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ABSTRACT

Discrete event simulation is a tool to support decishaking that has been increasingly used to study
complex systems. Several simulation research metad$ound in the literature, each one has its own
characteristics, to guide analysts during the devedoprof simulation projects. In view of this, the
current work identified the main research methods usstinulation projects. For this, a literature review
was carried out on some of thejoradiscrete event simulation booksdapapers from the proceedings of

the Winter Simulation Conference, which is considered the main international conference on simulation.
From the analysis performed in this study, it wassfide to identify the most comprehensive methods, as
well as the simplest ones. The common activities antloery were presented and those that are important

to conduct a simulation project were also discussed.

1 INTRODUCTION

The discrete event simulation is considered a powerful tool to support decision-making, if it is used
correctly (Ingalls 2013). According to Pereira et al. (2014), over time this tool has being increasingly
employed. Siebers et al. (2010) claim that digcretent simulation was the most applied tool in
Operations Research.

According to Rutberg et al. (2015), discrete @v@mulation is a computational modeling tool that
replicates complex systems, allowing the studyintérventions without compromising the real world
with the implementation of changes that one cannot kin@wikely effects. To Lu and Olofsson (2014)
and Liu and Findlay (2014), discrete event simulatica echnique that studies the behavior of variables
that change their status in a discrete time, within a system.

Sturrock (2014) points that to develop a sirtiola project it is necessary much more than just
building a computational model. It requires skillattlgo beyond just knowing a particular simulation
tool. Balci (1989) claims that the challenge is to do it right.

It is observed, from the papers published in diffefentnals and conferences, that there are several
methods being used to develop simulation ot both in the in the educational and business
environmentsSeveral simulation research methods are found in the literature. Each one with its own
characteristics aims to astssimulation analysts to better conduct projects by providing them a logical
seqguence of steps to be followed.
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Thus, this work aims to identify the main methoded to conduct simulation projects, considering the
proceedings of the Winter Simulation Conference (W&®&l some of the main books on simulation. As a
specific aim, we intend to highlight the commonalities among these methods, through the conduction of a
literature review.

This paper is divided into five sections. Thesffisection was already presented and introduced the
topic of study. The second section brings the theordtigadework of discrete event simulation. The third
presents the research methods most employed in the conduction of simulation projects. Then, the next
section discusses and analyzes these methods. Finally, the fifth section reflects the conclusions of this
work.

2 RESEARCH DEVELOPMENT

To conduct this work, a literature review was caroed on some of the main discrete event simulation
books published by recognized authors of the field, such as: Banks (1998), Law (2000) and Brooks and
Robinson (2000).

The research also focused on analyzing somerpgpéblished in the proceedings of the Winter
Simulation Conference, between the period of 2@08 2015. This conference presents the latest
advances in modeling and simulation and is helehyeyear since 1968, with simulation practitioners,
suppliers of simulators and researchers as the primary audience.

Following, the main research methods in Modeling and Simulation, foundgtitbis study, will be
presented.

e Mitroff et al. (1974) (Figure 1);

Banks et al. (1998) (Figure 2);

Brooks and Robinson (2000) (Figure 3);
Carson 11 (2005);

Law (2006) (Figure 4);

Montevechi et al. (2010) (Figure 5);
Sargent (2010) (Figure 6);

Balci (2011) (Figure 7).

3 SIMULATION RESEARCH METHODS

The first method described in the literature is tidest known method according to the evidences. The
method of Mitroff et al. (1974) (Figure 1) idivided into four phases: the first phase is the
"Contextualization”, followed by "Modeling”, then "Solution by the model’, and finally the
"Implementation”.

Figure 1: Research structure in simulation. (Source: Adapted from Mitroff et al. (1974).)
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In the first phase, theonceptual model is created based om ribality, problem or situation being
studied. Then, this model is transformed into themmater model, which must be validated. From this
validated computer model, experiments are perforswdhat the analysts can come up with possible
solutions. It should be noted that, if necessary etimesly have feedback from the conceptual model and
the cycle may continue from this modified concaptmodel. At the end of the method, the solutions
obtained from the simulation can be implemented in the real world.

The second method was proposed by Banks et al. (1998) (Figure 2) and published in his book
"Handbook of simulation: Principles, Methodgl, Advances, Applications, and Practice".
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Figure 2: Phases of a simulation study. (Source: Banks et al. (1998).)
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The method starts with problem formulation. Thine objectives and the project plan are defined. At
this point, the simulation analyst can build thenceptual model and, simultaneously, collect the
necessary data for simulation. When these two aetsvdire completed, the fifth activity of the method
refers to build up the computer model, that is, theceptual model must be trglated into the computer
model.

The sixth activity is the model verification. If the cputer model is rejected by the verification, then
we should return to the third and fourth activities. @@ other hand, if the computer model is verified,
we can proceed to the next activity, namely the validation. Likewisiee ifomputer model is rejected by
the validation, we must return again to the thindl dourth activities. Otherwise, we can move to the
following eight activity, in which the experimentalgigns are made and the analysts define scenarios to
be simulated and changes to be implemented ircuh®nt state model, among other changes that they
wish to analyze based on the computer model.

Following, in the ninth activity, replicas are pragd and the analysis goerformed. If the execution
of more replicas is required, then we return to timhnactivity. Or else, we follow to the activity number
11, in which the data obtained from the simulatiordé&umented. Finally, to conclude the method,
implementations are done in the real system under study.

The third method analyzed was proposed by Brooks and Robinson (2000) (Figure 3) and published in
the book "Simulation Studies: Key Stages and Processes".
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Figure 3: Key Stages and Processes. (Source: Brooks and Robinson (2000).)

This method starts with the problem in the neakld and executing the conceptual modeling. From
this modelling, the conceptual model is built. Thiére model is transferred to the computer model and
the required data to feed the model is collected. Neyteriments are performed. And, finally, the results
are interpreted and some solutions are propttsed implemented in the real world.

The fourth method was established by Carsor2006) and his study was published in the Winter
Simulation Conference. The author did not develop a figure encompassing the simulation development
steps, however he presented a phase sequence for tiogdusimulation project. Initially, the project is
initiated by the problem formulation and the d&fom of objectives, characterizing the scope and
limitations of the work and the level of detail. Thee must develop the overall project plan, in which
deadlines, and verification, validation, trials andalgsis procedures will be defined. From this, we
prepare and document the conceptual model. The steptis to develop the computer model and to
collect the data to feed this model. When thswps are completed, the computer model should be
verified and then validated. Finally, experiments and analysis can be conducted and the simulation results
are reported to the clients.
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The fifth studied method is from Law (2006) (Figuf), which was published in the proceedings of
the Winter Simulation Conference. This method is digitteo seven activities. The first activity refers to
the problem formulation. Next, data is collected and a conceptual model encompassing the simulation
goals should be developed. In the third activibhe conceptual model validation is performed. If the
model is not validated, one must return to the twavipus activities. Otherwise, from a validated model,
we can start the fourth activity in which the congsutnodel is constructed. Thereafter, the computer
model must validated. If it is not possible to validate the model, we must return to the first and second
activities. In case the model is validated, we movthéosixth activity. In this activity, the experiments
are designed, conducted and analyzed. Finakysittmulation results are presented and documented.
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Figure 4: A seven-step approach to perform aessfal simulation study. (Source: Adapted from Law
(2006).)

The sixth method analyzed in this research waswibrk of Montevechi et al. (2010) (Figure 5),
presented in the proceedings of the Winter Simaatonference. The authors divide this method in
three phases: conception, implementation and analysis.

In the conception phase, we should set the systeis, dndld the conceptual model, and perform its
validation and its documentation, in case it was vadidlalf the model is not validated, we must rebuild
the model. Once the model is validated, one shobl@in and model the required data to feed the
computer model.

In the implementation phase, we must build the mater model, which must be verified and then
validated. If the model cannot be verified, we neekteork on the model building activity until it can be
verified. As soon as the model is validated, we can move to the last phase of the method, called analysis.

In this last phase, we must define the expemtadedesign, run experiments, perform statistical
analyzes on simulated data and from there, propeseotficlusions and recommendations on the system.
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Figure 5: Research structure in simulation. (Source: Montevechi et al. (2010).)

The seventh method was proposed by Sargent (2Fi@lire 6) and is divided into three phases.

Between each phase, some activities must be cardgdvhich may alter the flow of the method. The
study begins with the problem identification withire system. Then, the conceptual model is developed
to represent the simulated process. As this model imeistalidated, the analysts must return to the
system, analyze the necessary data and performlitgatan. When the conceptual model is validated,
we can build the computer model. For this, the ystalmust obtain the necessary lead times and validate
them, so that they can feed the computer madate this is performed, the analysts implement the
computational model considering thalidated data. However, the compumodel must be also verified.
In this case, the analyst may needréturn to the conceptual model, which in turn may return to the
studied system so that the model can be verifieterAferifying the computer model, the analysts are
responsible for its operational validation. In tldase, the analyst can refer to the actual system
information. Finally, they should run the experingrtlosing the cycle established by Sargent (2010).
Note that there is an activity in the center of thethod, specifying that in all phases the analysts must
use validated data.
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Figure 6: Research structure in simulation. (Source: Sargent (2010).)

Finally, the eighth and last method analyzed in this paper was proposed by Balci (2011) (Figure 7)

and presented in the Winter Simulati
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Figure 7: Life cycle of a simulation project. (Source: Balci (2011).)

The method begins with the problem formulation in a real system (Universe of Discourse), followed
by the requirements specification and, thus, theeptual model construction. The author proposes that
an architectural specification is carried out, which eigsn defining the resources that will be used to
develop the simulation model. Then, design specifinatare made based on the architectural definition.
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Thereafter, sub-models, namely pilot models, aeceted, followed by the model execution. At this
point, we should conduct the computer model certifica(validation). For this, we use the sub-models
and the resultant documentation must be storgubnUhe certification completion, the simulation is
conducted and its results are presented to the clients.

At all stages the author proposes the enforcemietto processes: verification and validation (V&V)
of each step and also the quality assurance (QAsd processes are critical the execution of the next
steps. That is, if the analysts do not perform tipeseesses, one cannot move forward on the project.

4 DISCUSSION AND ANALYSIS OF THE METHODS

From the literature review in the proceedings of the Winter Simulation Conference, the largest
international congress on the simulation field, betwdenperiod of 2005 and 2015, and also in some
consecrated books on the area, there were idengifigd research methods in simulation. Following, we

will present the main characteristics of these methods, their strengths and the commonalities among them.

The methods of Mitroff et al. (1974), Brooks and Robinson (2000), Sargent (2010), and Balci (2011)
show the existence of a real world that one wants to simulate. This is the first feature that analysts must be
familiar with before starting to develop the simulation project.

The methods of Mitroff et al. (1974), Banks et al. (1998), Carson Il (2005), Law (2006), Montevechi
et al. (2010), Sargent (2010), and Balci (2011) preaermt first step of a simulation project the problem
formulation. Or as Mitroff et al. (1974) show in their method, the conceptualization, in which we define
the simulation goals and the project plan.

Balci (2011) proposes the specification of requirements. After this formulation or system
conceptualization, Mitroff et al. (1974), Banks adt (1998), Brooks and Robinson (2000), Carson I
(2005), Law (2006), Montevechi et al. (2010), Sargent (2010), and Balci (2011) state that the next activity
to be done is to build a conceptual model that represena structured way, the system being simulated,
and as a result, the analysts have on hands a conceptual model of the real system.

In the methods of Law (2006), Montevechi et al. (2010), Sargent (2010), and Balci (2011), it is
proposed the validation of the conceptual model suenthat it faithfully represents the real system.

Balci (2011) declares that design and architectspaicifications must be defined to establishe the
resources and ways of analyzing, varify, and validating the simulation data.

Carson Il (2005) and Montevechi et al. (2010) discuss that data should be documented, before moving
forward on the project.

According to Banks et al. (1998), Carson Il (2005), Law (2006), and Montevechi et al. (2010), the next
activity for conducting the project is the collectionngfcessary data to feed the computer model and the
modeling of these data.

Up to this point of the simulation development, Montevechi et al. (2010) classify the aforementioned
activities as part of a set, called conception.

Balci (2011) states that computer sub-models rastreated. However, according to Mitroff et al.
(1974), Banks et al. (1998), Brooks and Robin&#05), Carson Il (2005), Law (2006), Montevechi et
al. (2010), Sargent (2010), and Balci (2011), onetald the simulation model or the computer model
using a simulator software from all other previous activities.

Banks et al. (1998), Carson Il (2005), Monteveetial. (2010), Sargent (2010), and Balci (2011)
propose the verification of the computer model befm@ceeding to the next activity. The verification
consists in checking that the computer model iseotly programmed. If the model is rejected by the
verification process, the authors suggest that simulation analysts should return to the model building
activity, to correct possible mistak and, then, verify the model.

Mitroff et al. (1974), Banks et al. (1998), 1Gan Il (2005), Law (2006), Montevechi et al. (2010),
Sargent (2010), and Balci (2011) propose the validatfdhe computer, once it is verified. Balci (2011)
calls this process as certification. The validation or certification is to ensure that the computer model
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faithfully represents the conceptual model. Sarg@®12) presents some of the computer model
validation methods that can be used by analysts.

According to Montevechi et al. (2010), at thad of these activities, the set of activities called
implementation is concluded.

Banks et al. (1998), Brooks and Robinson (20@&rson Il (2005), Law (2006), Montevechi et al.
(2010), Sargent (2010) and Balci (2011) argue th#tiatpoint of the project and having the computer
model, the experiments must be designed, executéchnalyzed. When this activity is concluded, the
analysts get the simulation data to be examined.

The data analysis or interpretation is propdsgdrooks and Robinson (2000), Carson Il (2005) and
Montevechi et al. (2010). This analysis is very impairia simulation, once it is from there that the data
obtained from the simulation are interpreted arahgformed into recommendations for the project
customers. Banks et al. (1998), Law (2006) and Ea@11) mention that the data should be documented.

Mitroff et al. (1974), Brooks and Robinson (2000), Law (2006), and Montevechi et al. (2010) propose
that from the simulation data, one must drawadbeclusions, recommendations and suggestions for the
simulation clients. It is worth noting that in thastivity a series of improvements should be proposed,
which will be evaluated by the customers and lsaimplemented or no€arson 1l (2005), Law (2006),
and Balci (2011) propose a presentation ofréseilts to the clients of the simulation.

Finally, Mitroff et al. (1974), Banks et al1998), and Brooks and Robinson (2000) propose a final
activity, which is the implementation of the suggestiob&ined from the simulation into the real system.

At the end of these activities, according to Montevesthal. (2010), the last set of activities, called
analysis, is concluded.

In order to make a comparison among all methdidsussed in this work, the information was
compiled in Table 1, which shows the main activities that must be performed in a simulation project,
according to these methods. These activities were gdoimpe three sets: conception, implementation
and analysis. From the analysis of each method, there were identified 21 major activities within modeling
and simulation methods for the development of a simulation project.

These methods could be developed thanks to tkieoch@roposed by Mitroff et al. (1974), one of the
first methods found in the literature to guide theaiion of simulation projects. It was possible to
identify common activities among all methods. There #re: activity number 5, called "Building the
conceptual model”, and number 12, called "Building the computer model."

As seen in Table 1, Montevechi et al. (2010}hie only author that divides the simulation project
activities in three phases: conception, implementatimh analysis. This divigh can assist the execution
of projects, as it structures the project activities.

The methods that have a greater number oivines to be performed are those proposed by:
Montevechi et al. (2010) and Balci (2011). Among all 21 activities found in all methods, these authors
propose that 14 of them must be performed. Sedorttie ranking of methods that encompass more
activities are the methods developed by Carson Il (2005) and Law (2006). The methods that have a
smaller number of activities to be performed preposed by Mitroff et al. (1974) and Brooks and
Robinson (2000), and they consider that onlyti#/dies are to be executed in a simulation project.

Another important point identified by this study what not all methods propose the execution of data
collection. This activity is responsible for feeding ttomputer model and without the data, there is no
system representation. Some methods also do not mention the computer model verification and
validation. These activities define whether the compumodel effectively represents the reality and,
hence, they are extremely important for the development of projects.

Finally, we observed differences in each of the methods studied, once some are simpler and others are
more detailed. However, all nfetds aim to support analysts in the conduction of simulation projects.

It is also worth noting that the work presented here aimed to discuss the methods for conducting
simulation projects presented in the literature. Thesbadsthave been increasingly enhanced in order to
assist teachers, students and researchers in imprinrdevelopment of simulation projects. Thus, this
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paper contributed to the expldimam here conducted, highlighting that the simulation method must be
used throughout all stages of the design of a simulation project.

Table 1 — Comparison of the methods.

o S = —~
s % |=8|8le|s |25
53| 88| 02|21 8155 S 8
# Activities £ o % S1€3|< ; °o | E E
ET | 87|53 | 3| 2792
p m m38 |5 -5 8 m
x| o S
1 | Big phase calledconceptior? X
2 | Real system definition X x x | x
3 | Problem formulation X X x | x X x| x
4 | Requirements specification X
5 | Building the conceptual model X X X x| x X x| x
6 | Conceptual model validation X X x| x
7 | Architectures and design specifications X
g | Data documentation X X
9 | Collection and modeling of input data x X | % X x
10 | Big phase calledifnplementation” X
11 | Building computer sub models X
12 | Building the computer model X X X x| x X x| %
13 | Computer model verification X X x x| x
14 | Computer model validation X X x| x X x| x
15 | Big phase calleddnalysis’ X
16 | Design, conduct and analysis of experiments X X x| x X x| x
17 | Data analysis or interpretation X X x
18 | Data documentation to date X X X
19 | Conclusions and recommendations X X x X
20 | Presentation of results X | x x
21 | Implementation X X X

5  CONCLUSIONS

This paper analyzed some work presented in the Winter Simulation Conference, the largest international
congress on the simulation field, and also some maiksbobthe area. From this study, eight methods
were identified to guide the development of simulation projects.

Considering these eight methods, there were idedtidind described all activities of each of the
methods, and thus it was showed how the authors propose to develop a simulation project. Then, the
results were analyzed.

The identified methods were proposed by: Mitroff et al. (1974), Banks et al. (1998), Brooks and
Robinson (2000), Carson Il (2005), Law (2006), Mwatichi et al. (2010), Sargent (2010), and Balci
(2011). Through this analysis, 21 major activities were identified.
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However, each method considers a specified nurobectivities. The methods that have a greater
number of activities were proposed by Montevechi et al. (2010) and Balci (2011) and mention 14
activities among all 21 activities found in all methods.

From the analysis performed in this study, it ywassible to identify the most detailed methods, and
the simplest ones. The common activities among nie¢hods were also presented, as well as the
important activities to conduct a simulation project. Fjnave identified that Montevechi et al. (2010)
divides its method into three major phasamception, implementation and analysis.

It is concluded from this work that teachers, students and researchers of the subject, can use the
comparison here undertaken to base their decision on the simulation method that best fits their simulation
goals, noting that the method intends to guide thelation analysts on how to develop each step that
makes up a simulation project.

As future work, it is suggestedehanalysis of specific simulationymals in order to identify other
methods and compare them to the methods presented here.
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