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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.

1. INTRODUCTION

An effective design review process is critical to the successful delivery 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 construction deliverables.
The design review process has to minimize these issues. When design reviews are performed
early and regularly in the design stages of the project, this effort can play an important 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, completeness, and correctness with the intent of
finding omissions, ambiguities, 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 reviews. According to ACCE’s criteria, “the
Constructor is to have an understanding of the contribution of the design discipline’s processes”
and “must be able to communicate with the design professionals, 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 necessary 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 inherent
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 visualization technologies, such
as virtual reality (VR), could support students 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 improving 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 2014).

In order to understand how VR could support construction students in performing design
reviews if 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 value of VR in teaching construction
management students design review skills.

2. LITERATURE REVIEW
2.1 VIRTUAL REALITY IN DESIGN REVIEWS

“Design review is one of the most important processes in architectural and engineering
design” (van den Berg et al. 2017). A design review is a milestone, within the design process,
whereby a proposed solution is evaluated in order to verify the outcome of the design intent,
identify possible failures with respect to program, and evaluate previously defined needs and
project requirements, such as the function of spaces or their overall performance (Castronovo et



al. 2013; Liu et al. 2020). Finally, based on the results of such an evaluation, stakeholders decide
upon any necessary 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 stakeholders involved, vary
depending on the design stage. As the design evolves, the goals of the design review tend to
validate and refine the design concepts (Liu 2017; Liu et al. 2018). However, the process of
either exchange or transfer of information is complicated, and visualization techniques (e.g.,
sketches, drawings, mock-ups, 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 representations, such as 2D drawings that are limited
in “information transferability” (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 difficult 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 modelling (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 development of a virtual facility prototype, which implies the adoption of
virtual reality systems as visualization and interaction platform (Mastrolembo Ventura et al.
2019). Most VR environments are primarily based on visual interaction, using a range of display
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 technologies (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 provide 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 process 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 integrated design review processes and showed that VR models allowed reviewers to
understand more quickly or easily the implication of actual design decisions. Other research also
highlighted that an interactive environment such as VR can significantly enhance team
communication and collaboration during design review in (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 how first-person experience and sense of presence -- key
attributes of VR experience -- support design reviews. Moreover, previous studies discussed how
immersion, interaction, and user involvement also offer potential in education by making
learning more engaging (Freina and Ott 2015; Jensen and Konradsen 2018). Education-related
VR use cases represent one of the main purposes for VR adoption in design and construction
(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 has an
inherently three-dimensional and interactive environment that can support the students in design
and engineering disciplines who are required to build 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 number of VR-related research is “drastically lower in
the construction domain 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 research 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 adoption in the construction
industry and so, to justify further investments (Khashe et al. 2018; Paes et al. 2017).

2.2 EDUCATIONAL GAMES IN CONSTRUCTION

In the context of design and construction education, improving students’ analytical and
problem-solving skills has been the main driver for exploring innovative and interactive learning
experiences. 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
undergraduate 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 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 current
methods of teaching design and construction students center 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 maximize 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 interactive
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 encourage student motivation and promote deeper
learning. These simulation games or educational simulations are developed around a simplified
model of reality or 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 process 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 simulation 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 interactive 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 simulation consistently acts as a high-engagement form of training, which has been
confirmed in prior meta-studies (Robson et al. 2010) to be more effective than low-engagement
forms of training, 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, in essence,
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 significant impact on students’ special presence,
immersion, and enjoyment. These examples reveal how the pedagogical aspects require carefully
crafted simulation scenarios where attention, motivation, and engagement are key to sustained
learning. Equally, technological 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.

2.3 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, interactive and illustrative features. VR is distinguished
from other more commonly used visualization mediums by the sense of closeness and control
created by involvement: the feeling of presence that originates from an immersive, first-person



view of digital information that responds to the users’ movements and interactions with it
(Nikolic 2007). Combining the pedagogical elements of simulation games that stimulate student
learning, motivation, and problem-solving skills with the engaging experience of VR, the authors
developed the VR educational game named Design Review Simulator (DRS) (Castronovo et al.
2019). 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
objectives 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 learning 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).

Table 1. Game Learning Objectives for the Design Review Simulator

Problem Cognitive Action Game Learning Objective

Solving Skill Domain Verb
At the end of the pedagogical intervention the students will
be able to:

Design Remembering Identify 1. Identify the types of mistakes
Review Skills Define 2. Define the provided type of mistake
Match 3. Match the mistake to the correct design mistake description
Understanding Explain 4. Explain/Summarize the identified design mistake

Summarize

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) coordination issues, (3)
missing elements, and (4) improper material choices. Once in the game, the learners are first
placed outside the townhouse and asked to look around and explore both inside and outside the
building for any of the above types of issues (see Figure 1, left). To identify and flag a design
mistake, the students point the crosshair to a design mistake and, using a keyboard, press “enter”.
If the mistake is correctly identified, the game displays a message with the type and description
of the mistake (see Figure 1, right).

Initial evaluation of the DRS’ impact in the classroom environment illustrated its
potential in supporting students in gaining design review skills. In particular, through initial
testing, the authors compared 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.

Design Review
Simulator

This is a coordination

mistake as the
handrail should attach
itself to the ramp.

Figure 1. Design Review Simulator Game Play
3. RESEARCH GOAL AND QUESTIONS

The literature review highlighted current research and applications of engineering
educational games using virtual reality. In particular, 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 requires the expansion of the sample size to generalize the findings. Additionally, the
authors were interested in understanding which instructional implementation procedure would
yield the highest learning 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 evaluate the impact of the DRS on students’ skills in
reviewing design, we sought to answer the following research questions:

1. What implementation procedure order yields the highest educational impact on
students’ ability to identify mistakes?

2. What implementation procedure order yields the highest educational impact on
students’ knowledge of the design review process?

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 students to gain a
higher knowledge of the design review process and related cognitive domains,
such as remembering and understanding, than evaluating design on the
drawings?

Based on these questions, the study tested the following null hypotheses, 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 remembering and understanding, as students
using 2D drawings.

4. METHODOLOGY

4.1 DESIGN AND PROCEDURE

A mixed-design crossover repeated-measures experimental design was set up to evaluate
and assess the design review skills that construction students gained from playing the DRS. This
research design 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
Figure 2), 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 reversed. The variation in sequence between
the 2D drawings and VR game tests the possibility that student learning is not affected by such
order.

TREATMENT 1

TREATMENT 2

e \“\\
£ R\
GROUP 1 \ 2D —_— —
}_> Drawings
. y
y v\\
[ \ 2D )
\ GROUP:2 / > Drawings
\\\ /
3 _//

OBS. 1

OBS. 2

Figure 2. Experimental Procedure

During the experiment, the students were grouped in pairs (see Figure 3) 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 treatment, 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 explanation of why they chose that mistake type.
The number of mistakes found by the students was used as the dependent variable of the
experiment. Moreover, at the end of each treatment, the students were given an assessment
instrument which included a set of ten 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, number of mistakes) were then
compared by performing two 2x2 mixed model ANOVA with the independent variable (i.e.
learning medium) as the within-subjects factor (i.e. drawings, VR game) and with order as the
repeated measure and condition as the between-subjects factor (groups: Group 1, Group 2).

Table 2. Assessment Instrument

Learning Objective Question Type Question
1. Identify the different types of Multiple 1. Which of the following is not a potential type of design
mistakes. Choice mistake? (Improper Material)

2. The following is what type of mistake in the picture to
2. Match the identified mistake to the right? (Coordination)
the correct design mistake 3. The following is what type of mistake in the picture to
description. 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 True or False 5. A material mistake can be defined as building elements
mistake. 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 True or False 9. Design review is an essential process to be performed
identified design mistake. Multiple during construction. (T/F)
Choice 10. Evaluating design with 2D drawings is a
process.
4.2 PARTICIPANTS

A total of 120 undergraduate students pursuing a construction management degree from
two higher education institutions in Northern California participated in the study. The students



were in their second or third year of studies. Institutional Review Board (IRB) consent 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 construction management
students.

4.3 EQUIPMENT

The authors used the DRS to assess the students’ design review skills. To evaluate the
gains in thinking skills and assess the students’ 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 provided 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.

5. RESULTS AND ANALYSIS
The results from the experiment can be found in Table 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, VR game), the two dependent variables (knowledge assessment,



number of mistakes), and order as the between-subjects factor (groups: Group 1, Group 2). For
each of these variables, the means and standard deviation values are calculated. The data were
analyzed using the statistical software package, IBM SPSS Statistics. In order to test the
hypotheses, several analyses were conducted, such as two two-way mixed ANOVA followed by
two independent T-Test and two paired-sample T-Tests. Two two-way mixed ANOVA were
conducted to address the first and second hypothesis and whether the order of implementing the
independent variable playing the DRS simulation game resulted in any difference in the
dependent variables. In order to investigate further 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 hypothesis, that is if
experiment resulted in higher knowledge or number of design mistakes identified.

Descriptive Statistics for Number of Mistakes

Groups Number Mistakes Std. Deviation N
Mean
Groupl 4.6486 2.7306 37
2D DArawmgS'btased Group2 4.8947 1.5316 57
ssessmen Total 47979 2.0769 94
Groupl 11.1892 4.6057 37
VR-enabled Group?2 9.7368 3.3086 57
Assessment
Total 10.3085 3.9131 94
Descriptive Statistics for Knowledge Assessment
Knowledge .
Groups Assessment Mean Std. Deviation N
Groupl 44.3243 14.63 37
2D lzrawmgs'btased Group2 58.4211 19.35 57
ssessmen Total 52.8723 18.87 94
Groupl 52.9730 15.61 37
VR-enabled Groupz 58.5965 17.87 57
Assessment
Total 56.3830 17.16 94

5.1 IMPLEMENTATION ORDER ANALYSIS

The authors aimed at testing hypothesis 1 and 2 which stated: “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 “the order with which the representations 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
(2x2) analyses were conducted for each dependent variable. The Two-Way Mixed ANOVA
(2x2) 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 factor (Group 1: (1)



drawings, (2) VR game; and Group 2: (1) VR game, (2) drawings). The interpretation of these
analyses is facilitated by graphing the four mean values. These are depicted in Figure 4, Mean of
Number of Mistakes Results, and Figure 5 Mean Knowledge Assessment Scores Results.
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OBSERVATION 1 OBSERVATION 2

Figure 4. Mean of Number of Mistakes Results

The results of the Two-Way Mixed ANOVA analysis for the number of mistakes found
by the students showed that there was a significant difference in the within-subject factor (F(/,
92) =4.776, p = 0.049 < 0.05, partial n° = 0.014), while there was not a significant difference in
the between-subjects factor (F(1, 92) = 1.302, p = 0.257 > 0.05, partial n° = 0.014). On the
other hand, the results of the Two-Way Mixed ANOVA analysis for the knowledge assessment
showed that there was a significant difference in both the within-subject factor (F(1, 92) = 4.79,
p = .031 < 0.05, partial n° = 0.5) and in the between-subjects factor (F(1, 92) = 10.069, p =
0.002 < 0.05, partial 5° = 0.099). Moreover, the partial #° 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 impact on the students’ ability to identify mistakes” when looking at the number of
mistakes identified by the students. This result illustrates that the order or between-subjects with
which the independent variable, or medium, is implemented does not have an impact on the
students’ ability to identify mistakes. However, there is a difference of 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 students’ knowledge of the design review process” when looking at the students’ knowledge
assessment instrument scores. This result illustrates that the order with which the leaning
medium is implemented does have an impact on the students’ knowledge of the design review
process (i.e. remembering and understanding cognitive domains). Additionally, there is a
difference in the students’ knowledge of the design review process when using one learning
medium versus the other.
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Figure 5. Mean Knowledge Assessment Scores Results

The authors further analyzed the group differences by performing an additional
independent T-Test analysis. In this analysis, the authors wanted to test if there was any
significant difference between 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%
confidence 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 differences 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, ¢ (92) = 1.5649, p = 0.121 > 0.05 at 95% confidence
interval, with a Cohen’s d = (.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 regardless 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, ¢ (92) = 3.782, p = 0.0003 <
0.05 at 95% confidence interval, with a Cohen’s d = (.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 students who played the VR game first achieved a higher assessment score
than the students who played the VR game second.

5.2 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 “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-Tests 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 satisfied and the data were normally distributed. The results
illustrated a significant difference in the students’ average number of identified mistakes in
Group 1 when going from 2D drawings to VR, ¢ (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 results from Group 1. A
paired-sample T-Test was performed to test hypothesis 4, which stated that: “students using the
VR learning activity (DRS) will gain the same knowledge of the design review 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 satisfied 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, ¢
(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.

6. DISCUSSION

The presented study aimed at evaluating 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 support student learning and development of design review skills. Lastly, the



authors wanted to evaluate the implementation procedure 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 educational 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 difference 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 difference in their ability to
identify mistakes. While this result could lead the authors to conclude that the order of
implementation does not have an impact, the analysis of the students’ knowledge brings a
different outcome.

2) What implementation procedure order yields the highest educational impact on
students’ knowledge of the design review process? Unlike the results from the first research
question, the analysis for the second question found there was a statistical difference 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 students’ 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 students 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 students to identify a
higher number of design mistakes than evaluating 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 drawings. 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.

4) Does playing the DRS simulation game lead construction students to gain a higher
knowledge of the design review process and related cognitive domains, such as remembering
and understanding, than evaluating design on the drawings? For the fourth question, the data
analysis shows that there is a significant 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
support students in getting a higher score on knowledge assessments than when evaluating 2D
drawings. The authors further investigated if the students’ final knowledge scores were different
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 result 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 drawings, but their score was also not significantly different from the students’ Group 1
highest score.

7. 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 authors
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 research illustrated that the benefits of VR found in the
construction industry in terms, for example, of improved communication, user involvement and
feedback collection, could be translated into the classroom environment. 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
representations; for example, if students use DRS before they are exposed to construction
drawings, they will retain and transfer their knowledge when evaluating paper-based
documentations such as 2D drawings. These findings are in line with other research 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 instruction of design review
skills though VR solely. In fact, the use of 2D drawings before VR could fit with the theory of
Productive 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 research 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



supporting 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. 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 understanding, which are
within the scope of this paper, and investigate the game’s impact on higher-order cognitive
domains, such as analysis and evaluation.
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