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Abstract
Paper aims: The paper seeks to compare the performance of three layouts in a make to order (MTO) production system
with high product variability.
Originality: No previous work sought to compare job shop, cellular and virtual cell layouts in an MTO system with high
product variability, with just 21 resources, a low amount. The analysis considered models with the same capacities and
demand for the three layouts.
Research method: The complete factorial design and ANOVA were used with simulation. The main effects plots of the
control factors for response variables were obtained (e.g. throughput, lead time, and resource utilization).
Main findings: The virtual cell layout had results similar to the job shop, but achieved better outcomes compared with
the traditional cell.
Implications for theory and practice: The knowledge gap regarding virtual cells signals the importance of this topic, as
well as the possibilities not yet investigated about it in manufacturing companies.
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1. Introduction
According to Andersen et al. (2017), in today’s globalized production environment, changes are inevitable,
and manufacturers must take advantage of either new technologies, changes in products or manufacturing
processes. Paydar & Saidi-Mehrabad (2014) point out that for a company to survive, it is very important to
meet the needs of customers, who demand products with high quality and lower prices (Arkat & Ghahve, 2014;
Garza-Reyes et al., 2016; Paydar & Saidi-mehrabad, 2017). Continuous improvement of processes and products
are key to have loyal customers and corporate survival (Mclean & Antony, 2017).
Andrade & Fernandes (2018) point out the importance of integrating the stages of the production process
through the interoperable integration since its planning. In this context, Mahdavi et al. (2011) mention that the
use of process plans with pre-established alternatives can be advantageous, since a previously selected alternative
resource can be included during the process plan elaboration. The presence of pre-planned alternatives can
provide more flexibility in decision making (Ferreira & Wysk, 2001a, 2001b; Phanden et al., 2013).
This is an Open Access article distributed under the terms of the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In turn, Khilwani et al. (2011), Silva & Rentes (2012), Defersha & Hodiya (2017) and Sieckmann et al. (2018)
show that the appropriate choice of the shop floor layout is essential to enable and increase the competitiveness
of a company in today’s globalized economy.
In the context of a cellular manufacturing system, its advantages are: smaller batch sizes, reduction of
work in process (WIP), and reduction of flow time (Ekren & Ornek, 2008; Javadi et al., 2013; Alhourani, 2015).
Ferreira & Reaes (2013) emphasize that both the reduction of flow and setup times, as well as the flexibility
of the part routes, are very important characteristics for the viability of the business. Seeking to combine these
two characteristics, the concept of virtual cells arises.
According to Mclean et al. (1982), a virtual cell is composed of machines from different departments that are
associated logically during a certain time interval. Although physically arranged as in the job shop arrangement,
the layout works as a traditional manufacturing cell. A virtual cell is not identifiable by a physical cluster, but
by data files and processes within a production controller (Rheault et al., 1995).
Dakov et al. (2010) and Rabbani et al. (2018) point out that VCMS (Virtual Cell Manufacturing Systems)
were a first attempt at practical use for the concept of virtual cells. They mention as an important advantage
of virtual cells over other layouts the almost unlimited adaptability to different production volumes without
reducing the efficiency and effectiveness of the system.
Paydar & Saidi-mehrabad (2017) cite as an advantage of virtual cells the fact that the cellular arrangement
occurs virtually, which is appropriate in the case of significant variations in the demand of parts, not being
necessary the physical rearrangement of machines.
Ramachandran & Prasad (2014) cite the better performance of the virtual cell layout in different scenarios.
It is worth mentioning the swiftness with which the system responds to demand changes.
For the analysis of different types of layouts and their effects on the production systems, different situations
can be simulated. For Freitas Filho (2008), simulation allows to understand the dynamics of a system, to analyze
and to predict the effects of changes. Watanapa & Wiyaratn (2018) emphasize the importance of simulation,
since it enables considering different scenarios to analyze the same problem. Mesquita et al. (2017) point out
that the use of simulation assists in the anticipation of analyzes of real problems found in companies.
In turn, Kleijnen et al. (2005) state that design of experiments (DOE) assists the analysis of simulation results.
In addition, DOE avoids the trial-and-error technique for finding solutions (Montevechi et al., 2007).
Based on the standard adopted by Mello (2005), who did not consider the type of layout, he attempted
to show that the use of alternatives provides advantages to manufacturing systems. Reaes (2008) presented a
more comprehensive research, concluding that the virtual cellular layout performs better than traditional job
shop and cellular layouts. However, Reaes (2008) did not consider in detail the design of products, limiting to
50 different types of parts. The parts in the present work were composed randomly, that is, a universe of features
was stipulated, from which an infinite number of different products could be generated, trying to stimulate a
scenario as close as possible to reality, where the market demands more and more flexibility, variety of product
mix and shorter life cycles of products.
With regard to relevance, the results of the virtual cellular layout with a small number of resources, 21 in total,
are highlighted, complementing the results found by Reaes (2008), with 50 features, showing the applicability
of the virtual cellular layout.
The choice of these three layouts was due to the virtual cellular layout linking the positive characteristics
of both the job shop and the cellular layouts.
In this scenario, the objective of this paper is to compare the job shop, virtual cell and traditional cell layouts,
identifying for which conditions each layout achieves better performance for different response variables.

2. Brief literature survey
This section contains a brief literature review of works that deal with manufacturing layouts, and process
planning within different layouts.

2.1. Layouts
A layout establishes the physical location of the transforming resources, i.e., the facilities, machines, equipment,
operators, etc. (Silva & Rentes, 2012; Wang et al., 2015; Cheng Ying et al., 2016). In addition, it establishes
how transformed resources (i.e., raw materials, materials, parts, etc.) should flow along operations (Wang et al.,
2015; Cheng Ying et al., 2016). According to Silva & Rentes (2012), the physical location has impacts in several
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aspects on the shop floor, and Khilwani et al. (2011) point out that the type of layout should focus on the flow
of materials, seeking to increase production efficiency and reduce costs. The provision of transforming resources
in a facility directly affects production costs and throughput (Murthy et al., 2016). An adequate allocation of
resources contributes significantly to the increase of efficiency of the operations and reduces transportation
costs (Drira et al., 2007; Murthy et al., 2016).
Virtual cells operate virtually as cells from a logical point of view, that is, resources are dedicated to manufacture
a family of parts, similarly to traditional cells. At the moment when family of parts is completely manufactured,
the virtual cell formation is undone logically, and each individual resource being able to re-group with others
constitute a new virtual cell (Suresh & Slomp, 2005; Sieckmann et al., 2018).
Figure 1 shows an example of virtual cell layout, where three virtual cells are temporarily formed to
manufacture one production order each, with the geometric figures representing different types of machines
present on the shop floor.

Figure 1. An example of a virtual cell layout.
Source: Drolet et al. (2008).

Arkat & Ghahve (2014) point out that the temporary virtual arrangement is often adjusted, being changed
according to the characteristics of the batches of parts to be manufactured by the production control and
available resources.
It is noteworthy that in the literature there are several approaches regarding the layout theme, for which a
simplified Systematic Literature Review (SLR) was developed based on the guidelines of Tranfield et al. (2003,
2004). Karl et al. (2018) cites the importance of systematic literature review as a way to build approaches from
a large number of studies, without neglecting relevant research. Table 1 presents the 5 steps that describe the
literature review protocol (SLR) from Tranfield et al. (2003, 2004) and Karl et al. (2018).
Table 1. SLR protocol.
Step

Details

Question formulation

- develop review questions to achieve the aim of the study

Location studies

- develop search requires;
- search on Scopus, ScienceDirect and Scielo databases;
Search in 35-year period (Jan/1982 – Dec/2017)

Study selection and evaluation

- 1st selection: title;
- 2nd selection: abstract and keywords;
- 3rd selection introduction, conclusion and searching for the paper’s content.

Analysis and synteshis

- carefully read papers;
- use Excel spreadsheet to code and organize the content based on what is intended to answer from the
research questions;

Result presentation

- answer the review questions based on what is known in the literature.
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Given the purpose of the article in comparing the different layouts, two Review Questions (RQs) are stated:
RQ1 - What types of existing and used layouts?
RQ2 - What are the performance comparisons of different layouts?
The first question (RQ1) surrounds all types of layouts that have already been enunciated in the literature since
the creation of the concept of virtual cellular layout in 1982. The second question (RQ2) tends to contemplate
the possible comparisons of these different layouts and how performance of each layout in these assessments.
In the next step it is necessary to determine the search queries from the two questions proposed. Tests were
made before determining the final search. The searches were carried out in the bases ScienceDirect and Scopus,
including the Brazilian base Scielo. The choices of the bases were given by the access of the authors. Table 2
lists the keywords used to develop the search queries.
Table 2. Search parameters.
Constructs

Keywords

Search queries

Layouts types

Positional; Functional; Jobshop; Process; Cell; Cellular; Virtual
cellular; Virtual cellular manufacturing (VCM); Virtual cellular
manufacturing system (VCMS)

layout* W/3 (positional OR functional OR job*
OR process OR cell* OR virtual cell* OR VCM
OR VCMS)

Layouts performance
evaluation

Analysis; Configuration; Modelling; Model; Performance;
simulation

layout* W/3 (analys* OR configur* OR model*
OR performance OR simula*)

Layouts types and layouts
performance evaluation

Positional; Functional; Jobshop; Process; Cell; Cellular; Virtual
cellular; Virtual cellular manufacturing (VCM); Virtual cellular
manufacturing system (VCMS); Analysis; Configuration;
Modelling; Model; Performance; simulation

(layout* W/3 (positional OR functional OR job*
OR process OR cell* OR virtual cell* OR VCM OR
VCMS)AND layout* W/3 (analys* OR configur*
OR model* OR performance OR simula*))

In the study selection and evaluation stage, a period of 35 years was considered (Jan/1982 - Dec/2017),
considering that the beginning of publications regarding the virtual cellular layout began in 1982 (Mclean et al.,
1982). In the first search, 3,584 articles were identified, and 396 articles were selected after evaluating their
respective titles, which are related to the term layout, in addition to some reference to performance, modeling,
configuration, design or analysis comparison. From these 396 articles, we verified the keywords and the abstracts,
which resulted in 31 articles that were read the introductions and conclusions.
According to Thomé et al. (2016), several alternative approaches can be used to systematically analyze
and synthesize the literature review. The analysis of these 31 articles was done using MS Excel to tabulate the
information, organize and analyze the data.
The final step intends to present succinctly the results found from the systematic literature review (SLR).
Table 3 summarizes and aims to answer the two questions raised above (RQ1 and RQ2) about the types of
layouts and the forms of performance of these layouts. It is convenient to emphasize that none of these articles
compare the three layouts proposed in this study. Most of the studies found focus on cell layouts (13 articles),
and jobshop (7 articles). Only 3 articles deal with virtual cellular layout within the stipulated comparative context.
Regarding the methods of comparison, it is noteworthy that 12 articles dealt with the comparison of layouts,
besides 9 articles that deal with the formation of cells. About the simulation tool, 7 out of 31 articles used it.
However, most of the articles used together, mathematical models, Taguchi, genetic algorithm, optimization
and multi-criteria.
Among the articles analyzed, some works have brought interesting contributions. Mahdavi et al. (2011)
present an approach based on fuzzy programming to solve a multi-objective mathematical model of the cell
formation problem and production planning in a dynamic virtual cell manufacturing system. The authors point
out that in a dynamic environment the product mix and demand variation directly affect production planning.
Paydar & Saidi-Mehrabad (2014) developed a mathematical model of optimization using virtual cells to
integrate all stages, from acquisition, planning, production and distribution.
Deep & Singh (2016) presented an integrated mathematical model for the design of cellular manufacturing
systems including cell formation, routing process and system reconfiguration. The model presents flexibility
in planning considering capacity, in addition to using the algorithm based on optimal sequencing. The results
showed that the coexistence of multiple resources provides greater flexibility.
In the context of Virtual Cell Manufacturing Systems (VCMS), different techniques have been developed to
solve problems of virtual cell formation (Hamedi et al., 2012a; Paydar & Saidi-mehrabad, 2017).
Table 4 lists some works that deal with the different types of layout, the researches developed and the results
achieved. It is observed that the authors listed in table 1 developed mathematical models for the formation of
virtual cells, using the most varied techniques. It is worth highlighting the paper by Ramachandran & Prasad
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Table 3. Layout Types.

Shafer & Charnes (1993)

x

x

x

x

x

Ertay (1998)

x

x

x

x

x

Bazargan-Cart & Nahavandi
(2001)
Assad et al (2003)

x

x
x

x

x

x

x

Kamaruddin et al. (2011)

x

Rajapakshe et al. (2011)

x

x
x

x

x

x

x
x

x
x

x

x

x

x

Mahdavi et al. (2011)

x

x

Khilwani et al. (2011)

x

Hamedi et al., 2012a

x

Hamedi et al. (2012b)

x

x

Hamedi et al. (2012c)

x

x

Khaksar-Haghani et al. (2012)

x

x
x

x

Medina-Herrera et al. (2014)

x
x

Mar-Ortiz et al. (2015)

x

x
x

x

x
x

x
x

x

x

x

Shafigh et al. (2015)
Paydar & Saidi-Mehrabad (2014)

x
x

Dias et al. (2014)
Ramachandran & Prasad (2014)

Layout selection

x

x

Jerbi et al. (2010)

Cell formation

x
x

x

Jayachitra et al. (2010)

Multi-criteria

Taguchi method

x

Rezazadeh et al. (2009)

Hamedi & Esmaeilian (2015)

Layout design

x

x

Drolet et al. (2008)

Jayachitra & Prasad (2011)

Genetic algorithm

Comparison

Simulation

Optimization

Mathematical model

Reconfigurable
manufacturing system

Dynamic cellular

Layout

Distributed layout

VCM

VCMS

Layout performance

Morris & Tersine (1994)
Agarwal & Sarkis (2001)

x

Cellular

Job shop

Functional

Authors

Virtual cellular

Layout types

x
x

x

x

x

x
x

Gupta et al. (2015)

x

Sakhaii et al. (2016)

x

Deep & Singh (2016)

x

Paydar & Saidi-Mehrabad (2017)

x

Rabbani et al. (2018)

x

x
x
x
x

x
x

x

(2014), which performs a comparison of layouts. Among the differences of the Ramachandran & Prasad (2014)
proposal for the presented research is the design of experiments that aided in the identification of the main
control factors that affect the results. In addition, process plans with alternatives were used in the research.

2.2. Process planning in the context of shop floor layouts
The task of process planning involves the interpretation and conversion of the product design for its
manufacture (Deja & Siemiatkowski, 2012; Andrade & Fernandes, 2018; Haddou Benderbal et al., 2017;
Kongchuenjai & Prombanpong, 2017).
According to Ferreira & Wysk (2001a,b), there is often more than one alternative resource to perform
an operation, and consequently to manufacture a part. Colosimo et al. (2000) point out that, normally, the
elaboration of process plans does not consider alternative resources, although Zattar et al. (2010) highlight the
importance of the results achieved with the use of alternative plans.
Production, 29, e20180078, 2019 | DOI: 10.1590/0103-6513.20180078
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Table 4. Some publications about different layouts and their results.
Author

Description

Results

Rezazadeh et al.
(2009)

Contains a mixed‐integer programming model to design VMC
in a dynamic environment. They incorporated the information
about production planning, system reconfiguration and
workforce requirement. It attempts to minimize the total sum
of the following costs: manufacturing, material handling,
subcontracting, inventory holding, internal production and
cross‐training for workers over the planning horizon. A particle
swarm optimization algorithm was used to solve the problem.

Advantages of their model: simultaneous consideration
of dynamic system configuration, operation sequence,
alternative process plans for part types, machine and worker
capacity, workload balancing, cell size limit and batch
splitting.

Jayachitra et al.
(2010)

Inspired by principles and advantages of group technology
(GT), part family formation for a virtual Cell Manufacturing
System (VCMS) using fuzzy logic is performed for dynamic
and uncertain conditions. A mathematical binary-integer
programming model is proposed to minimize the following:
fixed machine costs, variable costs of all machines, and the
logical group movement costs.

Very good results were obtained when comparing the
proposed fuzzy logic method with a simulated annealing
algorithm and a rank order clustering algorithm.

Khilwani et al.
(2011)

The benefits of using virtual cells increase with the greater
Design virtual cells that maximize similarity and minimize lead
variety of machines required to process a particular part.
time. Emphasis on machine sharing.
They point to the need to study virtual cells more deeply.

Hamedi et al.
(2012a)

Review on virtual cell manufacturing systems (VCMS).
Techniques to solve problems of formation of virtual cells.

They use mathematical programming to get the best solutions
to the problem of virtual cell formation.

Hamedi et al.
(2012b)

Virtual cell formation using a nonlinear programming model.

Better performance when compared with traditional cell
systems.

Hamedi et al.
(2012c)

Multiobjective mathematical model based on elements and
resources. They validate the model through a numerical
example taken from the literature.

Companies can take advantage of virtual cell manufacturing
systems. Especially those that work with a very unpredictable
production environment.

A comparative study is done between the layouts via
Ramachandran & simulation. Operational parameters considered were
Prasad (2014)
throughput, machine utilization, average work-in-process and
average flow time.

In most of the proposed scenarios the virtual cell layout
presented better performance.

Concept of capacity-based virtual cell manufacturing systems.
Hamedi &
The effectiveness of the system was evaluated through job
Esmaeilian (2015) shop and distributed layouts. A multiobjective function with a
Tabu Search algorithm was used.

The distributed layout was more efficient than the job shop
in terms of the distance travelled, but with regard to capacity
utilization there is no significant difference between these
layouts.

Gupta et al.
(2015)

A configuration selection problem was considered to
determine the optimal configuration with respect to the set
of performance criteria. Due to simultaneous consideration
of several criteria in the problem, entropy-based analytical
hierarchy process (AHP) was adopted for the analysis.
To overcome the subjectivity in the decision maker’s
judgment, the results were analyzed for sensitivity.

The proposed method provides a system design analytical tool
and can be easily adopted by the system designer or industrial
engineering.

Rabbani et al.
(2018)

New multi-objective mathematical model for dynamic cellular
manufacturing system (DCMS) is provided with consideration
of machine reliability and alternative process routes. Two
meta-heuristic algorithms, namely NSGA-II and MOPSO, were
proposed for solving the problem. Also, a simple way to code
the problem was introduced. To validate the proposed model,
a small-sized problem was solved with GAMS software.

As expected, due to the discrete nature of the problem, the
results showed that the NSGA-II could
discover more Pareto solutions than MOPSO and the solutions
obtained by NSGA-II had more diversity than MOPSO. Also,
it had more quality than MOPSO on average, but Pareto
solution of algorithm MOPSO had more uniformity.

Deja & Siemiatkowski (2010) point out that the availability of process plans with alternatives is an important
factor to integrate product design, process planning and production scheduling.
Fung et al. (2006) mention that the capacity of each machine and the operations that it can be perform
are well defined. However, some operations can be performed on more than one machine, which results in the
dynamic aspect of process planning.
Lv et al. (2014) point out that studies of virtual manufacturing cells focus, in addition to layout, algorithms
for virtual cell design, process planning, and process planning models.
Arkat & Ghahve (2014) identified that most researches assumed that set-up times established in process
plans are independent of production sequencing, thus being neglected or included in processing times, which
simplifies the analysis but affects the outcome of the solution.
Dakov et al. (2010) emphasize the use of virtual cell layout in conjunction with process planning. They developed
a theoretical model for the cellular arrangement based on workstations and an algorithm that elaborates the
process planning simultaneously.
Production, 29, e20180078, 2019 | DOI: 10.1590/0103-6513.20180078
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Morales & Ronconi (2015) considered mathematical models to solve the production scheduling problem
of the classic job shop model, evaluating six different formulations and solve 45 problems from the literature.
They consider the static deterministic case, where the processing time of each operation and the sequence of
operations for each task are known and not variant, and all machines and tasks are available at the beginning
of processing.
Fuchigami et al. (2015) evaluated 12 methods to minimize the total production sequencing time (makespan).
The setup times were considered and their emphasis was on flexible flow lines.
There is a gap in the literature in the effective comparison between different types of layouts, in such a way
that it can help the shop floor professional to specify the best layout for each scenario. In this context, this
study seeks to analyze and compare the performance of three different types of layout through experiments
based on simulations under conditions of a make-to-order (MTO) manufacturing system (i.e. a system that
produces parts to satisfy orders with specific due dates). The method used in this work is presented in section 3.

3. Description of the proposed method
This section contains a description of the proposed method for the evaluation and comparison of three
different manufacturing layouts using simulation and design of experiments.

3.1. Design of experiments
According to Sanchez (2008), experimental design employs factors, which are independent variables, to
test the impact on the outputs of the experiments, which are the response variables. As stated by Montgomery
(2012), this technique is useful to verify if a given factor influences, or not, the response of a system.
For Gomes (2010) and Costa (2010), an experimental problem can be supported by the design of experiments
and the statistical analysis of the data. There are several types of data collection strategies for DOE, and one of
them is the complete factorial design.
Table 5 shows the control factors used in this paper.
Table 5. Control factors used in the proposed method.
Factor

Description

Level

Value

Features per part

Quantity of features in the part

Low

1 to 3 features per part

High

7 to 10 features per part

Duplicated Features

Quantity of duplications of the same feature in each part

Batch Size
Type of Demand
Type of Plan
Simulated Batches
Arrival time
Maintenance

Quantity of parts in each batch
Type of demand which will be applied to the system
Process plan used in simulation (with or without alternatives)
Total quantity of simulated batches in each replication
Arrival time from the current batch to the next batch
Maintenance concepts applied in the machines

Low

1 to 3 features

High

7 to 10 features

Low

10 to 50 parts

High

200 to 500 parts

Low

Random

High

Controlled

Low

Plan With alternatives

High

Plan Without alternatives

Low

50 batches

High

200 batches

Low

5% to 10% of processing time

High

20% to 30% of processing time

Low

With maintenance

High

Without maintenance

The response variables that are considered: throughput (parts/hour), work in process (parts), resource
utilization (%), final time (hours), total waiting time (hours) and lead time (hours).
In order to perform the analysis, three types of layout are considered: the job shop layout, the traditional
cell layout and the virtual cell layout. Both process plans with alternatives as well as conventional plans (without
alternatives) are considered. In the case of selecting an alternative operation, a penalty of 40% in the machining
time is applied. An explanation for this penalty is that, if a hole needs to be made in a part, it may be performed
in a milling machine or a drilling machine. Usually a milling machine will be chosen due to its versatility when
Production, 29, e20180078, 2019 | DOI: 10.1590/0103-6513.20180078
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compared with the drilling machine. But since the drilling machine can also be used to make the hole, it is
included as an alternative in the process plan, but a less desirable one.
In order to reduce errors inherent to the variability in the execution of the simulation, 10 replications were
performed for each combination of factors, that is, each experiment was replicated 10 times. Also, a full factorial
design was used, meaning that all possible combinations were performed.
According to table 2, there are eight control factors and, since only two levels were chosen in each factor
(high and low), 2^8 = 256 experiments were tested. Since for each experiment ten simulations were run, a total
of 2,560 experiments were performed. This set of 2,560 experiments was applied to each of the three different
layouts (job shop, traditional cell and virtual cell), totaling 7,680 experiments. The total simulation times were
one of the control factors of the experiment, and the warm-up time was 1h. That is, the first hour of each
simulation was excluded from the statistical analysis.

3.2 Simulation model
With regard to the simulation model, this task was divided into two stages. In the first stage, the production
orders of the batches of the parts are carried out, in which the following activities are performed: generation of
the parts’ features, specification of the quantity of duplicate features, specification of the batch size, specification
of the demand type, generation of the machining sequence, and calculation of the machining times. Chin (2013)
emphasizes the importance of batch size analysis, evaluating different strategies of batch sizes applied to virtual
cells, seeking to reduce manufacturing times.
In the second stage, the system is simulated using the Arena software. The results obtained are stored in
a spreadsheet for later statistical analysis. The flowchart shown in Figure 2 illustrates the stages and activities
of the proposed method.

Figure 2. Stages and activities for performing the simulation.

4. Application of the proposed method
Three different systems were modeled to evaluate the response variables according to the control factors.
For all three models, a make to order (MTO) production system was considered. A system for the job shop layout
was modeled, another for the traditional cellular layout and a third for the virtual cell layout.
In the first stage of the simulation model, the MS Excel random tool was used to generate batches of pieces,
and all the pieces were randomly generated from the 40 possible features. The process plans were generated
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from commercial data of machining times to execute each feature, assuming that the machines of the model
are able to execute these features. Table 6 presents the time of execution each feature used in the model.
Each model contains the same number of machines, which can manufacture certain features. Each
manufacturing system contains 10 machines, including 2 drilling machines, 2 conventional milling machines,
2 CNC milling machines, 2 conventional lathes and 2 CNC lathes. There are 8 operators and 3 suppliers.
Table 6. Time of execution each feature.
item

Time (min)

Features

item

Time (min)

Features

1

0,241274316

Hole

21

0,251327412

Knurl

2

0,326725636

Hole

22

0,753982237

Knurl

3

0,41469023

Hole

23

1,507964474

Knurl

4

0,622035345

Hole

24

2,261946711

Knurl

5

0,753982237

Hole

25

3,769911184

Knurl

6

2,226672688

shoulder

26

0,41887902

Turn

7

2,746334631

shoulder

27

1,316476922

Turn

8

2,90183953

shoulder

28

2,333754543

Turn

9

3,444728787

shoulder

29

4,069110485

Turn

10

4,210224073

shoulder

30

6,821744048

Turn

11

0,832998052

slot

31

0,897597901

Face

12

1,09479744

slot

32

1,361356817

Face

13

1,332796883

slot

33

1,914875522

Face

14

1,378589181

slot

34

2,558154018

Face

15

1,670213816

slot

35

3,291192304

Face

16

1,790575256

pocket

36

0,515417545

Groove

17

2,064659863

pocket

37

0,652862223

Groove

18

2,674408561

pocket

38

0,790306902

Groove

19

2,740812469

pocket

39

0,927751581

Groove

20

3,367707826

pocket

40

1,256637061

Groove

In total, all models have 21 resources. With respect to the operators, some of them are dedicated to two
different resources, while others are dedicated to only one resource. On the other hand, suppliers are responsible
for transporting batches of parts from the entrance to each manufacturing system, transporting them to each
machine and, finally, delivering them to the dispatch (exit) of each system. Table 7 presents the 5 different types
of machines and the respective features that each machine can manufacture.
Table 7. Types of machines and their operations.
Machine

Operation

Process Plan WITHOUT

1

Drilling machine

Hole

Process Plan WITH alternatives
Hole

2

Milling machine

Shoulder, slot

Hole, shoulder, slot, pocket

3

CNC milling machine

Pocket

Hole, shoulder, slot, pocket

4

Lathe

Knurl, Groove

Turn, face, groove, knurl

5

CNC Lathe

Turn, face

Turn, face, groove, knurl

In the system with job shop layout the similar resources are arranged in departments, which are the following:
milling department, drilling department, CNC milling department, conventional lathes department, and CNC
lathes department.
In this system an operator is available for each milling machine, conventional lathes and CNC lathes. For
the CNC milling machine and drilling machine, the same operator operates these two machines. In general, the
batch of parts enters the system and, according to its process plan, it is led from one department to another.
If a department is fully occupied, the batch is held until some department machine is released.
The supplier integrates the transportation system, with the 3 suppliers transporting the batches of parts
from one department to the other, from the beginning to the end of batch manufacturing. The supplier can
transit between all departments, that is, as soon as a supplier is needed, the one that is available will meet the
system’s need.
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In the manufacturing system with traditional cell layout, the cells were established by the criterion of the
part type of each batch. That is, the parts are based on 40 different features, which are divided into two groups:
features for cylindrical parts, and features for prismatic parts.
One of the control factors is the type of demand, which can be totally random, or controlled. Based on the
type of demand, three types of cells were established. The first cell only manufactures prismatic parts, consisting
of only one drill, one conventional milling machine and one CNC milling machine. In this way, batches of parts
formed by strictly prismatic parts will be manufactured in this cell.
A second cell was established to manufacture parts that contain both prismatic features and cylindrical
features. This cell is composed of one drill, one conventional milling machine, one conventional milling machine,
one conventional lathe and one CNC lathe.
The third cell is designed to manufacture parts that only contain the cylindrical shape, being composed by
one conventional lathe and one CNC lathe.
Each cell will have the presence of one supplier, who will be responsible for collecting the raw material at
the beginning of the process and dispatching the finished product to the exit of each system. This supplier is
dedicated, that is, it does not interact with the cell nor change cells.
Finally, the manufacturing system with virtual cell layout has the same physical distribution as the job shop
layout. That is, the machines are distributed in departments, but the logic of the system changes.
When a batch of parts arrives in the system, the system checks all the resources that will be needed to make
that batch. All the resources that will be required to make the batch are seized, which form a virtual cell.
As soon as the resources are no longer required to manufacture that batch, they are released and can thus
be used by another batch of parts. With regard to suppliers, they have complete freedom to move between
departments.
One of the control factors used in this work is related to the type of process plan, that is, if the process plan
contains alternatives or not. In the case of a process plan with alternatives, a second resource option is defined
for carrying out a given operation.
It was necessary to establish some parameters related to transportation times for each simulation model
mentioned. A uniform distribution with a value of 30 to 60 minutes for transportation between departments
was established for the job shop and virtual cell layouts, and a uniform distribution of 3 to 6 minutes for the
batch to begin processing in the selected resource.
For the traditional cell layout, a uniform distribution of 3 to 6 minutes for cell entry was established, as well
as a uniform distribution of 3 to 6 minutes for the start of the operation in each resource.
In addition to the mentioned transportation times, the distances between each resource and the speed with
which the suppliers carry out the transportation were also established. In general, the distances were: (a) between
the pieces of equipment = 5 meters; (b) from the system entry to the equipment = 10 meters; (c) between the
equipment and the system exit = 20 meters. The speed with which the supplier performs the transportation was
established at 5 meters per minute for all three models.
Regarding the setup times, the same values were adopted for both models, which were taken from the
paper by Hamedi et al. (2012a): (a) drilling machine and lathe = 20 minutes; (b) milling machine, CNC milling
machine, and CNC lathe = 35 minutes.
For the change of cutting tools in the drilling machine, conventional milling machines and CNC milling
machines, a Poisson distribution with average value 60 was set as the interval, and the change time was a
normal distribution of 5 to 10 minutes (Mello, 2005). The change of cutting tools in the conventional lathes
and CNC lathes was established using a uniform distribution of 5 to 10 minutes for the change interval, and an
Erlang distribution with mean equal to 2 for the duration of the tool change (Al-Aomar & Al -Okaily, 2006).
Another very important value in the model is the failure times of the resources. As already shown in Table 2,
maintenance times were established as a control factor in this research, with two levels: high and low. For the
maintenance level to be considered high, the manufacturing system must have a maintenance program that seeks
to ensure that the machines will not undergo failures and, therefore, the machines will always be available. On
the other hand, if the system does not have a specific maintenance plan, it will be subject to resource failures,
and this was considered as the low level.
For the drilling machines, conventional milling machines and CNC milling machines, the parameters established
by Wang et al. (1987) were used, which establish a Weibull distribution (17,151; 71.4) in minutes for the interval
between failures, and with constant repair time equal to 96 minutes. For conventional lathes and CNC lathes,
38,400 minutes fault interval values were used, with repair duration of 240 minutes (Devise & Pierreval, 2000).
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The procedure for the generation of production orders is presented in the flowchart of Figure 3. Some
parameters were established as common to the three models, considering that the objective of this work is to
compare them.

Figure 3. Flowchart for generating the production orders.

Initially, the user specifies the simulation data, such as the type of plan, the number of batches to be simulated,
the time of arrival of the next batch, and whether the system will have a maintenance plan. It is also necessary
to specify which of the files generated in the previous step will be used in each simulation.
The arrival of a batch is the event that initiates the simulation process, since the arrival time of the first
batch is equal to zero. Therefore, considering that batches of parts have already been specified in the previous
stage, it is necessary that the model is able to differentiate each batch as to the type of features in each batch,
the duplications of features and the quantity of parts in each batch.
Then, according to the features present in each batch of parts, the operations to be performed were specified.
Based on the operations, the machines producing the batches can be established. Before checking the machines,
it should be verified whether or not the process plan has an alternative.
If the user chooses a process plan without alternatives, the machine specified as the first option to manufacture
that feature is selected. On the other hand, if the chosen plan was the one that contains alternatives, it is
considered the work in process to select the machine. That is, if the plan has alternatives, before leading to the
first or second machine option, the system checks the option that has the lowest queue.
The next stage, which corresponds to the determination of the machining time, is carried out taking into
account the type of process plan chosen. In the plan with alternatives, the second machine option has a 40%
penalty attached to the machining time. Once the times are defined, a supplier is required to transport the batch.
Whenever it is necessary to enter the system, transport the batch to the next machine or deliver it to dispatch
(exit), the supplier was requested. All the transportations that the supplier performs have defined routes and
speeds and, thus, the transportation times of the batches of parts can be obtained.
Although all resources were considered available a priori, before carrying out the selected operation, the
presence of in-process inventories in the resources was verified. If there is no work in process, the operation is
performed immediately, otherwise the waiting time is counted and presented in the simulation report. Before
starting machining the batch, the operator sets up the machine.
The batch only leaves the machine when all parts in the batch are machined. In the case of the process
plan with alternatives, before leaving the machine, it is verified that the second machine option for the next
operation is the same as the current machine. This is done by comparing the work in process in the selected
resource to the next operation (first option) with the current resource (second machine option). If the second
machine option selected for the next operation is the same as the current machine, an in-process inventory is
evaluated to avoid machine change. In this way, the number of setups is significantly reduced.
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Finally, it is verified that all operations were performed. If there are no more operations, the batch leaves
the system, and its statistical data is collected.
When the simulation comes to an end, with all simulated batches, the report generated by the software is
stored with the data that will be used in the calculation of the response variables.
Figure 4 illustrates a flowchart of the activities performed in the simulation of the models of the three layouts.
During the simulation tests the models were simulated at a low speed in order to visualize possible faults,
and verify if the model was performing correctly. For this stage of the simulation, animations were set up for
the three models, and Figures 5 and 6 illustrate the animations created to aid the verification of the models.

Figure 4. Flowchart for the simulation of the three models.

Figure 5. Animation of the job shop and virtual cell layouts.
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Figure 6. Animation of the traditional cell layout.

5. Results
This section is subdivided into two steps. In the first step the results of the analysis of variance (ANOVA) for
each type of layout are obtained, comparing each control factor with each of the response variables. Then, in the
second stage the layout is analyzed as a control factor of the experiment, and it is verified for which response
variables the layout is significant.

5.1. Results for each layout
In order to facilitate the understanding of the results, a summary is presented in Table 8, which shows the
relationship between each control factor and the response variables for each of the three layouts. It should be
mentioned that the analysis of statistical significance was done by using ANOVA (Montgomery, 2012). The “s”
was used to represent the statistical significance between the control factor and the response variable, while
“ns” illustrates the non-existence of statistical significance. In both cases the level of significance was 0.05.
For the final time response variable (h), the job shop and virtual cell layouts had very similar behavior.
They differ from the traditional cell layout in the demand type factor, where the job shop and the virtual
cell have a slight increase in the final time when the type of demand is controlled. On the other hand, in the
traditional cell layout the final time decreases when the type of demand is controlled, which is in line with the
results obtained with traditional cells (Ekren & Ornek, 2008). However, the average value of the total time for
the traditional cell layout was 5000h, while the average value of the total time for the virtual cell layout was
4,000 h, a significant difference.
For the throughput variable (parts/h), the three layouts had similar behaviors. However, the average value
of throughput found for the virtual cell layout was better than the traditional cell layout. This is due to the
complexity of batches of parts, showing that the virtual cell layout presents greater flexibility. The variable average
work in process (parts) presents as key control factor among the three layouts the type of demand, once again
evidencing that the formation of the cells dedicated to the type of demand is important. However, the average
value of the work in process for the virtual cell layout was smaller than the traditional cell layout. It is noticed
that despite the large variation in the demand type, the behavior of the virtual cell layout was more flexible.
For the variable utilization of resources (%), the virtual cell layout had a performance around 5% to 10%
higher than the traditional cell layout for some factors. The virtual cell layout had a slight gain in the factor
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Table 8. Comparison between control factors and response variables for each layout.
Responsable Variables
Throughput
(parts/h)

Final Time (h)

Resource
Utilization
(%)

WIP (parts)

Waiting Total
Time (h)

Lead Time (h)

Control Factors

JS

TC

VC

JS

TC

VC

JS

TC

VC

JS

TC

VC

JS

TC

VC

JS

TC

VC

Features per part

s

s

s

s

s

s

s

s

s

s

ns

s

s

s

s

s

s

s

Duplicated features

s

s

s

s

s

s

ns

ns

ns

s

s

s

s

s

s

s

s

s

Batch size

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

Type of demand

ns

ns

ns

ns

s

s

ns

s

ns

s

ns

ns

ns

s

ns

ns

s

ns

Type of plan

ns

ns

ns

ns

ns

s

ns

ns

s

s

s

s

ns

ns

ns

ns

ns

ns

Simulated batches

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

Arrived time

s

ns

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

Maintenance

ns

ns

ns

ns

ns

ns

ns

ns

s

s

s

s

ns

ns

ns

ns

ns

ns

JS – job shop layout; TC – Traditional Cell layout

s – with statistical significance

VC – Virtual Cell Layout

ns – without statistical significance

arrival time between batches. That is, the job shop layout had a smaller variation when the level of this factor
increased.
As for the factor type of demand, the virtual cell layout proved to be better than the job shop and the
traditional cell layout. That is, it was more efficient when the level of this factor was changed, showing that
the virtual cell layout really can present the virtues of the other two layouts.
It should be noticed the increase in resource utilization when the systems were managed with a maintenance
plan, which left the machines always available. This shows that maintenance is a very important factor for
production systems.
The response variable total waiting time (hours) also had different results for the three layouts. The virtual
cell layout had an average value of waiting time lower than the other two layouts.
Finally, for the variable lead time, which corresponds to the total time for moving from the entry of the raw
material to the finished product, it presented very similar results for the three models. The virtual cell layout
underwent fewer variations when the levels of each factor were changed. This shows that this type of layout
has greater robustness when variations in some factors take place.

5.2 Comparison between layouts
In this second stage of results analysis the type of layout was included as a control factor with three levels:
job shop, traditional cell, and virtual cell. It was verified how the response variables behaved in relation to the
type of layout. This analysis of statistical significance was based on the value of P using ANOVA. It is noticed
in Table 9 that the type of layout has statistical significance (“s”) for all response variables to the significance
level of 0.05.

Table 9. Comparison between control factors and response variables.
Responsable Variables
Control Factors

Final Time (h)

Throughput
(parts/h)

WIP (parts)

Resource
Utilization (%)

Waiting Total
Time (h)

Lead Time (h)

Layout type

s

s

s

s

s

s

Features per part

s

s

s

s

s

s

Duplicated features

s

s

ns

s

s

s

Batch size

s

s

s

s

s

s

Type of demand

ns

ns

ns

ns

s

s

Type of plan

ns

ns

ns

s

ns

ns

Simulated batches

s

s

s

s

s

s

Arrived time

s

s

s

s

s

s

Maintenance

ns

ns

ns

s

ns

ns
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Regarding the final time, Figure 7 shows that the traditional cell layout had a significant increase in relation
to the job shop and virtual cell layouts. On average, the virtual cell layout had a performance 23% higher than
the traditional cellular layout, and practically the same as in the job shop (-1.5%). However, observing the
confidence interval with a confidence level of 95% (Table 6), statistically it cannot be stated that the mean
values are different.

Figure 7. Main effects plot of the final time in the layouts.

The cells highlighted in Table 10 shows the three factors in which the confidence intervals do not intersect
between the virtual cell and the traditional cellular layouts.
Table 10. Confidence intervals for the three layouts.
Final Time (h)

Virtual Cell Layout

Traditional Cell Layout

Job shop layout

3,502.4 ≤µ≤ 5,639.1

4,500.1 ≤µ≤ 7,239.0

3,442.8 ≤µ≤ 5,553.5

Throughput (parts/h)

11.22 ≤µ≤ 14.22

9.74 ≤µ≤ 12.57

11.57 ≤µ≤ 14.68

WIP (parts)

3,103.6 ≤µ≤ 4,741.8

4,290.7 ≤µ≤ 6,509.6

3,396.0 ≤µ≤ 5,281.6
0.320 ≤µ≤ 0.353

Resource Utilization (%)

0.315 ≤µ≤ 0.346

0.250 ≤µ≤ 0.273

Waiting Total Time (h)

345.3 ≤µ≤ 734.3

979.8 ≤µ≤ 2,019.1

379.9 ≤µ≤ 826.2

Lead Time (h)

509.9 ≤µ≤ 940.5

1,136.6 ≤µ≤ 2,218.8

543.4 ≤µ≤ 1,030.2

Figure 8 associates throughput with the layouts, showing a better performance by the job shop and virtual
cell layouts when compared with the traditional cell layout. The performance of the virtual cell layout was better
than the traditional cell layout by about 12%. For the job shop layout the difference was only 3% on average.
However, observing the confidence interval (confidence level of 95%) (Table 6), statistically it cannot be stated
that these values are different.

Figure 8. Main effects plot of the layouts for throughput.
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Figure 9 shows how the layouts behaved in relation to the average work in process. In this response variable,
the job shop and virtual cell layouts again present better performance, and the virtual cell layout was still better
than the job shop. The virtual cell layout was better in approximately 27% in relation to the traditional cell layout,
while for the job shop layout the superiority was 10%. This shows that the virtual cell layout can be located
between job shop and traditional cell layouts, having advantages of both. However, observing the confidence
interval (confidence level of 95%) (Table 6), statistically it cannot be stated that these values are different.

Figure 9. Main effects plot of the average WIP in the layouts.

Figure 10 illustrates the behavior of the type of layout with respect to the response variable referred to as
average resource utilization. Once again, the job shop and virtual cell layouts outperformed the traditional cell
layout. The virtual cell layout had a resource utilization 20% higher than the traditional cell layout. Observing
the confidence interval (confidence level equal to 95%) (Table 6), it can be stated that the values between the
virtual cell and traditional cell systems are different.

Figure 10. Main effects plot of the resource use in the layouts.

Figures 11 and 12 show the behavior of the layouts with respect to the waiting total time and lead time
variables, respectively. It is noticed a very similar behavior for both cases, where again the virtual cell and job
shop layouts performed better.
With regard to the waiting time, the performance of the virtual cell layout was again better than the others,
about 10% in the average with respect to the job shop layout, and far better than the traditional cell layout
(about 50%). Observing the confidence interval (confidence level of 95%) (Table 6), it can be stated that the
values between the virtual cell and traditional cell layouts are different.
Regarding lead time, on average the virtual cell layout had a good result, approximately 7% shorter than
the job shop, and 50% shorter than the traditional cell layout. Observing the confidence interval (Table 6)
(confidence level equal to 95%), it can be affirmed that the values between the virtual cell and traditional cell
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Figure 11. Main effects plot of the waiting time in the layouts.

Figure 12. Main effects plot of the lead time in the layouts.

layouts are different. In summary, Table 11 presents the performance of each layout for the response variables,
always having the virtual cellular layout as the reference of the comparison. The minus sign indicates a worse
result when compared to the virtual cell, and the plus signal indicates a better result compared to the virtual cell.
Table 11. Summary of comparison percentages.
Virtual Cell Layout

Traditional Cell
Layout

Job shop layout
+1,5%

Final Time (h)

0

-23%

Throughput (parts/h)

0

-12%

+3%

WIP (parts)

0

-27%

+10%

Resource Utilization (%)

0

-20%

Equal

Waiting Total Time (h)

0

-50%

-10%

Lead Time (h)

0

-50%

-7%

6. Conclusion
The aim of this research was to compare the virtual cell layout with other types of layout. It has a performance
similar to the job shop layout, but it is better than the traditional cell layout. In addition, a greater number of
control factors and response variables were considered compared with previous studies such as Mello (2005)
and Reaes (2008). This greater amount of response variables provided a broader analysis of the three layouts.
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In general, such different results found in the case of the traditional cell layout can be understood by the
wide variety of parts. Similar results were found by Ramachandran & Prasad (2014). All parts in each batch
were generated from 40 pre-established features, and Excel’s random function resulted in high batch variability,
leading to a poor performance of the traditional cell layout.
A significant factor for the poorer performance of the traditional cell layout was the parts supplier. By leaving
the supplier working exclusively in the cell, there was an imbalance of this operation, that is, while in a cell the
supplier worked uninterruptedly, while the supplier became idle in the cell for cylindrical parts. This behavior
influenced the processing times, and reduced throughput and resource utilization.
Another issue to be considered is the continuous flow, which, in the case considered in this paper, did not
take place as in the traditional cell layout, since the production was based on batches of parts and not one
piece flow. The setup times were the same for all three layouts, and the only difference occurred in entry of
the batch in the cells, when the time was ten times shorter for the traditional cell layout when compared to
the virtual cell and job shop layouts.
Moreover, as Ramachandran & Prasad (2014) suggest, the transition from the job shop layout to the virtual cell
layout is easier when compared with the costs involved in the case of the transition to the traditional cell layout.
The objective of showing a knowledge gap with respect to virtual cells signals the importance of this topic,
and the possibilities that have not yet been investigated about it in manufacturing companies. As a suggestion
of future work, the amount of levels of some factors can be increased, which would improve the focus on the
influence of certain factors on the response variables. Another suggestion would be the exclusion of one or
more factors, seeking to focus on factors that can be directly controlled in the manufacturing system without
depending on the interference of the customers. For example, factors such as features per part are customer
requirements, and can hardly be influenced by the system.
With regard the papers limitations: the use of a process plan with alternatives, it is suggested to include an
additional level for this factor, or two different penalties, in order to investigate the gains that are pointed out in
the literature. It is suggested to address the issue of operator flexibility, which was implemented in a simplified
way in this research. A study should be carried out relating the results found in this paper with the equipment
costs, which may originate from obsolescence, maintenance, upgrade and replacement.
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