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The confirmed realities and myths about the benefits and costs of 3D Visualization and virtual reality in discrete event

modeling and simulation: A descriptive meta-analysis of evidence from research and practice

Abstract

The past seventeen years has witnessed a significant transformation in discrete event modeling and simulation, and the
introduction of new modeling methodology based on three-dimensional (3D) visualization and virtual reality (VR)
technologies. While several studies demonstrate the benefits and costs of 3D.and VR modeling in discrete event
simulation (DES) based on empirical evidence, others rely on anecdotal evidence and experience from practice. Further,
there are still some unsubstantiated claims about the gains and challenges arising from the application of 3D and VR
technologies in DES. This paper synthesizes the realized benefits and costs associated with modeling and simulation in
3D and VR while differentiating the realities from claims (myths). The results show that 3D and VR techniques offer
significant benefits in the major modeling and simulation tasks than speculated among practitioners in the simulation

community.

Keywords: Discrete event modeling, simulation . methodology, three-dimensional display, virtual reality user interfaces,

visualization techniques

1. Introduction

The Visual display (VD) in' discrete event simulation (DES) has witnessed a significant transformation in nature and
sophistication since the introduction of visual interactive simulation/modeling — VIS/VIM (Hurrion, 1980; 1986; Bell &
O'keefe, 1995). In the past seventeen years, most DES software and modeling tools implement more advanced state-of-
the-art visualization techniques in three-dimension (3D) and virtual reality (VR) (Barnes, 1996; Akpan & Brooks, 2012;
Akpan & Brooks, 2014; Turner et al. 2016). The application of 3D display and VR in DES indicate a significant progression
from the block diagrams, iconic graphics and rudimentary two-dimensional (2D) animations (Bell, 1991). Some of the
simulation software packages that offer desktop-based 3D modeling include AutoMod (Rohrer & McGregor, 2002),
Flexsim (Nordgren, 2002; Beaverstock et al. 2012) and WITNESSVR (Waller & Ladbrook, 2002).

VR and DES originated from separate disciplines (Turner et al. 2016). The emergence of the two fields into virtual
reality simulation (VRSIM) as coined by Akpan, (2006) and Akpan & Brooks, (2005a), has significantly improved DES
practice (Akpan & Brooks, 2005b; 2012; 2014). The 3D display and VR offer advanced visualization capabilities and

realistic displays with better interactive experience (Hurion, 1993), and greater dynamic and stereographic depth effects



(Hubona et al. 1999; Waller & Ladbrook, 2000), the features that have greatly enhanced visual simulation (Hurrion,
2000). Other desirable features of the 3D display include the ability to alter the users’ viewpoints and being able to “fly
through” the system (Waller & Ladbrook, 2002). The 3D visualization and VR also possess ‘accurate 3D geometries’
which are significant where the physical layouts and processes of the simulated system are crucial, and where some
level of physical detail and performance measures is required to make the process design firmer and clearer (Barnes,
1997).

However, there are still some speculative claims about the benefits and costs associated with the 3D visualization
and virtual reality in DES. This paper refers to the unproven claims as the ‘myths’; while the substantiated and proven
benefits via empirical or practically demonstrated and functioning benefits are referred to as the ‘confirmed realities’.
For example, in a survey of simulation practitioners, 35% of non-users perceived that the 3D/VR does not add any
significant value to the DES modeling and simulation process (Akpan & Brooks, 2005b). Similarly, 65% of the same
respondents tend to exaggerate the costs of 3D modeling and simulation, stating the difficulty or complexity in
modeling, and the long learning curve, etc. (Akpan & Brooks, 2012). It is essential therefore to fill this gap in the
literature by synthesizing the realized gains and any associated costs based on proven evidence from research and
practice.

This paper attempts to fill this gap by synthesizing the realized gains and any associated costs through a
descriptive meta-analysis of evidence from research and practice covering the period 2000-2016. The rest of the paper is
organized as follows: Section 2 reviews the literature highlighting the various claims about the potential impacts of 3D
visualization and VR in DES. Section 3 explains the research methodology. Section 4 presents the results of the study and

discusses the findings. Finally, Section 5 concludes the paper and presents a brief discussion of future research.

2. Literature Review and Theoretical Background
This section reviews the key DES activities and the various claims about the impacts of 3D visualization and VR on
those tasks, including problem definition, conceptual modeling, and model development. Others are model validation

and verification, experimentation and analysis.

2.1 Problem Definition
Problem definition or specification is an important first step in the DES process. The primary activities involve analyzing
the requirements, developing project objectives and formulating the structure for the simulation project. Specifically,

the key tasks and activities include:

i. Creating a list of questions or problems that the simulation should address, define a set of assumptions and decision

variables (Law & McComas, 2002).



ii. Determining the project scope, identify specific problems to address, with hindsight on how to use the model during
experimentation and analysis phase (Brooks & Tobias, 1996; Banks, Carson |l & Barry, 2005).

iii. Developing the scope or boundary of the model, and the level of detail based on the questions that the model seeks
to answer and data availability (Brooks & Tobias, 1996; Brooks & Wang, 2015).

iv. Determining a list of measures of performance and meaningful alternatives that can be used to evaluate and
compare with the real system (Brooks & Tobias, 2000). These performance measures can-provide information and

insight into the problem domain (Akpan & Brooks, 2014).

The overall claims about the benefits of 3D/VR on problem specification, many researchers and practitioners

posit that there are no perceived or realized benefits of visual display on the problem definition.
2.2 Conceptual Modeling

Conceptual modeling is an essential ingredient for successful simulation if developed properly. It entails logical
representation of the problem or specification requirements in'a way that the model developer and by the client can
easily understand. The model can be developed conceptually by way of diagram or pictorial sketches to show process-
flow or layout of the system. It is also possible to represent the conceptual model in a textual format or as a supplement

to diagrams or pictures (Brooks & Tobias, 2000; Tako & Robinson, 2010).

The use of the visual display for conceptual modeling involves representing the model elements and system’s
components by way of graphic symbols or sketches (Waisel, Wallace & Willemain, 2008), block diagrams, or graphics
supplemented by text (Au & Paul, 1996). The aspects of conceptual modeling include, System description (describes the
problem situation and the system), non-software dependent Conceptual model and computer model, which is software

specific design and representation of the system (Kotiadis & Robinson, 2008; Robinson, (2008).
2.3 Model Development

Model development involves the implementation of the conceptual model (Section 2.2), through a computer
program or by drag and drop of graphical elements, and defining parameters using drop-down menus and commands of
standard modeling tools and software. Currently, most DES models are developed using software applications (e.g.
WITNESS/VR, FLEXSIM, etc.). Using the modeling software enables the building of models without any recourse to
extensive programming. While some of the software is general purpose (that is, can be used to model different systems)
purpose, others are specific to certain applications (Tako, 2014). Several perceived benefits and claims about 2D and 3D

visual displays include the following:

i. Creating simulation model in 3D (from the perspective of the model builder) provides visual details and more

accurate model that represents the system (Barnes, 1996; Akpan & Brooks, 2012).



ii. The 3D visualization enhances appropriate insight into the designed system and highlight subtle aspects of data and
in some ways manipulates the viewer’s perception of information positively (Farooqg, et al. 2007; Orady, Osman &
Bailo, 1997).

iii. VR helps to reduce the likelihood of overlooking the important details that affect the performance of the system
(Barnes, 1996; Waly, & Thabet, 2003).

iv. The 3D simulation models provide the means for generating, representing information<about the system in natural
and accurate form (Barnes, 1996).

v. The benefit of 3D graphical animation presents realistic display compared to.other techniques, e.g. the 2D display

type (Farooq, et al. 2007).
The relative costs of modeling in 3D and VR include the following:

i There is a popular claim that modeling and simulation in the 3D display or VR adds little or no value to the DES
process (Akpan & Brooks, 2005b, 2012).
ii. It is time consuming and takes significantly more effort to develop 3D models compared to other methods

(Akpan & Brooks, 2005b).
2.4 Validation and Verification

Validation is a process of determining whether a simulation model is an accurate representation of the system,
for the particular objectives of the study (Law, 2003). The purpose is to identify and correct any errors in the model to
ensuring that the simulation model accurately mimics the real-world system accurately from the perspective of its
intended uses. Error free models enable managers and users sufficient to use it for decision-making. Kamat & Martinez
(2000) emphasize validating models using the visual display to ensure accuracy as demonstrated in an experiment by
Akpan & Brooks (2014). Verification, on the other hand, is concerned with determining whether the conceptual model
with assumptions correctly translate into a DES model (Sargent, 2013; Robinson, 2008). The common claims about the

effects of 3D/VR techniques in DES include the following:

i. It helps the developers in debugging models during the development stage and in verifying that the model
accurately represents the modeled system, as the developer understands it (Kamat & Martinez, 2000).

ii. It emphasizes details about the system and enhances better problem detection and problem-solving (Mujber et al.
2004)

iii. It facilitates model verification and validation process, which improves model accuracy (Akpan & Brooks, 20053,
2005b).

iv. Itallows better problem detection (Mesquita, Cunha, Henriques, Grave, Silva, 2000; Akpan & Brooks, 2005a).



v. Providing all relevant details improves model accuracy (Akpan & Brooks, 2012, 2014)

vi. The 3D animation is potent in evaluating model behavior (Akpan & Brooks, 2005a, 2005b).

However, some skeptics also assert that, although 3D models may look convincing, it does not guarantee validity
bearing in mind that, the model can only be as valid as the information it represents (Mujber, Szecsi & Hashmi, 2004).
The model builder must also be aware that, the appealing visual representation of 3D model cannot be a substitute for

the important statistical analysis (Rohrer & McGregor, 2002; Brooks, 1999).
2.5 Model Run, Experimentation and Analysis

Experimentation involves investigating the alternative courses of action, towards arriving at a preferred decision
that can improve a system of interest. It involves running the model and observing the behavior of the model. The
simulation analyst can alter the running speed of the model and the parameters to examine different alternatives. Other
important activities involved in experimentation include collecting output statistics, carry out multiple replications, and
the use of statistical and optimization techniques and analysis (Robinson & Pidd, 1998; Brooks & Robinson, 2001; Law,

2003).

One benefit of using the 3D display for experimentation and analysis is that it enhances ease of analysis and

generation of ideas about the modeled system. The rationale for this claimed benefits it that:

i. Running the model in real time using 3D/VR makes it possible to obtain the actual/dynamic positions of entities
during the run (Bennaton & Sivayoganathan, 1995).

ii. Model runin the 3D/VR environment can be very slow.

iii. The 3D animation makes it'possible to observe the model behavior in real-time in a way that mimics the real life
situation at model runtime. It is also possible for the observer to ‘walk’ or “fly’ through the simulation, and also to
modify simulation parameters or examine performance statistics (Waller & Ladbrook, 2002).

iv. With the VR system, it is possible to move around your simulation model as if being inside the process, viewing

activities from any angle, and at any size, which improves understanding of the system (Waller & Ladbrook 2002).

The limitation of experimentation in a 3D environment is that running 3D model in real time can be slow. This can
limit the strength of 3D simulation modeling (Akpan & Brooks, 2005a, 2005b) and can hinder knowledge elicitation
(Robinson, Lee & Edwards, 2012).

2.6 Presentation of Results to the Clients



One of the DES tasks is presenting the outcomes of a simulation project to the stakeholders in a way they can
understand, and believe in it. According to Waller & Ladbrook, (2002), the 3D/VR is a valuable tool to convey ideas to

senior management, managers and other non-technical personnel who may. The reasons are as follows:

i. The 3D graphics helps to simplify the presentation and interpretation of simulation results to the users, especially to
the managers and other decision-makers with little knowledge of statistics and computer simulation (Smith, 1999).

ii. The 3D graphics helps to simplify the presentation of the results for technical engineers as well as for upper
management (Kamat & Martinez, 2008).

iii. Realistic 3D simulation can be a very effective medium for communicating to observers from various disciplines and
non-technical personnel (Barnes, 1996).

iv. The 3D enhances understanding of the technical details by non-experts, and offers a platform for improved
communication between management, model builders, users, and non-technical personnel (Smith, 1999).

v. The 3D/VR offers the ability to visualize system as in real-life and provides a more pragmatic and comprehensible

feedback from the simulation models (Kamat & Martinez, 2000).

3. Materials and Method
3.1 Literature Search Methodology

The literature search process, reporting, and analysis of results are structured according to the guidelines
offered by the preferred reporting items for systematic reviews and meta-analyses (PRISMA: Runeson, & Host, 2009).

PRISMA defines the steps and processes in identifying, interpreting and evaluating the data.

The articles on visual display, 3D visualization, and virtual reality are quite diverse with records of
implementation and application in several disciplines, e.g. computing, engineering, medical sciences, business
operations, etc. The literature search was carried out using Google Scholar (https://scholar.google.com), which index
articles from all disciplines, and cross-matched with the articles’ retrieved through ‘Publish or Perish’ (Publish or Perish,
2015). In other to avoid omitting any relevant papers, we also searched the bibliographic databases that index
computing/information systems, operations research and the management sciences, including the Science Direct,
Informs PubsOnline and IEEE Xplore Digital Library. Others were ACM Digital Library, Springer, Wiley
(onlinelibrary.wiley.com/advanced/search),  Palgrave  Macmillan and Emerald Insight/Emerald  FullText
(emeraldinsight.com). Most of the articles indexed by individual publisher’s database and “Published or Perished” also

appeared on the Google Scholar.

The search covered the last seventeen (17) years (2000 to 2016), the period that no comprehensive review

papers exist that synthesizes the realized benefits and costs and claims about VRSIM. However, Robinson, (2005)



examined the advances in DES generally and the visual display from the mid-1990s to the mid-2000, with a brief mention
of 3D/VR as the current trend in the early 2000s. Table 1 shows the search terms. The retrieved articles were exported

on to EndNote bibliographic software for filtering, screening, and selection.

Table 1. Keywords used in the literature search and Paper Selection Criteria

Search Terms Concatenate with the following terms
Three-dimensional display or 3D Display Computer simulation
Three-dimensional visualization or 3D Visualization Discrete event simulation

Virtual reality or VR

Visual interactive simulation or visual interactive modeling

Criteria for Selection and Inclusion of Articles in the Review

Studies that implement 3D/VR displays and demonstrate the real impacts on DES tasks (Section 2.1-2.6).
Articles published between 2000 and 2016 (print/online sources).
Peer reviewed journal article.

Papers written in English or formerly translated into English.

3.2 The Filtering, Screening and Selection of Articles

The filtering, screening and selection process followed the PRISMA guidelines (Runeson, & Host, 2009) as explained in Section
3.1 above. After exporting the identified publications on the Endnote, we employed its search, filtering and querying functionalities
to remove the duplicate entries. Further filtering and screening process (Figure 1) reduced the initially retrieved 1884 articles to 67

publications after an eligibility screening. Table 1 lists the criteria used in the screening and selection of the papers.

Articles Retrieved Filtering Eligibility Eligible
and exported to » (1525) »| screening based > full texts
Endnote (1887) on criteria (495) reviewed (67)

3

Duplicate entries !\lon—jo.urnal Number of papers
discarded (362) articles discarded screened out (428)
(1030)

Fig. 1. Filtering, screening and selection process for the articles



Fig. 2. shows the distribution of the 495 papers that were screened for eligibility and the 67 articles included in

the review. Each year shows the candidate publications for consideration, and highlight a sustained research on visual

display in DES indicating the importance of visualization in DES from 2000-2016. At least one article was selected from

each of the 17 years, except in 2009, when 19 articles were screened but none was selected based on the criteria

defined in Table 1 in Section 3.1.
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3.3 Data Analysis Methodology

e Selected & Reviewed

This study adopts a descriptive meta-analysis to synthesize the findings from peer-reviewed journal publications on the

realized benefits and costs of 3D visualization, and VR in DES. A descriptive meta-analysis is considered most suitable

given that the reviewed articles differ in some ways including the research method (e.g. surveys, experiments, case

studies, or a combination of these methods). The articles also tackled diverse problems in many disciplines and

application domains (Table 2), given the multi-disciplinary dimension of computer simulation and information

visualization techniques. A confirmatory meta-analysis would not be suitable in this case because the effect size

categorization would be inconsistent, or not available for some of the studies. Previous studies have adopted a

descriptive meta-analysis successfully for similar reasons (e.g. Bohannon et al. 2006; Toufaily, Ricard, & Perrien, 2013).

Table 2 Tasks and Activities in DES, the Problems Tackled and the Research Methods
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4. Results and Analysis
4.1 Data Sources

The data used in this study were extracted from the reviewed articles. After a thorough review of the abstracts
and the main contents of each publication, sixty-seven (67) articles, published in 38 journals covering diverse fields were
selected. All the selected journal papers carried out 130 investigations on the realized impacts of the 3D visualization
and VR on DES tasks and activities. Some studies compared the impacts of the 3D/VR against other forms of visual
display, e.g. 2D visual interactive simulation. The studies on model validation and-analysis had the highest count (23
each: Figure 3) followed by presentation of results to the clients (20) and model‘usability development (19). The DES
activities with the fewest research were conceptual modeling and problem definition (with 3, 4 studies respectively).
Some articles investigated more than one DES activities. For example, each of Kamat, & Martinez, (2003) and Akpan &

Brooks, (2012) investigated the impacts of 2D, 3D/VR displays on model validation, verification, experimentation, etc.

To find out if the research methods, the application domains/problems tackled had any impacts on the
conclusions arrived by the selected authors, we collected relevant data to observe any such pattern. The 67 selected

articles adopted five (5) research methods, with case study being the most popular, followed by experiment (Figure 3).

M Case Study  HSurvey Experiment M Experiment& Survey M Case Study & Survey

N

Conceptual Modeling

N

Problem Definition

Model run  IEEEEE——T
Experimentation | S S

Verification

2
Model development | 3 *
Presentation | 3
Analysis | 4
s

Validation

o
(€]

10 15 20 25
Figure 3.

DES Activities and the Research Methods Used by the Selected Articles

On the application domains classification, the reviewed articles covered a broad range of areas. Overall, 38

application domains were covered by the 67 selected publications, with some of the papers evaluating more than one
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area of application (e.g. Akpan & Brooks, 2014, Kumar & Benbasat, 2004). Civil Engineering, particularly construction
was the most popular area with 14%, followed by systems implementation and evaluation, which had 11% (Figure 4).
Other major areas of applications include aerospace, production/manufacturing, healthcare/medical services operations
and air traffic control. The significance of these categorizations is to ascertain any possible impacts of visualization on

the DES activities due to the domain and problems tackled.

Aerospace
Q

Industrial Management Factory layout
Healthcare General Construction

Figure 4. The Application domains covered by the selected articles

Out of the 67 articles selected for the final review, fifteen (15) or 22% were published in the core simulation
journals, followed by twelve (12) or 18% in the civil engineering related sources, particularly in construction, while
majority of the remaining papers appeared in computing/information systems and decision sciences outlets, including
the journal of computers and industrial engineering. The journals in others application areas were healthcare/medical

sciences, and archaeological/cultural heritage, etc. (Table 3).

Table 3 List of reviewed articles and the journals sources published (2000-2016)

Journals References No Journals References No
n=67
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4.2 The Confirmed Realities of the Benefits and Costs Associated with 3D Visualization and VR

This section carries out a reality check on the claims (myths) discussed in Section 2 about the benefits and costs
associated with the implementation of 3D/VR techniques based on the impacts on the DES tasks. As explained in the

earlier section, this study employs a descriptive meta-analysis.
4.2.1 Reality Check #1: Problem Definition

The impacts of 3D visualization and VR on problem definition attracted few studies (4). Waisel et al. (2008),
which examined how expert model developers use sentential and diagrammatic sketches at the problem formulation
concluded that such modeling strategy enhances an early insight into the problem, leading to the creation of better DES
models. The sketches were 2D diagrams, not 3D or VR. Korosec, Bole, & Papa, (2013) in another experiment using the 3D
display arrived at a similar conclusion. Although the third paper (Farooq, et al., 2007) also concluded that the 3D
visualization could support‘modeling at this phase, it was unclear about the specific activity that this apply. On the
contrary, in a survey by Akpan& Brooks, (2012), a significant majority of simulation practitioners and researchers did not

see any benefit of using the visual display at this early stage of modeling. Further details are available in Table 4.

Table 4. The impacts of visualization on problem definition and conceptual modeling

References Realized Benefits/Costs

Problem Formulation/Definition

Korosec, Bole, & The 3D display helped to provide a better understanding of the problem-definition

Papa, (2013) process.

Farooq, et al., 2007 The 3D visualization makes modeling easier than when using the 2D display.

Waisel, et al., 2008 Using 2D sketches during problem formulation helps to generate insight about the
problem.

Akpan, et al, 2012 94% of the simulation professionals, users, and decision-makers did not see any effect

of the 3D or 2D displays on problem definition, both on the clarity and time it takes to
complete the task.
Conceptual Modeling
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Waisel et al, 2008 The more complex the more expert model developers tend to use visualization (2D).

Chen et al, 2013 Model development tasks using 3D prototype and other 2D display simulation
applications. It is easier to use 2D sketches during conceptual modeling.

Murphy et al, 2002 Evaluated at what stage of the manufacturing processes that 3D visualization could be

more useful in a DES process.
4.2.2 Reality Check #2: Conceptual Modeling

Only one of the three articles that investigated the impacts of visual display evaluated the 3D. The study
concluded that although visual display can affect performance on conceptual modeling, the 3D visualization does

improve the DES activities at this modeling phase. Table 4 provides the detail conclusions from the studies.
4.2.3 Reality Check #3: Model Development

Section 2.3 listed five benefits and positive claims and two costs or negative speculations about modeling and
simulation in 3D and VR. Nineteen out of the sixty-seven ‘articles examined the effects of 3D/VR modeling on
performance effectiveness and efficiency. The conclusions from the nineteen studies confirms all the benefits as well as
one of the costs of 3D modeling, that is, it takes longer to build a 3D model. However, the results invalidate the claim
that the implementation of 3D/VR modeling methodology. On the contrary, the 3D visualization and VR (VRSIM) brings
several gains and appears to become an established DES method. Table 5 presents details of the realized benefits and

costs of 3D/VR in DES.

Table 5. The impacts of 3D/VR on model development and the time taken to develop it

References Realized Benefits/Costs

Al-Hussein et al, 3D display enables domain experts who are knowledgeable in given systems, but not

(2006) familiar with simulation to model an operation easily.

den Hengst et al, The 3D visualization offers true-to-scale features that helps to resolve any

(2007) complexities.

Lindskog et al, Creating a 3D model is time consuming and may result in unnecessary over

(2013) simplification.

Choiet al, (2003) 3D makes it easier for domain experts (manufacturing engineer, not only the
simulation expert) to build the model of a target system.

Dangelmaier et al, 3D is preferred when involving multiple domains experts working in the simulation

(2005) team with experts and analysts.

Chen et al, (2013) 3D enhances precision in model creation, helps to build model in efficient and

effective way, and facilitates accurate positioning of components.
Kamat, & Martinez, 3D enhances accurate representation of model. It is impossible to model the entire

(2008) system characteristics accurately in 2D space.

Sun et al, (2012) 3D/VR visualization System helps to reduce modeling effort.
Otamendi et al, Developing a 3D model is time consuming.

(2008)

Quarles etal, (2011) 3D enhances transparent reality and provides users with an interactive and
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dynamically accurate visualization of internal structure and processes.
It is quicker to build 3D model.
3D modeling (aesthetic computing) is time consuming compared to 2D.

The 3D modeling is tedious and time consuming.
3D should Supplement the 2D method, not replace it.

Over 93% of respondents who have used both 3D and 2D displays stated that, it takes
significantly longer time to build 3D model compared to 2D.

The VR environment greatly enhances collaborative learning and modeling without
losing the engineering specifications. The higher modeling costs and longer time
required for the artistic renderings (of the 3D space) are the major drawbacks of the
VR Platform.

Modeling the baggage handling system in 3D enhanced precise representation.

It is true that the 3D model is closer to the real world, but it takes considerable effort
and time to develop.

Non-experts can interact with the model and obtain information needed to carry out
functions. In this case for example, the facility managers can interact with the 3D
model interface to acquire information to support operations and decision, can access
the backend database through the 3D model for the managers to view.

4.2.4 Reality Check #4: Module Run

Nine studies investigated the impacts of using 3D/VR during the simulation runtime. All the papers confirmed

the claimed benefits as well as adverse impacts of 3D/VR at this phase. While seven authors confirmed the positive

gains, two concluded that the choosing this visualization technique causes the model to run very slowly. Table 6 contains

further details of these conclusions.

Table 6. The realized Benefits and costs of running DES model in 3D/VR

References
Huang et al, (2007)

Robinson et al,
(2012)

Waly et al, (2003)
Akpan, & Brooks,
(2012)

Oerter, et al., (2014)

Benefits/ Costs

Non-simulation experts can run and optimize the 3D (CVP) model, and evaluate the
resource utilization.
Slower run-speed of the 3D display is reducing the collection rate

Running model in 3D display makes it slower.
3D Preferred for evaluating model behavior and checking errors.

The user can explore the 3D environment from a first-person or third person viewpoint
while running the model, providing the users with the capabilities to properly visualize
and explore the entire model. These capabilities would greatly improve the visualization
and make it simpler to use and decreases the number of man-hours used by the team,
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thereby reduce the cost for the customers.

The 3D visualization helps to overcome the various problems associated with the 2D
display such as misinterpretation and errors in the results at runtime.

Implementing an immersive virtual reality environment with the simulation, the realistic
visualization provided allow users to interact with the model as in real-life during the
runtime.

The implemented 3D-based DEVs enhanced easy visualization of the operation and
observing the realistic interactions at runtime and visualizing the results.

The 3D visualization system integrated with PROTOCOL platform can receive sensor
input from the real world, and providing audio-visual warning feedback for accident
avoidance at runtime.

4.2.5 Reality Check #5: Model Validation

An investigation into the impacts of 3D visualization and VR on model validation is one of the DES tasks that
attracted the most attention (23). In the studies that span several application areas employing different research
methods and tackled various problems (Table 2), all concluded by confirming all the benefits of using 3D/VR for model
validation listed in Section 2.4, and much more (Table 7). The results show that validating the model in 3D/VR

environment does not have any negative effects but contributes significantly to improving the overall quality of the DES

model, which can enhance credibility of stakeholders in the process.

Table 7. Realized Benefits of validating DES model using 3D visual display and VR.

References
Mujber et al, 2004)

Akpan, & Brooks;
(2014)

Al-Hussein et al,
(2006)

Akpan, & Brooks,
(2012)

Bailey et al, (2012)

Khoury et al, (2007)
Rekapalli et al,
(2011)

Alberts et al, (2012)
Choi, (2003)
Dangelmaier et al,
(2005).

Farooq et al, (2007)

Explanations/Reasons

3D/VR helps to verify the model logic, and matching model behavior with real-world
behavior, which is an important factor in verifying and validating a simulation model.
Easier to spot errors (logic, routing and wrong components combination) and reduces the
time taken to spot the errors.

Utilizing 3D visualization enhances better understanding construction operations, which
is particularly helpful for simulation verification and validation.

3D makes it easier and takes shorter time to identify errors in the model during
validation.

The 3D makes it easier for engineers and non-simulation experts to validate the DES
models against the actual components and the processes.

3D enhances model validation irrespective of the application domain.

The interaction capability of 3D helps to detect any abnormal behavior in the model.

Using 3D in debugging model is very effective.
Domain expert can use it to validate model easily.

3D/VR makes it easier to find errors in the model (overcoming error-prone modeling of
complex simulation models) in less time.
The 3D makes it easier to visualize each step in the simulation and enhances easy
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validation and debugging of the model and improvement of various tested protocols.

Kamat, & Martinez, = Helps domain experts to identify errors that model developers may not be able to spot.

(2001)

Kamat, & Martinez, The 3D visualization makes it possible to involve domain experts who can observe the

(2008) behavior of simulation model, then compare with the real-life operation, thus helping to
identify errors quickly.

Kamat, & Martinez, = 3D helps in spotting inaccurate data and logic error.

(2003)

Chan, (2003) 3D enables managers and engineers to have a clearer and more reliable picture of any
impacts of changes on the system. This makes it easier to validate the model and
sequence for assembling components in few minutes.

Kamat, & Martinez, = 3D helps to determine the motion path in an accurate fashion.

(2007)

Kamat, (2008) 3D provides the spatial information about construction workspaces and geometric details
of the erected facility components that are captured into simulation models, which
enhance validation.

Lu, Zhen, Mi, & By displaying the results of the assembly components, subassembly sequences and

Huang, (2015) production operation in 3D, the user are able to correct the obvious errors to ensure the
finally assembly sequence is feasible.

Hong, Shi, & Tam, It is agreeable that validation of model is not an easy task for users, which the 3D can

(2002) simplify. Rather than using the 3D model animation that is complex to develop, 2D could
serve the purpose.

Nandan, et al. Presenting a detailed numerical analysis and the experimentally measured values of the

(2006) 3D simulation of the flow and heat transfer during a friction stir welding of stainless steel,
the 3D model was more accurate. According to the authors, this fact indicates the need
for 3D models.

Dialami, et al. When validating the numerically computed results with the experimentally measured

(2015) values, both the 2D and 3D simulations results were "remarkably good".

Somasundaram & Using the 3D based surgical simulation compared to the 2D, leads to significantly better

Kalaiselvi (2010) performance in identifying the correct areas to carrying out the surgical operation and

related activities.

4.2.6 Reality Check #6: Model Verification

Similar to the case of validation, model verification is another DES activity that benefits most from 3D
visualization. Here, twelve studies investigated the relative impacts of the 3D display over 2D (Figure 8). All the surveyed
papers concluded that the 3D makes it easier to verify DES model using the 3D display than any other method. Some of
the studies explained that in situations where domain are experts are involved in the modeling process, the 3D makes it
easier to understand the model and the operations and become very useful and helpful. In the case investigated by
Kamat, & Martinez, (2003), the domain experts were able to detect severe mistakes caused by the model developers

who used incorrect data, then went on to certify the DES model as correct. The domain experts were able to spot the
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errors. The studies confirmed all the benefits of using 3D/VR for verification as stated in Section 2.4, and did not identify

any associated costs.

Table 8. The realized benefits of verifying DES model with 3D visualization and VR

References
Mujber et al, (2004).

Al-Hussein et al,
(2006)
Kamat, et al. (2007)

Khoury et al, (2007)
Dangelmaier et al,
(2005).

Farooq et al, (2007)
Su et al, (2014)

Kamat, & Martinez,
(2008)
Kamat, & Martinez,
(2003)

Chan, (2003)

Akpan, & Brooks,
(2014)
Akpan, & Brooks,
(2012)

Moon et al, (2006)
Kamat, (2008)

Hong, Shi, & Tam,
(2002)

The Realized Benefits

VR helps to verify the model logic and behavior and provides a visual trace of events, and
aids the people who have not built the model to verify it.

Utilizing 3D visualization enhances better understanding of construction operations,
which is particularly helpful for simulation verification.

3D helps to correct any discrepancy that may exist in the simulation model as intended
by the simulation expert and the real-system.

3D visualization was effective when used to check that code was free of errors.

Using 3D display for verification saves time and costs.

The 3D, which helps to verify the correctness of the results easily.

Quicker to verify 3D models: Applications with 3D animated models can be rapidly
constructed and verified.

The ability to see a 3D animation of processes enhances verification.

3D visualization reveals all the logic errors in the model “in a few minutes” and helps the
domain experts to detect errors caused by the use of bad data by simulation expert, the
errors that the experts may never detect.

3D helps to detect bottlenecks easily and accurate determination of buffer size.

Using the 3D visualization for the verification tasks reduced the time it takes
significantly.

Over 73% of surveyed respondents who used both 3D and 2D displays said that the time
spent for model validation and verification is shorter with 3D display than with 2D
display.

The 3D display is very effective in verifying automotive assembly simulation.

3D provides the spatial information about construction workspaces and geometric
details of facility components, which enhance verification.

It is agreeable that model verification is not an easy task for users. Although the 3D
display can simplify this, it is rather complex to create the 3D animation. Thus, the 2D
could serve the purpose.

4.2.7 Reality Check #7: Model Experimentation

This section examines the benefits and costs associated with undertaking model experimentation with the 3D
display/VR. The results of the studies reviewed confirmed all the claimed benefits listed in Section 2.5. Also, the studies
concluded that the 3D/VR saves the time spent on the undertaking tasks. Table 9 provides details of the conclusions

arrived by the fifteen papers that investigated this task.
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Table 9. The realized benefits and costs of using the 3D visual displays / VR for model experimentation

References
Dorozhkin et al,
(2012)
Ruaetal, (2011)

Dangelmaier et al,
(2005)

Robinson, Lee &
Edwards, (2012)
Farooq et al, (2007)
Chan, (2003)

Li et al, (2003)

den Hengst et al,
(2007)
Fishwick, (2004)

Somasundaram &
Kalaiselvi (2010)

Akpan, & Brooks,
(2012)
Hajdasz, (2008)

Oerter, et al., (2014)

Hurrion, (2000)

The Realized Benefits and Costs
Users can interactively change model inputs at model runtime in a dynamic way.

3D is better suited to real-time manipulation, while technicians can visualize and
experiment with different theories and hypotheses for reconstruction.
3D/VR enhances optimization of production system.

Slower run-speed of the 3D display is reducing the collection rate but it is easier to
identify model inaccuracies in a 2D representation.

Cell-DEVS permitted us to develop new experiments easily.

The use of 3D graphics and color scheme helps. to analyze the system interactively
highlights collisions, violation and near misses throughout the process.

3D makes it easier to experiment different construction methods in a what-if analysis.
3D highlights model behavior during. experimentation especially when involving
stakeholders in the modeling activities.

3D visualization (aesthetic computing) was far superior to conventional 2D display in
its ability to illustrate the effects of changes in variables.

Experimenting on the 3D v 2D medical surgery simulation by the medical experts, the
results on 20 MRI data showed that using the 2D display misled the performers to a
wrong location to undertake brain surgery, while the 3D visualization enhanced
accurate location. Where users identified correct areas in the few places using the 2D
display, they were unable to extract correct brain portions most of the time
compared tothe 3D display.

3D helps in spotting errors in the model during experimentation, validation or
verification.

The simulation and 3D visualization platform of the intelligent support system
enhanced the what-if analysis of the construction process.

The user has the ability to explore the 3D environment from a first-person or third
person viewpoint while running the model, providing the users with the capabilities
to properly visualize and explore the entire model. These capabilities would greatly
improve the visualization and make it simpler to use and decreases the number of
man-hours used by the team, thereby reduce the cost for the customers.

With the 3D animation algorithm, it is possible to display, rotate and view a neural
network simulation response surfaces from different positions.

4.2.8 Reality Check #8: Analysis of Simulation Results

The effectiveness of using 3D/VR to analyze the results of a simulation study was one of the most popular studies. As
was the case with model validation, all the twenty-three investigations confirmed all the claimed benefits of 3D/VR in

DES. Table 10 provides further details of the conclusions from the twenty-three studies.

Table 10. The impacts of 3D visualization on analysis of simulation results
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Aigner et al, (2007)
Dorozhkin et al, (2012)

Kamsu-Foguem et al,
(2012).
Rua et al. (2011)

Rubio et al, (2005)
Talmaki et al, 2015
Alberts et al, (2012)

Bruzzone et al, (2009)

Dangelmaier et al, (2005)

Farooq et al, (2007)
Wainer et al, (2009)

Li et al, (2003)
Qu et al, (2010)

Smallman et al, (2001)
Akpan, & Brooks, (2012)

Son, & Kim, (2012)
Moghadam, et al. (2012)

Kamat, & Martinez,
(2001)

Huang, et. al. (2007)

Li, et al, (2008)
Hajdasz, (2008)
Nandan, Roy, Lienert, &
DebRoy, (2006)

Zhou, et al. (2016)
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Realized Benefits/Costs

3D encodes further information that is useful for analysis.

3D helps users to understand the modeling environment in 3D and interactively change
the inputs to the simulation at runtime.

3D provides new, powerful means for the visual analysis of time-oriented data. The
analysis Specifics: Segmentation, clustering, detection of events.

3D models and Virtual Reality programs allow different experiments and the analysis of the
space on a human scale.

3D is a low cost and fast analysis tool

3D offers better analysis but takes longer time to perform.

This enables analysis of behaviors of this type of system at realistic scales for the first time
on desktop computers

The 3D display helps in “analyzing store layout modifications” and provide feedback
directly to domain experts involved in layout analysis”.

3D saves time for analyzing results, especially when involving multi-disciplinary team.
The 3D environment makes it easier to analyze the simulation results.

3D display provides the general users with a variety of easy-to-use environments to
facilitate the model analysis process.

3D helps to experiment different construction methods in what-if analysis.

The 3D graphic and status output modules acting as user interface for parameters control
as well as data analysis.

2D enhances analysis of details than 3D

Participants in the experiment who analyzed the effectiveness and efficiency of the bank
customer services were able to analyze simulation results quicker.

3D visualization enhanced the performance analysis of underwater vehicle using discrete
event simulation (DEVS model).

The visualization utilizing the 3D studio Max was more effective in analyzing the
construction methods and complete the project in fewer days.

Developed and utilized a general-purpose 3D driven visualization system named dynamic
construction visualizer (DCV) that enables construction planners to obtain more realistic
feedback from simulation analysis.

The 3D-based system that integrates visualization and simulation allows project teams to
check constructability through visualized 3D models of projects. However, the process of
collecting input data for this VP system is a time consuming process.

Implement a 3D-based system that integrates visualization and simulation allows project
teams to check constructability through visualized 3D models of projects easily.

The simulation and 3D visualization platform of the intelligent support system enhanced
the analysis of workflow patterns, identification of changes and evaluation of their impact
on construction process performance, analysis of variant solutions.

Presenting a detailed numerical analysis and experimentally measured values from the
simulation of the flow and heat transfer during a friction stir welding of stainless steel, the
3D material was more accurate.

The 3D/VR makes it easier to examine the system's behavior and adjust the simulation
parameters to achieve an optimal solution.
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4.2.9 Reality Check #8: Presentation of Simulation Results

Section 2.6 listed several plausible claims of 3D/VR in enhancing the presentation of results to the stakeholders in a
given simulation project. As one of the popular areas that attracted the attention of researchers; all the papers
confirmed all the claims associated with the use of 3D/VR in DES, with a consensus despite the various problems tackled
in different application areas and the study methods used. Table 11 gives further details about the conclusions from the

twenty studies.

Table 11 An effectiveness of 3D visualization vs. 2D display on presentation of simulation results

References The Realized Benefits/Costs

Aigner et al, (2007) Certain types of data, e.g. volume data require the 3D for expressive data visualization.

Kamsu-Foguem et 3D visualization presents information in symbolic and familiar manner and facilitates the

al, (2012) natural and effective representation of information to users.

Qu et al, (2010) These results of 3D visualization demonstrate that our simulations vividly mimic the
appearance and shape of real grown eggplant cultivations.

Lindskog et al, Accurate representation of model asin real world.

(2013)

Fishwick, (2004) 3D Visualization helps in presenting the model to stakeholders.

Rodriguez et al, The 3D display offers the user an interface where he can move freely inside the simulation.

(2007)

Rua et al, (2011) The 3D models are far more than a simple medium for exhibition and fundamental to
archaeological research.

Whyte, (2003) Simulating building interiors and exteriors in photo realistic 3D display improves presentation

of new apartment building units than using 2D.
Talmaki et al, (2015) = The real-time 3D visualization scheme provides realistic graphical views that are not possible
through the conventional display.

Bruzzone et al, The 3D visualization introduces some significant benefits, such as elaborate presentation.

(2009)

Dangelmaier et al, 3D/VR enhances presentation of results to diverse stakeholders.

(2005)

Kim et al, (2002) Users considered 3D work engaging.

Kamat, & Martinez,  The 3D realistic display makes it easier when making presentation to domain experts who are

(2005) not proficient in simulation and modeling.

Wenzel et al, (2001) | The 3D visualization makes it easier to lllustrate the results for decision-makers / managers.

Chen et al, (2013) The 3D visualized models and animations are at present still the most intuitive presentation.

Kumar et al, (2004) | The 3D display helps in the presentation of results.

Van Orden et al, Generally, 3D display of objects and information often is more appealing to the users

(2000)

Akpan, & Brooks, Simulation experts and decision makers agreed that 3D enhances demo and presentation.

(2012)

Zhang, et al. (2016)  Surgeons had to transpose the 2D displays into 3D for better understanding and precise
performance.

Patel, Dholakia, & The 3D visualization solutions could simulate disasters from different angles and present
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Singh, (2016) information in ways that that helped users and other decision-makers to comprehend the
situation in more detail and plan for appropriate rescue operations.

5. Discussion

The results of this study confirm several benefits of 3D visualization and VR in DES, while also debunked a few
but vital claims and speculations in the simulation literature. The modeling and simulation tasks where the 3D display
show significant benefits include model development, experimentation, and analysis. Others are model validation and

verification, and presentation of results to the stakeholders.

The synthesis of the conclusions from several studies debunks the claim that 3D/VR does not bring any
significant to model development. For example, 14 out of 19 papers (74%) that carried out this investigation concluded
that the 3D/VR indeed improves model development task significantly, citing several plausible reasons. Some of the
reasons advanced by the majority of the studies opined that the 3D visualization supports team modeling, enhances
precision, provides clarity, etc. (Table 5). Despite the above positive conclusions, a small majority of the studies still

confirmed that a 3D model takes more effort and longer time to create.

Model validation and verification are the other important activities where the 3D visualization has improved
tremendously in two ways. First, the simulation experts and other users can quickly spot errors in 3D models due to its
advanced display features, which highlights model behavior. Second, the stakeholders’ involved as part of the simulation
project team are very knowledgeable in the application domains and can identify complex errors in the model during
model validation and verification, especially some problems that would take the simulation experts significantly long
time to determine, if at all’ (Kamat & Martinez, 2005). For example, in the situations described by Kamat & Martinez,
(2003) and Wenzel & Jessen, (2001), where the simulation experts used wrong source data in a construction operation,
then verified and validated the model as error free. The domain experts were able to detect the problem after observing
the model in'3D, a situation that brings significant credibility to the modeling process and enhances acceptability,
usability, and implementation of the DES outcomes. Thus, 3D brings a significant quality contribution to the DES process,
thereby resolving one of the major bottlenecks that had cast doubt in DES as a decision support system for decades

(Pidd & Robinson, 1998).

Experimentation is another aspect of the DES process where 3D visualization has brought significant benefits.
The activity also attracted meaningful investigations (19) with most articles concluding that the 3D display enhances
performance. The various given for this conclusion is available in Table 9. It is important to highlight the fact that, the

findings by the different authors largely dependent on the purpose and focus of the experimentation activities. For



26

example, highlighting model behavior, the slow run speed of the model, the time it takes to complete the

experimentation tasks, etc. (Table 9).

The question about the need for 3D visualization for analysis is one of the areas that has attracted a huge debate
that, the 3D is not essential in analyzing simulation results (Aigner et al., 2007). The attention this draws among the
simulation experts perhaps explains why a good number of the reviewed articles investigated this aspect of the DES
activities. Out of the 23 articles that examined the impacts of 3D display on analysis of data or results, over 95%
concluded that using the 3D display is more potent and leads to better analysis. The studies highlight that the third
dimension can be very helpful when evaluating model behavior and undertaking the what-if analysis, which also links to
the experimentation activities discussed above (Aigner et al., 2007; Akpan & Brooks, 2012). Similar to the case of
experimentation, it was not possible to investigate the impacts of the displays on time taken for analysis due to limited

number articles that addressed this problem.

Finally, the study also confirmed the realized benefits of 3D/VR on the presentation of results. The consensus
among the researchers that 3D visualization / VR offer significant advantages in this DES task tends to provide an
enduring solution to the challenge of presenting simulation results to the stakeholders in a simulation project in a way

that decision-makers can easily understand and be convinced.
6. Conclusions and Future Work

The descriptive meta-analysis carried out in this study provide strong evidence of the realized benefits of the
application of 3D display and VR in DES can have considerable benefits in many aspects of a DES project and processes.
The study highlights significant benefits of 3D/VR on the core modeling tasks and activities including model
development, experimentation and analysis, and model validation and verification, which ultimately can lead to an
overall success of a'simulation project. The strongest and consistent conclusions involved the effects of 3D/VR on model

validation, verification, and analysis.

In establishing the realized benefits of 3D/VR, the paper confirms the confluence of thoughts and conclusions
about the 3D display as an efficient modeling methodology, and indeed a better model development technique for DES

practice in this era of advances in information visualization.

However, the study also confirms that the main drawback of creating 3D models (taking a longer time to
complete the model development task) is merely a claim but reality. Although the reviewed articles did not give the
specific reasons why creating the model in 3D takes longer, it is an important aspect that simulation software vendors

need to pay attention towards improving the modeling tools. Further, the fact that different studies that use different
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DES software and tools arrived at slightly different conclusions regarding the difficulty and time it took to complete 3D

modeling, one can speculate about the possibility of the causes arising from the particular tools used.

As part of future research, we intend to evaluate the different modeling software and tools to identify any

impacts it can have on performance effectiveness and efficiency.
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The confirmed realities and myths about the benefits and costs of 3D Visualization and Virtual Reality in discrete event
modeling and simulation: A descriptive meta-analysis of evidence from research and practice

Research Highlights:

e Confirmed realities versus myths of 3D/VR in discrete-event simulation and modeling.
e The 3D/VR improves model quality and contradicts the claims that it adds no value.

e The 3D/VR is highly potent for model validation, verification, and experimentation.

e The 3D/VR is significantly valuable for analysis and presentation of results.

e Creating the 3D/VR model is complex, takes longer, but enhances the project quality.



