. (2008). Lot streaming in a multiple product permutation flow
shop with intermingling. International Journal of Production Research, 46(1), 197-216.

Ganapathy, V., Marimuthu, S., & Ponnambalam, S. (2004). Tabu search and simulated an-
nealing algorithms for lot-streaming in two-machine flowshop. 2004 leee International Confer-
ence on Systems, Man & Cybernetics, Vols 1-7 (pp. 4221-4225). New York: Ieee.

Glass, C. A., & Herer, Y. T. (2006). On the equivalence of small batch assembly line balanc-
ing and lot streaming in a flow shop. International Journal of Production Research, 44(21),
4587-4606.

Glass, C., & Potts, C. (1998). Structural properties of lot streaming in a flow shop. Mathemat-
ics of Operations Research, 23(3), 624-639.

Hall, N., Laporte, G., Selvarajah, E., & Sriskandarajah, C. (2003). Scheduling and lot stream-
ing in flowshops with no-wait in process. Journal of Scheduling, 6(4), 339-354.

Hugq, F., Cutright, K., & Martin, C. (2004). Employee scheduling and makespan minimization
in a flow shop with multi-processor work stations: a case study. Omega-International Journal
of Management Science, 32(2), 121-129.

Johnson, S. M. (1954). Optimal two- and three-stage production schedules with setup times
included. Naval Research Logistics Quarterly, 1(1), 61-68.

Kalir, A. A., & Sarin, S. C. (2001). A near-optimal heuristic for the sequencing problem in
multiple-batch flow-shops with small equal sublots. Omega, 29(6), 577-584.

Kalir, A., & Sarin, S. (2003). Constructing near optimal schedules for the flow-shop lot

322



streaming problem with sublot-attached setups. Journal of Combinatorial Optimization, 7(1),
23-44.

Kim, K., & Jeong, 1.-J. (2009). Flow shop scheduling with no-wait flexible lot streaming us-
ing an adaptive genetic algorithm. International Journal of Advanced Manufacturing Technolo-
gy, 44(11-12), 1181-1190.

Kumar, S., Bagchi, T. P., & Sriskandarajah, C. (2000). Lot streaming and scheduling heuris-
tics for m-machine no-wait flowshops. Computers & Industrial Engineering, 38(1), 149-172.

Liu, S. C. (2003). A heuristic method for discrete lot streaming with variable sublots in a flow
shop. The International Journal of Advanced Manufacturing Technology, 22(9-10), 662-668.

Marimuthu, S., & Ponnambalam, S. (2005). Heuristic search algorithms for lot streaming in a
two-machine flowshop. International Journal of Advanced Manufacturing Technology, 27(1-2),
174-180.

Marimuthu, S., Ponnambalam, S. G., & Jawahar, N. (2007). Tabu Search and Simulated An-
nealing Algorithms for Scheduling in Flow Shops with Lot Streaming. Proceedings of the Insti-
tution of Mechanical Engineers, Part B: Journal of Engineering Manufacture, 221(2), 317-331.

Marimuthu, S., Ponnambalam, S. G., & Jawahar, N. (2008). Evolutionary algorithms for
scheduling m-machine flow shop with lot streaming. Robotics and Computer-Integrated Manu-
Sacturing, 24(1), 125-139.

Marimuthu, S., Ponnambalam, S. G., & Jawahar, N. (2009). Threshold accepting and Ant-
colony optimization algorithms for scheduling m-machine flow shops with lot streaming. Jour-
nal of Materials Processing Technology, 209(2), 1026-1041.

Marimuthu, S., Ponnambalam, S., & Suresh, R. (2004). Evolutionary algorithm and Thresh-
old accepting algorithm for scheduling in two-machine flow shop with lot streaming. New
York: Ieee.

Martin, C. H. (2009). A hybrid genetic algorithm/mathematical programming approach to the
multi-family flowshop scheduling problem with lot streaming. Omega, 37(1), 126-137.

Pan, Q.-K., Duan, J., Liang, J. J., Gao, K., & Li, J. (2010a). 4 Novel Discrete Harmony
Search Algorithm for Scheduling Lot-streaming Flow Shops. New York: leee.

Pan, Q.-K., & Ruiz, R. (2012). An estimation of distribution algorithm for lot-streaming flow
shop problems with setup times. Omega, 40(2), 166-180.

Pan, Q.-K., Tasgetiren, M. F., Suganthan, P. N., & Liang, Y.-C. (2010b). Solving Lot-
streaming Flow Shop Scheduling Problems Using a Discrete  Harmony Search Algorithm. New
York: Ieee.

Pan, Q.-K., Wang, L., Gao, L., & Li, J. (2011). An effective shuffled frog-leaping algorithm
for lot-streaming flow shop scheduling problem RID C-7528-2009. International Journal of
Advanced Manufacturing Technology, 52(5-8), 699-713.

Potts, C. N., & Baker, K. R. (1989). Flow shop scheduling with lot streaming. Operations Re-
search Letters, 8(6), 297-303.

Sarin, S. C., & Jaiprakash, P. (2007). Flow Shop Lot Streaming. Springer.

Sen, A., Topaloglu, E., & Benli, O. (1998). Optimal streaming of a single job in a two-stage
flow shop. European Journal of Operational Research, 110(1), 42-62.

Sriskandarajah, C., & Wagneur, E. (1999). Lot streaming and scheduling multiple products in
two-machine no-wait flowshops. lie Transactions, 31(8), 695-707.

Trietsch, D., & Baker, K. (1993). Basic Techniques for lot streaming. Operations Research,
41(6), 1065-1076.

Truscott, W. (1985). Scheduling production activities in multi-stage batch manufacturing sys-
tems. International Journal of Production Research, 23(2), 315-328.

Vickson, R. G. (1995). Optimal lot streaming for multiple products in a two-machine flow
shop. European Journal of Operational Research, 85(3), 556-575.

Vickson, R. G., & Alfredsson, B. E. (1992). Two- and three-machine flow shop scheduling
problems with equal sized transfer batches. International Journal of Production Research, 30(7),
1551-1574.

Wagneur, E. (2001). Lotstreaming in no-wait flowshops with one machine never idle. New
York: Ieee.

323



