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Abstract

In mid-1992, Japanese consultant Yamada Hitoshi was tasked with modifying the production
systems of Japanese companies as the existing configurations at manufacturing plants no
longer satisfied unstable demands. He made improvements to the overall production system
by dividing the long assembly lines into several short ones called cells or seru. Although of
the advantages, it is still unclear about how to manage this new production system, and what
variables really promoted the desired benefits. We identify in total 39 articles from 2004—
2020 about the progress of the seru production system, and we observe some possibilities to
improve the effectiveness of this type of the production system. The first is the possibility
of manufacturing the product in flexible sequence, in which the operations are independent
among them. We show through the developed example that the makespan may be different.
‘We noted when converting the in-line production system to one pure seru, the makespan tend
to increase. Nevertheless, when analyzing the effectiveness of serus working concomitantly
considering splitting the same lot, makespan and the cost may be reduced. And finally, when
converting to one of pure serus, the performance may be similar to that obtained when serus

working concomitantly.
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Introduction

In mid-1992, Taiichi Ohno’s consultant Yamada Hi-
toshi was tasked with innovating the production sys-
tems of companies such as Sony and Canon as the
configurations in their manufacturing plants — with
long assembly lines moved by conveyors — no longer
satisfied the new demand profiles characterized by low
volumes, large variations, and high product varieties.
Products with such profiles include electronic devices,
such as digital cameras and cell phones. Hitoshi di-
vided the assembly lines into smaller lines called the
cell, or seru in Japanese. This approach improved the
productivity, reduced the production costs, and de-
creased the idling of operators, to name a few ad-
vantages. As per Kaku (2016), although of the ad-
vantages, it is still unclear about how to manage this
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new production system, and what variables really pro-
moted the desired benefits.

According to Yu & Tang (2019), the typical vari-
ables involved in the implementation of this system in-
clude layout, type of seru, variety of products, objec-
tive to be analyzed, production volume, relationship
among employees, difference between skills, and batch
dispatching rules. The typical objective functions to
minimize that are: makespan, workload attributed to
employees, number of employees, total cost, and delay
minimization.

Due to the complexity of involving these variables,
many of them are omitted or simplified. This arti-
cle aims to review the literature discussing this type
of production system, the difference with the tradi-
tional cell, the classifications, the factors involved in
the design, the performance indicators, the developed
algorithms and future directions.

The rest of the article is structured as follows: the
first heading explains the methodology. The second
heading summarizes traditional assembly systems, ex-
plaining the motivation of companies to conceptual-
ize a new production system. In sequence, the con-
figurations of serus are presented. The third section
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presents a survey on the experiences of authors and
companies that implemented seru. The importance
of operator flexibility and desired seru configurations
when handling expensive equipment are discussed. Fi-
nally, we present examples to show some possibilities
to improve the performance of seru production sys-
tem beginning with the traditional convertion in-line
production into pure seru production, following by
considering serus working concomitantly. Next, it is
incorporated in the example analysis the rigid and
flexible production sequence. The splitting the lot is
also analyzed. Finally, since the level of skill is defined
in the literature, the last example illustrates the situ-
ation when the skills are subjected to variation (and
consequently affecting the duration of operation).

Research methodology

We perform exploratory research, in which a spe-
cific subject is investigated, the technical procedure
involves bibliographic research, and the data acquired
corresponds to the number of published papers.

For research on seru production systems, an open-
access noncommercial database was used to retrieve
the most relevant and cited articles of commercial
publishers. The rest of the articles were obtained di-
rectly from the authors through personal request.

Fig. 1 illustrates the number of locally published
articles since 2004, totaling 39 articles until 2020.

The literature on seru production systems is not
exhaustive. The total number of locally published ar-
ticles on this topic is approximately equal to that
found by Yu & Tang (2019), i.e., 30 articles. Despite
these limitations, the reviewed articles help provide
an overview of the approaches to this subject.

Table A.1 summarizes the classifications of pub-
lished articles in relation to the general variable de-
cision involved in the development and correct func-
tioning of seru production systems.

Background

To understand seru, it is important to introduce in-
line production systems and the Toyota Production
system, and the motivation behind the proposal of a
new production system.

In in-line production — heavily used in North Amer-
ica — workers in the line are tasked to execute one
or many operations. The principle of this system is
based on the division of labor, documented by Adam
Smith, with the objective of achieving low cost per
unit. This approach demands a high reproduction
rate, has a low diversity of product yield, and other
reported problems such as repetitive strain injury, re-
moval of the decision-making power of the operators,
etc. The tooling installation (Womack et al., 2004) for
this approach takes 2 to 3 days. This shows the chal-
lenge in achieving the desired “flexibility” with this
method. Therefore, workers are assigned simple activ-
ities. Some companies in the West have adopted this
system with conveyors to support the movement of
bulky parts, as in the case of automotive components.

According to Ohno (1997), Kiichiro Toyoda could
not replicate the North American production sys-
tem in the Japanese post-war scenario where all
waste must be conserved due to the scarcity of raw
materials.

The just-in-time system (JIT) in Japan was aimed
at reducing the need for space for material inventory.
According to Womack & Jones (2004), to achieve
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JIT, companies must produce at the right time and in
the right quantity, i.e., only when there is a definitive
order.

According to Chaves Filho (2010), the JIT had
three key operational elements: the pulled system, the
takt time, and the continuous flow. In other words, oc-
casionally, the end customer “pulls” back the product
according to the quantity in order. The final prod-
ucts must be replaced by communicating the previous
steps to deliver /produce the demanded quantity. This
process, which is a repeated cycle, is called continuous
flow.

The lean production system is an extension of
the JIT system from the value perspective, i.e., the
amount of money the customer is willing to spend by
eliminating unnecessary components or activities.

Seru production system

Although Toyota’s production system is an overall
efficient management system, it is inefficient in unsta-
ble scenarios, e.g., electronics (Villa & Taurino, 2013).
In this sector, the product life cycle is very short, with
uncertain demands and large fluctuations in produc-
tion volume. The meaning of production fluctuation
in Villa & Taurino (2013) is vague. We assumed that it
might be referring to scenarios where production may
be interrupted, such as unexpected machine break-
down, unprepared operators working below their nor-
mal pace, unknown product profile that requires ad-
ditional operator training, etc.

According to Shah & Ward (2007), to be able to
reach a greater mix of products and low volume, com-
panies must show swift response to the market with
rapid adaptation.

Subsequently, a new production system emerged in
Japan in the mid-1990s, with serus instead of long
conveyors.

The expression “seru production” is relatively new.
The difference between traditional cellular manufac-
turing and cell production is not clear. For example,
Hasegawa & Fukuta (2009) stated that, similar to the
traditional cell, employees work in an upright position
within each seru. According to Zwierzyriski & Ahmad
(2018), a seru production concerns handling of em-
ployee skills. Each operator in a seru must have the
competency to work in different serus. Miyake (2006)
and Sakazume (2005) conducted a comparative study
between the traditional cellular physical arrangement
and seru. However, Kaku (2016) showed that the com-
parison was not valid both the systems used similar
technologies. However, Kaku (2016) did not specify
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the type of technology, whether it is related to equip-
ment or information technology, or the work philoso-
phy (the production technique itself).

Machines that compose a classical cell are not very
mobile. The principle of a seru emphasizes the ne-
cessity of human resources and the simplicity of the
mechanism to move the machines (Yin et al., 2017).

Villa & Taurino (2013) made a more precise obser-
vation regarding this, when declared handling light
products, as seen in the electronics industries, does
not justify the use of large conveyors. The seru sys-
tem was conceived precisely to offer greater produc-
tion flexibility through training and transport of em-
ployees in workstations.

According to Kaku (2016), seru also has a typical U
shape, favoring the: a) rational movement of materials
in the process (unitary flow); b) execution of activities
by multifunctional workers. This suggests that further
configurations of the seru production system need not
be explored.

Merits and demerits of seru
production system

As per Kaku (2017), Canon estimated that the im-
plementation of serus could reduce COs emissions by
more than 50%. In 2001, Ricoh reduced its emissions
by approximately 14%.

As per Kaku (2017), serus could help reduce the en-
ergy consumed by production owing to the lack of con-
veyors. This reduction, according to Liu et al. (2015),
was equivalent to a reduction in the COs emission.
Nevertheless, this statement does not hold true for
countries that already utilize abundant renewable en-
ergy sources. In this case, is the implementation of
seru production system truly beneficial?

To address this speculation, Kaku (2016) proposed
a method that unified the experiences of companies
that implemented the system and the benefits ob-
served by most of them. The author named it the “S—
F scheme” and exemplified the grouping method for
a more simplified scenario, analyzing the responses of
7 companies using 26 keywords. For instance, if there
is a 57% similarity in productivity among the com-
panies, then 57% of the companies observed a gain
in productivity after implementing seru production.
The author claimed choosing such keywords is not an
easy task because it involved cultural issues. However,
companies may not be able to avail the full benefits
of serus due to the lack of knowledge about them
(Liu et al., 2014). Kaku (2017) claimed that the seru
production system was not suitable for all types of
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products. Another study (Sengupta & Jacobs, 2004)
applied the seru system for assembling televisions and
showed that assembly lines still outperformed the seru
system. Therefore, the factors and scenarios that war-
rant the implementation of serus must be understood.
Kaku (2017) observed that the approach of designers
had shifted to developing smaller, lighter, more com-
pact products.

Types of seru production systems

According to Yu & Tang (2019), the types of serus
are — divisional seru: where each cell consists of more
than one operator, each of who performs one or more
operations; rotational seru: each cell has one or many
operators, but the operators perform all the necessary
operations on the product. The level of qualification
and skill required in this type is higher than in the
divisional seru; and Yatai: only one employee works
in one seru and he/she is responsible for all product
operations.

According to Beber (2019), a Yatai is suitable for
products that require difficult and high-precision tech-
niques, and highly proficient operators. For a rota-
tional seru, this format performs well in environments
with a certain variety of production volumes, mod-
erately complex product structure, and fully trained
operators who have approximately the same levels of
proficiency. Divisional serus are generally adopted in
the initial stage, with a low level of multifunctional
operator training.

Additionally, in the case of divisional seru, it is im-
portant to note that the operator may execute the
same activity in other serus.

Assembly seque nce

Fig. 2 illustrates a typical example where a tradi-
tional assembly line composed of seven employees is
divided into three serus. Each seru has a U shape.
The first seru on the left has three employees, the first
being responsible for operations 1 and 2, the second
responsible for operations 3, 4, and 5, and the last for
operations 6 and 7. Note that the employees are not
responsible for all operations. Given these features,
we classified this line under the divisional type. The
second seru has the same configuration as the first.
Although not represented, each employee is responsi-
ble for all product operations. This is the rotational
type seru. In the third seru, only employee performs
all the operations. This comes under the Yatai type.

Good practices for correct functioning
of seru production systems

As per Stecke et al. (2012), each seru has its own
characteristics, which may be broadly divided into
three based on the literature: 1) Kanketsu: All opera-
tions are performed within the seru without the need
to complete the remaining product operations in an-
other seru; 2) Magime: the position of the equipment;
3) Jiritsu: the ability of seru employees to learn, orga-
nize, and evolve. As a prerequisite for Jiritsu, the em-
ployees must be trained according to the needs of pro-
duction (Liu et al., 2014) at a steady pace. Yin et al.
(2017) reinforced this point by stating that employees
must be provided with autonomy, self-management,
learning, and self-improvement.

This characteristic was inherited from total qual-
ity management, in which the employee is given the
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Fig. 2. Conversion of the traditional line into three serus (Source: Zwierzyriski & Ahmad (2018)). Although apparently
the authors were wrong in representing the last seru with the operator 1 instead of 7, it may be interpreted that the
authors intended to replace the entire assembly line with 7 operators with a Yatai-type composed by only one operator
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freedom to decide, learn, and define the best course
of action to execute operations without relying on a
centralized form of management.

According to Yu & Tang (2019), a seru can pro-
duce not only one but several types of products, which
is called parallel production. In addition to employee
skills to manage, machines may require changing the
position on the floor and also, calibration of them.
They also proposed the idea of a hybrid production
system, i.e., a seru but combined with small assem-
bly lines. Yu et al. (2014) claimed that the hybrid
type was more appropriate in a scenario with expen-
sive equipment and simple operations, requiring little
to no skills.

Yu et al. (2017) showed that most studies covered
pure serus. They also claimed that it was more prac-
tical to implement a hybrid system with pure serus
and a short assembly line. In this case, the expen-
sive equipment are installed in the line instead of the
serus. The operator may not always have the skills
required to perform all operations or low-complexity
operations. In this case, it is also convenient to posi-
tion him/her in the line.

Van der Zee & Gaalman (2006) observed that
the performance of the entire production system de-
pended on the positioning of the small assembly line,
either before or after the serus. As per Yu & Tang
(2019), the optimization of a hybrid seru production
system is significantly more complex. Therefore, most
research studies around this topic are focused on pure
serus.

Mathematical models and algorithms

In this section, we discussed the main published
studies from the 39 articles identified in the literature
and problem formulation.

Liu et al. (2015) proposed a mathematical model
to minimize CO, emissions and the makespan. The
model can choose the most appropriate seru and al-
locate the part for assembly. As per the authors, in
problems involving multiple objectives, all the objec-
tives must be satisfied. The conventional method to
satisfy all the objectives is to assign a weight to each
objective and transform them into a single function,
ignoring the differences between the units of mea-
surement. Fast nondominated sorting was proposed
to overcome this difficulty.

As per Ghosh & Das (2008), multiple objective
functions are usually conflicting, i.e., the solution ob-
tained from one may not be beneficial to the other.
Because one function is not more important than
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the other, a set of solutions that benefits all objec-
tive functions is identified. Once all feasible solutions
have been plotted on a graph, it would be possible to
identify a boundary (limit). Therefore, the solutions
are called “nondominated solutions” (for one objective
function not to dominate the other). This set of solu-
tions is also known as the Pareto optimal frontier. The
fast nondominated sorting algorithm works as a type
of layer or frontier of Pareto, with the first boundary
being formed by nondominated solutions and the sec-
ond boundary from solutions dominated by the first
layer. This approach is aimed to direct the search to
obtaining better solutions with less effort. However,
the authors did not consider that the batch might be
dispatched (divided) to several serus.

Yu et al. (2013) proposed a mathematical model to
convert the line into serus, which determined the ap-
propriate number of serus, minimized the makespan
and the number of employees, as well as assigned em-
ployees to cells. The algorithm to solve the model was
improved from the exact algorithm, aiming to obtain
the Pareto optimal solutions. Research studies includ-
ing Yu et al. (2012), Yu et al. (2013), and Yu et al.
(2014) used the first-in-first-out (FIFO) approach to
assign “lots” to serus. As per Yu et al. (2016), the
batch dispatching rules for cells were of the NP-hard
(nondeterministic polynomial time) type.

According to Yu et al. (2016), these rules must be
investigated, thus justifying the contribution of their
study, which they considered in addition to FIFO and
9 dispatching rules. The authors also proposed two
exact improved algorithms to obtain the shortest total
production time and the lowest workload attributed
to the operators. They considered N types of products
and M lots, and assumed that all products had the
same sequence of operations. This led us to believe
that, from an operational perspective, the differences
among the durations of operations times distinguish
the products from one another (although the authors
did not make this evident).

Studies have demonstrated that the formation of
production serus is also an NP-hard problem (Yu
et al., 2013). Yilmaz (2020a) concurred with exist-
ing research opinion that the operator was central to
the seru production system as he/she helped the sys-
tem achieved the desired flexibility. The author pro-
posed a mathematical model that minimized two ob-
jective functions, makespan and workload balance be-
tween collaborators working in each seru. To this end,
he suggested using a nondominated-II genetic classi-
fication algorithm (NSGA-II). Although the author
did not explain it, NSGA-II shares certain charac-
teristics with the traditional GA. The steps of the
GA are: 1) Randomly generate individuals from a
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population; 2) Calculate the fitness (objective func-
tion); 3) Choose the most suitable individuals for a
crossover; 4) Apply the mutation to the individual
child; and 5) Repeat the procedure to obtain the pop-
ulation of an individual child.

The objective function is not a solution, but a result
of the solution. The solutions obtained by the “child”
individuals generate an unbound frontier called the
first dominance frontier. NSGA-II differs from the tra-
ditional one in that it classifies solutions in relation
to borders, aiming, in essence, to direct the search
and thus produce the best solution in a short time.
To this end, it is required to 1) exclude the nondom-
inated solutions, where only a type of agglomeration
of solutions from the individual child remains, which,
in turn, generate another frontier of dominance, and
2) verify from the remaining solutions the proximity
of the nondominated solutions to the second frontier.
The farther they are, the worse the solution, and the
less likely the corresponding individual child is chosen
for crossover to the next generation. For small prob-
lems, the author suggested the increased e-restricted
method (AUGMECON?2), which is particularly im-
portant for problems with several objective functions.
One way to solve these problems is to maintain only
one of the objective functions, while transforming the
remaining into restrictions. These restrictions must be
less than the threshold (Filho & Florentino, 2018).

Yu et al. (2017) proposed a mathematical model
that aimed to establish a hybrid production system.
They further suggested decomposing the hybrid sys-
tem into simpler systems to obtain the optimal solu-
tion. They considered the skill level required for each
type of product. The skill indices were defined a pri-
ori. They did not consider the influence of the indices
on the duration of each operation, because, as stated
by Anzanello & Fogliatto (2007), the greater the num-
ber of units produced, the more the training, result-
ing in a shorter operation time. This limitation war-
rants further investigation. In addition, in Yu et al.
(2017), the amplitudes of the established indices were
not established, i.e., whether a higher index meant a
higher number of skills or vice versa, or if these in-
dices must be updated over time. Moreover, the au-
thors considered practically fixed lots (approximately
50 units), which seemingly contradicted the purpose
of a seru production system, i.e., to deal with high
variations in demand. Finally, they realized that, for
small problems with no more than eight operators,
the exact algorithm itself provided an optimal solu-
tion.

Johnson (2005) analyzed the performance of an as-
sembly line after conversion into two serus in terms
of the total production time and required number of
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hours of work. To conduct the study, he assumed that
the batch (lot) with empty serus was assigned the
workload upon arrival. If all cells were occupied, the
workload would be assigned to the one that could fin-
ish the batch the fastest.

Zwierzyniski & Ahmad (2018) conducted a compar-
ative performance study between the traditional line
and the serus through modeling and simulation. The
benefits include reduced production costs, increased
number of finished products, and reduced waiting
time. However, the authors did not explain the mean-
ing of waiting time. It is not clear if it is related to
a part or to a collaborator. The authors also did not
specify how they determined the number of employ-
ees, how the workforce was distributed in serus, and
how operations were assigned to operators.

Wang et al. (2020) observed that, in practice, serus
production systems were limited by the production ca-
pacity. They must be able to “choose” products appro-
priately based on the restrictions of operating time,
setup time, delivery date, revenue, and penalty for
delay. To assist in this difficult decision-making pro-
cess, the authors proposed a model combining matrix
crossover and GA (MCGA).

Another study (Gai et al., 2020) sought to minimize
the makespan through the analysis of batch distribu-
tion in different serus. The study did not consider two
crucial limitations: different serus cannot be used to
concurrently execute the same batch; and the order
in which the batches are dispatched to the cells. To
help solve the problem, the authors developed an ex-
act dimensional reduction algorithm for testing batch
allocation to possible cells. Techniques for grouping
information of variables were needed to reduce the
computational effort without affecting the quality of
the result. The authors did not explicitly reveal the
clustering techniques they used. They did compare
the exact algorithm proposed with the greedy algo-
rithm and realized that the developed algorithm was
remarkably robust in most situations. The greedy al-
gorithm performed better when the production effi-
ciency was considerably varied.

Examples of variations in production include intro-
ducing to the serus a new operator unfamiliar with
the operation or a new type of product to the pro-
duction line. The authors did not specify the type
of seru they were addressing; however, they affirmed
that the proposed algorithm could be extended to the
rotational seru line. Particularly, unique to Gai et al.
(2020), the algorithm would re-analyze the best seru
option for the remaining batch quantity. As a math-
ematical proof, they demonstrated that the possible
number of serus was in the order of O(n2), where n
corresponds to the number of serus.
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Deepthi et al. (2019) considered three objective
functions: a) minimization of training costs; b) mini-
mization of makespan in assembling the products; c)
and minimization of carbon emissions. The heuristics
were operated as follows: choose the seru, which is
based on the one with the lowest training cost; and
balance the employees. If the cell was overloaded, the
employee was assigned to an emptier cell.

Wang & Tang (2018) developed a mathematical
model aimed at developing a seru production system
with a large capacity and respond to the stochastic de-
mand, minimizing cost, and maximizing service level.
The authors did not specify the type of cost, i.e., cost
to form serus cells to meet the stochastic demand or
operational cost as soon as the serus were formed. The
authors improved NSGA-II for assistance in solving
the model.

Another study (Ayough et al., 2020) proposed a
nonlinear integer programming model for the line-to-
seru, conversion problem by analyzing the production
schedule. The authors proposed the use of an invasive
weed optimization algorithm. According to Josinski et
al. (2014), the mechanism of this algorithm was very
similar to the GA: 1) Randomly generate the popu-
lation of individual parents; 2) Crossover these indi-
viduals according to their fitness (i.e., the objective
function); 3) From the generated children, conduct
random spatial dispersion, similar to that in the mu-
tation.; 4) Carry out exclusion (competition) among
individual children.

To explore the hybrid system, studies have de-
veloped simplified mathematical models (Yu et al.,
2014), (Sun et al., 2016). For instance, Sun et al.
(2019) developed a nonlinear mathematical model
to minimize the total delay time, considering the
formation and scheduling of serus. Considering the
complexity of nonlinearity, the authors suggested to
decompose the nonlinear models into linear ones.
With simplified models, they could obtain the exact
minimization of the desired indicator. This decom-
position is called coevolution—cooperation. The au-
thors proposed two co-evolutionary—cooperative al-
gorithms: one which addressed the problem of seru
formation, and another the problem of production
scheduling.

The model developed in Kaku et al. (2009) consid-
ered the three types of serus and several other factors;
however, according to Yu et al. (2012), the tradeoft
relationship among the factors was not yet analyzed.
Thus, they simplified Kaku et al. (2009)’s model and
applied it to the development of rotational and Yatai
serus, solved using the nondominated genetic classi-
fication algorithm-II. The seru was chosen based on
the level of occupancy. If a seru was available, then
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a lot was assigned. Otherwise, it was assigned to that
which could complete the batch earlier. In the mod-
eling formulation, the authors considered the rela-
tionship between the operator’s ability and the time
he/she would take to perform the operation. They as-
sumed that the learning curve resembled a V' shape.
However, they did not explain the procedure used to
define the curve or the influence of the number of units
produced on the production time.

According to Han et al. (2020), assembly lines rarely
reach 100% of their production capacity. Thus, the
authors presented a model aiming to establish serus
by assigning machines to each of them, analyzing the
problem of the stochastic capacity of each machine.

A study (Han et al., 2018) investigated the capaci-
ties of the operators, and concluded with justification
that, in practice, the performances of employees were
affected by their emotional state, absence from work,
and working environment.

Liu et al. (2013) analyzed the employee assignment
to serus in order to balance the workload. To this end,
they proposed a mathematical model for the scenario
in which an assembly line was completely transformed
into serus. This model, in addition to addressing the
problem of workload balance, minimized the cost of
training through a proposed heuristics.

Another study (Gong et al., 2009) developed a
model for the hybrid system to minimize the inven-
tory. Although they considered inventory minimiza-
tion important, it is a controversial objective. The
seru production system does not have the character-
istic of a push system, let alone forming intermedi-
ate inventory, because it follows unitary flow and the
proximity between equipment prevents any type of
accumulation.

Liu et al. (2015) conducted performance simula-
tions considering four types of products, and each
type had several serus where the product could be
processed. Finally, they presented the performance in-
cluding in the analysis 10 types of products. Although
serus were proposed to manage diversity (flexibility)
of products, the authors tested a maximum of 10 prod-
ucts. This appears to be inadequate because this type
of production system operates based on the premise
of a diverse range of products.

In a first, Yilmaz (2020b) studied the assignment
of the workforce to different serus with the objective
of minimizing the makespan by scheduling the oper-
ations of the employees. This issue of attribution is
called Shojinka in Japanese. Studies before Yilmaz
(2020b) assumed that the operator must remain in
the same seru where he/she started the operation,
and he/she must continue to perform the operations
of the same product until the end of the assembly.
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The author did not specifically address the training
itself, assuming in his work, a priori that the worker
had already received the expected training and can,
without restrictions, be allocated to work in different
serus.

Mouzon et al. (2007) highlighted a historical sur-
vey of a certain company, which reported that, on
an 8-hours workday, a machine might consume en-
ergy while idling for 16% of the time. Based on
this premise, they presented a mathematical model
to minimize the energy consumption, considering the
batch dispatching rules. With this model, it was pos-
sible to determine the machines that remained un-
derused for the longest time, the required shutdown
period, and the allowable “stand-by” time.

Further, Mouzon & Yildirim (2008) developed a
model to minimize the electricity consumption as well
as the delay.

Manupati et al. (2015) analyzed the possibility of
implementing a seru production system from the per-
spective of Indian labor. They aimed to propose a
model for optimizing a single objective function that
minimized the cost of operator training.

Another study (Ren & Wang, 2019) pointed out the
lack of studies from a customer’s perspective. Sub-
sequently, they proposed a method to determine the
time of receiving products. To compare the traditional
line and the serus, they used the M*/G/1 queuing
model, proposed by Briere & Chaudhry (1988), which,
according to Chaudhry (1979), the exact result could
be readily obtained without major difficulties. They
added that, according to Little’s law, the length of the
queue had a strong positive correlation with the wait-
ing time in that line. This type of model, according to
Chaudhry (1979), was characterized as a Poisson ar-
rival from entities in size X group, with service times
of the generic type and single server. For the assembly
line with m operations, according to the authors, the
“temporary (or sojourn)” waiting time for a product
had two time compositions. The first was the time
at which the batches preceding the batch of the ana-
lyzed part ended, and the second was the one at which
the batch of the analyzed part ended. The authors de-
duced the effective waiting time, and consequently the
length of the queue (1):

CONk(k+1) mAk

where: k represents the average lot size, A represents
the assembly line.

The authors analyzed Yatais-type serus, with n
serus and 1 collaborator for each seru. The service
time of each seru behaved as a negative exponen-
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tial. They stated that the suitable model applicable
to this case would be M*/M/n but claimed that it
did not exist in the literature. According to them,
the M/M/n model was similar to the first M*/M /n.
Therefore, they chose the first model to deduce the
second. The analyzed scenario included n serus, each
with a negative-exponential service time. As soon as
any batch k arrived at n serus, according to the Pois-
son distribution Ak, and X7 batches in the system, the
authors demonstrated mathematically that the out-
put of the products in each serus behaved like a Pois-
son distribution. They added that, if the seru produc-
tion system was in equilibrium, with all serus occu-
pied, in addition to overlaps in the n Poisson processes
of product output, which the authors called p/, it be-
haved like a Markov chain. The length of the queue
was determined from this exit behavior:

CA2k?

Lq(C) = (gl — 2k)?

(2)
where: Lg is the length of the queue and C is a con-
stant that varies between [0, 1].

Hence, the difference in performance between the
production systems was ALqg = Lq(A) — Lq(C).

Ying & Tsai (2017) presented a mathematical
model aimed at minimizing the cost of training the
employees to perform multiple tasks, from the per-
spective of balancing the assigned workloads, in the
divisional or Yatai serus. To solve the model, the au-
thors proposed an algorithm called the SAIG, which
was composed of two phases. With the aim of effi-
ciently allocating employees to serus, this phase was
described as follows: 1) generate the first random so-
lution by choosing employees and allocating them to
the seru. If it produces better results than the con-
ventional system, there was a 50% chance that the
solution would be chosen again in the next itera-
tion; 2) improve the solution through the serus em-
ployee exchange and insertion mechanism. To this
end, a pair of serus was randomly chosen, and in
each pair a collaborator to be exchanged was cho-
sen. Once chosen, he/she was removed from the seru
to which he belongs, along with the other chosen
one; 3) finalize the algorithm, which was performed
when the target number of iterations was reached
or when a certain criterion was accepted. The sec-
ond phase aimed at ordering the tasks according to
the shortest operating time and allocating them to
operators with the least assigned workload in the
analyzed seru. Then, the assigned workloads were
distributed among the employees of the same seru
by removing the assigned load from the most over-
loaded employee and allocating it to the least over-
loaded one.
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Examples

Conversion of a traditional assembly line
to serus

Considering the example illustrated in Fig. 2, sup-
pose that a product must undergo seven operations,
spanning the entire traditional assembly line. The cy-
cle time is set at 5s, i.e., the line must produce 1
product every 5s. The duration of each operation
(in s), with one operation performed by one operator,
is listed in (Table 1):

Table 1
Duration of each operation (in seconds)

Op. | Op. | Op. | Op. | Op. | Op. | Op.
1 2 3 4 5 6 7
Duration
of the 4 4.3 5 46 | 46 | 49 | 4.8
operation

Note that the durations should not be dissociated
from each other as that would cause the accumula-
tion of parts between operations. Such a production
system, where the proximity between the productive
resources is regularized through the proper function-
ing of the unitary flow, has no space for product ac-
cumulation. Therefore, line-balancing techniques were
proposed to group the operations (thus forming work-
stations) and optimize the time. The Gantt chart may
be constructed using this information about the op-
eration time (Fig. 3). Assuming only three units of
product and no interruption to the operators, the
makespan (which is the instant that all units are pro-
duced) is 42.2 s.

In Fig. 3, when executing the first operation of the
first product, which required 4 s, Operator 1 forwards
the product to Operator 2. Subsequently, Operator 1
initiates the first operation of the second product, and
so on. We observed that, in some operations, while
Operator 2 is preoccupied, the product must await the
next operation. An important observation to be made
is that the operation that requires more time, in this
case operation 3, appears to have a strong influence
on the makespan. Because of this bottleneck, if one
product is delayed, the entire line is delayed.

The traditional line in one of the three serus must
be modified as illustrated in Fig. 2. We obtained the
makespan by constructing the Gantt chart for each
seru.

Fig. 4 illustrates the allocation of tasks for each op-
erator. It is important to note that the first operation
of the second operator only starts at the instant (3.9
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Time

Fig. 3. Allocation of operations on the Gantt chart, from
the first to the third product, respectively

|
op.1 38| 39
Operator 1
P { Op.2 42 42 [a2 |

0p.3 [45 ] 45
Operator 2 { Op. 4 [42] pm _-
0p.5 [45 j [a5 j [45]
N { op.6 [4a] [4a] [4a]
g’ op.7 [42] [42] [42]

Time

Fig. 4. Allocation of operations on the Gantt chart, from

the first to the third product, respectively Makespan in

divisional seru (3.9 +4.2+45+42+45+45+42+
454+454+424+45+44+4.2=56.35)

+ 4.2) s, which is also the instant at which the first
operation of the second product is performed by op-
erator 1. The makespan is the point at which the last
operation of the last product is finished, and it occurs
at 56.3 s. The performance is inferior compared to the
traditional assembly line, which was 42.2 s.

The next seru is the rotational type, where the op-
erator must perform all operations of the same prod-
uct, with more than one employee in the same seru.
The makespan obtained when allocating the durations
on the Gantt chart is 32.7 s, as shown in Fig. 5.

Finally, in Yatai, a makespan of 36 s was obtained
when allocating the tasks of the three products to an
employee, as observed in Fig. 6. Note that the em-
ployee only starts the operation of the next product
as soon as all the operations of the previous product
have been fully executed.
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Fig. 5. Makespan in the rotational seru (3.5 +4 + 4.1 4+
37+4+433+3+3144=23275s)
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Fig. 6. Makespan in Yatai 3 x (1.5+1.54+2+ 1.8+ 1.9+
154+18)=36s

According to the examples, the conversion of the
traditional line to one of the three types of serus had
worsened the performance in the makespan, reinforc-
ing the claims of Kaku (2017), Liu et al. (2014), Sen-
gupta & Jacobs (2004) and Adler & Cole (1993).

Conversion of a traditional assembly line to
serus considering a flexible sequence

According to Gongalves Filho & Gorgulho Ju-
nior (2003), Shih et al. (2008), Gorgulho Junior &
Gongalves Filho (2007), the same product might also
have other production options. As seen in the litera-
ture review section about the seru production system
(Background), production alternatives have not been
explored yet.

Now, let us suppose a product P exists in an assem-
bly line. A set of operations is performed, with a cycle
time of 3 s. The arrival of two consecutive lots is 9 s,
with 3 units in each lot. The durations of operations,
as well as the operators responsible for the operation,
are listed in (Table 2).

Table 2
Duration of each operation (in s) of each unit of
product P

A B C D
Duration of operation 2.8 2.5 2.1 2.6
Operator 1 2 3 4
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The rigid sequence, as shown in Fig. 7, resulted in
a makespan of 24 s.

] - -

. EEEEEN
R ERERR
: HEEEEN

|
9s Time

— 1stunit
2nd unit
34 unit

Fig. 7. Assembling according to the sequence
A,B,Cand D

Note that any possibility of execution of operations
without a sequence is a factorial problem. For each
possibility, there are makespans to be compared. To
confirm that there are different makespans, let us take
the following sequence as an example: D, B, A, and C.
When plotting the tasks on the Gantt chart (Fig. 8),
the makespan for this case is 24.6 s.

g = - e -
e --- --- |
c | o ]
|
° [
|

9s Time

Fig. 8. Gantt chart with the allocation of tasks for one of
the possible sequencesto be executed in product P

The results of the sequence (D, B, A, and C) wors-
ened by 0.6s from sequence (A, B, C, and D). If
we consider sequence C, D, B, and A, the makespan
would equal that of the rigid sequence, i.e., 24 s.

As mentioned, the focus of the seru production sys-
tem is on the amount of skill training an employee re-
quires. For the purpose of illustration, (Table 3) lists
the relevant costs and time of training.

Note that any operator can execute any operation,
albeit at different operating times and training costs.
Moreover, the operators should possess three levels of
skills to work in the serus, as shown in the table. The
higher the qualification required, the higher the train-
ing cost. Likewise, the more prepared the operator,
the shorter the time of operation, without compromis-
ing on the quality of products. However, these costs
are generally excluded in the literature, as it is as-
sumed that the operator manages the tasks with sim-
ple, easy-to-learn activities that do not require much
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Table 3
Shows the duration of the operation, and the cost of train-
ing according to the degree of skill required

Skill | Operator A| B C D

Duration of
operation 28125 21 | 2.6
(in s)

— 1stunit
219 unit
3rd unit

Low Training

cost per lot 03]02] 02| 0.1

Duration of
operation 25|27 24 | 25
(in s)

Training

cost per lot 03|03

0.25| 0.2

Duration of
operation 23| 2 2 2.3

Median 3 .
(in s)

Training

cost per log | 06|04 | 03

0.23

Duration of
operation 2 |18 18 2

High 4 (in s)

Training

cost per lot 0-34

qualification. We assumed that in the divisional, ro-
tational and yatai serus have two, two and 1 opera-
tor(s), respectively. Besides, units from two lots are
fully assembled in each type of seru. With sequence
A, B, C, and D as the example, Table 4 defines the
activities for each operator.

Note that (in Table 4) employees are allocated ac-
cording to the required qualification, with the least
skilled in the divisional seru (for performing part of
the operations) and the most skilled in the Yatai seru
(because all operations need to be performed). The
Gantt charts in Fig. 9 depict the allocation of tasks
from the first to third units of the considered lots.

In the first graph, referring to the divisional seru,
Operator 2 performs the first two operations A and
B on the product, finishing at 5.2 s. He/she forwards
the task to Operator 1, who then executes operations
C and D, ending at 9.9s (5.2 4+ 4.7 = 9.9 s). When

9s Time

— 1stunit
2nd unit
3rd unit

9s Time

— 1stunit
274 unit
3 unit

Time

Fig. 9. Gantt charts for each type of seru

forwarding the first product to Operator 1, Operator
2 starts operations A and B on the second product,
and so on. Note that the second batch had to wait
for 11.8 s to start the operations. The makespan and
training cost were 35.9 s and 1.8 currency units, re-
spectively.

In the second graph, referring to the rotational seru,
the operations are fully performed by an operator
from start to end. As each lot has three units and
two operators, the activities are interspersed. As soon
as Operator 3 executes the first operation of the first
product, Operator 1 immediately starts the first op-
eration of the second product. The second batch must
wait for 3.3 s to start processing. The makespan and
training cost for assembling the products from the two

Table 4

Shows the division of tasks between the operators of each type seru

A B C D

AlB|c]|D

AlB|c]|D

AlB|c]|D

Operator 2 Operator 1

Operator 3

Operator 1

Operator 4

Divisional

Rotational

Yatai
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lots were 32.3 s and 5.06 currency units, respectively.

Finally, the Yata: seru has only one operator who
performs from start to finish all the operations of the
six units of the product. Meanwhile, when the second
batch arrives, the operation was started after 13.8 s as
the operator is preoccupied. The makespan and cost
were 45.6 s and 5.08 currency units.

Comparing the assembly line for sequence A, B, C,
and D with the makespans of the individual serus,
i.e., conversion of the line to use only one of the types
of serus, the performance in the makespan worsened
(before 24 s), in addition to the increased cost. This
result indicates that converting the system to a single
type of seru does not yield the expected benefits.

Conversion of traditional assembly to serus
considering the effect of lot splitting (division)

The following example considers the conversion of a
traditional assembly line into two types of serus, and
the last two studies concurrently. Chin (2013) stated
that division of the same batch may be an important
alternative that could help minimize the makespan. In
that opportunity, the author analyzed for distributed
layouts, and observed that balanced division of the
same batch into virtual cells produced better results
than balanced division. In our example, three units
of each two lots were divided between the divisional
and rotational serus, with 2 units for the divisional
seru and one for the rotational seru (with Opera-
tor 3). The corresponding Gantt chart is illustrated
in Fig. 10, with a makespan of 26.1 s and a training
cost of 1.2 currency units (1 complete lot + 1/3 of
the lot).

— 1stunit
2nd ynit

9s Time

Fig. 10. Gantt chart for the divisional seru

In Fig. 11, when Operator 3 executes the third
product of the first batch, he/she waits for 0.4 s to
start the product operation in the second batch. This
means that, if there were more operators working in
the seru, they still would have to wait for the batch
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to arrive. Hence, Operator 1 is not needed for the ex-
ecution. The makespan is 17.6 s, and the training cost
is 1.15 currency units.

3rd unit

9s Time

Fig. 11. Gantt chart for the production of one unit from
each batch in the rotational

Therefore, if the option allowed to convert the as-
sembly line into two serus working concurrently, the
cost would be 1.15+1.2 = 2.35 currency units and the
makespan is max {26.1;17.6} = 26.1 s. Note that this
result is more promising (makespan and cost) than
converting the traditional line into one pure rotational
or one Yatai serus. On the other hand, the cost ob-
tained here is higher than converting to a pure divi-
sional seru (2.35 versus 1.8).

Conversion of traditional assembly line
to serus considering the learning effect

According to Deepthi et al. (2019), the duration of
an operation is not a constant parameter. In addition
to typical production variations, there is, for example,
the factor of operator learning. The study showed that
the more experienced the employee, the shorter the
production time. The training costs tend to decrease
with experience. Anzanello & Fogliatto (2007) used a
learning curve to measure the performance of employ-
ees in repetitive work and described the effects of the
relevant factors on the curve through mathematical
models.

We supposed that the learning considerations were
represented by a parameter f, which would be used for
time and cost reduction for each operation (Tables 5
and 6).

Especially, we considered that the parameter f only
updated the production time and cost for each batch.
Because only two batches were analyzed, the variables
time and cost were only updated once.

Tables 5 and 6 list the operation times of each prod-
uct unit and their respective costs for two operators.
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Following the same production sequence (A, B, C and
D), in the divisional seru, Operator 2 performs the
first two operations, and Operator 1 the remaining
two. In rotational seru, Operator 3 initiates the exe-
cution of the operation, followed by Operator 1. Here,
the difference that each operator in the rotational seru
executes operations from beginning to end.

Table 5
Operating time and training cost information, per batch,
for the divisional seru

Divisional
Operator 2 Operator 1
A B C D
First lot 2.5 2.7 2.1 2.6
Cost 0.3 0.3 0.2 0.1
Second lot | 2.5 x fA | 27x fB|21x fC|26x fD
Cost 0.3x fA]03xfB|02x fC|0.1x fD

The Gantt charts for each seru under the assump-
tion that fA = fB = fC = fD = 0.85 are presented
in Fig. 12. Note that the second batch arrives at 9 s.
In the first seru, it waited for 6.6 s before processing,
and 3.3 s in the second. In the first type of seru, the
allocation of tasks to the operators for the first batch
is proceeded as planned. When processing the second
batch, Operator 1 becomes the production bottleneck.

Each operator used different equipment, indicat-
ing that the delay in production was not caused by
a conflict of use (awaiting the release of occupied
equipment), but because of the duration of the op-
eration. The makespan was 32.88 s for both opera-
tors. The training cost for Operator 2 was 1.11 cur-
rency units and 0.55 currency units for Operator 1,
totaling 1.66 currency units. In the second type of
seru, the equipment is shared by the operators as
each operator performs all operations of the product.
The bottleneck in this case is due to the conflict of

>

\ [ \
. mE-E
| | | | | | 2nd unit
| | L
° H B HE N
\
I
9s Time
-E -1 E- N
\ \ | 1z \
s = f = " —
| | 2nd unit

3 unit

Time

Fig. 12. Gantt chart for the divisional (left) and rotational
(right) serus with the time and cost reduction factor

use. That is, Operator 3, who had better training,
awaited the arrival of equipment being used by Op-
erator 1. The makespan in this case was 29.32 s, and
the costs of training were 1.64 and 0.72 units for Op-
erators 3 and 1, respectively, totaling 2.36 currency
units.

When considering parameter f, the results show
that converting the in-line production system to one
of serus (divisional or rotational), the makespan and
the costs are reduced.

In divisional seru, the reduction of makespan is
from 35.9 s to 32.88 s and the reduction of cost is from
1.8 to 1.66.

In rotational seru, the reduction of makespan is
from 32.3 s to 29.32 s and the reduction of cost is from
5.06 to 2.36.

These examples raise an important question: how
can the performance of each seru be improved? As
noted earlier, this question has several answers. Ap-

Operating time and training cost inf;rjr?lftiim per batch, for the rotational seru
Rotational
Operator 3 Operator 1

A B C D A B C D
First lot 2.3 2 2 2.3 2.8 2.5 2.1 2.6
Cost 0.6 0.4 0.5 0.23 0.3 0.2 0.2 0.1
Second lot | 2.3 x fA | 2x fB 2x fC | 23x fD |28 x fA |25 x fB|21x fC|26x fD
Cost 0.6 x fA]04x fB|05xfC|023x fD|03xfA|02xfB|02xfC|0.1xfD
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pendix 2 highlights the challenges that must be ex-
plored in the future.

Conclusions

The objective of this study was to conduct a bibli-
ographic survey of seru production systems. The ex-
isting challenges with possible solutions, the relevant
algorithms, the limitations of each model, and the
performance indicators used were detailed. The pos-
sible research directions of these systems were also
discussed.

Among the typical problems addressed in the lit-
erature are the formation of cells through the distri-
bution of machines to serus, and the training and as-
signment of employees to the serus. The problem of
workload balance between serus and employees was
also addressed and the cost of production, training,
and CO5 emissions were minimized.

Appendix 1

The workload balance and cost of machinery acqui-
sition for hybrid serus, considered more complex than
the pure seru, requires investigation.

The reviewed articles only considered the rigid se-
quence and none analyzed the flexible sequence. Fur-
ther, none have verified the batch division of the same
product. As we have just noted, both should be inves-
tigated since the obtained performances of serus are
different.

The effects of employee training on the operating
time and cost warrant further investigation. The re-
view revealed that most study considered both time
and cost as fixed (with unique value or with average
and standard deviation). A few studies have demon-
strated fluctuations in the input data for their models.
Although the values of operators’skills are considered
in the literature, these are defined, not calculated.
Hence, the influence of learning curves on the skills
should be explored.

Table A.1. Classification according to Yu & Tang (2019)

Zwierzytiski & Ahmad (2018), Beber (2019), Yu et al. (2014), Yu et al. (2017),
Layout U Yu et al. (2013), Yu et al. (2016), Gai et al. (2020), Wang & Tang (2018),
(Seru Shape) Ayough et al. (2020), Sun et al. (2016), Han et al. (2018), Liu et al. (2013),
Yilmaz (2020b), Manupati et al. (2015)
Parallel Zwierzynski & Ahmad (2018), Beber (2019)
Seru Hybrid Beber (2019), Yu et al. (2017), Liu et al. (2013)
(seru plus line)
Zwierzynski & Ahmad (2018), Liu et al. (2015), Beber (2019), Yu et al. (2014),
Concomitant Yu et al. (2017), Yu et al. (2013), Yu et al. (2016), Gai et al. (2020), Deepthi et
sorus al. (2019), Wang & Tang (2018), Ayough et al. (2020), Sun et al. (2016), Han
et al. (2018), Liu et al. (2013), Gong et al. (2009), Yilmaz (2020b), Manupati et
al. (2015), Ren & Wang (2019)
Zwierzynski & Ahmad (2018), Beber (2019), Yu et al. (2014), Yu
Reconfigurable et al. (2017), Yu et al. (2013), Yu et al. (2016), Gai et al. (2020),
serus? No Deepthi et al. (2019), Wang & Tang (2018), Ayough et al. (2020),
’ Sun et al. (2016), Han et al. (2018), Liu et al. (2013), Yilmaz (2020b),
Manupati et al. (2015), Ren & Wang (2019)
Yes Liu et al. (2015), Gong et al. (2009)
Product Variety One Zwierzynski & Ahmad (2018), Han et al. (2018), Ren & Wang (2019)
Liu et al. (2015), Beber (2019), Yu et al. (2014), Yu et al. (2017), Yu
Several et al. (2013), Yu et al. (2016), Deepthi et al. (2019), Wang & Tang
(2018), Ayough et al. (2020), Sun et al. (2016), Liu et al. (2013),
Gong et al. (2009), Yilmaz (2020b), Manupati et al. (2015)
Type of opera- Beber (2019), Yu et al. (2014), Yu et al. (2017), Yu et al. (2013), Yu
tions among dif- | Same et al. (2016), Deepthi et al. (2019), Wang & Tang (2018), Sun et al.
ferent products (2016), Gong et al. (2009), Ren & Wang (2019)
Different Liu et al. (2015),.Ayough et al. (2020), Liu et al. (2013), Yilmaz
(2020b), Manupati et al. (2015)
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Table A.1. [cont.]

Production
quence

se-

Rigid

Zwierzynski & Ahmad (2018), Liu et al. (2015), Beber (2019), Yu et
al. (2014), Yu et al. (2017), Yu et al. (2013), Yu et al. (2016), Gai et
al. (2020), Deepthi et al. (2019), Wang & Tang (2018), Ayough et al.
(2020), Sun et al. (2016), Han et al. (2018), Liu et al. (2013), Gong
et al. (2009), Yilmaz (2020b), Manupati et al. (2015), Ren & Wang
(2019)

Flexible

None

Duration of each
operation, per
product type

Fixed

Zwierzynski & Ahmad (2018), Liu et al. (2015), Beber (2019), Han et
al. (2018), Liu et al. (2013), Gong et al. (2009), Yilmaz (2020b), Ren
& Wang (2019)

Variable

Based on Learning
curve

none

Yu et al. (2014), Yu et al. (2017), Yu et al. (2013),
Yu et al. (2016), Gai et al. (2020), Deepthi et
al. (2019), Wang & Tang (2018), Ayough et al.
(2020), Sun et al. (2016), Gong et al. (2009),
Manupati et al. (2015)

Based on skills of op-
erators

Operators

Work in different
serus during pro-
cessing the prod-
uct

Yes

Yu et al. (2017), Yilmaz (2020b)

Zwierzynski & Ahmad (2018), Liu et al. (2015), Beber (2019), Yu et al.
(2014), Yu et al. (2013), Yu et al. (2016), Gai et al. (2020), Deepthi et
al. (2019), Wang & Tang (2018), Ayough et al. (2020), Sun et al. (2016),
Han et al. (2018), Liu et al. (2013), Gong et al. (2009), Manupati et
al. (2015), Ren & Wang (2019)

Lot

Scheduling the lot
to cells (FCFS,
LCFS, SPT, etc)

Zwierzyniski & Ahmad (2018), Deepthi et al. (2019), Ayough et al.
(2020), Han et al. (2018), Liu et al. (2013), Manupati et al. (2015), Yu
& Tang (2019)

Yes

Yu et al. (2014), Yu et al. (2013), Wang & Tang
(2018), Sun et al. (2016), Gong et al. (2009), Yil-
maz (2020b)

One Strategy

Several strategies Yu et al. (2017), Yu et al. (2016)

Splitting the lot

Liu et al. (2015), Yu et al. (2014),Yu et al. (2017), Yu et al. (2013), Yu
et al. (2016), Gai et al. (2020), Deepthi et al. (2019), Wang & Tang
(2018), Ayough et al. (2020), Sun et al. (2016), Han et al. (2018), Liu et
al. (2013), Gong et al. (2009), Yilmaz (2020b), Manupati et al. (2015),
Ren & Wang (2019)

Yes

Equally among serus,

piece by piece Zwierzynski & Ahmad (2018), Gai et al. (2020)

Equal division of the

none
lot among serus

Unequally division of

none
the lot among serus

Sizing  between
same product

Fixed

Zwierzynski & Ahmad (2018), Liu et al. (2015), Gai et al. (2020),
Deepthi et al. (2019), Han et al. (2018), Liu et al. (2013)

Variable

Yu et al. (2014), Yu et al. (2017), Yu et al. (2013), Yu et al. (2016),
Ayough et al. (2020), Sun et al. (2016), Gong et al. (2009), Ren &
Wang (2019)
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Table A.1. [cont.]

Objective

function Makespan

Liu et al. (2015), Yu et al. (2017), Gai et al. (2020), Deepthi et al. (2019), Sun et
al. (2016), Han et al. (2018), Yilmaz (2020b)

Workload of
employees

Zwierzynski & Ahmad (2018), Beber (2019), Yu et al. (2014), Yu et al. (2017), Yu
et al. (2016), Sun et al. (2016)

Cost Zwierzynski & Ahmad (2018), Liu et al. (2013), Manupati et al. (2015)

Others

Zwierzynski & Ahmad (2018), Liu et al. (2015), Yu et al. (2014), Yu et al. (2013),
Yu et al. (2016), Deepthi et al. (2019), Wang & Tang (2018), Ayough et al. (2020),
Gong et al. (2009), Manupati et al. (2015), Ren & Wang (2019)

In Table A.1, “Relationship between employees” refers to the operator’s ability to perform multiple tasks, which

was already included.

Appendix 2

e Will changing the position of employees to perform
other operation in different serus improve the per-
formance?

e What if product operations are partially executed
in one seru and continued operations in another?

e What if different types of products in the same
batch are considered?

e How many serus per type are there? Would they
be economically viable?

e What if several different lot sizes arrive? In this
case, what type of seru would be applicable?

e How to define the number of units for each seru
in case of splitting the lot?

e Could changes in the production sequence com-
bined with the choice of the best collaborators and
best lot size for each seru optimize the overall pro-
duction process?
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