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Abstract: Being able to perform an effective design review is a fundamental skill that every design or construction student should possess.
Performing a design review requires critical thinking, analysis, and communication skills. To support the acquisition of these skills, this study
investigated the impact of a virtual reality game, the design review simulator (DRS), in a classroom environment. To assess the impact of the
game, the authors performed a crossover experiment with 120 students. The students were split into groups and were asked to perform design
reviews in two treatment conditions, 2D drawings or the DRS. A knowledge test was administered at the end of different treatments to collect
quantitative data on the students’ performance. Results from this research indicate that the DRS supported students in identifying a higher
number of design mistakes. Furthermore, students that played with the DRS after performing 2D drawings reviews scored significantly higher
in the knowledge test. The research results contribute to the growing knowledge base on the implementation of VR in the classroom and in
supporting students in meeting learning objectives related to design review skills. In particular, the research illustrated that the benefits of VR
found in the construction industry in terms of improved communication, user involvement, and feedback collection could be translated into
the classroom environment. DOI: 10.1061/(ASCE)AE.1943-5568.0000434. © 2020 American Society of Civil Engineers.
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Introduction

An effective design review process is critical to the successful de-
livery of a construction project. Many of the cost, schedule, and
quality-related problems encountered during construction projects
are the direct result of errors or inadequacies in the design and con-
struction deliverables. The design review process has to minimize
these issues. When design reviews are performed early and regu-
larly in the design stages of the project, this effort can play an im-
portant role in limiting cost and schedule overruns (Kirby et al.
1989), as well as in guaranteeing functionality and effectiveness
for the proposed solution. Simply put, the design review process
consists of reviewing construction documents for accuracy, com-
pleteness, and correctness with the intent of finding omissions, am-
biguities, and inadequacies in the design (Kirby et al. 1989).

In this context, equipping construction management students
with such design review skills becomes critical. The American

Council for Construction Education (ACCE), which provides
accreditation to construction management programs, reinforces
the importance of students being proficient in performing design re-
views. According to ACCE’s criteria, “the Constructor is to have an
understanding of the contribution of the design discipline’s pro-
cesses” and “must be able to communicate with the design profes-
sionals, and should be capable of participating during the planning
phase of design-build projects” (ACCE 2014). Yet, teaching such
design review skills presents educators with challenges.

Traditionally, design reviews are conducted by reviewing the
project design through reading 2D drawings. Reading design
and construction plans requires the ability to interpret all the neces-
sary information by referencing various drawing views, such as plan
views, sections, and details, among others. This effort relies on the
professional training and the astuteness of the reviewers, drawing
on their past working experiences (Khemlani et al. 1998). The inher-
ent demands of reading project drawings are especially challenging
for the entry-level undergraduate construction management students
who often do not yet have any professional construction experience
and still may lack skills to fully understand technical representations.

Previous research showed how advanced and interactive visual-
ization technologies, such as virtual reality (VR), could support stu-
dents and industry professionals in performing design reviews
(Whyte 2003). In fact, VR has shown to provide value for project
teams through encouraging effective communication and improv-
ing both the productivity of design review meetings as well as
user involvement and the feedback collection from these meetings
(van den Berg et al. 2017; Lather 2015).

In order to understand how VR could support construction stu-
dents in performing design reviews compared with more traditional
representations, the authors adopted a quantitative and comparative
research approach, recruiting a large sample size of undergraduate
students. The students participated in an experiment where they
were compared for their ability to identify design mistakes using
immersive VR technology and a paper-based method. The results
of this study provide valuable information for educators on the
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value of VR in teaching construction management students design
review skills.

Literature Review

Virtual Reality in Design Reviews

“Design review is one of the most important processes in architec-
tural and engineering design” (van den Berg et al. 2017). A design
review is a milestone, within the design process, whereby a pro-
posed solution is evaluated in order to verify the outcome of the
design intent, identify possible failures with respect to the pro-
gram, and evaluate previously defined needs and project require-
ments, such as the function of spaces or their overall performance
(Castronovo et al. 2013; Liu et al. 2020). Finally, based on the re-
sults of such an evaluation, stakeholders decide upon any neces-
sary changes. Design reviews are crucial for (1) timely detecting
and identifying discrepancies, errors and inconsistencies in design
(i.e., the anticipation paradigm) (Shiratuddin and Thabet 2007);
and (2) allowing stakeholders to discuss and take decisions as a
group (i.e., the collaboration paradigm) (Le Dantec and Do 2009).

The specific objectives of design review, as well as the stake-
holders involved, vary depending on the design stage. As the de-
sign evolves, the goals of the design review tend to validate and
refine the design concepts (Liu 2017, 2018). However, the process
of either exchange or transfer of information is complicated, and
visualization techniques (e.g., sketches, drawings, mock-ups, and
renders) play an important role in the complex interaction between
stakeholders with different backgrounds and technical expertise.
Design review meetings typically use traditional forms of represen-
tations, such as 2D drawings that are limited in information trans-
ferability (van den Berg et al. 2017). For example, it is difficult to
imagine how a design intent will look like when realized by just
looking at traditional representations (Castronovo et al. 2013).
Moreover, people without technical expertise usually find it diffi-
cult to perceive the spaces on 2D drawings, renderings, or video-
renderings, thus causing an incomplete understanding of proposed
design solutions (van den Berg et al. 2017).

With the advancement of building information modeling (BIM)
procedures and technologies that center on 3D model development,
research into the design review process has shifted focus to the
use of advanced visualization technologies, such as virtual reality
models, or immersive and interactive displays (Liu et al. 2018).
A building information model could be the starting point for the de-
velopment of a virtual facility prototype, which implies the adop-
tion of virtual reality systems as visualization and interaction
platform (Mastrolembo Ventura et al. 2019). Most VR environ-
ments are primarily based on visual interaction using a range of dis-
play configurations such as computer screens or stereoscopic
projection displays as output systems (Whyte and Nikolic 2018).
Additional sensory information could be eventually provided
through haptic devices, speakers, headphones, and olfactic technol-
ogies (Li et al. 2018; Bordegoni and Rizzi 2011).

VR systems are considered to be enablers for collaboration in
design review and stakeholder engagement (Castronovo et al.
2013; Lather and Messner 2018; Leicht 2009). These systems pro-
vide multiple stakeholders, whether they are collocated or remote,
with a dynamic and near-full-scale 3D visualization in a shared
problem-solving environment (Boton 2018). As a result, this pro-
cess increases their level of engagement in the decision-making
process (Bullinger et al. 2010), providing an opportunity for all
the project stakeholders to collaborate for an extended review
when design issues are detected and resolved systematically

(Schaumann et al. 2016). Liu et al. (2014) studied the impact of
using projection-based immersive virtual reality to support inte-
grated design review processes and showed that VR models al-
lowed reviewers to understand more quickly or easily the
implication of actual design decisions. Other research also high-
lighted that an interactive environment such as VR can significantly
enhance team communication and collaboration during design re-
views (Bassanino et al. 2014; Dunston et al. 2011; Majumdar
et al. 2006). VR systems also allow anticipating design decisions
and identifying design issues that would not be tracked otherwise
(Okeil 2010). Furthermore, VR systems could promote high levels
of involvement and optimize the learning process (Faas et al. 2014)
by representing building proposal in a more intuitive experiential-
spatial manner resembling the real world and, thus, more closely
matching the demand of end-users (Paes et al. 2017).

Empirical studies offer evidence of how first-person experience
and sense of presence—key attributes of VR experience—support
design reviews. Moreover, previous studies discussed how immer-
sion, interaction, and user involvement also offer potential in edu-
cation by making learning more engaging (Freina and Ott 2015;
Jensen and Konradsen 2018). Education-related VR use cases rep-
resent one of the main purposes of VR adoption in design and con-
struction (Lather and Messner 2018). For example, VR has been
explored for its effects on engagement, enjoyment, or memory
(Lin et al. 2002) or as a means of interactive storytelling (Cavazza
et al. 2004) as a way to support dynamic and more active learning.
At the same time, VR is an inherently three-dimensional and inter-
active environment that can support the students in design and en-
gineering disciplines in building their spatial reasoning skills
(Castronovo et al. 2019).

In the past, the use of immersive VR in education has been limited
due to high prices of the devices and their limited usability. Currently,
commercial VR devices such as Oculus Rift make it easier to access
and apply VR in many educational situations (Freina and Ott 2015).
At the same time, the need to assess the impact of VR compared to
traditional visualization techniques still exists. In particular, the num-
ber of VR-related research is “drastically lower in the construction do-
main than in other industries,” such as product design and computer
science (Paes et al. 2017). Moreover, Sacks et al. (2013) stated that
the successful adoption of VR technologies in other industries cannot
prove its effectiveness for architectural and construction practices,
which has not been rigorously tested yet. According to a rising re-
search trend, a more comparative and quantitative approach is needed
in VR-related studies in order to understand and quantify the impact of
virtual reality on user performance (Khashe et al. 2018; Paes et al.
2017). Performing this research is a necessary step to its wider adop-
tion in the construction industry and so, to justify further investments
(Khashe et al. 2018; Paes et al. 2017).

Educational Simulations and Serious Games
in Construction

In the context of design and construction education, improving stu-
dents’ analytical and problem-solving skills has been the main
driver for exploring innovative and interactive learning experi-
ences. At the core of these skills, on the one hand, is the ability
to visualize the design information in order to design and evaluate
proposed solutions, which is typically challenging for undergradu-
ate students. Visualization skills are seen as part of what is broadly
defined as spatial cognition, which in the design context has been
variously described as one’s understanding of the proportions of
a given space (Pinet 1997), wayfinding or one’s ability to orient
in a given space, or the relationship between various spaces
(Henry and Furness 1993). The implication for fostering the
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development of such skills in students is to complement the use of
static, abstract, and two-dimensional representations, deemed to be
limiting, with those that are more intuitive, interactive, and multi-
dimensional. On the other hand, broader issues challenging the cur-
rent methods of teaching design and construction students revolve
around the idea of achieving professional expertise or the ability to
apply relevant domain knowledge in novel situations (Litzinger
et al. 2011). This all-encompassing concept of professional expertise
further invites considerations of student motivation, engagement, and
deeper learning. As a result, more hands-on and problem-based
learning approaches aligned with real-life scenarios are seen to
offer a more effective learning experience that can also maxi-
mize the impact of time students spend working on them
(Williams and Pender 2002).

Problem-based or project-based learning approaches, informed
by broader theories of situated cognition and active learning,
view knowledge as an interaction within a specific context, placing
emphasis not on memory, but perception. As a result, visual and in-
teractive computer-based learning environments have been steadily
viewed as a promising way for students to test concepts in a visual
and intuitive manner through real-time feedback. Simulation games
have specifically attracted recent attention as learning experiences
that straddle the pedagogical objectives and elements of fun to en-
courage student motivation and promote deeper learning. These
simulation games or educational simulations are developed around
a simplified model of reality or a set of abstract concepts which
students can visualize, test, and reflect on (Dede and Lewis 1995;
Galarneau 2004). What tends to make these learning experiences
effective is that they allow students to fail, but through in-process
reflection, students can modify their strategies and repeat the pro-
cess until reaching the goal. Hence, the competitive, interactive,
and fail-safe aspects of such learning experiences can increase
their motivation and encourage students to invest time practicing
their skills, deemed essential for effective learning (Aldrich 2003;
Chen and Levinson 2006). Additionally, the application of simula-
tion games in construction education has illustrated an increase in
learners’ motivation, problem-solving skills, and metacognitive
processes (Castronovo et al. 2017b, 2018b; Lee et al. 2011).

Construction education research has been increasingly looking
into virtual reality and game engines as platforms that bring inter-
active and motivational aspects to engage students in simulating
various real-world scenarios for a range of tasks. Educational

VR-based simulation, in most instances, is developed and used
for design visualization, construction safety training, equipment
operation, and structural analysis (Wang et al. 2018). Used as
an educational tool for exposing students and trainees to various
safety scenarios (Le et al. 2015; Sacks et al. 2013), VR-based sim-
ulation consistently acts as a high-engagement form of training,
which has been confirmed in prior metastudies (Robson et al.
2010) to be more effective than low-engagement forms of train-
ing, such as lectures, images, or videos. Specifically, in the
study reported by Sacks et al. (2013), the semi-immersive power-
wall setting offered significant advantages in terms of maintaining
trainees’ attention and concentration for stone cladding and
cast-in-place concrete tasks, though less so for general safety
knowledge. At the same time, the study raised questions around
the suitability of group-based training using a power-wall for
what should rely on first-hand experience and, thus possibly the
use of individual VR configurations. In their research Castronovo
et al. (2017a) evaluated students’ perceived value of performing
VR design reviews and found that the VR systems had a signifi-
cant impact on students’ special presence, immersion, and enjoy-
ment. These examples reveal how the pedagogical aspects require
carefully crafted simulation scenarios where attention, motiva-
tion, and engagement are key to sustained learning. Equally, tech-
nological aspects of interactivity, feedback, and immersion
depend on the pedagogical goals and considerations that aim to
place the learner in an active role, rather than as an observer.

Virtual Reality in Construction Education: The Design
Review Simulator

Virtual reality offers immense potential in education to recreate
real-life scenarios and engage learners through its immersive, inter-
active, and illustrative features. VR is distinguished from other
more commonly used visualization mediums by the sense of close-
ness and control created by involvement: the feeling of presence
that originates from an immersive, first-person view of digital infor-
mation that responds to the users’movements and interactions with
it (Nikolic 2007). Combining the pedagogical elements of simula-
tion games that stimulate student learning, motivation, and
problem-solving skills with the engaging experience of VR, the au-
thors developed the VR educational game named design review
simulator (DRS) (Castronovo et al. 2019) (see Fig. 1). The DRS

Fig. 1. Design review simulator introduction screen.
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is an open-source free game available for any instructor to use in
their courses (see link: https://tinyurl.com/CSUEBDRS). The main
learning objective of the game is for the students to learn to identify
and evaluate the types of design-related mistakes that can be found in
the BIM model of a San Francisco-based townhouse. During the
gameplay, the students wear an immersive VR headset and are
asked to walk around the townhouse and identify design mistakes
pertaining to spatial layout, material use, coordination issues, and
missing components. Bloom’s Taxonomy (Anderson and Krathwohl
2001; Bloom 1969) informed the development of the learning objec-
tives with a specific focus on the cognitive domain and assessing the
design review skills. Within this cognitive domain, remembering and
understanding were selected as the primary cognitive thinking skills
levels. Each of these levels was operationalized through action verbs,
such as define, explain, match, and identify, aligned with a cognitive
level of thinking skills set by the taxonomy. The four resulting learn-
ing objectives for the DRS thus focused on the ability for the students
to identify, describe, match, and explain the types of design mistakes
following the completion of the game (see Table 1).

The game was designed to present the students with four types
of design mistakes, for a total of 26 mistakes, each with a specific
score associated with it. The point system was based on the severity
of the type of mistake, including: (1) spatial layout; (2) coordina-
tion issues; (3) missing elements; and (4) improper material choice.
Once in the game, the learners are first placed outside the town-
house and asked to look around and explore both inside and outside
the building for any of the above types of issues (see Fig. 2). To
identify and flag a design mistake, the students point the crosshair
to a design mistake and, using a keyboard, press enter. If the mis-
take is correctly identified, the game displays a message with the
type and description of the mistake (see Fig. 3).

Initial evaluation of the DRS’ impact in the classroom environ-
ment illustrated its potential in supporting students in gaining design

review skills. In particular, through initial testing, the authors com-
pared the students’ performance in reviewing the design using the
DRS and 2D drawings, learning that students using the DRS in a
VR environment identified a significantly higher number of design
mistakes than using traditional design documentation (Kandi et al.
2020). This warranted further investigation on the DRS’ impact on
knowledge and retention of skills through a larger sample size, in
order to support the generalization of the findings.

Research Goal and Questions

The literature review highlighted current research and applications
of engineering educational games using virtual reality. In particu-
lar, the Design Review Simulator VR educational game illustrated
promise in having an impact on students’ ability to identify design
issues, though the small sample size limits the generalizability of
the results and the claims of broader impact (Kandi et al. 2020).
However, previous research in the implementation of the DRS re-
quires the expansion of the sample size to generalize the findings.
Additionally, the authors were interested in understanding which in-
structional implementation procedure would yield the highest learn-
ing impact. The authors were also interested in evaluating the impact
of the game on the students’ learning of design review skills.

To expand the sample size, the authors implemented the DRS in
undergraduate courses in two North American institutions. To eval-
uate the impact of the DRS on students’ skills in reviewing design,
the authors sought to answer the following research questions:
1. What implementation procedure order yields the highest educa-

tional impact on students’ ability to identify mistakes?
2. What implementation procedure order yields the highest educa-

tional impact on students’ knowledge of the design review
process?

Table 1. Game learning objectives for the design review simulator

Problem-solving skill Cognitive domain Action verb Game learning objective

Design review skills Remembering Identify define match At the end of the pedagogical intervention the students will be able to:
1. Identify the types of mistakes
2. Define the provided type of mistake
3. Match the mistake to the correct design mistake description

Understanding Explain summarize 4. Explain/summarize the identified design mistake

Fig. 2. User view inside of the game.
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3. Does playing the DRS simulation game lead construction
students to identify a higher number of design mistakes than
evaluating design on the drawings?

4. Does playing the DRS simulation game lead construction stu-
dents to gain a higher knowledge of the design review process
and related cognitive domains, such as remembering and under-
standing, than evaluating design on the drawings?
Based on these questions, the study tested the following null hy-

potheses, which are number-aligned to the research questions:
1. The order with which the representations modes (i.e., VR and

2D drawings) are implemented will not have an impact on the
students’ ability to identify mistakes.

2. The order with which the representations modes (i.e., VR and
2D drawings) are implemented will not have an impact on the
students’ knowledge of the design review process.

3. Students using the VR learning activity (DRS) will be able to
recognize the same number of design mistakes as students
using 2D drawings.

4. Students using the VR learning activity (DRS) will gain the
same knowledge of the design review process, such as remem-
bering and understanding, as students using 2D drawings.

Methodology

Design and Procedure

A mixed-design crossover repeated-measures experimental design
was set up to evaluate and assess the design review skills that con-
struction students gained from playing the DRS. This research de-
sign is known as a crossover experiment, and it was chosen to
control the potential sequencing effects of an independent variable
and treatment contamination (Johnson 2010). This experimental
design allows testing of both between-subject and within-subject
differences (see Fig. 4), as well as a comparison of the two groups
to test the groups’ equivalence.

Based on this design, recruited students were randomly assigned
to two groups. The groups were then exposed to an independent
variable (i.e., the learning medium) with two levels of treatment
(i.e., VR game versus 2D drawings). Each group completed both
treatments on two consecutive days and at the same time, though
the treatment sequence differed between the two groups. The first
group used the 2D drawings on the first day and the VR game on
the second day, while for the second group the sequence was

Fig. 3. Example of type and description of the mistake.

Fig. 4. Experimental procedure.
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reversed. The variation in sequence between the 2D drawings and
VR game tests the possibility that student learning is not affected
by such order.

During the experiment, the students were grouped in pairs
(see Fig. 5) and asked to review the design proposal of a sample
building project through the provided learning medium; they
were then asked to document the types of mistakes on a handout
that was the same for both experimental groups. After each treat-
ment, the student teams were asked to write down the mistakes
on the handout. In particular, they had to take note of the number
of mistakes they identified, the type of mistake as well as an expla-
nation of why they chose that mistake type. The number of mis-
takes found by the students was used as the dependent variable
of the experiment. Moreover, at the end of each treatment, the stu-
dents were given an assessment instrument, which included a set of
10 multiple-choice or true–false types of questions (see Table 2), to
test the students’ achievement of the game’s learning objectives
(Table 1). The assessment of the design review-related knowledge
gained by the students was used as another dependent variable. The
dependent variables (i.e., knowledge assessment and number of
mistakes) were then compared by performing two 2 × 2 mixed
model ANOVA with the independent variable (i.e., learning me-
dium) as the within-subjects factor (i.e., drawings and VR game)
and with order as the repeated measure and condition as the
between-subjects factor (groups: Group 1 and Group 2).

Participants

A total of 120 undergraduate students pursuing a construction man-
agement degree from two higher education institutions in Northern
California participated in the study. The students were in their sec-
ond or third year of studies. Institutional Review Board (IRB) con-
sent was given to the authors to collect and use the data. The
students were randomly split into two groups. The groups were
assigned to have 60 students per group. However, 23 students
had to be excluded from the analysis as they did not complete
both treatments, either missing the first or second treatment. The
final number of participants included 94 undergraduate construc-
tion management students.

Equipment

The authors used the DRS to assess the students’ design review
skills. To evaluate the gains in thinking skills and assess the stu-
dents’ design review skills, the authors used the data collected
from the activity handout and the assessment instrument, composed
of multiple-choice and true or false questions. The game was used
in a classroom equipped with a variety of immersive and non-
immersive VR tools including VR headsets, such as Oculus Rift
and Lenovo Mirage, and VR-ready desktops. The student pairs
using the 2D drawings were provided with the floor, elevation,
and section plans of a sample building, and the paper handout to
record their data. The student pairs using the VR game were pro-
vided with a VR headset to run the game and the paper handout
to record their data. The sample building design proposal was the
same in both treatments.

Results and Analysis

In order to test the hypotheses, two two-way mixed ANOVA were
performed, followed by two independent T-Test and two paired-
sample T-Tests. Two two-way mixed ANOVA tests were con-
ducted to understand whether the order of representation modes
(VR and 2D drawings) resulted in any difference in the students’
ability to identify the design mistakes and understand the design re-
view process. In order to further investigate the group differences,
two independent T-Test was performed to evaluate the difference
between groups’ knowledge assessment scores. Two paired-sample
T-Tests were carried out to test the third and fourth hypotheses, that
is, if experiment resulted in higher knowledge or number of design
mistakes identified. The results from the experiment can be found

Fig. 5. Students working in pairs during the VR activity.

Table 2. Assessment instrument

Learning objective Question type Question

1. Identify the different types of mistakes
2. Match the identified mistake to the

correct design mistake description

Multiple choice 1. Which of the following is not a potential type of design mistake? (Improper Material)
2. The following is what type of mistake in the picture to the right? (Coordination)
3. The following is what type of mistake in the picture to the right? (Spatial Layout)
4. The following is what type of mistake in the picture to the right? (Missing Element)

3. Define the identified design mistake True or false 5. A material mistake can be defined as building elements that have the incorrect material
assigned. (T/F)

6. A coordination design mistake can be defined as building elements that are not positioned
correctly in the design. (T/F)

7. A spatial layout design mistake can be defined as building elements that don’t align with
each other or interfere with each other. (T/F)

8. A design mistake can be defined as building elements that are not included or present in the
design. (T/F)

4. Explain/summarize the identified
design mistake

True or false
Multiple choice

9. Design review is an essential process to be performed during construction. (T/F)
10. Evaluating design with 2D drawings is a _____ process.
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in Tables 3 and 4. The tables list the two levels of the independent
variable, the learning medium to perform design reviews as a
within-subjects factor (2D drawings and VR game), the two
dependent variables (knowledge assessment, number of mistakes),
and order as the between-subjects factor (groups: Group 1 and
Group 2). For each of these variables, the means and standard de-
viation values are calculated. The data were analyzed using the stat-
istical software package, IBM SPSS Statistics.

Implementation Order Analysis

The authors tested Hypotheses 1 and 2 which stated: (1) “the order
with which the representations modes (i.e., VR and 2D drawings)
are implemented will not have an impact on the students’ ability
to identify mistakes”; and (2) “the order with which the representa-
tions modes (i.e., VR and drawings) are implemented will not have
an impact on the students’ knowledge of the design review process.”
In order to test these hypotheses, two two-way mixed ANOVA
(2 ×2) analyses were conducted for each dependent variable. The
two-way mixed ANOVA (2× 2) analysis was conducted using the
independent variable as a within-subjects factor (paper-based 2D
drawings and DRS VR game), and order, as a between-subjects fac-
tor [Group 1: (1) drawings, and (2) VR game; and Group 2: (1) VR
game, and (2) drawings]. The interpretation of these analyses is fa-
cilitated by graphing the four mean values. These are depicted in
Figs. 6 and 7.

The results of the two-way mixed ANOVA analysis for the num-
ber of mistakes found by the students showed that there was a signif-
icant difference in the within-subject factor [F(1, 92)= 4.776,
p= 0.049< 0.05, partial η2= 0.014], while there was not a signifi-
cant difference in the between-subjects factor [F(1, 92)= 1.302,
p= 0.257> 0.05, partial η2= 0.014]. On the other hand, the results
of the two-way mixed ANOVA analysis for the knowledge assess-
ment showed that there was a significant difference in both the
within-subject factor [F(1, 92)= 4.79, p= .031 < 0.05, partial
η2= 0.5 and in the between-subjects factor [F(1, 92)= 10.069,
p= 0.002 < 0.05, partial η2= 0.099]. Moreover, the partial η2

result for both ANOVA analysis indicates a middle effect of
the sample size for the generalization of the results. In order
to further analyze the within-subject factor results, further
analysis was conducted by performing paired-sample T-Tests.

Based on these analyses, the authors failed to reject the null
hypothesis that “the order with which the representations modes
(i.e., VR and 2D drawings) are implemented will not have an im-
pact on the students’ ability to identify mistakes” when looking
at the number of mistakes identified by the students. This result il-
lustrates that the order or between-subjects with which the indepen-
dent variable, or medium, is implemented does not have an impact
on the students’ ability to identify mistakes. However, there is a dif-
ference in the within-subject factor, illustrating a difference in the
number of mistakes identified when using one of the independent
variables versus the other.

However, the authors can reject the null hypothesis that
“the order with which the representations modes (i.e., VR and
2D drawings) are implemented will not have an impact on the stu-
dents’ knowledge of the design review process” when looking at
the students’ knowledge assessment instrument scores. This result
illustrates that the order with which the learning medium is imple-
mented does have an impact on the students’ knowledge of the
design review process (i.e., remembering and understanding cogni-
tive domains). Additionally, there is a difference in the students’

Table 3. Descriptive statistics for number of mistakes

Treatment Groups Number mistakes mean Std. deviation N

2D drawings-based
assessment

Group 1 4.6486 2.7306 37
Group 2 4.8947 1.5316 57
Total 4.7979 2.0769 94

VR-enabled
assessment

Group 1 11.1892 4.6057 37
Group 2 9.7368 3.3086 57
Total 10.3085 3.9131 94

Table 4. Descriptive statistics for knowledge assessment

Treatment Groups
Knowledge

assessment mean Std. deviation N

2D drawings-based
assessment

Group 1 44.3243 14.63 37
Group 2 58.4211 19.35 57
Total 52.8723 18.87 94

VR-enabled
assessment

Group 1 52.9730 15.61 37
Group 2 58.5965 17.87 57
Total 56.3830 17.16 94

Fig. 6. Mean of number of mistakes results.

Fig. 7. Mean knowledge assessment scores results.
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knowledge of the design review process when using one learning
medium versus the other.

The authors further analyzed the group differences by perform-
ing an additional independent T-Test analysis. In this analysis, the
authors wanted to test if there was any significant difference be-
tween students’ final scores in the knowledge assessment after
both Treatment 1 and Treatment 2. The independent sample
T-Test showed that there was not a significant difference in the
groups’ final scores, t (92)= 1.435, p= 0.155 > 0.05 at 95% confi-
dence interval, with a Cohen’s d= 0.310. Cohen’s d indicates a
middle effect of the sample size for the generalization of the results.
The lack of significant difference in the final results illustrates that
at the end of the experiment, students achieved the same level of
knowledge regardless of the order of implementation.

The authors also wanted to investigate if there were any differ-
ences in the knowledge assessment scores for the students after
they played the VR game, Group 1 VR scores versus Group 2 VR
scores. The independent sample T-Test showed that there was not
a significant difference in the groups’ final scores, t (92)= 1.5649,
p= 0.121 > 0.05 at 95% confidence interval, with a Cohen’s
d= 0.335. Cohen’s d indicates a middle effect of the sample
size for the generalization of the results. The lack of significant
difference in the final results illustrates that after playing the
VR game, the students achieved the same level of knowledge re-
gardless of the order of implementation.

Lastly, the authors also wanted to analyze if there were any
differences in the knowledge assessment scores for the students
after they performed the 2D drawings reading activity, Group 1
drawings scores versus Group 2 drawings scores. The independent
samples T-Test showed that there was a significant difference in the
groups’ final scores, t (92)= 3.782, p= 0.0003 < 0.05 at 95% con-
fidence interval, with a Cohen’s d= 0.832. Cohen’s d indicates a
large effect of the sample size for the generalization of the results.
The significant difference of the final results illustrates that the stu-
dents who played the VR game first achieved a higher assessment
score than the students who played the VR game second.

Meeting Learning Objectives Analysis

In addition to evaluating the effect of the implementation order
on student learning, the authors were interested in testing if the
students met the learning objectives set for the activity in Table 1.
Hypothesis 3, which stated that (3) “students using the VR learning
activity (DRS) will be able to recognize the same number of design
mistakes as students using 2D drawings,” was tested first. To test
this hypothesis, a paired-sample T-Test for the number of mistakes
found by Group 1 was performed. For this analysis, the assumption
of normally distributed mean difference scores was examined, and
the data were normally distributed. The results illustrated a signifi-
cant difference in the students’ average number of identified mistakes
in Group 1 when going from 2D drawings to VR, t (36)= 7.3243,
p= 0.0001< 0.05 at 95% confidence interval, with a Cohen’s
d= 1.73.

The authors compared the means of the students’ knowledge re-
sults from Group 1. A paired-sample T-Test was performed to test
Hypothesis 4, which stated that: (4) “students using the VR learn-
ing activity (DRS) will gain the same knowledge of the design re-
view process, such as remembering and understanding, as students
using 2D drawings.” For this analysis, the assumption of normally
distributed mean difference scores was examined, and the data was
normally distributed. The analysis shows a significant growth in
the students’ average score on the knowledge assessment instrument
(Table 2) when going from 2D drawings to VR, t (36)= 2.4593, p=

0.01< 0.05 at 95% confidence interval, with a Cohen’s d= 0.56. The
sample size was found to be effective as shown by Cohen’s d.

Discussion

The presented study evaluated the impact of an educational virtual
reality game for reviewing design in a classroom environment.
In particular, the authors wanted to evaluate the impact of the
DRS on the students’ ability to identify design mistakes during
the process of design review for a sample building. Furthermore,
the goal of this study was to assess the DRS game’s ability to sup-
port student learning and development of design review skills.
Lastly, the authors wanted to evaluate the implementation proce-
dure that would maximize the students’ learning. To address the
goals, the authors set forward a series of research questions and
tested several hypotheses.
1. What implementation procedure order yields the highest educa-

tional impact on students’ ability to identify mistakes? For the
first question, no statistical difference in the group’s means
was found to support the null hypothesis that there is no differ-
ence in the order with which the treatments are implemented.
Thus, regardless of whether the students were introduced to
the DRS or 2D drawings first, the order did not yield a differ-
ence in their ability to identify mistakes. While this result
could lead the authors to conclude that the order of implemen-
tation does not have an impact, the analysis of the students’
knowledge brings a different outcome.

2. What implementation procedure order yields the highest educa-
tional impact on students’ knowledge of the design review pro-
cess? Unlike the results from the first research question, the
analysis for the second question found there was a statistical dif-
ference in the group’s means of their knowledge assessment.
The analysis’ result rejects the null hypothesis that the order
did not have an impact on the students’ knowledge of the design
review process. Therefore, the analysis illustrates that the order
with which the DRS is implemented has an impact on the stu-
dents’ knowledge and design review-related cognitive domains.
A significant difference in the students’ knowledge was found
when they were introduced to the 2D drawings first, followed
by the DRS. At the same time, the results illustrate that the stu-
dents were able to transfer their skills onto the drawings when
they played the DRS game first. The implication of the findings
for the instructors for implementing the DRS game is that they
could use it in the classroom before they use 2D drawings. In
fact, playing the DRS first would not only allow students to
achieve the highest knowledge assessment regarding the design
review process, but it would support them in transferring such
knowledge when evaluating 2D drawings.

3. Does playing the DRS simulation game lead construction stu-
dents to identify a higher number of design mistakes than eval-
uating design on the drawings? The results revealed that the
students found a significantly higher number of mistakes
when playing the DRS game compared to 2D drawings. At
the same time, after playing the DRS game, students found a
significantly lower number of mistakes when evaluating draw-
ings. This is possibly due to the 2D drawings’ inherent lack
of a third dimension for evaluation and the additional effort
the students needed to put forth when referencing elevations
and sections drawings of the building. The implication of the
findings is that the first-person experience and full immersion
acted as valuable spatial and perception cues for the students
to be able to find a higher number of mistakes.
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4. Does playing the DRS simulation game lead construction stu-
dents to gain a higher knowledge of the design review process
and related cognitive domains, such as remembering and un-
derstanding, than evaluating design on the drawings? For the
fourth question, the data analysis shows that there is a signifi-
cant difference in Group 1 students’ knowledge scores when
evaluating 2D drawings first. Group 1, who first performed
2D drawing evaluations, significantly improved their scores
when they used the DRS. This illustrates that the DRS can sup-
port students in getting a higher score on knowledge assess-
ments than when evaluating 2D drawings. The authors further
investigated if the students’ final knowledge scores were dif-
ferent between the groups. In particular, the authors tested if
Group 1 final score after playing the DRS was different from
Group 2 final score who performed the drawings’ evaluation
last. The final scores were not significantly different. This re-
sult supports the second research questions’ finding on which
order of implementation is best suited from the classroom. In
particular, it illustrates that the students from Group 2 not
only transferred their knowledge from the DRS to the draw-
ings, but their score was also not significantly different from
the students’ Group 1 highest score.

Conclusion

The growing implementation of active and experiential learning
methods in construction engineering education has led to the
adoption of innovative technology in the classroom. One particular
technology that is under scrutiny by several disciplines is VR.
Meanwhile, VR has illustrated its value in performing design
reviews in the industry (Castronovo et al. 2018a). However, VR
benefits still have to be investigated in construction pedagogy.
To address this research potential, the authors wanted to investigate
the impact of an educational virtual reality game on learners’ design
review knowledge and skills. Based on the study presented, the au-
thors were able to test the effects of an educational VR game, the
Design Review Simulator, on students’ achievement of a set of
learning objectives such as to identify design mistakes and to
match them to the correct mistake type. Additionally, the authors
evaluated the optimal implementation procedure to achieve the
highest educational impact also in terms of design review-related
knowledge assessment.

The research results contribute to the growing knowledge base
on the implementation of VR in the classroom. In particular, the re-
search illustrated that the benefits of VR found in the construction
industry in terms of improved communication, user involvement,
and feedback collection could be translated into the classroom en-
vironment. Based on the results, the authors found that the DRS
significantly supported the students in improving their skills in
identifying mistakes and increased their knowledge of the design
review process. Additionally, the analysis showed that the DRS
could be implemented in an integrated manner with traditional rep-
resentations; for example, if students use DRS before they are ex-
posed to construction drawings, they will retain and transfer their
knowledge when evaluating paper-based documentation such as
2D drawings. Additionally, these findings address the need to illus-
trate the value of VR through a comparative and quantitative ap-
proach, which can support its wider adoption (Khashe et al.
2018; Paes et al. 2017). These findings are in line with other re-
search in construction education (Castronovo 2016; Castronovo
et al. 2017b; Nikolic et al. 2011; Nikolic and Windess 2019),
which have found that construction educational games supported

students in achieving learning objectives and transferring them
into other media.

On the other hand, these findings do not advocate for the in-
struction of design review skills through VR solely. In fact, the
use of 2D drawings before VR could fit with the theory of Produc-
tive Failure (Kapur 2008; Kapur and Bielaczyc 2012). Kapur and
Bielaczyc (2012) believed that instructors must introduce students
to complex problems to solve other problems, even if they were not
able to succeed in solving them. Therefore, if an instructor wanted
students to first use 2D drawings, they could be a primer or scaffold
for the VR experience.

In addition to the scientific contributions, the authors also have
developed a free to use open-source VR game and implementation
educational material that future researchers and instructors can use
in learning activities and for further research on that topic.

Furthermore, the current study presents a large sample size that
supports the generalization of the results. However, additional re-
search must be performed to further investigate the value of VR
games in construction education. In future research, future medium
differences could be investigated; for example, comparing other
immersive and non-immersive virtual environments would support
the authors in investigating the value of full-immersion in support-
ing design review learning. Additionally, the authors are interested
in evaluating the impact of VR games in projects beyond residential
housing to larger scope facilities, such as other building types or
civil projects. Furthermore, the authors will aim at capturing the
students’ user experience and qualitative feedback after using the
DRS. Lastly, the authors would like to challenge learners in not
only identifying design mistakes but also propose solutions to the
problems found so as to evaluate the role of VR in problem-solving
skills as well. Therefore, the authors want to go beyond Bloom’s
lower-order thinking skills such as remembering and understand-
ing, which are within the scope of this paper and investigate the
game’s impact on higher-order cognitive domains, such as analysis
and evaluation.

Data Availability Statement

Some or all data, models, or code that support the findings of this
study are available from the corresponding author upon reasonable
request.

Supplemental Materials

The paper and VR test scores are available online in the ASCE
Library (www.ascelibrary.org).
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“A framework of procedural considerations for implementing virtual re-
ality in design review.” In Proc., 2019 European Conf. on Computing
in Construction, 442–451. Chania, Crete: University College Dublin.

Nikolic, D. 2007. Evaluating relative impact of virtual reality components
detail and realism on spatial comprehension and presence. University
Park, PA: Pennsylvania State Univ.

Nikolic, D., S. Jaruhar, and J. I. Messner. 2011. “Educational simulation
in construction: Virtual construction simulator.” J. Comput. Civil
Eng. 25 (6): 421–429. https://doi.org/10.1061/(ASCE)CP.1943-5487
.0000098.

Nikolic, D., and B. Windess. 2019. Evaluating immersive and non-
immersive VR for spatial understanding in undergraduate construction
education. Newcastle, UK: Northumbria Univ.

Okeil, A. 2010. “Hybrid design environments: Immersive and non-
immersive architectural design.” J. Inform. Technol. Constr. 15 (16):
202–216.

Paes, D., E. Arantes, and J. Irizarry. 2017. “Immersive environment for
improving the understanding of architectural 3D models: Comparing
user spatial perception between immersive and traditional virtual reality
systems.” Autom. Constr. 84: 292–303. https://doi.org/10.1016/j.autcon
.2017.09.016.

Pinet, C. 1997. “Design evaluation based on virtual representation of spaces.”
In Design and Representation Conf. Proc., 111–129. CUMINCAD.

Robson, L., C. Stephenson, P. Schulte, B. Amick, S. Chan, A. Bielecky, A.
Wang, T. Heidotting, E. Irvin, and D. Eggerth. 2010. A systematic re-
view of the effectiveness of training & education for the protection of
workers. Toronto: Institute for Work & Health.

Sacks, R., A. Perlman, and R. Barak. 2013. “Construction safety training
using immersive virtual reality.” Constr. Manage. Econ. 31 (9):
1005–1017. https://doi.org/10.1080/01446193.2013.828844.

Schaumann, D., N. P. Pilosof, K. Date, and Y. E. Kalay. 2016. “A study of
human behavior simulation in architectural design for healthcare facil-
ities.” Ann. Ist. Super. Sanità 52 (1): 24–32. https://doi.org/10.4415
/ANN_16_01_07.

Shiratuddin, M. F., andW. Thabet. 2007. “Information rich virtual environ-
ment (VE) design review.” In Proc., 24th W78 Conf. & 5th ITCEDU
Workshop & 14ht EG-ICE Workshop, 440–446.

van den Berg, M., T. Hartmann, and R. de Graaf. 2017. “Supporting design
reviews with pre-meeting virtual reality environments.” J. Inform.
Technol. Constr. 22 (16): 305–321.

Wang, P., P. Wu, J. Wang, H.-L. Chi, and X. Wang. 2018. “A critical re-
view of the use of virtual reality in construction engineering education
and training.” Int. J. Environ. Res. Public Health 15 (6): 1204. https://
doi.org/10.3390/ijerph15061204.

Whyte, J. 2003. “Innovation and users: Virtual reality in the construction
sector.” Constr. Manage. Econ. 21 (6): 565–572. https://doi.org/10
.1080/0144619032000113690.

Whyte, J., and D. Nikolic. 2018. Virtual reality and the built environment.
Abingdon, UK: Routledge.

Williams, K., and G. Pender. 2002. “Problem-based learning approach to con-
struction management teaching.” J. Prof. Issues Eng. Educ. Pract. 128 (1):
19–24. https://doi.org/10.1061/(ASCE)1052-3928(2002)128:1(19).

© ASCE 04020035-11 J. Archit. Eng.

 J. Archit. Eng., 2020, 26(4): 04020035 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

Fa
di

 C
as

tr
on

ov
o 

on
 0

8/
11

/2
0.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.

https://doi.org/10.1080/17452007.2018.1512042
https://doi.org/10.1080/17452007.2018.1512042
https://doi.org/10.1080/17452007.2018.1512042
https://doi.org/10.1080/17452007.2018.1512042
https://doi.org/10.1080/17452007.2018.1512042
https://doi.org/10.1080/17452007.2018.1512042
https://doi.org/10.1080/17452007.2018.1512042
https://doi.org/10.1080/17452007.2018.1512042
https://doi.org/10.1080/17452007.2018.1512042
https://doi.org/10.1080/17452007.2018.1512042
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000098
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000098
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000098
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000098
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000098
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000098
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000098
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000098
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000098
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000098
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000098
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000098
https://doi.org/10.1016/j.autcon.2017.09.016
https://doi.org/10.1016/j.autcon.2017.09.016
https://doi.org/10.1016/j.autcon.2017.09.016
https://doi.org/10.1016/j.autcon.2017.09.016
https://doi.org/10.1016/j.autcon.2017.09.016
https://doi.org/10.1016/j.autcon.2017.09.016
https://doi.org/10.1016/j.autcon.2017.09.016
https://doi.org/10.1016/j.autcon.2017.09.016
https://doi.org/10.1016/j.autcon.2017.09.016
https://doi.org/10.1016/j.autcon.2017.09.016
https://doi.org/10.1016/j.autcon.2017.09.016
https://doi.org/10.1016/j.autcon.2017.09.016
https://doi.org/10.1080/01446193.2013.828844
https://doi.org/10.1080/01446193.2013.828844
https://doi.org/10.1080/01446193.2013.828844
https://doi.org/10.1080/01446193.2013.828844
https://doi.org/10.1080/01446193.2013.828844
https://doi.org/10.1080/01446193.2013.828844
https://doi.org/10.1080/01446193.2013.828844
https://doi.org/10.1080/01446193.2013.828844
https://doi.org/10.1080/01446193.2013.828844
https://doi.org/10.1080/01446193.2013.828844
https://doi.org/10.4415/ANN_16_01_07
https://doi.org/10.4415/ANN_16_01_07
https://doi.org/10.4415/ANN_16_01_07
https://doi.org/10.4415/ANN_16_01_07
https://doi.org/10.4415/ANN_16_01_07
https://doi.org/10.4415/ANN_16_01_07
https://doi.org/10.4415/ANN_16_01_07
https://doi.org/10.4415/ANN_16_01_07
https://doi.org/10.3390/ijerph15061204
https://doi.org/10.3390/ijerph15061204
https://doi.org/10.3390/ijerph15061204
https://doi.org/10.3390/ijerph15061204
https://doi.org/10.3390/ijerph15061204
https://doi.org/10.3390/ijerph15061204
https://doi.org/10.3390/ijerph15061204
https://doi.org/10.3390/ijerph15061204
https://doi.org/10.3390/ijerph15061204
https://doi.org/10.1080/0144619032000113690
https://doi.org/10.1080/0144619032000113690
https://doi.org/10.1080/0144619032000113690
https://doi.org/10.1080/0144619032000113690
https://doi.org/10.1080/0144619032000113690
https://doi.org/10.1080/0144619032000113690
https://doi.org/10.1080/0144619032000113690
https://doi.org/10.1080/0144619032000113690
https://doi.org/10.1061/(ASCE)1052-3928(2002)128:1(19)
https://doi.org/10.1061/(ASCE)1052-3928(2002)128:1(19)
https://doi.org/10.1061/(ASCE)1052-3928(2002)128:1(19)
https://doi.org/10.1061/(ASCE)1052-3928(2002)128:1(19)
https://doi.org/10.1061/(ASCE)1052-3928(2002)128:1(19)
https://doi.org/10.1061/(ASCE)1052-3928(2002)128:1(19)
https://doi.org/10.1061/(ASCE)1052-3928(2002)128:1(19)
https://doi.org/10.1061/(ASCE)1052-3928(2002)128:1(19)
https://doi.org/10.1061/(ASCE)1052-3928(2002)128:1(19)
https://doi.org/10.1061/(ASCE)1052-3928(2002)128:1(19)

	 Introduction
	 Literature Review
	 Virtual Reality in Design Reviews
	 Educational Simulations and Serious Games in Construction
	 Virtual Reality in Construction Education: The Design Review Simulator

	 Research Goal and Questions
	 Methodology
	 Design and Procedure
	 Participants
	 Equipment

	 Results and Analysis
	 Implementation Order Analysis
	 Meeting Learning Objectives Analysis

	 Discussion
	 Conclusion
	 Data Availability Statement
	 Supplemental Materials
	 References

