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ORIGINAL ARTICLE

Improving the success of simulation projects using 3D visualization
and virtual reality

Ikpe Justice Akpan, Murali Shanker and Rouzbeh Razavi

Department of Management & Information Systems, Kent State University, Ohio, USA

ABSTRACT
Achieving success in computer simulation projects has been a long-standing challenge. A
recent study identifies 193 success statements (SSs) distributed across 5 critical success fac-
tors (CSFs) and 15 key performance indicators (KPIs) for evaluating simulation projects. This
article employs text analytics and sentiments analysis to evaluate the effectiveness of two-
dimensional (2D) display and three-dimensional visualization/virtual reality (3D/VR) on the
success of a simulation project. The study matches the sentiments from the literature
selected through a systematic review process against the SSs, CSFs, and KPIs. The results
establish that visual display can influence simulation projects in four ways. First, the com-
bined visualization techniques in 2D and 3D/VR affect nearly half of the SSs across all the
CSFs and KPIs, indicating an essential contribution to the success of simulation projects.
Second, the 3D/VR is significantly more potent and influences more SSs across all the KPIs
and CSFs compared to the 2D display. Third, the 2D display affects fewer but vital SSs, CSFs,
and KPIs, especially those related to the time-sensitivity of project delivery, offering a logical
explanation to the continued use of 2D visualization by simulation providers. Fourth, ensur-
ing success in a computer simulation project requires multifaceted evaluation criteria.
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1. Introduction

The challenge of achieving success in computer
simulation projects has remained a long-standing
concern for the simulation community. Over the
years, several studies have offered different sugges-
tions to improving the outcomes of simulation proj-
ects, ranging from the choice of simulation software
(Hlupic & Paul, 1999), effective and efficient per-
formance of simulation tasks/activities (Akpan &
Shanker, 2017; Brooks & Robinson, 2001; Law &
McComas, 2002), stakeholders’ involvement (Kamat
& Martinez, 2003, 2007), techniques for simulation
project management (Nordgren, 1995), and manag-
ing stakeholders’ expectations (Robinson &
Pidd, 1998).

Similarly, some studies also propose ways to
improving the performance of simulation tasks,
activities and processes from problem definition to
conceptual modelling, model development, experi-
mentation and analysis of results, with the purpose
of ensuring the success of simulation projects
(Banks, Carson, Nelson, & Nicol, 2005; Kamat &
Martinez, 2001; Law & McComas, 2002; Robinson,
Lee, & Edwards, 2012). Other works propose the
use of advanced visualization techniques (2D dis-
play, 3D visualization, and virtual reality) as the
simulation and modelling approach and practice as

ways to enhancing simulation tasks’ performance,
quality, and usability and achieve a successful out-
come (Akpan & Brooks, 2012, 2014; Hurrion, 2000;
Kamat & Martinez, 2003, 2007; Robinson, 2002).

The above discourse highlights the complexity of
any simulation project. Besides, there is a lack of
a generally accepted definition of what constitutes a
successful computer simulation project. While a
traditional project is successful once the project is
completed on time and within budget, the standards
for adjudging success in simulation projects are
more complex and demanding (Martinelli &
Milosevic, 2016; Robinson, 2002; Robinson & Pidd,
1998). Consequently, the simulation providers/con-
sultants and the managers or users tend to use dif-
ferent perspectives or perceptions of measures of
success (Robinson & Pidd, 1998), a situation which
Salt (2008) identifies as one of the causes of a simu-
lation project’s failure.

Recognizing the complex requirements and
assessment criteria for evaluating simulation proj-
ects’ success, Jahangirian, Taylor, Young, and
Robinson (2017) proposed some 193 success state-
ments (SSs) distributed into 5 critical success factors
(CSFs) and 15 key performance indicators (KPIs).
These SSs, CSFs, and KPIs, which are explained
later in this article, capture the multi-dimensional
perspectives and perceptions of success that also cut
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across different phases including the pre-simulation
project planning activities to stakeholders’ involve-
ment, performing simulation and modelling activ-
ities. Others include post-simulation activities, such
as model usability, implementation of simulation
results, and change management.

The proponents of visual interactive simulation/
modelling (VIS/VIM) in 2D and 3D visual displays
and virtual reality (VR) believe that the application
of these visualization technologies can significantly
improve simulation tasks’ performance and ensure
the success of discrete-event simulation (DES) as a
decision support system, amongst other benefits
(Hurrion, 2000; Van Orden & Broyles, 2000). This
article seeks to evaluate the impact of two visualiza-
tion techniques (2D display and 3D/VR) on the suc-
cess of a simulation project.

The rest of the article is organised as follows: the
next section provides the theoretical background on
the success of simulation projects, discusses the SSs,
CSFs, and KPIs proposed by Jahangirian et al.
(2017), and explains the role of visual display on the
success of computer simulation projects. Section 3
presents the research method. Section 4 presents
and analyses the results. Section 5 discusses the
results, while Section 6 concludes the article.

2. Theoretical background

2.1. The perspectives and perceptions of a
simulation project’s success

Computer simulation typically involves creating a
model and simulating a system of interest that pro-
duces results to support essential business decisions
based on set objectives (Akpan & Shanker 2017,
2018; Pidd, 1996). However, for a simulation project
to be considered a success, the user needs to accept
the results as credible, implement the recommenda-
tions, and achieve a successful outcome (Akpan &

Brooks, 2012; Akpan & Shanker, 2017; Jahangirian
et al., 2017; Robinson & Pidd, 1998).

Several studies show that achieving the success
standards for simulation projects remains a chal-
lenge for several reasons (e.g., Jahangirian et al.,
2017; Van Lent, Vanberkel, & Van Harten, 2012).
First, some studies argue that managers or model
users who are non-experts in simulation do not
often understand the connection between the model
and the results, and therefore cannot rely on it to
implement the recommended outcomes (Akpan &
Brooks, 2005b). Secondly, computer simulation and
modelling activities can be complex rather than fol-
low a linear or straightforward top-down process
(Pidd, 1996). Thirdly, a simulation project can
involve a diverse and “interdisciplinary” team of
stakeholders (Lorscheid, Heine, & Meyer, 2012;
Pidd, 1996); for example, practitioner/provider, cus-
tomer, decision-maker, project manager and other
users) with different levels of knowledge and expert-
ise in simulation and application domains some-
times attract conflicting expectations and
perceptions of success (Pidd, 1996; Robinson &
Pidd, 1998; Shrivastava & Mitroff, 1984). Table 1
presents a few selected literature to highlight the
complex nature of a simulation project and the dif-
ferent perspectives to success and identifies the
diverse stakeholders in a given simulation project.

2.2. The role of visual display in the success of
simulation projects

The visual display of 2D VIS/VIM, 3D visualization,
and VR offer significant benefits that can enhance
the success of computer simulation as a decision
support system. The 3D display employs stereo-
graphic images to represent the model elements and
other parts of the real system, while the 2D anima-
tion uses bitmap and vector graphics that lacks any
depth effects. Model developers also use numbers,
charts, and texts to display vital statistics on the

Table 1. Perspectives, perceptions, and challenges of a simulation project’s success.
Robinson and Pidd (1998): Established a four stage-model of simulation project success from the perspectives of simulation providers and

customers. Here, success implies achieving the objectives of a simulation study and offering benefits to the customer; ensuring that the results
from the simulation are acceptable to the customer; the customer implements the results; there is a positive outcome from the implementation
of results proving that the results were accurate.

Lorscheid et al. (2012): From the perspective of the providers, the interdisciplinary audience involved in a simulation study/project hampers the
reporting of simulation results, while the perception of users about simulation as black box with little or no understanding hinders acceptance.

Pidd (1996): Identifies five categories of stakeholders in a simulation project including, model developers, programmers, project managers,
customers, and users, emphasises the need for visual interactive modelling/simulation (VIM/VIS) to be user-centred based on the human-
computer interaction (HCI) framework (Lee et al., 2010) and accommodate the user-needs for simulation providers and other stakeholders. The
essential needs include “familiarity with the real-world constructs,” tasks simplification, and visual appeals. Achieving the above attributes helps
to fulfil the objectives of a simulation project.

Poon and Wagner (2001): Evaluates the critical success factors for decision support systems, which also apply to computer simulation, e.g., systems
accessibility and usability, user satisfaction, diffusion/increased number of users. Poon and Wagner (2001) further stressed the need for the
system to offer benefits to the organization.

Jahangirian et al. (2017): The paper proposes 193 success statements (SSs), distributed across the 5 critical success factors (CSFs) and 15 key
performance indicators (KPIs); further details in Section 2.3.

2 I. J. AKPAN ET AL.



interface to complement the graphics in both dis-
plays (Akpan & Brooks, 2014). Further, the DES lit-
erature presents a loosed view of 3D visualization,
equating it with VR, implying that both displays
offer a three-dimensional perspective view (Akpan
& Brooks, 2012). Although the 3D experience can
provide the ability to alter the viewpoint of the
observer including being able to “fly through” the
system, it does not provide a complete VR experi-
ence in the conventional sense (Akpan & Brooks,
2014; Akpan & Shanker, 2018). Thus, the human-
computer interaction literature defines VR as a var-
iety of systems with different levels of immersion,
including full immersion into the virtual environ-
ment, and uses specialised hardware devices such as
gloves and head-mounted displays (Hoffmann,
Stefani, & Patel, 2006). However, this article uses
the term 3D display and VR interchangeably and
classifies both in the same category.

Simulation is used to model complex non-linear
systems with several elements and components
interacting with each other, and the ability to visual-
ise the modelled systems or operations using a com-
puter-generated animation is what makes the model
less mysterious to the less technical users (Akpan &
Brooks, 2014; Lorscheid et al., 2012). The visual dis-
play is what positively differentiates simulation from
other operations research techniques, such as linear
programming, mathematical modelling, which non-
technical people can barely understand but are
expected to accept the solutions as “gospel truth”
(Akpan & Brooks, 2014). Given that human beings
are naturally good at visually processing information
(Rohrer & McGregor, 2002), the visual display
makes DES as a decision support system more
engaging for users. The visual simulation also
enhances the understanding of the system and the
model and improves the decision-making (Akpan &
Brooks, 2012, 2014; Kamat & Martinez, 2003).
Other benefits of the visual simulation to the end-
users include helping the entire project team (model
developer, analyst, managers, and non-technical
managers) gain insight into the model and the sys-
tem. It also facilitates the involvement of domain
experts and non-technical personnel (Bruzzone,
Briano, Bocca, & Massei, 2007; Kamat &
Martinez, 2008).

The DES literature identifies other significant
benefits of visualization. These benefits include the
positive impacts of visual display on user perform-
ance of simulation tasks and activities throughout
the simulation process from problem definition to
presenting results to the clients or simulation project
owners. For example, the visual display can facilitate
model development (Chen & Huang, 2013), verifica-
tion and validation (Akpan & Brooks, 2014; Kamat

& Martinez, 2003; Qu et al., 2010), and communica-
tion with clients (Akpan & Brooks, 2012; Whyte,
2003). These gains further improve model credibil-
ity, acceptance, and usability (Al-Hussein, Athar
Niaz, Yu, & Kim, 2006; Mujber, Szecsi, &
Hashmi, 2004).

Viewing from the human-computer interaction
perspective, the outcome of a simulation project
must satisfy essential usability requirements and
quality standards for DES to fulfil its purpose as a
decision support system (Abran, Khelifi, Suryn, &
Seffah, 2003; Lee, Eastman, Taunk, & Ho, 2010;
Sharlin et al., 2009). The International Standards
Organization addresses the issues of usability and
software project quality including systems models
through ISO 9241 and 9126. There, it defines usabil-
ity as “the extent to which a product can be used by
specified users to achieve specified goals with effect-
iveness, efficiency and satisfaction in a specified
context of use” (Abran et al., 2003). Evidence from
research and DES practice show that meeting these
requirements in a simulation project can be chal-
lenging, which explains why several simulation proj-
ects record some failure as discussed in detail
elsewhere (Salt, 2008).

Other essential features of the visual display
include the effects on user-involvement in the mod-
elling and simulation project, problems associated
with not understanding of the simulation model of
complex systems, and performance of DES tasks.
These DES activities amongst others include verifi-
cation and validation, which in turn affects model
credibility and acceptance (Akpan & Brooks, 2012;
Robinson, 2002; Robinson & Pidd, 1998; Savolainen,
Ahonen, & Richardson, 2012). As identified in the
decision support systems (DSS), the rationale for
proposing the adoption of appropriate visualization
technique is due to the potential positive contribu-
tions towards enhancing simulation project success.
Based on the assertion by Poon and Wagner (2001),
the visual display will affect the following:

� Interactivity: A DSS with real potential for suc-
cess should possess threefold interactivity
namely, expert’s interactivity with the technology,
manager or decision maker’s ability to interact
with the system intuitively, and good interaction
amongst all the stakeholders. Figure 1 shows an
example of a system or model, which depicts an
attempt by the non-technical managers/users to
interact with the system, and how the help of
visual interface in 2D and 3D/VR enable two-
way interaction between the human user and the
information system.

� Model use: A system that is not easy and attract-
ive to use will not have any potential to succeed.

JOURNAL OF THE OPERATIONAL RESEARCH SOCIETY 3



� User satisfaction: Once the users are satisfied
they will continue to use the system to
solve problems.

� Impacts on the user: Make the system impactful
and almost indispensable for the user in the tasks
performance.

� Increased number of users after the initial
deployment: If more people use the system after
the initial launch, the system will have a higher
potential to succeed.

2.3. Success statements (SSs), critical success
factors (CSFs), and key performance
indicators (KPIs)

The criteria for evaluating the success of a simula-
tion project are multifaceted. A recent study by
Jahangirian et al. (2017) proposed a comprehensive
list of measures to evaluate the success of a simula-
tion project. The measures include 193 SSs categor-
ised into 5 CSFs and 15 KPIs (Figure 2). Also,
Tables 4–8 contain the full list of the SSs, CSFs, and
KPIs. These success measures encompass every
aspect of any simulation project, including the pre-
planning activities, stakeholders’ involvement, simu-
lation, modelling tasks, and post-simulation activ-
ities, such as model usability, implementation of
simulation results, and change management
(Nordgren, 1995; Pidd, 1996; Robinson &
Pidd, 1998).

The five CSFs include “communication and inter-
action,” “frequency of communication,”
“communication effectiveness,” “responsiveness,”
and “information to share.” Each CSF contains three
KPIs. For example, we have the following three
KPIs under the CSF—“communication and inter-
action,” namely, “frequency of communication,”
“communication effectiveness,” and “information to
Share,” (Figure 2). Also, Tables 6–10 present com-
plete lists of all the SSs, CSFs, and KPIs.

Figure 2. CSFs and KPIs for evaluating the impacts of visualization on DES projects success.

Figure 1. An interaction framework in a discrete-
event simulation.

4 I. J. AKPAN ET AL.



3. Research method

3.1. Text analytics, visualization techniques and
SSs, CSFs, and KPIs

This article employs the text analytics method and
sentiments analysis to evaluate how visualization
techniques in 2D display and 3D/VR match the 193
SSs distributed across five CSFs and fifteen KPIs
(Section 2.3) as measures of computer simulation
projects’ success. Tables 6–10 show a complete list
of the SSs, CSFs and KPIs. We employed the popu-
lar text analytics software known as NVIVO

(Professional version 11). Auld et al. (2007) used
NVIVO successfully for a similar research in
the past.

In this study, we performed the text analytics and
sentiments analysis on textual data extracted from
the abstracts, research highlights and conclusions
from 89 peer-reviewed articles on the impacts of 2D
and 3D/VR visual displays carefully selected through
a systematic review process (Moher, Liberati,
Tetzlaff, & Altman, 2009). The 89 articles reported
several simulation projects in 32 different applica-
tion domains. The articles were selected using the

Table 3. Articles’ search, filtering, screening, and selection criteria of articles.
Activities/focus Criteria

Search terms Simulation/Modeling AND (“Visual Display” OR Visualization OR “Virtual Reality” OR “Visual Interactive
Simulation”); AND (“3D Visualization” OR “2D Visualization” OR “Three-Dimensional Display” OR “Two-
Dimensional Display”).

Sources Web of Science/Knowledge, Scoupus, and Google Scolar.
Year of publication Peer-reviewed articles published in journals and conference proceedings from 2000 to 2017 (print/

online sources).
Publication sources Journals and conference proceedings. All unpublished works were excluded.
Language Only publications in English or formerly translated into English are included.
Articles’ selection The selected articles addressed the effectiveness of visual display, 2D visualization and 3D /VR.

Table 2. Text analytics tasks and matching the visualization techniques and SSs, CSFs, and KPIs.
Steps Tasks Technique

a. Data extraction Extracted the abstracts, research highlights and conclusions
from the selected articles onto MS EXCEL in a
textual form.

Manual operation

b. Data export The MS EXCEL file containing the textual data are exported
onto the Text Analytics Software (NVIVO Pro 11).

NVIVO Pro 11

c. Text coding based on the
SSs, CSFs, and KPIs

Coding of the 193 statements of success distributed across
5 CSFs and 15 KPIs as proposed by Jahangirian
et al. (2017).

Manual coding using NVIVO Pro 11

d. Sentiments analysis Conducted sentiments analysis: identifies the positive,
negative and neutral sentiments as presented in Table 5.

NVIVO Pro 11

e. Matching SSs, CSFs, and KPIs Matching the sentiments identified in (d) above with the
SSs, CSFs, and KPIs.

NVIVO Pro 11 with manual presentation

Table 4. Journals and conference proceedings of the selected publications.
Journals n Journals n

Expert Systems with Applications 7 Journal of Computing in Civil Engineering 7
Simulation 6 Simulation Modelling Practice & Theory 6
Automation in Construction 6 Proceedings of the Winter Simulation Conference 6
Journal of the Operational Research Society 4 Decision Support Systems 3
MIS Quarterly 3 International Journal of production research 2
Computers & Industrial Engineering 2 Advances in Engineering Software 2
Proceedings of the Fourth International Conference on

Advances in Computer-Human Interactions
1 ACM Transactions on Modeling & Computer Simulation 2

Journal of Information Technology in Construction 1 The Journal of Defense Modeling and Simulation 1
Journal of Construction Engineering and Management 1 Visualization & Computer Graphics 1
International Conference on Computational Science and Its

Applications
1 Displays 1

Construction Management and Economics 1 Engineering with Computers 1
Systems Analysis Modelling Simulation 1 Journal of Archaeological Science 1
Building Research & Information 1 Journal of Materials Processing Technology 1
Canadian Journal of Civil Engineering 1 International Journal of Human-Computer Studies 1
Journal of computer-aided Molecular Design 1 International Journal of Digital Earth 1
Journal of Civil Engineering and Management 1 European Conference on Modelling and Simulation 1
European Journal of Operational Research 1 Science and Technology of Welding and Joining 1
Advanced Engineering Informatics 1 Organization Science 1
Computers in Biology and Medicine 1 Molecular Simulation 1
Computer Standards & Interfaces 1 Procedia CIRP 1
Assembly Automation 1 Computers and Graphics 1
Computers in Industry 1 Virtual Reality 1
International Journal of Computer Integrated Manufacturing 1 Proceedings of the International Conference on High-

Performance Computing and Networking
1

Total ¼ 89
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method discussed in Section 3.2. Table 2 shows the
complete steps, tasks, and the technique that was
followed to carry out the text analytics.

The NVIVO software highlighted three types of
sentiments namely, positive, negative and neutral,
and extracted it in sentences and phrases as follows:

� positive [e.g., “3D makes it easier to validate and
verify simulation models in less time”; “the 2D
model is easier to develop conveniently and rap-
idly” (Akpan & Brooks, 2014; Hong, Shi, &
Tam, 2002)],

� negative [e.g., “the drawback of 3D is the add-
itional cost, the longer time and complexity of
building the 3D model” (Akpan & Brooks, 2012);
“… 3D is far superior to the 2D display in its abil-
ity to illustrate the effects of changes in variables”
(Akpan & Brooks, 2012; Fishwick, 2004)], and

� neutral [e.g., “visual display enhances communi-
cation between the simulation modelers and the
users, either 2D or 3D animation” (Hong et al.,
2002)], as applicable to the 3D/VR and 2D dis-
play respectively. We recorded the positive neu-
tral sentiments to the favour of both displays,
given that the author considered both the 2D
and 3D/VR to be equally beneficial (e.g., Hong
et al., 2002, Table 5).

As shown in Table 2, we hand coded the 193 SSs,
CSFs, and KPIs, in NVIVO following the hierarchy
in Figure 2 (Section 2). We then matched each
extracted sentiment from the literature against the
coded SSs/CSFs/KPIs. While NVIVO helped to
highlight the keywords from the sentiments and the
coded SSs, we complemented it by manually reading
the phrase or sentence to ensure that the context
was a right match. Table 5 presents the complete
results of the text analytics.

The rationale for employing the text analytics is
that the technique is quickly becoming the favourite
research technique in evaluating “big data” that con-
tains unstructured texts (Elgendy & Elragal, 2014).
The process of analysing the unstructured texts data
commonly involves identifying and evaluating key
conclusions or emotions from subjective text such
as social media comments, literature review, and
other user-generated contents in order to uncover a
useful pattern leading to knowledge discovery
(Chen, Hou, & Wang, 2013; Elgendy &
Elragal, 2014).

3.2. Literature search, filtering, screening and
selection of articles

The literature search was carried out using the Web
of Science/Knowledge, Scopus, and Google Scholar.

Table 3 shows the search terms used and the selec-
tion criteria. The search produced 1478 journal
articles and conference proceedings. The next step
involved exporting the articles onto Endnote
Bibliographic Software for screening and removing
any duplicate entries, leaving 1205 papers.

Further filtering and screening within the
Endnote platform helped to remove the articles that
did not address visual display in 2D visualization
and 3D/VR, producing 177 articles. The next steps
involved extracting the abstracts, research highlights
and conclusions of the articles onto MS EXCEL as
textual data, and uploading it onto NVIVO 11 Pro
software for text analytics and sentiments analysis.
The analytics software identified the relevant senti-
ments (phrases and sentences) from 89 articles. The
remaining articles that did not contain the relevant
phrases or sentences about the visual display in 2D
and 3D/VR were discarded.

Table 4 shows the published sources for the 89
selected articles, which include journals and confer-
ence proceedings. Over 79% of the articles appeared
in the core information systems/computer science
and decision sciences journals, while the remaining
of the papers appeared in discipline specific fields
(e.g., construction, biosciences sources).

3.3. The application domains reported in the
selected articles

The selected articles reported 99 simulation and
modelling projects in 32 application domains
involving products and services activities. Some of
the published articles tackled more than one simula-
tion and modelling projects, especially the publica-
tions that are research-based (e.g., Akpan & Brooks,
2014). Some of the most popular application
domains include civil engineering projects, systems
implementation and manufacturing/production.
Others are aerospace, building construction and
healthcare (including related medical services opera-
tions). Business process management, facility layout/
planning, and simulation modelling methodology
also received prominent attention (Figure 3).
Reporting this information is essential because the
acceptance and use of simulation as a decision sup-
port system differ by field (Lorscheid et al., 2012).

3.4. Data collection

The data used for analysis in this study was
obtained by employing text analytics and sentiments
analysis methodology as discussed in Section 3.1.
The paper matches the sentiments (positive, negative
and neutral) from text analytics of the literature
(Section 3.2) against the 193 statements of success,
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distributed across the 5 CSFs and 15 KPIs as pro-
posed by Jahangirian et al. (2017). The data helps to
evaluate the causal effects of the visualization tech-
niques (2D display and 3D/VR) and successful
simulation projects. Table 2 presents the criteria
used in the selection of the papers. Following a
thorough review, the study uses data from 89
selected articles. All the publications came from
operations research, information systems, and simu-
lation applications areas and covered the period
2000–2017, and Figure 3. The selected papers
tackled problems in over 32 different areas under-
taking several investigations and performing various
simulation tasks using the 2D display and/or
3D/VR.

Our study follows a similar method that was
adopted by Jahangirian et al. (2017), which reviewed
nine typical cases of simulation studies published in
2007 and 2008 addressing healthcare problems.
However, our study covers broader perspectives and
application domains with a higher sample, making
it possible to generalise the research outcomes.

4. Results and analysis

4.1. Role of visualization in success of
simulation projects

As explained in Section 3, Jahangirian et al. (2017)
identified 193 SSs distributed across 5 CSFs and 15
KPIs as the criteria for evaluating the success of a
simulation project. This section analysis how visual-
ization techniques (2D display, 3D visualization, and
virtual reality) influence the SSs, CSFs, and KPIs.

Tables 6–10 show how the 2D and 3D/VR dis-
plays are relevant to SSs, CSFs, and KPIs. Precisely,

each of Tables 6–10 corresponds to one of the CSFs
and the relevant KPIs and SSs. Each CSF has 3 KPIs
and the associated SSs. In other to ensure complete-
ness, Tables 6–10 also list the SSs that are not rele-
vant to visualization. For example, Table 6
illustrates the CSF-1 and the corresponding KPIs
1–3 and SSs (a–r) for which 2D VIS/VIM and 3D/
VR displays are influential and relevant. The KPI-1
(Frequency of Communication) has 4 SSs of which
2 relate to visualization, while the remaining two
are not. This implies that, under KPI-1, the visual
display can influence 50% of the SSs. Similarly,
Table 7 shows the CSF-2 and the related KPIs 4–6
and SSs (a–p) that can be influenced by 2D visual-
ization and 3D/VR displays. The said Table also lists
the SSs that are not related to visualization.

In addition, Tables 6–10 show the frequency of
citations favouring 2D or 3D/VR displays across dif-
ferent CSFs, SSs, and KPIs. Using the frequency of
citation of the SSs and CSFs follows a similar
approach by Robinson and Pidd (1998) and
Jahangirian et al. (2017). Although Jahangirian et al.
(2017) also based the KPIs computation on “overall
success measure,” it is not suitable in this case
because some of the SSs that form the KPIs are not
related to visualization as explained above.

Figure 4 shows the percentage of SSs across dif-
ferent CSFs and KPIs where simulation visualization
in 2D and 3D/VR is relevant and influential. The
results show that visualization (2D and 3D/VR dis-
plays) address 94 out of 193 SSs (i.e., 48%). For the
visual display alone to contribute to 48% of the SSs
across all the CSFs/KPIs is quite significant review-
ing from the multifaceted nature of the success fac-
tors that can enhance success in a computer
simulation project. Thus, the SSs, CSFs, and KPIs

Figure 3. Application domains covered by the selected/reviewed journal articles.
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relate to the different phases in a given simulation
project from pre-project planning to implementa-
tion, product delivery, presentation of results and
decision-making (Akpan & Brooks, 2012; Pidd,
1996; Robinson, 2002). The CSFs, KPIs, and SSs
also relate to different modelling/simulation techni-
ques, and the applicable project management meth-
ods and strategies (Jahangirian et al., 2017;
Nordgren, 1995; Pidd, 1996; Robinson &
Pidd, 1998).

Furthermore, it is apparent from Figure 4 that
visual display in simulation influences KPI-7 (ben-
efits for customers) the most as visualization is
relevant in 86.7% of the SSs. Other KPIs where
the visualization affects more than 50% of the SSs
includes, KPI-8: Delivery Time Scale (71.4%), KPI-
6: Knowledge of Problem Context (64.3%), KPI-2:
Communication Effectiveness (52.6%), as well as
all of the three KPIs under CSF-4: Involvement of
the Stakeholders, namely: KPI-10: Involvement and
Continuity (66.7%), KPI-11: Active Customer
Involvement (66.7%) and KPI-12: Involve Key
Stakeholder Group (66.7%). These results are con-
sistent with previous studies, which concluded that
non-technical managers and decision-makers or
customers benefit the most from VIS/VIM (Akpan
& Brooks, 2005a; 2005b; Bell, 1991; Rohrer &
McGregor, 2002). Also, the simulation literature
posit that, the application of 3D/VR in discrete
event simulation was managerially driven (Akpan
& Brooks, 2005a; 2005b; Rohrer & McGregor,
2002). Another area where visualization has sig-
nificant impact is that it enhances effective com-
munication among the stakeholders in a
simulation project (Akpan & Brooks, 2012; Akpan
& Shanker, 2017; 2018; Bell, 1991; Kamat &
Martinez, 2001).

4.2. Comparing 2D and 3D/VR displays

The results in Section 4.1 showed that a combined
impact of 2D display and 3D/VR influenced about
48% of the SSs across all the CSFs and KPIs. In this
section, we compare the relative influence of the 2D
visualization versus the 3D/VR on the KPIs and SSs
for each CSF. Tables 6–10 also show the frequency
of citations favouring 2D, or 3D/VR displays across
different CFS, SSs, and KPIs. The results show that
in a vast majority of cases, 3D/VR displays are the
preferred choice. Figure 5 illustrates the number of
citations favouring 2D and 3D/VR displays where
citation counts aggregate at the KPIs level. In other
words, for each KPI, the total number of citations
supporting 2D over 3D/VR display (and vice versa)
is presented. For example, it is apparent from Table
6 that, there are a total of 21 citations under KPI-1,
with 20 favouring the 3D/VR, while only 1 prefers
the 2D display under the SS (l—regular communica-
tion with the customer).

Figure 5 further shows that across all KPIs, a
total of 1043 citations favoured 3D/VR display while
there were only 83 citations (i.e., <8%) that pre-
ferred 2D display. From the results, it also appears
that KPI-2: Communication Effectiveness, KPI-7:
Benefits for customers, and KPI-11: Active
Customer Involvement, benefit most from 3D/
VR displays.

The 2D display offers a more bullish impact on
the SS under CSF-2, KPIs-4: knowledge of simula-
tion, and KPI-5: simulation experience, where most
SSs relate to the time taken to develop the simula-
tion model and perform other modelling/simulation
activities. The positive influence of the 2D display
here tends to benefit the simulation provider dir-
ectly. To further investigate this, Figure 6 illustrates
the specific SSs under these KPIs (i.e., KPI 4, 5 and

Figure 4. The percentage of success statements across different key performance indicators that are influenced by the visual-
ization in a simulation project.
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8) where the number of citations favouring 2D dis-
play is higher or equal the number of citations that
favours 3D/VR display (see Tables 7 and 8). Also
note that, per Jahangirian et al. (2017) notation, SSs
(l) is crossed referenced in KPI-4 and KPI-5. From
the results, it can be observed that all three identi-
fied SSs are related to the delivery timing of the
simulation project. These results match the common
perception among the simulation providers. For
example, in a survey conducted by Akpan and
Brooks (2012), the simulation practitioners
expressed the sentiment that it generally takes lon-
ger to develop the 3D/VR simulation models com-
pared to the 2D display. Others offer the same
reason to support the reluctance in adopting 3D
modelling and simulation technique despite
acknowledging the numerous benefits to the

customers and decision-makers as identified above.
Several researches align with this position including
Talmaki, Kamat, and Saidi (2015) and Akpan and
Brooks (2005a, 2012).

On the other hand, developing 3D/VR visualiza-
tion capabilities are time-consuming and requires a
longer learning curve. The results speak to the rea-
son that many simulation providers continue to use
the 2D display despite that it appears dated. The
results also speak to the need to improve the current
3D/VR and make it more effective in the creation of
simulation models.

5. Discussion

The first sets of results in this study show that the
visual display (2D and 3D/VR displays) can

Figure 5. The number of citations favouring 2D over 3D/VR displays and vice versa. The citation counts are aggregated at the
KPIs level.

Figure 6. Success statements under KPIs 4, 5, and 8 where the number of citations favouring 2D display is greater or equals
the number of citations that favours 3D/VR display.
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influence 94 out of 193 critical SSs, representing
approximately 48% of the SSs categorised into five
CSFs and fifteen KPIs (Figures 4; Tables 6–10). The
result confirms the visual display as a vital dimen-
sion that plays a prominent role in the overall suc-
cess of any simulation project. Given the
multifaceted nature of the success factors discussed
in this study, the fact that visualization aspect of a
simulation project can influence 48% of SSs indi-
cates that stakeholders in any simulation project
cannot ignore the importance of the visual display if
any simulation project is to succeed. However, visu-
alization alone does not determine simulation pro-
ject success because there are other essential
simulation and project management techniques and
strategies that must be applied, which are outside
the scope of this study but available elsewhere (e.g.,
Nordgren, 1995; Robinson & Pidd, 1998). Similarly,
no single approach can solve all the problems relat-
ing to the challenges that simulation projects face.
These results are consistent with research outcomes
on usability engineering relating to computer simu-
lation and modelling (e.g.,Akpan & Shanker, 2017,
2018; Robinson, 2002).

The results further showed that the combined
visualization techniques of 2D and 3D/VR and
simulation models bring benefits to all the 5 CSFs
and the 15 KPIs categories (Figure 4). The magni-
tude of the combined impacts of 2D and 3D/VR
displays on the KPIs ranges from 9% on KPI-15:
enhancing the organization’s knowledge of the prob-
lem, to 87% on KPI-7: benefits for the customer/cli-
ent. The visualization aspect of a simulation project
also significantly impacts all KPIs under CSF-4:
Involvement of Stakeholders. Full details of the suc-
cess factors and the statements are available in
Tables 6–10. The results indicate that the applica-
tion of 2D and 3D/VR visualization is essential in a
simulation project especially where diverse stake-
holder groups are involved in the simulation process
as this can help all the parties. Kamat and Martinez
(2003) showed an instance where the use of visual-
ization enabled the project owners/managers who
are more knowledgeable in the application domain
to quickly identify complex errors in the simulation
model, which the model developers could not
detect. Similarly, Akpan and Shanker (2018)
explained instances where 3D/VR visualization helps
the non-technical managers/users to understand
simulation model, while simulation experts easily
demonstrate the technical interactions of the model
elements to diverse stakeholders, including those
with no experience in simulation. These examples
helped to enhance the success of the simula-
tion projects.

When comparing the influence of 3D/VR versus
the 2D displays, the results suggest that in most
cases (i.e., more than 92%), 3D visualization/VR is
preferred to 2D display. This observation holds
across different success factors relating to the tasks
performed by model developers, clients, as well as
other stakeholders including project managers, deci-
sion-makers, and domain experts. In fact, the results
suggest significant benefits of 3D/VR to the core
modelling tasks and activities including model
development, experimentation, and analysis, as well
as model validation and verification, which ultim-
ately lead to a better simulation solution and the
overall success of the simulation project. The results
also suggest that utilizing a 3D/VR visualization
technique can significantly enhance the potential
success of a DES project by improving the accom-
plishment of the CSFs and associated KPIs. These
results, therefore, can help correct the misconcep-
tion that 3D/VR is merely beneficial to the non-
technical managers and decision-makers.

The only and major drawback of the 3D/VR
compared to the 2D visualization technique is that
it negatively impacts the delivery time of the simula-
tion project (see Figure 6) as it takes longer to cre-
ate a 3D design compared to using a 2D display.
However, according to the results, a 3D/VR visual-
ization still helps in other aspects of the model
development such as assisting consultants with little
understanding of a particular system to gain insight
into such operations by modelling in 3D. Finally, it
appears the primary reason that simulation pro-
viders continue to use the 2D display is that the 3D/
VR modelling tools are time-consuming to develop.

In summary, the results of this study first con-
firmed the significant influence of visualization
aspects of a simulation project in defining its suc-
cess. Consequently, simulation developers should
ensure that their products are equipped with effect-
ive and appropriate visualization capabilities. This
would be even more significant for simulation proj-
ects where active involvement of many different
stakeholders is required (i.e., CSF 4). In terms of the
type of visualizations deployed, the results suggest
significant benefits across different success factors
when deploying 3D/VR display instead of a 2D dis-
play. Subsequently, simulation developers should
seriously consider investing in deploying new 3D/
VR display capabilities or upgrading their existing
2D display. From the results, it appears the benefits
of 3D/VR visualization is specifically highlighted
when dealing with more complex simulation scen-
arios which require more comprehensive visualiza-
tion methods for effective communication of the
final results (i.e., KPI-2), or when active involve-
ment of customers in the simulation project is
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expected (i.e., KPI-11). On the other hand, 2D dis-
play should be adopted by simulation developers if
the project is very time-sensitive and involvement
from customers is expected to be insignificant
throughout the project. Deploying effective 3D/VR
visualization solutions has been frequently cited as
being more time-consuming. However, as 3D/VR
visualizations are becoming more popular, more
relevant software libraries and Application
Programming Interfaces (APIs) are being developed,
which in turn can help reduce the development
cycles for 3D/VR visualization capabilities.

6. Conclusions and future work

6.1. Conclusions

This study applies a list of 193 SSs distributed across
5 CSFs and 15 associated KPIs proposed by
Jahangirian et al. (2017), to evaluate the influence of
visualization techniques (2D display and 3D/VR) on
the overall success of simulation projects. The study
examines a broad spectrum of application domains
considered in past literature. The results of the
study illustrate the importance of visualization as a
critical dimension that can affect the success of
simulation projects significantly. More specifically,
the results suggest that the visualization aspects of a
simulation project influence 48% of the SSs that
define the success of the overall project. According
to the results, visualization aspects are specifically
relevant to CSF-4: Involvement of Stakeholders and
CSF-3: Responsiveness.

Furthermore, when comparing the influence of
3D/VR versus the 2D display, the results suggest
that in more than 92% of cases, 3D visualization/VR
is preferred to 2D display. According to the results,
all stakeholders involved in a simulation project will
benefit from capabilities provided by 3D/VR dis-
plays compared to 2D displays. For clients, 3D/VR
visualizations can significantly improve the under-
standing and interpretation of the simulation out-
puts. Similarly, for simulation developers, 3D/VR
visualizations can enhance the understanding of the
system, especially when they lack specific domain
expertise. The study also reveals the following inter-
esting outcomes:

� The study confirms that there are several dimen-
sions to the success of a given simulation project,
re-echoing the conclusions by Robinson and
Pidd (1998). It establishes the multifaceted
dimensions of a given simulation project repre-
sented by the SSs, KPIs, and CSFs.

� The study shows that 3D/VR displays signifi-
cantly enhance the simulation tasks performed
by specialist, managers, decision-makers and

other stakeholders involved in a simulation pro-
ject. The results address the misconception that
only non-technical users can benefit from capa-
bilities provided by 3D visualization and VR.

� The results of the study suggest that the benefits
of 3D/VR visualizations become even more pro-
nounced when dealing with complex simulation
projects, and when a high level of customer
engagement is anticipated in the simula-
tion project.

� The study shows that 2D display is a more
favourable option when there the project delivery
is highly time sensitive. This is mainly because
developing 3D, and VR visualization capabilities
take longer.

� The study provides a guide to simulation practi-
tioners and project managers both before (i.e.,
project planning phase) and during the simulation
development phase of any computer simulation
project. To ensure success in any simulation pro-
ject, the stakeholders can employ the visualization
techniques in addition to employing appropriate
simulation project management strategies and
effective modelling/simulation processes from
problem formulation to implementation and
change management.

6.2. Limitations and future directions

Currently, few computer simulation projects imple-
ment full immersive VR, which is the reason that
this study is based on 3D visualization and desktop
VR. The future study intends to address the full-
immersive, cave-like VR as this practice is somewhat
limited currently in the implementation of 3D/VR
based computer simulation as a decision support
system (Turner, Hutabarat, Oyekan, &
Tiwari, 2016).

Disclosure statement

No potential conflict of interest was reported by
the authors.

References

Abran, A., Khelifi, A., Suryn, W., & Seffah, A. (2003).
Usability meanings and interpretations in ISO stand-
ards. Software Quality Journal, 11(4), 325–338. doi:10.
1023/A:1025869312943

Aigner, W., Miksch, S., M€uller, W., Schumann, H., &
Tominski, C. (2007). Visualizing time-oriented data—A
systematic view. Computers & Graphics, 31(3),
401–409. doi:10.1016/j.cag.2007.01.030

Akpan, I. J., & Brooks, R. J. (2005a). Experimental investi-
gation of the impacts of virtual reality on discrete-event
simulation. In M. E. Kuhl, N. M. Steiger, F. B.
Armstrong, & J. A. Joines (eds.), Proceedings of the

JOURNAL OF THE OPERATIONAL RESEARCH SOCIETY 23

https://doi.org/10.1023/A:1025869312943
https://doi.org/10.1023/A:1025869312943
https://doi.org/10.1016/j.cag.2007.01.030


2005 Winter Simulation Conference. Orlando, Florida,
USA: IEEE.

Akpan, I. J., & Brooks, R. J. (2005b). Practitioners’ per-
ception of the impacts of virtual reality on discrete-
event simulation. In M. E. Kuhl, N. M. Steiger, F. B.
Armstrong, & J. A. Joines (eds.), Proceedings of the
2005 Winter Simulation Conference. Orlando, Florida,
USA: IEEE.

Akpan, I. J., & Brooks, R. J. (2012). Users’ perceptions of
the relative costs & benefits of 2D & 3D visual displays
in discrete-event simulation. Simulation, 88(4),
464–480. doi:10.1177/0037549711423734

Akpan, I. J., & Brooks, R. J. (2014). Experimental evalu-
ation of user performance on two-dimensional and
three-dimensional perspective displays in discrete event
simulation. Decision Support Systems, 64, 14–30. doi:10.
1016/j.dss.2014.04.002

Akpan, I. J., & Shanker, M. (2017). The confirmed real-
ities and myths about the benefits and costs of 3D
visualization and virtual reality in discrete event model-
ing and simulation: A descriptive meta-analysis of evi-
dence from research and practice. Computers &
Industrial Engineering, 112, 197–211. doi:10.1016/j.cie.
2017.08.020

Akpan, I. J., & Shanker, M. (2018). A comparative evalu-
ation of the effectiveness of virtual reality, 3D visualiza-
tion, and 2D visual interactive simulation: An
exploratory meta-analysis. Simulation, 95(2), 145–170.
doi:10.1177/0037549718757039

Al-Hussein, M., Athar Niaz, M., Yu, H., & Kim, H.
(2006). Integrating 3D visualization and simulation for
tower crane operations on construction sites.
Automation in Construction, 15(5), 554–562. doi:10.
1016/j.autcon.2005.07.007

Auld, G. W., Diker, A., Bock, M. A., Boushey, C. J.,
Bruhn, C. M., Cluskey, M., … Zaghloul, S. (2007).
Development of a decision tree to determine appropri-
ateness of NVivo in analyzing qualitative data sets.
Journal of Nutrition Education and Behavior, 39(1),
37–47. doi:10.1016/j.jneb.2006.09.006

Bailey, D. E., Leonardi, P. M., & Barley, S. R. (2012). The
lure of the virtual. Organization Science, 23(5),
1485–1504. doi:10.1287/orsc.1110.0703

Banks, J., Carson, I. I., Nelson, B. L., & Nicol, D. M.
(2005). Discrete-event system simulation (4th ed.)
Englewood Cliffs, NJ: Prentice-Hall.

Baracca, M. C., Clai, G., & Ornelli, P. (2001). Simulation
and 3D visualization of bioremediation interventions in
polluted soils. In International Conference on High-
Performance Computing and Networking (pp. 535–538).
Berlin, Heidelberg: Springer.

Behzadan, A. H., & Kamat, V. R. (2007). Enabling smooth
and scalable dynamic 3D visualization of discrete-event
construction simulations in outdoor augmented reality.
In Proceedings of the 39th Conference on Winter
Simulation: 40 Years! The Best is yet to Come (pp.
2168–2176). Piscataway, NJ: IEEE Press.

Behzadan, A. H., & Kamat, V. R. (2009). Automated gen-
eration of operations level construction animations in
outdoor augmented reality. Journal of Computing in
Civil Engineering, 23(6), 405–417. doi:10.1061/
(ASCE)0887-3801(2009)23:6(405)

Bell, P. C. (1991). Visual interactive modelling: The past,
the present, and the prospects. European Journal of
Operational Research, 54(3), 274–286. doi:10.1016/
0377-2217(91)90101-Z

Berglund, J., Lindskog, E., Johansson, B., & Vallhagen, J.
(2014, December). Using 3D laser scanning to support
discrete event simulation of production systems:
Lessons learned. In 2014 Winter Simulation Conference
(WSC) (pp. 2990–2999). Savannah, GA: IEEE.

Bielli, M., Boulmakoul, A., & Rida, M. (2006). Object ori-
ented model for container terminal distributed simula-
tion. European Journal of Operational Research, 175(3),
1731–1751. doi:10.1016/j.ejor.2005.02.037

Brooks, R. J., & Robinson, S. L. (2001). Simulation and
inventory control: Texts in operational research.
Basingstoke: Palgrave Macmillan.

Bruzzone, A. G., Briano, E., Bocca, E., & Massei, M.
(2007). Evaluation of the impact of different human
factor models on industrial & business processes.
Simulation Modelling Practice and Theory, 15(2),
199–218. doi:10.1016/j.simpat.2006.09.020

Buche, C., & Querrec, R. (2011). An expert system
manipulating knowledge to help human learners into
virtual environment. Expert Systems with Applications,
38(7), 8446–8457. doi:10.1016/j.eswa.2011.01.040

Calabrese, F., Corallo, A., Margherita, A., & Zizzari, A. A.
(2012). A knowledge-based decision support system for
shipboard damage control. Expert Systems with
Applications, 39(9), 8204–8211. doi:10.1016/j.eswa.2012.
01.146

Chabal, C., Proietti, A., Mante, J. F., & Idasiak, J. M.
(2011). Virtual reality technologies: A way to verify dis-
mantling operations. In The Fourth International
Conference on Advances in Computer-Human
Interactions (ACHI).

Chan, D. S. K. (2003). Simulation modelling in virtual
manufacturing analysis for integrated product and pro-
cess design. Assembly Automation, 23 (1), 69–74. doi:
10.1108/01445150310460114

Chen, H. M., Hou, C. C., & Wang, Y. H. (2013). A 3D
visualized expert system for maintenance and manage-
ment of existing building facilities using reliability-
based method. Expert Systems with Applications, 40(1),
287–299. doi:10.1016/j.eswa.2012.07.045

Chen, H. M., & Huang, P. H. (2013). 3D AR-based mod-
eling for discrete-event simulation of transport opera-
tions in construction. Automation in Construction, 33,
123–136. doi:10.1016/j.autcon.2012.09.015

Choi, B. K., Park, B. C., & Park, J. H. (2003). A formal
model conversion approach to developing a DEVS-
based factory simulator. Simulation, 79(8), 440–461.
doi:10.1177/0037549703040232

Dangelmaier, W., Fischer, M., Gausemeier, J., Grafe, M.,
Matysczok, C., & Mueck, B. (2005). Virtual and aug-
mented reality support for discrete manufacturing sys-
tem simulation. Computers in Industry, 56(4), 371–383.
doi:10.1016/j.compind.2005.01.007

den Hengst, M., de Vreede, G. J., & Maghnouji, R.
(2007). Using soft OR principles for collaborative simu-
lation: A case study in the Dutch airline industry.
Journal of the Operational Research Society, 58(5),
669–682. doi:10.1057/palgrave.jors.2602353

Dorozhkin, D. V., Vance, J. M., Rehn, G. D., & Lemessi,
M. (2012). Coupling of interactive manufacturing oper-
ations simulation & immersive virtual reality. Virtual
Reality, 16(1), 15–23. doi:10.1007/s10055-010-0165-7

Droste, P., Hadlich, F., Wiechert, W., & Qeli, E. (2008).
3D visualization of simulation data. A network context:
A case study from systems biology. In L. S. Louca, Y.
Chrysanthou, Z. Oplatkov�a, & K. Al-Begain (Eds.),

24 I. J. AKPAN ET AL.

https://doi.org/10.1177/0037549711423734
https://doi.org/10.1016/j.dss.2014.04.002
https://doi.org/10.1016/j.dss.2014.04.002
https://doi.org/10.1016/j.cie.2017.08.020
https://doi.org/10.1016/j.cie.2017.08.020
https://doi.org/10.1177/0037549718757039
https://doi.org/10.1016/j.autcon.2005.07.007
https://doi.org/10.1016/j.autcon.2005.07.007
https://doi.org/10.1016/j.jneb.2006.09.006
https://doi.org/10.1287/orsc.1110.0703
https://doi.org/10.1061/(ASCE)0887-3801(2009)23:6(405)
https://doi.org/10.1061/(ASCE)0887-3801(2009)23:6(405)
https://doi.org/10.1016/0377-2217(91)90101-Z
https://doi.org/10.1016/0377-2217(91)90101-Z
https://doi.org/10.1016/j.ejor.2005.02.037
https://doi.org/10.1016/j.simpat.2006.09.020
https://doi.org/10.1016/j.eswa.2011.01.040
https://doi.org/10.1016/j.eswa.2012.01.146
https://doi.org/10.1016/j.eswa.2012.01.146
https://doi.org/10.1108/01445150310460114
https://doi.org/10.1016/j.eswa.2012.07.045
https://doi.org/10.1016/j.autcon.2012.09.015
https://doi.org/10.1177/0037549703040232
https://doi.org/10.1016/j.compind.2005.01.007
https://doi.org/10.1057/palgrave.jors.2602353
https://doi.org/10.1007/s10055-010-0165-7


Proceedings 22nd European Conference on Modelling
and Simulation.

Elgendy, N., & Elragal, A. (2014). Big data analytics: A lit-
erature review paper. In Industrial Conference on Data
Mining (pp. 214–227). Cham: Springer.

Farooq, U., Wainer, G., & Balya, B. (2007). DEVS model-
ing of mobile wireless ad hoc networks. Simulation
Modelling Practice and Theory, 15(3), 285–314. doi:10.
1016/j.simpat.2006.11.011

Fishwick, P. A. (2004). Toward an integrative multimod-
eling interface: A human-computer interface approach
to interrelating model structures. Simulation, 80(9),
421–432. doi:10.1177/0037549704044081

Fishwick, P. A., Davis, T., & Douglas, J. (2005). Model
representation with aesthetic computing: Method &
empirical study. ACM Transactions on Modeling and
Computer Simulation, 15(3), 254–279. doi:10.1145/
1103323.1103327

Golparvar-Fard, M., Pe~na-Mora, F., Arboleda, C. A., &
Lee, S. (2009). Visualization of construction progress
monitoring with 4D simulation model overlaid on
time-lapsed photographs. Journal of Computing in Civil
Engineering, 23(6), 391–404. doi:10.1061/(ASCE)0887-
3801(2009)23:6(391)

Hajdasz, M. (2008). Visualizing simulated monolithic con-
struction processes. Journal of Civil Engineering and
Management, 14(4), 295–306. doi:10.3846/1392-3730.
2008.14.29

Hartmann, T., & Fischer, M. (2007). Supporting the con-
structability review with 3D/4D models. Building
Research & Information, 35(1), 70–80. doi:10.1080/
09613210600942218

Hlupic, V., & Paul, R. J. (1999). Guidelines for selection
of manufacturing simulation software. IIE Transactions,
31(1), 21–29. doi:10.1080/07408179908969802

Hoffmann, H., Stefani, O., & Patel, H. (2006). Extending
the desktop workplace by a portable virtual reality sys-
tem. International Journal of Human-Computer Studies,
64(3), 170–181. doi:10.1016/j.ijhcs.2005.08.003

Hollocks, B. (2006). Forty years of discrete-event simula-
tion—A personal reflection. Journal of the Operational
Research Society, 57(12), 1383–1399. doi:10.1057/pal-
grave.jors.2602128

Hong, Z., Shi, J. J., & Tam, C. M. (2002). Visual modeling
and simulation for construction operations.
Automation in Construction, 11(1), 47–57. doi:10.1016/
S0926-5805(01)00049-8

Huang, T., Kong, C. W., Guo, H., Baldwin, A., & Li, H.
(2007). A virtual prototyping system for simulating
construction processes. Automation in Construction,
16(5), 576–585. doi:10.1016/j.autcon.2006.09.007

Hurrion, R. D. (2000). A sequential method for the devel-
opment of visual interactive meta-simulation models
using neural networks. The Journal of the Operational
Research Society, 51(6), 712–719. doi:10.2307/254014

Jahangirian, M., Taylor, S. J., Young, T., & Robinson, S.
(2017). Key performance indicators for successful simu-
lation projects. Journal of the Operational Research
Society, 68(7), 747–765. doi:10.1057/jors.2016.1

Kamat, V. R., & Martinez, J. C. (2001). Visualizing simu-
lated construction operations in 3D. Journal of
Computing in Civil Engineering, 15(4), 329–337. doi:10.
1061/(ASCE)0887-3801(2001)15:4(329)

Kamat, V. R., & Martinez, J. C. (2003). Validating com-
plex construction simulation models using 3D visual-
ization. Systems Analysis Modelling Simulation, 43(4),
455–467. doi:10.1080/02329290290028507

Kamat, V. R., & Martinez, J. C. (2005). Dynamic 3D visu-
alization of articulated construction equipment. Journal
of Computing in Civil Engineering, 19(4), 356–368. doi:
10.1061/(ASCE)0887-3801(2005)19:4(356)

Kamat, V. R., & Martinez, J. C. (2007). Variable-speed
object motion in 3D visualizations of discrete-event
construction simulation models. Journal of Information
Technology in Construction, 12(20), 293–303.

Kamat, V. R., & Martinez, J. C. (2008). Software mecha-
nisms for extensible and scalable 3D visualization of
construction operations. Advances in Engineering
Software, 39(8), 659–675. doi:10.1016/j.advengsoft.2007.
07.001

Kamsu-Foguem, B., Tchuent�e-Foguem, G., Allart, L.,
Zennir, Y., Vilhelm, C., Mehdaoui, H., … Ravaux, P.
(2012). User-centered visual analysis using a hybrid
reasoning architecture for intensive care units. Decision
Support Systems, 54(1), 496–509. doi:10.1016/j.dss.2012.
06.009

Kang, S. C., Chi, H. L., & Miranda, E. (2009). Three-
dimensional simulation and visualization of crane
assisted construction erection processes. Journal of
Computing in Civil Engineering, 23(6), 363–371. doi:10.
1061/(ASCE)0887-3801(2009)23:6(363)

Khosravi, A., Nahavandi, S., & Creighton, D. (2010). A
prediction interval-based approach to determine opti-
mal structures of neural network metamodels. Expert
Systems with Applications, 37(3), 2377–2387. doi:10.
1016/j.eswa.2009.07.059

Khoury, H. M., Kamat, V. R., & Ioannou, P. G. (2007).
Evaluation of general-purpose construction simulation
& visualization tools for modeling & animating airside
airport operations. Simulation, 83(9), 663–679. doi:10.
1177/0037549707086038

Koro�sec, P., Bole, U., & Papa, G. (2013). A multi-object-
ive approach to the application of real-world produc-
tion scheduling. Expert Systems with Applications,
40(15), 5839–5853. doi:10.1016/j.eswa.2013.05.035

Kumar, N., & Benbasat, I. (2004). The effect of relation-
ship encoding, task type, & complexity on information
representation: An empirical evaluation of 2D & 3D
line graphs. MIS Quarterly, 28(2), 255–281.

Law, A. M., & McComas, M. G. (2002). Simulation-based
optimization. In Proceedings of the Winter Simulation
Conference (Vol. 1, pp. 41–44). Piscataway, NJ: IEEE
Press.

Lee, G., Eastman, C. M., Taunk, T., & Ho, C. H. (2010).
Usability principles and best practices for the user
interface design of complex 3D architectural design
and engineering tools. International Journal of Human-
Computer Studies, 68(1–2), 90–104. doi:10.1016/j.ijhcs.
2009.10.001

Li, H., Ma, Z., Shen, Q., & Kong, S. (2003). Virtual
experiment of innovative construction operations.
Automation in Construction, 12(5), 561–575. doi:10.
1016/S0926-5805(03)00019-0

Lindskog, E., Berglund, J., Vallhagen, J., & Johansson, B.
(2013). Visualization support for virtual redesign of
manufacturing systems. Procedia CIRP, 7, 419–424. doi:
10.1016/j.procir.2013.06.009

Lloret, J. R., Omtzigt, N., Koomen, E., & De Blois, F. S.
(2008). 3D visualisations in simulations of future land
use: exploring the possibilities of new, standard visual-
isation tools. International Journal of Digital Earth,
1(1), 148–154. doi:10.1080/17538940701782718

Lorscheid, I., Heine, B. O., & Meyer, M. (2012). Opening
the ‘black box’ of simulations: increased transparency

JOURNAL OF THE OPERATIONAL RESEARCH SOCIETY 25

https://doi.org/10.1016/j.simpat.2006.11.011
https://doi.org/10.1016/j.simpat.2006.11.011
https://doi.org/10.1177/0037549704044081
https://doi.org/10.1145/1103323.1103327
https://doi.org/10.1145/1103323.1103327
https://doi.org/10.1061/(ASCE)0887-3801(2009)23:6(391)
https://doi.org/10.1061/(ASCE)0887-3801(2009)23:6(391)
https://doi.org/10.3846/1392-3730.2008.14.29
https://doi.org/10.3846/1392-3730.2008.14.29
https://doi.org/10.1080/09613210600942218
https://doi.org/10.1080/09613210600942218
https://doi.org/10.1080/07408179908969802
https://doi.org/10.1016/j.ijhcs.2005.08.003
https://doi.org/10.1057/palgrave.jors.2602128
https://doi.org/10.1057/palgrave.jors.2602128
https://doi.org/10.1016/S0926-5805(01)00049-8
https://doi.org/10.1016/S0926-5805(01)00049-8
https://doi.org/10.1016/j.autcon.2006.09.007
https://doi.org/10.2307/254014
https://doi.org/10.1057/jors.2016.1
https://doi.org/10.1061/(ASCE)0887-3801(2001)15:4(329)
https://doi.org/10.1061/(ASCE)0887-3801(2001)15:4(329)
https://doi.org/10.1080/02329290290028507
https://doi.org/10.1061/(ASCE)0887-3801(2005)19:4(356)
https://doi.org/10.1016/j.advengsoft.2007.07.001
https://doi.org/10.1016/j.advengsoft.2007.07.001
https://doi.org/10.1016/j.dss.2012.06.009
https://doi.org/10.1016/j.dss.2012.06.009
https://doi.org/10.1061/(ASCE)0887-3801(2009)23:6(363)
https://doi.org/10.1061/(ASCE)0887-3801(2009)23:6(363)
https://doi.org/10.1016/j.eswa.2009.07.059
https://doi.org/10.1016/j.eswa.2009.07.059
https://doi.org/10.1177/0037549707086038
https://doi.org/10.1177/0037549707086038
https://doi.org/10.1016/j.eswa.2013.05.035
https://doi.org/10.1016/j.ijhcs.2009.10.001
https://doi.org/10.1016/j.ijhcs.2009.10.001
https://doi.org/10.1016/S0926-5805(03)00019-0
https://doi.org/10.1016/S0926-5805(03)00019-0
https://doi.org/10.1016/j.procir.2013.06.009
https://doi.org/10.1080/17538940701782718


and effective communication through the systematic
design of experiments. Computational and
Mathematical Organization Theory, 18(1), 22–62. doi:
10.1007/s10588-011-9097-3

Lu, H., Zhen, H., Mi, W., & Huang, Y. (2015). A physic-
ally based approach with human–machine cooperation
concept to generate assembly sequences. Computers &
Industrial Engineering, 89, 213–225. doi:10.1016/j.cie.
2015.04.032

Martinelli, R. J., & Milosevic, D. Z. (2016). Project man-
agement toolbox: Tools and techniques for the practicing
project manager. Hoboken: Wiley.

Meier, K., Holzknecht, C., Kabelac, S., Olbrich, S., &
Chmielewski, K. (2004). 3D visualization of molecular
simulations in high-performance parallel computing
environments. Molecular Simulation, 30(7), 469–477.
doi:10.1080/08927020410001680778

Moghadam, M., Al-Hussein, M., Al-Jibouri, S., & Telyas,
A. (2012). Post simulation visualization model for
effective scheduling of modular building construction.
This paper is one of a selection of papers in this
Special Issue on Construction Engineering and
Management. Canadian Journal of Civil Engineering,
39(9), 1053–1061. doi:10.1139/l2012-077

Moher, D., Liberati, A., Tetzlaff, J., & Altman, D. G.
(2009). Preferred reporting items for systematic reviews
and meta-analyses: The PRISMA statement. Annals of
Internal Medicine, 151(4), 264–269. doi:10.7326/0003-
4819-151-4-200908180-00135

Moon, D. H., Cho, H. I., Kim, H. S., Sunwoo, H., & Jung,
J. Y. (2006). A case study of the body shop design in
an automotive factory using 3D simulation.
International Journal of Production Research,
44(18–19), 4121–4135. doi:10.1080/00207540600806430

Mueller-Wittig, W., Jegathese, R., Song, M., Quick, J.,
Wang, H., & Zhong, Y. (2002). Best modeling methods:
Virtual factory: highly interactive visualisation for man-
ufacturing. In Proceedings of the 34th Conference on
Winter Simulation: Exploring New Frontiers (pp.
1061–1064). Piscataway, NJ: IEEE.

Mujber, T. S., Szecsi, T., & Hashmi, M. S. J. (2004).
Virtual reality applications in manufacturing process
simulation. Journal of Materials Processing Technology,
155–156, 1834–1838. doi:10.1016/j.jmatprotec.2004.04.
401

Nah, F. F. H., Eschenbrenner, B., & DeWester, D. (2011).
Enhancing brand equity through flow and telepresence:
A comparison of 2D and 3D virtual worlds. MIS
Quarterly, 35(3), 731–747.

Nandan, R., Roy, G. G., Lienert, T. J., & DebRoy, T.
(2006). Numerical modelling of 3D plastic flow and
heat transfer during friction stir welding of stainless
steel. Science and Technology of Welding and Joining,
11(5), 526–537. doi:10.1179/174329306X107692

Nordgren, W. B. (1995). Steps for proper simulation pro-
ject management. In C. Alexopoulos, K. Kang, W. R.
Lilegdon, & D. Goldsman (Eds.), Proceedings of the
1995 Winter Simulation Conference, Washington DC:
IEEE.

Oerter, J., Suddarth, W., Morhardt, M., Gehringer, J.,
McGinnis, M. L., Shockley, J., & Baysa, A. (2014). A
system architecture and simulation environment for
building information modeling in virtual worlds. The
Journal of Defense Modeling and Simulation:
Applications, Methodology, Technology, 11(3), 205–210.
doi:10.1177/1548512913504839

Okulicz, K. (2004). Virtual reality-based approach to
manufacturing process planning. International Journal
of Production Research, 42(17), 3493–3504. doi:10.1080/
00207540410001699426

Otamendi, J., Pastor, J. M., & Garcia, A. (2008). Selection
of the simulation software for the management of the
operations at an international airport. Simulation
Modelling Practice and Theory, 16(8), 1103–1112. doi:
10.1016/j.simpat.2008.04.022

Pidd, M. (1996). Model development and HCI. In
Proceedings of the 28th Conference on Winter
Simulation (pp. 681–686). Piscatway, NJ: IEEE
Computer Society.

Poon, P., & Wagner, C. (2001). Critical success factors
revisited: Success and failure cases of information sys-
tems for senior executives. Decision Support Systems,
30(4), 393–418. doi:10.1016/S0167-9236(00)00069-5

Qu, H., Zhu, Q., Guo, M., & Lu, Z. (2010). Simulation of
carbon-based model for virtual plants as complex adap-
tive system. Simulation Modelling Practice and Theory,
18(6), 677–695. doi:10.1016/j.simpat.2010.01.004

Quarles, J., Fishwick, P., Lampotang, S., Fischler, I., &
Lok, B. (2010). A mixed reality approach for inter-
actively blending dynamic models with corresponding
physical phenomena. ACM Transactions on Modeling
and Computer Simulation, 20(4), 22. doi:10.1145/
1842722.1842727

Rekapalli, P., & Martinez, J. (2011). Discrete-event simu-
lation-based virtual reality environments for construc-
tion operations: Technology introduction. Journal of
Construction Engineering and Management, 137(3),
214–224. doi:10.1061/(ASCE)CO.1943-7862.0000270

Robinson, S. (2002). General concepts of quality for dis-
crete-event simulation. European Journal of Operational
Research, 138(1), 103–117. doi:10.1016/S0377-
2217(01)00127-8

Rodriguez, S., Hilaire, V., & Koukam, A. (2007). Towards
a holonic multiple aspect analysis & modeling approach
for complex systems: Application to the simulation of
industrial plants. Simulation Modelling Practice and
Theory, 15(5), 521–543. doi:10.1016/j.simpat.2007.01.
005

Robinson, S., Lee, E. P. K., & Edwards, J. S. (2012).
Simulation based knowledge elicitation: Effect of visual
representation & model parameters. Expert Systems
with Applications, 39(9), 8479–8489. doi:10.1016/j.eswa.
2012.01.170

Robinson, S., & Pidd, M. (1998). Provider & customer
expectations of successful simulation projects. The
Journal of the Operational Research Society, 49(3),
200–209. doi:10.2307/3010469

Rohrer, M. W. (2000). Seeing is believing: The import-
ance of visualization in manufacturing simulation, In
J. A. Joines, R. R. Barton, K. Kang, & P. A. Fishwick
(Eds.), Proceedings of the 2000 Winter Simulation
Conference (pp. 1211–1216). Piscataway, New Jersey:
IEEE.

Rohrer, M. W., & McGregor I. W. (2002). Simulating
reality using AutoMod. In E. Yusecan, C. H. Chen,
J. L. Snowdon, & J. M. Charnes (Eds.), Proceedings of
the 2002 Winter Simulation Conference, San Diego (pp
173–181).

Rojas, E. M., & Mukherjee, A. (2003). Modeling the con-
struction management process to support situational
simulations. Journal of Computing in Civil Engineering,
17(4), 273–280. doi:10.1061/(ASCE)0887-3801(2003)17:
4(273)

26 I. J. AKPAN ET AL.

https://doi.org/10.1007/s10588-011-9097-3
https://doi.org/10.1016/j.cie.2015.04.032
https://doi.org/10.1016/j.cie.2015.04.032
https://doi.org/10.1080/08927020410001680778
https://doi.org/10.1139/l2012-077
https://doi.org/10.7326/0003-4819-151-4-200908180-00135
https://doi.org/10.7326/0003-4819-151-4-200908180-00135
https://doi.org/10.1080/00207540600806430
https://doi.org/10.1016/j.jmatprotec.2004.04.401
https://doi.org/10.1016/j.jmatprotec.2004.04.401
https://doi.org/10.1179/174329306X107692
https://doi.org/10.1177/1548512913504839
https://doi.org/10.1080/00207540410001699426
https://doi.org/10.1080/00207540410001699426
https://doi.org/10.1016/j.simpat.2008.04.022
https://doi.org/10.1016/S0167-9236(00)00069-5
https://doi.org/10.1016/j.simpat.2010.01.004
https://doi.org/10.1145/1842722.1842727
https://doi.org/10.1145/1842722.1842727
https://doi.org/10.1061/(ASCE)CO.1943-7862.0000270
https://doi.org/10.1016/S0377-2217(01)00127-8
https://doi.org/10.1016/S0377-2217(01)00127-8
https://doi.org/10.1016/j.simpat.2007.01.005
https://doi.org/10.1016/j.simpat.2007.01.005
https://doi.org/10.1016/j.eswa.2012.01.170
https://doi.org/10.1016/j.eswa.2012.01.170
https://doi.org/10.2307/3010469
https://doi.org/10.1061/(ASCE)0887-3801(2003)17:4(273)
https://doi.org/10.1061/(ASCE)0887-3801(2003)17:4(273)


Rua, H., & Alvito, P. (2011). Living the past: 3D models,
virtual reality and game engines as tools for supporting
archaeology and the reconstruction of cultural heri-
tage—The case-study of the Roman villa of Casal de
Freiria. Journal of Archaeological Science, 38(12),
3296–3308. doi:10.1016/j.jas.2011.07.015

Rubio, E. M., Sanz, A., & Sebasti�an, M. A. (2005). Virtual
reality applications for the next-generation manufactur-
ing. International Journal of Computer Integrated
Manufacturing, 18(7), 601–609. doi:10.1080/0951192050
0069259

Sacks, R., Gurevich, U., & Belaciano, B. (2014). Hybrid
discrete event simulation and virtual reality experimen-
tal setup for construction management research.
Journal of Computing in Civil Engineering, 29(1),
04014029.

Salt, J. D. (2008). The seven habits of highly defective
simulation projects. Journal of Simulation, 2(3),
155–161. doi:10.1057/jos.2008.7

Sampaio, A. Z., Henriques, P. G., & Studer, P. (2004).
Virtual reality technology applied to simulate construc-
tion processes. In International Conference on
Computational Science and Its Applications (pp.
817–826).

Savolainen, P., Ahonen, J. J., & Richardson, I. (2012).
Software development project success and failure from
the supplier’s perspective: A systematic literature
review. International Journal of Project Management,
30(4), 458–469. doi:10.1016/j.ijproman.2011.07.002

Sharlin, E., Watson, B., Sutphen, S., Liu, L., Lederer, R., &
Frazer, J. (2009). A tangible user interface for assessing
cognitive mapping ability. International Journal of
Human-Computer Studies, 67(3), 269–278. doi:10.1016/
j.ijhcs.2008.09.014

Shen, M., Carswell, M., Santhanam, R., & Bailey, K.
(2012). Emergency management information systems:
Could decision makers be supported in choosing dis-
play formats?. Decision Support Systems, 52(2),
318–330. doi:10.1016/j.dss.2011.08.008

Shendarkar, A., Vasudevan, K., Lee, S., & Son, Y. J.
(2006). Crowd simulation for emergency response
using BDI agent based on virtual reality. In Proceedings
of the Winter Simulation Conference, 2006. WSC 06.
(pp. 545–553). New Jersey, NJ: IEEE.

Shrivastava, P., & Mitroff, I. I. (1984). Enhancing organ-
izational research utilization: The role of decision mak-
ers’ assumptions. The Academy of Management Review,
9(1), 18–26. doi:10.2307/258228

Somasundaram, K., & Kalaiselvi, T. (2010). Fully auto-
matic brain extraction algorithm for axial T2-weighted
magnetic resonance images. Computers in Biology and
Medicine, 40(10), 811–822. doi:10.1016/j.compbiomed.
2010.08.004

Son, M. J., & Kim, T. W. (2012). Maneuvering control
simulation of underwater vehicle based on combined
discrete-event and discrete-time modeling. Expert
Systems with Applications, 39(17), 12992–13008. doi:10.
1016/j.eswa.2012.05.099

Su, J. M., & Huang, C. F. (2014). An easy-to-use 3D visu-
alization system for planning context-aware applica-
tions in smart buildings. Computer Standards &
Interfaces, 36(2), 312–326. doi:10.1016/j.csi.2012.07.004

Suh, K. S., & Lee, Y. E. (2005). The effects of virtual real-
ity on consumer learning: An empirical investigation.
MIS Quarterly, 29(4), 673–697.

Sun, Z., Lee, L. H., Chew, E. P., & Tan, K. C. (2012).
MicroPort: A general simulation platform for seaport
container terminals. Advanced Engineering Informatics,
26(1), 80–89. doi:10.1016/j.aei.2011.08.010

Talmaki, S., Kamat, V. R., & Saidi, K. (2015). Feasibility
of real-time graphical simulation for active monitoring
of visibility-constrained construction processes.
Engineering with Computers, 31(1), 29–49. doi:10.1007/
s00366-013-0323-0

Tory, M., Kirkpatrick, A. E., Atkins, M. S., & M€oller, T.
(2006). Visualization task performance with 2D, 3D, &
combination displays. IEEE Transactions on
Visualization and Computer Graphics, 12(1), 2–13. doi:
10.1109/TVCG.2006.17

Turner, C. J., Hutabarat, W., Oyekan, J., & Tiwari, A.
(2016). Discrete event simulation and virtual reality use
in industry: New opportunities and future trends. IEEE
Transactions on Human-Machine Systems, 46(6),
882–894. doi:10.1109/THMS.2016.2596099

Van Lent, W. A., Vanberkel, P., & Van Harten, W. H.
(2012). A review on the relation between simulation
and improvement in hospitals. BMC Medical
Informatics and Decision Making, 12(1), 18. doi:10.
1186/1472-6947-12-18

Van Orden, K. F., & Broyles, J. W. (2000). Visuospatial
task performance as a function of two-and three-
dimensional display presentation techniques. Displays,
21(1), 17–24. doi:10.1016/S0141-9382(00)00024-X

Vasudevan, K., & Son, Y. J. (2011). Concurrent consider-
ation of evacuation safety and productivity in manufac-
turing facility planning using multi-paradigm
simulations. Computers & Industrial Engineering, 61(4),
1135–1148. doi:10.1016/j.cie.2011.07.003

Wainer, G., and., & Liu, Q. (2009). Tools for graphical
specification & visualization of DEVS models.
Simulation, 85(3), 131–158.

Waisel, L. B., Wallace, W. A., & Willemain, T. R. (2008).
Visualization & model formulation: An analysis of the
sketches of expert modellers. Journal of the Operational
Research Society, 59(3), 353–361. doi:10.1057/palgrave.
jors.2602331

Waly, A. F., & Thabet, W. Y. (2003). A virtual construc-
tion environment for preconstruction planning.
Automation in Construction, 12(2), 139–154. doi:10.
1016/S0926-5805(02)00047-X

Weber, A., Teckentrup, A., & Briem, H. (2002). Flexsim-
R: a virtual affinity fingerprint descriptor to calculate
similarities of functional groups. Journal of Computer-
Aided Molecular Design, 16(12), 903–916.

Wenzel, S., & Jessen, U. (2001). The integration of 3-D
visualization into the simulation-based planning pro-
cess of logistics systems. Simulation, 77(3–4), 114–127.
doi:10.1177/003754970107700304

Whyte, J. (2003). Innovation and users: virtual reality in
the construction sector. Construction Management and
Economics, 21(6), 565–572. doi:10.1080/
0144619032000113690

JOURNAL OF THE OPERATIONAL RESEARCH SOCIETY 27

https://doi.org/10.1016/j.jas.2011.07.015
https://doi.org/10.1080/09511920500069259
https://doi.org/10.1080/09511920500069259
https://doi.org/10.1057/jos.2008.7
https://doi.org/10.1016/j.ijproman.2011.07.002
https://doi.org/10.1016/j.ijhcs.2008.09.014
https://doi.org/10.1016/j.ijhcs.2008.09.014
https://doi.org/10.1016/j.dss.2011.08.008
https://doi.org/10.2307/258228
https://doi.org/10.1016/j.compbiomed.2010.08.004
https://doi.org/10.1016/j.compbiomed.2010.08.004
https://doi.org/10.1016/j.eswa.2012.05.099
https://doi.org/10.1016/j.eswa.2012.05.099
https://doi.org/10.1016/j.csi.2012.07.004
https://doi.org/10.1016/j.aei.2011.08.010
https://doi.org/10.1007/s00366-013-0323-0
https://doi.org/10.1007/s00366-013-0323-0
https://doi.org/10.1109/TVCG.2006.17
https://doi.org/10.1109/THMS.2016.2596099
https://doi.org/10.1186/1472-6947-12-18
https://doi.org/10.1186/1472-6947-12-18
https://doi.org/10.1016/S0141-9382(00)00024-X
https://doi.org/10.1016/j.cie.2011.07.003
https://doi.org/10.1057/palgrave.jors.2602331
https://doi.org/10.1057/palgrave.jors.2602331
https://doi.org/10.1016/S0926-5805(02)00047-X
https://doi.org/10.1016/S0926-5805(02)00047-X
https://doi.org/10.1177/003754970107700304
https://doi.org/10.1080/0144619032000113690
https://doi.org/10.1080/0144619032000113690

	Abstract
	Introduction
	Theoretical background
	The perspectives and perceptions of a simulation project’s success
	The role of visual display in the success of simulation projects
	Success statements (SSs), critical success factors (CSFs), and key performance indicators (KPIs)

	Research method
	Text analytics, visualization techniques and SSs, CSFs, and KPIs
	Literature search, filtering, screening and selection of articles
	The application domains reported in the selected articles
	Data collection

	Results and analysis
	Role of visualization in success of simulation projects
	Comparing 2D and 3D/VR displays

	Discussion
	Conclusions and future work
	Conclusions
	Limitations and future directions

	Disclosure statement
	References


