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Abstract

Digital learning tools like smartphones, tablets, and extended reality (XR) devices are
increasingly accessible to students and teachers. These devices have the potential to be powerful
educational tools and can simplify complex tasks, but they are often adopted without a full
understanding of their effects on learners. This dissertation aims to evaluate how spatial
technologies such as augmented and virtual reality (AR and VR), collectively referred to as
extended reality, impact the learning process, and how these effects might depend on the
characteristics of each individual learner. The research presented here expands on existing
research by utilizing different categories of devices and multiple modes of visualization,
analyzing their effects within three distinct settings and a diverse pool of participants. In our first
analysis, we evaluated learning outcomes for students who used XR in a university classroom to
explore key concepts from marine ecology and conservation. We found that students utilizing
XR had significantly higher rates of learning achievement in a pre/post-test experimental design.
While gender identity and recreational gaming habits had no significant relationship with
learning achievement, women enjoyed the XR activity more than men and wished to use XR in
educational contexts again in the future. In a second analysis, we evaluated learning outcomes
for high school students who used gamified AR while visiting a public aquarium. In this informal
educational setting, we again found that AR significantly improved learning outcomes, but we
also observed a significant gender effect. Boys aged 14-18 displayed greater learning
achievement than girls in response to the gamified mobile AR activity. In a third analysis, we
evaluated the usefulness of XR tools for navigating a novel indoor environment. We found that
stereoscopic AR improved participants’ abilities to navigate a novel indoor environment,
compared to a control group with no assistance, but participants using monoscopic AR
performed worse than the control group. When participants repeated the navigation task two
weeks later without the use of a device, all groups demonstrated significant improvements in
performance. The control group showed the greatest improvements, while participants in the
stereoscopic AR group retained the least distance and time traveled. We found a significant
relationship between navigational performance and the age of the participant, and a significant
interaction between age and gender, but no relationships between navigational performance and

gender or spatial thinking ability. Overall, this dissertation provides further evidence that XR



technologies can be powerful educational tools. In all three chapters, we offer strategies and

suggestions for educators who wish to implement XR in their classrooms or field trips.
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Chapter 1: Introduction

The introduction of technology in the classroom is a double-edged sword. Computers and
smartphones allow students to connect with seemingly endless online resources, but non-
academic classroom internet use has become common and research shows that it can negatively
impact student performance (Ravizza et al., 2017). The use of electronic devices has also been
shown to reduce long-term retention of lecture material, even when it does not hurt short-term
comprehension (Glass & Kang, 2018). Within informal educational settings (e.g., museums and
aquaria), smartphones can give students autonomy over their learning experience by allowing
them to progress at their own pace without an educator present (Hwang et al., 2016). In the
context of daily spatial learning tasks, research shows that the use of global positioning systems
(GPS) can make it easier to navigate a novel environment and reduce cognitive load during
wayfinding, thus solving a problem for people who struggle to navigate (Allen, 1999; Brugger et
al., 2019). However, the use of GPS and other navigational tools also introduced new problems
by impairing our ability to navigate based on how much we use them (Montello, 2005; Gardony
et al., 2013; Dahmani & Bohbot, 2020).

Extended reality (XR), an umbrella term that includes augmented, virtual, and mixed
reality (AR/VR/MR), has demonstrated promise in educational contexts during recent years by
solving some problems that came with existing technologies (e.g. smartphones and computers),
but while introducing new problems. AR delivers content through either a smartphone or tablet’s
camera feed (known as a monoscopic display) or a pair of specialized glasses that project digital
information onto two transparent lenses (a stereoscopic display), giving users depth perception.
VR, however, requires the use of a head mounted display (HMD) that blocks out the real world
around the user. One of the core benefits of XR is the ability to visualize and interact with
content in a 3D space. With AR/MR, a real-world space can be augmented with digital support
information. With VR, users can become immersed in an entirely different world.

Digital learning tools like XR have the potential to enhance learning and motivation
through the means of gamifying a lesson plan. Gamification (i.e., the incorporation of game
elements into non-game contexts) has become an increasingly popular trend in recent years
within the realm of education (Dicheva et al., 2015). Most gamified educational experiences

assume that all students respond in a similar, positive manner, but research suggests that people



have varying degrees of susceptibility to gamification and that variables such as age and
recreational gaming habits can influence its effects (Swan, 2012; Hamari, 2013; Bockle, Novak,
& Bick, 2017). While research regarding gamified AR has increased in recent years, there has
been significant variability in the effect sizes of samples, suggesting the need to further look for
moderating variables (Garzon & Acevedo, 2019).

The overarching goal of this dissertation is to evaluate how spatial technologies such as
AR and VR impact the learning process, as well as moderating variables that drive its effects. In
the following chapters, we take a critical look at XR by analyzing three case studies for its use
inside the classroom (formal education), outside the classroom (informal education), and day-to-
day spatial learning tasks such as indoor navigation. The purpose of the first study is to
understand how different formats of XR in a university classroom compare to the use of a
traditional reading worksheet with the same information, further evaluating whether gender
identity and recreational gaming habits potentially moderate these effects. The purpose of the
second study is to assess whether mobile AR is effective in teaching science to high school
students in an informal education setting, gauge their perceptions of the technology, and assess if
gender identity and subject attitude impact learning achievement. The purpose of the third study
is to understand how modes of visualization (monoscopic vs. stereoscopic) affect users’ abilities
to navigate an indoor environment for the first time as well as a second time two weeks later,
compared to a control group with no assistance. We attempt to further understand navigational
improvements by testing for significant relationships related to age, gender identity, and spatial

thinking skill.
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Abstract

Augmented reality (AR) has the potential to be a powerful educational tool, but AR may
not be effective for all students. Past work has shown gender differences in students’ attitudes
toward video games. Here, we investigate the effects of gender identity and subject attitude on
the efficacy of an AR learning tool within an informal education setting. We developed a
curriculum focused on coral reef ecology at the high school level and deployed it at a public
aquarium. We measured efficacy through evaluations of knowledge retention, attitude, and user
perception. Overall, our results indicate significant improvement in all students’ knowledge,
motivated attitudes, and positive perceptions of the technology’s use inside and outside the
classroom when learning about fundamental concepts within coral reef ecology. However, our
results further suggest that learning may be more likely to occur from an AR learning tool when
the content leverages the power of the technology’s visual or audio capabilities in an explicit
manner. Our study shows learning outcomes were higher for boys. Given that previous work has
shown gender biases in students’ attitudes towards gamification, we hypothesize that girls’
unfamiliarity or dislike of gamified, video-based learning may constrain their learning outcomes
from AR. We conclude that while interest affects learning achievement from other sources, the
inclusion of gamified AR mechanics arouses the interest and motivation of all student types in a
similar manner regardless of prior preferences, although that effect may be moderated by gender

identity.
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2.1 Introduction

Informal learning environments are essential complements to school classrooms. While
the act of learning is commonly associated with classrooms, research supports the use of
informal spaces outside of the classroom to engage with students and contribute to children’s
science knowledge (Rennie & McClafterty, 1995). This has become recognized as informal
education and can occur across any discipline, although STEM-related content has become a
focus of many research studies (Kamarainen et al., 2013; Roberts et al., 2018; Allen & Peterman,
2019; Alexandre, Washington-Nortey, & Chen, 2022). This study follows the Center for
Advancement of Informal Science Education’s (CAISE) (2017) definition for informal STEM
education as “lifelong learning in science, technology, engineering, and math (STEM) that takes
place across a multitude of designed settings and experiences outside of the formal classroom.” A
key difference between classrooms and informal education settings is grade attainment, which
research has shown does not necessarily predict skills acquisition (Coté & Levine, 1997).
Instead, a common thread across literature on informal education is that a student’s interest is the
essential outcome to evaluate (Roberts et al., 2018). Informal learning experiences rarely focus
on teaching specific knowledge and skills, but instead concentrate on trying to spark curiosity
and interest to cultivate natural motivation as “stepping stones” to further science learning (Allen
& Peterman, 2019). Motivation has been demonstrated to be more important than intelligence in
terms of positive educational outcomes. Research shows that motivation holds consistent positive
relationships with many learning outcomes (C6té, 2000). These findings warrant the exploration

of new avenues for increasing engagement and motivation of students outside the classroom.

Augmented Reality (AR) has the potential to enhance students’ experiences within
informal learning environments. AR technology creates a virtual 3D space where digital objects
are displayed as if they are present in the real world, instead of solely a virtual one like with
virtual reality (VR). AR can appear in two forms: head-mounted displays (HMDs) and AR
interfaces. HMDs are devices worn on the user’s head that project digital images onto a specially

designed transparent lens in a way that makes the object in the images appear as if present within



the real world. AR interfaces are handheld devices, usually smartphones or tablets, with a screen
that displays the image produced by the device’s camera and incorporates the digital 3D object
into the device’s display. The use of smartphones to visualize AR experiences can be a bridge to
connect upcoming AR glasses-style HMDs to consumers through the use of current technology
they likely already use. While AR is recognized as an emerging technology, approaches on how
to study and design AR systems have existed since the turn of the millennium (Dubois & Nigay,
2000). The literature for AR has since expanded immensely, particularly in the field of education.
Several literature reviews have been conducted with conclusions agreeing that AR is considered
effective in increasing motivation, engagement, and learning performance (Bacca, et al., 2014;

Akcayir & Akcayir, 2016; Garzon et al., 2020).

AR learning tools give students the opportunity to observe and interact with content,
providing a type of sensory experience. Extending from popular constructivist theories of
learning, Kolb (1984) defines learning as “the process whereby knowledge is created through the
transformation of experience.” The Kolb model is well-aligned with the fast-changing
environment and life-long-learning approach, where learning is problem-based, situational, and
experiential (Cassidy, 2014). The Kolb model also supports the finding that the most powerful
learning comes from direct experience (Senge, 2015). AR empowers all students to use AR
supports in the classroom and combining AR with mobile technology allows teachers the ability
to create personalized supports for enabling independent and self-determined learners (Carreon,
Smith, & Rowland, 2019). One example of AR within education is a study comparing the use of
AR applications within two fifth-grade classrooms focused on butterfly ecology (Hwang et al.,
2016). The results suggest a significant increase in both learning achievement and learning
attitudes among the class that was utilizing a competitive gaming approach in the AR application
in comparison with the class that did not utilize the gamified approach. The students in the study
enjoyed using the technology, but another indicator of success came from the surveys given to
the teachers. The aspect the teachers liked most about the technology was that it permitted the
students to progress at their own pace while allowing the teachers to provide support where

necessary without needing to direct every part of the lesson.

A core component of AR that helps enhance students’ interest is gamification, which is

the use of game mechanics in a non-game situation to digitally engage and motivate people to



achieve their goals. Gamification can be used in a learning context to encourage students to
perform better in learning tasks (Helmefalk, Lundqvist, & Marcusson, 2019). It has been implied
that gamification is used to stimulate learning-related behavior and can influence one’s learning,
but that it does not directly affect learning (Landers, 2014). While the use of gamification is
rooted in marketing techniques such as loyalty programs and membership cards that offer
rewards, games have aroused human interests and engagement since prehistoric times (Kumar &
Herger, 2013; Huotari & Hamari, 2017). People naturally seek reward for their participation and
effort, which can be manifested in many ways such as applause, achievement badges, salary, and
higher social status (Johansson & Gdétestam, 2004). Increasing motivation and engagement is not
only important in business environments, but also for education (Dichev & Dicheva, 2017).
There are several gamification mechanics that reoccur across scientific disciplines, with the three
most common being badges, points, and leaderboards (Seaborn & Fels, 2015). However, people

may have different responses to different gamification mechanics.

Gender identity is one example of a barrier that can affect responses to gamification.
While AR and other games can be powerful learning tools, students’ orientation toward video
games differs by gender and among individuals (Greenberg et al., 2010). Most gamified learning
experiences do not consider individual responses, assuming that all students are affected in the
same positive manner (Bdckle, Novak, & Bick, 2017). Research suggests that people can have
different degrees of susceptibility to gamification, one example being that younger people or
those who are more familiar with games are more likely to be influenced by gamification
techniques (Swan, 2012; Hamari, 2013). Recent work found through survey (n = 3,517) that 60%
of American adults spend an average of nine hours per week playing video games, but that there
are clear gender differences with the types of games and social experiences that gamers seek
(Digital Media Trends, 2024). One study (Denden et al., 2021) found that gender and personality
can affect students’ perception of specific game elements, but that gender can moderate the effect
of personality on that perception. Another study (Leonhardt, 2021) found through survey analysis
(n = 5,607) that male survey participants from the age of 14 and up use video games up to five
times more than female survey participants. Research shows that women may feel less
encouraged to play video games because of negative expectations based on gender or prior

experiences while gaming (Lopez-Fernandez et al., 2019). The study of gender differences in



school achievement has a history of controversy, but it is important to understand how those

differences are mitigated/enhanced by emerging educational tools.

In this study, we investigate how gender identity and subject attitude differences might
impact an AR learning tool’s efficacy in teaching coral reef ecology to high school students
within an informal education setting. The gamified AR application offers students an alternative
pedagogical approach to enhance their learning experience by visualizing complex concepts in
ways traditional approaches cannot. The analysis focuses on outcomes related to knowledge

retention, student attitudes, and user perception of AR technology as a learning tool.
2.2 Material and Methods

We developed an AR application that allows users to navigate the Blue Zoo aquarium in
Oklahoma City, OK, USA. When using the application, users progress through gamified learning
objectives appropriate for a high-school level introduction to coral reef ecology. The users can
see and interact with real-world aquatic life within the aquarium’s exhibits while the AR
application provides supplementary digital information and tasks overlayed onto the real-world

environment using an iPad Pro.
2.2.1 Curriculum design

We compiled a list of learning objectives commonly found within instructional plans for
ecology, along with extensions specific to coral reef environments (Table 1). To compile this list,
we drew from the high school environmental science and ecology sections within the Next
Generation Science Standards (NGSS Lead States, 2013) that is used by several states, including
Oklahoma’s Academic Standards for Science (Oklahoma State Department of Education, 2020).
Each standard learning objective is equally represented and guided the overall structure and

content to be taught within the AR application.



Table 1: The chosen academic science standards from the Next Generation Science Standards

(NGSS Lead States, 2013) used to support the content development process.

Academic Science Standards

EN.LS2.1 Use mathematical and/or computational representations to support explanations of

factors that affect carrying capacities of ecosystems at different scales.

EN.LS2.2 Use mathematical representations to support and revise explanations based on
evidence about factors affecting biodiversity and populations in ecosystems of

different scales.

EN.LS2.4 Use a mathematical representation to support claims for the cycling of matter and

the flow of energy among organisms in an ecosystem.

EN.LS2.6 Evaluate the claims, evidence, and reasoning that the complex interactions in
ecosystems maintain relatively consistent numbers and types of organisms in

stable conditions, but changing conditions may result in a new ecosystem.

EN.LS2.7 Design, evaluate, and refine a solution for reducing the impacts of human

activities on the environment and biodiversity.

2.2.2 AR application development

Application development utilized the C# programming language within Unity, a game
engine created by Unity Technologies (San Francisco, CA) capable of managing the physics and
spatial information collected by the user’s device (Haas, 2014). Applying the ARFoundation
framework within Unity, an application can be developed for iOS and Android operating systems
simultaneously, although only iPad Pros (10S) were used in this study due to the lack of Android
devices available for testing. However, the operating system utilized should not have relevance
on the effectiveness of the methods. The AR application’s content is designed to be interactive in
a variety of ways to best support students of all learning tendencies (Zaric et al., 2020). However,
sound is not used here due to the loud nature of the study site. An example of what the users see

can be found in Figure 1.



Figure 1: Examples of what users see both inside (left) and outside (right) of the AR experience.
2.2.3 Study site and participants

Blue Zoo is comprised of multiple areas with terrestrial and aquatic life, including an
aquarium section that provides an informal learning environment for implementation of an AR
learning tool. Participants have both real-world and digital environments to immerse themselves
in and explore while learning fundamental concepts within coral reef ecology, marine
conservation, and how coral reefs connect into our everyday lives. Application deployment took
place at Blue Zoo’s Oklahoma City location. Participant recruitment occurred after they had
made the decision to visit Blue Zoo and they were compensated for their time with free
admission. To qualify for this study, participants were required to be at the high school age level
(14-18). At least one parent accompanied every participant under the age of 18 throughout their
participation. Observations with non-reliable pre/post-test scores indicated by lack of proper
engagement (i.e. selecting choices at random for faster completion) with the surveys were

excluded from the analysis.

Survey administration allowed participants to enter responses either on the iPad Pro
through an online platform or on paper in print format. All print surveys were digitized and
added to the online platform for analysis. The surveys were divided into the following five
sections: (1) basic information/prior experience questionnaire, (2) pre-activity knowledge
assessment, (3) attitude assessment, (4) user perception survey, and (5) post-activity knowledge
assessment. Participants were given three options for gender identity and seven options for

favorite subject. However, the non-binary group (n = 3) was excluded from the analysis due the



insufficient sample size. While “Sports” was included as an option, it was removed from the
analysis due to having zero selections. Furthermore, the different art options were combined into
a single “Arts” category. A brief questionnaire was used to determine if participants had
previously used any AR or VR applications. If they answered “yes” to either AR or VR
experience, a 7-point Likert scale was used to determine how much the participant enjoyed their
previous experience. The 7-point Likert scale was chosen to allow a neutral option while
maintaining consistency with the other survey questions. During analysis, we coded Likert scale

responses on a scale of -3 to 3.

The knowledge assessment contained a pre-activity and a post-activity evaluation of the
users’ knowledge about coral reef ecology. The knowledge assessment consisted of 14 multiple-
choice questions and one open-ended question, which were reviewed by content experts for
alignment with high-school level environmental science content. All of the knowledge
assessment questions can be found in Appendix A. We also developed an attitude assessment to
provide insight into user experience while using the tool. The questions were modeled after an
attitude assessment used by Hwang et al. (2011) in a previous AR research study, although their
6-point Likert scale was changed to a 7-point Likert scale for this study to include a neutral
option. A second opinion-based facet of this analysis is user perception, or how useful the user
believes the tool was to their learning process. It used the same scale as the attitude assessment,
but the questions were directed toward the usefulness of the tool. This approach was also used by

Hwang et al. (2011), which we again updated to a 7-point Likert scale for this study.
2.2.4 Analyses and Measures of Performance

We assessed overall learning outcomes (i.e., differences between pre- and post-test
performance), and whether these outcomes differed by subject attitude and gender identity.
Gender identity is used here as the gender participants self-identify as. To quantify learning
outcomes overall, we used a paired sample t-test to determine if there was a significant
difference between participants’ pre-test and post-test scores. To determine whether learning
outcomes differed by subject attitude, we used an independent two-sample t-test to determine if
there were any relationships between a student’s favorite subject in school and their pre-test

score, post-test score, and score improvement. To determine whether learning outcomes differed
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by gender identity, we used independent two sample t-tests to test for significant (p < 0.05)
differences between gender identities regarding pre-test scores, post-test scores, and score
improvement. All analyses were performed in RStudio (RStudio Core Team, 2021) using R
version 4.1.2 (Team, 2013).

2.3 Results

This study utilized a total of 30 participants. The majority of the participants identified as
female (n = 20), with less than half that number identifying as male (» = 7), and even fewer
identifying as non-binary (n = 3; Table 2). More than half of all participants chose one of the arts
as their favorite subject (n = 18), with one-third of participants choosing science (n = 10),
leaving only two participants choosing math. Male participants had an equal split between
science (n = 3) and the arts (n = 3), while female participants had a different distribution between

science (n = 5) and the arts (n = 14).

Table 2: Summary of gender versus subject attitude of participants. Subject attitude and gender
identity distributions within the sample resulted in most participants favoring the arts in school,

and two-thirds of the participants being female.

Subject Attitude  Male Female Non-binary/third  All genders
gender

Science 3 5 2 10

Math 1 1 0 2

Arts 3 14 1 18

All subjects 7 20 3 30

2.3.1 Knowledge Assessment

We found that the AR activity significantly improved students’ understandings of coral
reef ecology. The paired sample t-test resulted in highly significant (p = 2.78¢!1?) differences
between participants’ scores on their pre-test (mean score: 37.14) and post-test (mean score:

74.99). This suggests high learning achievement within the sample. The pre/post-test design

11



revealed some areas where participants had better and worse prior understanding of concepts
(Figure 2). For example, the pre-test revealed that students generally had good prior
understanding of biodiversity (Question 5; 87% of students answered correctly on the pre-test).
Students generally had a poor prior understanding of energy flow (Question 14; 0% of students
answered correctly on the pre-test) and the impacts corals have on humans (Question 10; 7% of
students answered correctly on the pre-test). However, those low scores in energy flow and
human impact increased in the post-test to 70% and 80%, respectively. The open-ended question
asking, “What are some ways that you can contribute to protecting or restoring coral reefs?”” had
13 responses that included a total of 15 ideas in the pre-test, implying little prior knowledge at
only one idea for every two participants. Those results greatly increased in the post-test and
contained 20 responses that included a total of 38 ideas, indicating that participants retained
much of the information taught regarding calls to action. While most questions in the post-test
resulted in satisfactory scores, question 7 about the trophic effects of overfishing had only 40%

of participants answer correctly, a mere 3% increase from the pre-test.
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Figure 2: Questions covered in the knowledge assessment (horizontal axis) and the percentage of participants who correctly
answered that question (vertical axis) in the pre-test (red) and post-test (green).
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Prior AR experience did not have a statistically significant impact on the knowledge
assessment scores (t-test; p > 0.05). Participants who did not know if they had prior experience
were grouped with those who did not have prior experience (Table 3). We observed a minor
difference in pre-test scores between the group with no prior AR experience (mean = 33.33, n =
18) and the group that did have prior AR experience (mean = 42.85, n = 12), but this difference
was not statistically significant (independent two-sample t-test, p > 0.05). Regarding the post-test
scores, there was a smaller difference between the group with no prior AR experience (mean =
72.62, n = 18) and the group that did have prior AR experience (mean = 78.57, n = 12); this
difference was not statistically significant (p > 0.05). Furthermore, an independent sample t-test
revealed there was little difference in score improvement (p = 0.57) between the group (mean =
39.29, n = 18) with no prior AR experience and the group (mean = 35.72, n = 12) that did have

prior AR experience.

Table 3: Summary of gender versus previous AR and VR experience of participants. AR/VR
experience was separated by gender identity to test for any relationships between prior
experience, gender identity, and learning outcomes. Most participants had previously used VR

technology, but less than half had previously used AR technology.

Previously used  Male Female Non-binary/third  All genders
AR or VR? gender

AR VR AR VR AR VR AR VR
Yes 3 4 7 12 2 0 12 16
No 2 3 7 6 1 3 10 12
I don’t know 2 0 6 1 0 0 8 1

2.3.2 Attitude and User Perception

The results of the attitude assessment showed mostly positive attitudes regarding the AR
learning tool (Figure 3). There were only two participants (7% of respondents) who somewhat

disagreed that using this technology allowed them to think differently about the learning content.
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Four participants either disagreed (n = 1; 3%) or somewhat disagreed (n = 3; 10%) that this way
of learning helped them discover their personal learning problems. However, every participant
either agreed (n = 7; 23%) or strongly agreed (n = 23; 77%) that this learning experience
motivated them to care about the environment. Independent two-sample t-tests revealed
statistically significant differences between boys (n = 7) and girls (n = 20) with the following
three statements: a) “Using this technology allowed me to think differently about the learning
content” (mean male = 2.67 , mean female = 1.95, p < 0.05); b) “The feedback offered by this
learning tool’s ‘mission’ and dialogue systems allowed me to recognize any parts I have not
learned well” (mean male = 0.33 , mean female = 1.9, p <0.01); and c¢) This learning experience

motivates me to care about the environment” (mean male = 3 , mean female = 2.8, p <0.05).

Attitude Results

| have a deeper understanding of coral reef ecology

because of the experiences provided by the AR _—

learning tool.
Using this technology allowed me to think differently _—
about the learning content.
This way of learning helped me discover my personal --

learning problems.

The visualizations provided by the learning system

assisted me in correcting misconceptions orideas | _—

may have misunderstood.

Q&

The feedback offered by this learning tool’s “mission”

and dialogue systems allowed me to recognize any _-

parts | have not learned well.
The interactions and visualizations provided by the AR _—
application helped me learn.
This learning experience motivates me to care about _
the environment. -

0% 20% 40% 60% 80% 100% 120%

Disagree Somewhat disagree Neither agree nor disagree Somewhat agree W Agree ® Strongly agree

Figure 3: Attitude assessment results from all participants display mostly positive attitudes about the learning experience.
Participants had the most positive attitudes regarding the learning experience’s ability to motivate them to care about the

environment.
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The results of the user perception survey also showed mostly positive perceptions of this
method of learning, with a few participants highlighting potential negative perceptions (Figure
4). Two participants (7%) agreed that this way of learning was difficult. One participant (3%)
selected “disagree” for the statement, “I hope to learn in this way for other topics.” One
participant (3%) disagreed with wanting to use this learning system in the future. However, all
participants either agreed (37%) or strongly agreed (63%) that they liked this learning activity.
All participants also either somewhat agreed (7%), agreed (30%), or strongly agreed (63%) that
they would recommend this learning system to other people. Furthermore, all participants either
somewhat agreed (7%), agreed (37%), or strongly agreed (57%) to wanting to use this learning
system in a classroom, but three participants (10%) disagreed and one participant (3%) neither
agreed nor disagreed with wanting to use this learning system outside of a school classroom.

There were no statistically significant differences between gender identities and user perception.

User Perception Results
During the learning activity, | Carefully browsed the _—
learning materials provided by the system.
This way of learning was difficult. _ .
| liked this learning activity. | I A
| hope to learn in this way for other topics. _—
I would like to use this learning system in the future. _—
| would recommend this learning System to other __
people.
I would like to use this learning system in a school _—
classroom.

I would like to use this learning system outside of a _—
school classroom.
0% 20% 40% 60% 80% 100% 120%
m Strongly disagree Disagree Somewhat disagree Neither agree nor disagree
Somewhat agree m Agree m Strongly agree

Figure 4: User perception survey results from all participants display mostly positive perceptions of the use of AR as a learning

tool. While two participants found the experience to be difficult, all participants indicated that they would like to use AR as a
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learning tool in the future and would recommend it to other people. However, three participants preferred AR as a classroom

tool instead of using it to learn outside of the classroom.

2.3.3 Subject Attitude and Gender Identity

While there existed a significant difference between favorite school subjects and pre-test
scores, we did not observe a significant difference in post-test scores nor score improvement with
subject attitude. Participants who selected math as their favorite subject (n = 2) were not included
here due to the insufficient sample size. The independent two-sample t-test revealed a significant
difference (p < 0.05) with pre-test scores between those who selected science (mean =43.75, n =
8) and those who selected the arts (mean = 32.77, n = 18) as their favorite subject. However,
independent two-sample t-tests showed there were no statistically significant differences between
subject attitude and post-test scores or subject attitude and score improvement. Distributions of

all subject attitude groups’ pre-test and post-test scores can be found in Figure 5.
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Figure 5: Participants’ subject attitude distributions are displayed with pre-test (top), post-test (middle), and improvement
(bottom) score results. Only “Arts” (red) and “Science” (green) were used in the analysis due to “Math” (blue) only having a

sample size

We also found that learning outcomes from AR were higher for boys than girls (Figure 6).

The independent two-sample t-test found no significant differences (p = 0.25) in pre-test scores

between boys (mean = 28.57 n = 7) and girls (mean = 37.5, n = 20). However, the independent
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two-sample t-test revealed highly significant differences (p < 0.001) between boys (mean = 86.9

n=7) and girls (mean = 68.93, n = 20) in post-test scores. The independent two-sample t-test

resulted in highly significant differences (p < 0.01) between boys (mean = 58.33, n = 7) and girls

(mean = 31.43, n = 20) in score improvement between pre- and post-test.
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Figure 6: Participants’ gender identity distributions are displayed with pre-test (top), post-test (middle), and improvement
(bottom) score results.
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2.4 Discussion

We found that high school students generally liked using AR technology in an informal
education setting, and that AR was an effective learning tool. Students saw the experience as an
effective way to increase motivation and complement learning in both formal and informal
education environments. Significant improvements in knowledge assessment scores highlight
AR’s efficacy as a learning tool to increase understanding of coral reef ecology. Moreover, we

found that learning outcomes were moderated by gender identity.

The significant difference between boys and girls with the post-test scores, coupled with
the significant difference with score improvement, suggest that gender identity may have an
effect on how young people engage with AR learning tools. Previous work shows that young
people are more positively affected by gamification than older people (Hamari, 2013). However,
other studies have shown that gender differences affect the perception of game elements
(Koivisto & Hamari, 2014; Codish & Ravid, 2017). AR learning tools might be more eftective
with students that identify as male, although a larger sample size of all gender identities would
provide a more accurate reflection across all gender identities. Our pre-test results are aligned
with a previous review of 42 studies on gender differences in academic achievement at the global
scale, which found that there are no overall differences within formal science education (females
perform better in some countries, while males perform better in others), while some differences
appeared in other subjects of study (Rosen, Steinmann, & Wernersson, 2022). The insignificant
difference between boys and girls with the pre-test scores highlights the similar opportunities for
improvement available to the two groups. One possible explanation for why girls showed less
improvement than boys is that girls may be less motivated by gamification techniques. Past work
shows that gender is an influential factor in the perception of gamification (Denden et al., 2021).
This could be a result of previous findings that girls feel less encouraged to play video games
based on the negative treatment of women within video games and the video game industry as a
whole (Lopez-Fernandez et al., 2019). The most recent State of the Game Industry (2024) report
found through survey (n = 3,000) that men still make up over two-thirds of game developers,
women make up 23%, 21% are from the LGBTQ+ community, and 5% identify as non-binary.
The report also highlights that 87% of game developers with at least 21 years of experience are

men, with white men making up 92% of those. Men are also more likely to be interested in using
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technology than women (Ahuja & Thatcher, 2005), but women have shown increased interest in
video games since the pandemic years (Digital Media Trends, 2024). Coupled with boys’
increased likelihood to play video games (Leonhardt, 2021), it may lead to a steeper learning
curve for females regarding gamified interfaces within educational contexts. Only female
participants within this study indicated in their survey that this way of learning is difficult,
supporting this hypothesis.

Gender differences in gamification susceptibility can potentially disrupt efforts to
increase gender equality in education. One review (Meinck & Brese, 2019) found that gender
gaps that existed 20 years ago have persisted into the present, but also that gender equality in
education is slowly increasing. If teaching approaches suddenly shift to those to which boys are
more susceptible, those slow increases might reverse. When considering gamification techniques
to enhance learning, it may be essential to first neutralize the culturally embedded gender
stereotypes women face within video game culture (Harrison, 2016). Possible solutions to
improve gender equality in gaming can be found within training solutions and strategies shown
to be effective in increasing gender equality in the classroom (Hughes et al., 2020; Kollmayer et
al., 2020). The brain is flexible and prone to change in accordance with physical and social
environments (Halpern, 2012), which implies that any gender differences regarding susceptibility
to gamification resulting from the social environment of gaming that exist today can be changed
in the future. If the field of gaming sees the same increasing trends in gender equality as
education has seen over the past 20 years, the gender differences in gamification will hopefully

change along with them.

The two statements regarding interest and motivation in the attitude assessment and user
perception survey had the highest mean scores of their respective evaluations. Cultivating
interest and motivation are vital to positive educational outcomes (C6té, 2000). When
considering subject attitude, the significant differences with pre-test scores suggest that students
retained different levels of scientific knowledge from other sources depending on their
preference of subject in school. Students who preferred science had higher pre-test scores
compared to those who preferred math or the arts. Most surprising, however, was the lack of
significant differences between subject attitude and post-test scores/score improvement. Students

who struggle in formal STEM education settings tend to feel more interested and motivated in
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STEM education when it utilizes a more engaging, hands-on approach (Roberts et al., 2018). The
struggles of students in formal education settings can result from unifying standards, high-stakes
assessment practices, or individual learning tendencies and preferences in the way students
absorb and process information (Allen & Peterman, 2019; Zaric et al, 2020). Informal learning
environments offer self-directed learning opportunities for students to gain a deeper
understanding that might not be possible in a school classroom (Allen & Peterman, 2019). AR
technology enhances the experience within informal learning environments by affording new
techniques to visualize and interact with abstract concepts (Avila-Garzon et al., 2021), potentially
improving negative prior attitudes toward STEM education (Roberts et al., 2018). Our results
suggest that while interest affects learning achievement from other sources, the inclusion of AR
technology arouses the interest and motivation of all students in a similar manner regardless of
prior subject preferences. These increased levels of interest and motivation coupled with the
previously established relationship between attitude and learning performance (Co6té, 2000)

could very well explain the exceptional learning achievements demonstrated by all participants.

There was one question in the knowledge assessment that showed negligible
improvements between the pre-test and post-test, indicating a potential problem with the content
design surrounding that concept. When the content design is considered, there is one aspect that
sets that section apart from the rest: it is the only concept that the correct answer in the
knowledge assessment must be inferred from what is taught within the AR content. While the AR
application explained and visualized energy flow through trophic levels, there were no direct
examples given as to the potential effects of population changes within the different trophic
levels. This suggests that learning may be more likely to occur from an AR learning tool when
the content leverages the power of the technology’s visual or audio capabilities to explicitly
address learning topics. AR learning tools can give students educational autonomy with their
progress through a gamified experience, but the underlying mechanisms that aid gamified
education must be considered during the content development process (Landers, 2014). The use
of game mechanics in learning does not automatically result in successful outcomes (Helmefalk
et al., 2019). With immersive technology having increased cognitive demands and relying on a
level of spatial awareness (Huang et al., 2019), it is possible that the active search for visual cues

pulls focus away from non-visual elements.
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This study focused on subject attitude and gender differences with AR learning tools in
an informal education setting, but some potential topics of future study emerged during our
investigation. Participants had to be at least 14 years old to be included in this study, but most
participants that were 18 years old were there either because the family and younger siblings
wanted to be there or the participants were there with a significant other. Social and group
dynamics in education were not within the scope of this study, but empirical research supports
the use of Team Based Learning (Michaelsen, Knight, & Fink, 2004; Koles et al., 2010;
Michaelsen & Sweet, 2011). Past work suggests that women are motivated to play games by
feelings of achievement, power, and social interaction, and that women are more likely to play
games for the social interaction than men (Taylor, 2006; Williams et al., 2009). We did not
employ social interactions within our application design, which might explain the gender
differences observed in our results. The single-player versus multiplayer social dynamics within
informal education settings and how they relate to gender and the efficacy of AR learning tools
may be a meaningful topic of future study. Another potential focus for future studies is with
students who identify as non-binary/third gender. Interestingly, the participants who identified as
non-binary/third gender began with noticeably higher scores and therefore had less room to
improve. This may be an artifact stemming from the disadvantage of a small sample size, with
the non-binary/third gender participants possibly being high-aptitude students within science.
The other referenced studies did not include a third gender option in their analyses, but our
survey data highlight the potential difficulty in recruiting a sufficient sample size for

generalizable results.

2.5 Conclusion

This study explored AR’s potential as an emerging technology within the field of
informal education, while attempting to explain the underlying mechanisms behind its effects
along with how subject attitude and gender identity can potentially affect performance. We found
that high school students enjoyed using AR to learn about coral reef ecology and the experience
resulted in positive educational outcomes. Significant increases in knowledge assessment scores,
motivated attitudes, and positive user perception further support the notion of AR being a viable
supplement to traditional methods of teaching and could be successfully implemented within

informal education settings other than just aquariums. AR-based learning techniques can make
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the learning process more engaging and enjoyable than traditional techniques, while also
increasing the motivation to learn. However, questions remain about how to apply AR learning
techniques in a manner equitable to all types of students. As these emerging technologies
continue to develop, so will our understanding of how to best leverage the power of AR to
enhance the world of education, while also addressing imbalances in educational aptitude

commonly found in formal classroom settings by providing alternative modes of learning.
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Abstract

Augmented and virtual reality, collectively referred to as extended reality (XR), have the
potential to be effective classroom tools. However, little is understood about the differences in
their effectiveness and how they impact students’ learning achievement in individual and
systematic ways. In this study, we compared different gamified XR technologies to a traditional
reading worksheet with the same information within an undergraduate classroom and explored
the effects further by distinguishing between the XR formats utilized (monoscopic augmented
reality (AR), stereoscopic AR, and virtual reality (VR) along with any potential effect
moderation based on gender identity and recreational gaming habits. Utilizing a pre/post-test
design centered around coral reef ecology and marine conservation, students using XR displayed
the greatest improvements compared to the traditional reading worksheet. However, we found no
significant gender effects on learning achievement, and we also found no significant
relationships with recreational gaming habits. For educators wishing to incorporate XR into the
classroom, XR can be a promising replacement to traditional worksheets. However, we
recommend providing adequate training time for students to become accustomed to the new

technology before diving into the desired learning objectives.
3.1 Introduction

University and school classrooms are increasingly filled with technology. More than 90%
of middle and high schools in the United States provide some kind of computing device to

students (U.S. Dept. of Education, 2022), and laptop use is nearly ubiquitous among university

32


mailto:treylee@ou.edu

students (Ravizza et al. 2017). The use of computing devices in classrooms is also growing
globally, primarily through programs that provide free networked laptop computers to students
(Zucker and Light 2009). Phones are also prevalent. In 2015, more than half of all K-12 students
and teachers in the U.S. reported having access to a school-issued mobile device, a number that
is sure to have increased since then (Molnar, 2015); the current number of mobile devices is

presumably much higher.

The benefits of technology in classrooms have been mixed. Despite growth of laptops
and mobile phones in classrooms, the impacts of these devices on student learning have varied.
Non-academic use of the internet during class is common and negatively impacts student
performance (Ravizza et al. 2017), suggesting that networked devices in classrooms may be a
double-edged sword. One study found that using an electronic device in a college lecture did not
reduce comprehension of the lecture, but the use of electronic devices did reduce long-term
retention of the lecture (Glass & Kang, 2018). Teachers themselves also lack training about how
to effectively incorporate technology into their lesson plans. A literature review of 16 journal
articles found that teachers attribute high levels of stress or anxiety to the use of technology in
the classroom, many of whom felt that insufficient training was a primary contributing factor
(Fernandez-Batanero et al., 2021). Digital classroom supports have proven to be beneficial in
both traditional classrooms as well as special education classrooms (Anderson, 2019; Carreon et
al., 2020). However, technology has also shown to create barriers for some learners, particularly
those with physical disabilities (U.S. Dept. of Education, 2024). Digital learning tools can
facilitate the learning process for students with different learning tendencies and increase
educational outcomes and engagement, though these effects are not always fully understood
(Zaric et al., 2020). Overall, then, classroom devices may be most effective when implemented
as part of a comprehensive curriculum that includes teacher training, minimizes opportunities for

student distraction, and ensures access for students with disabilities and diverse learning styles.

One strategy for enhancing student engagement and focus while using devices is
gamification (i.e., the incorporation of game elements into non-game contexts). Gamification has
become increasingly popular in recent years within the realm of education (Dicheva et al., 2015).
While gamification is rooted in marketing through loyalty and rewards programs, its use in

education has seen great success in positively impacting student motivation, engagement, and
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learning achievement (Kumar & Herger, 2013; Landers, 2014; Helmefalk et al. 2019; Huang et
al., 2020). There is no “one size fits all” approach to incorporating gamification techniques in a
learning environment, but an educator can tailor gamification to fit the individual needs and
preferences of their students (Bdckle et al., 2018, Zaric et al., 2020). The most common
examples of gamification techniques are badges, points, and leaderboards, but there are many
other options to fit various educational needs (Seaborn & Fels, 2015). When properly tailored to
students and aligned with learning objectives, gamification has demonstrated potential as a

favorable pedagogical strategy to improve the learning experience of a diverse range of students.

One promising technology for gamified learning in the classroom is extended reality
(XR). XR technologies have been reshaping the ways in which we visualize, interact, and teach
various subjects. XR has become an umbrella term that includes augmented reality (AR), mixed
reality (MR), and virtual reality (VR). At its core, XR technology provides the means to digitally
visualize and interact with content in a 3-demensional (3D) space in a way that most
technologies we use today (e.g. laptop and smartphone displays) cannot. While mostly used for
gaming, XR devices have demonstrated promise inside and outside the classroom (Bhagat et al.,
2016; Huang et al., 2019; Radianti et al., 2020; Avila-Garzon et al., 2021). VR has a more
extensive collection of literature supporting its use in education, likely because consumer-grade
VR became popular years before AR technology was refined into what we see today. A prevalent
explanation for the high efficacy of VR in education is the ability to limit distractions by
blocking out the real world around the user and providing a greater sense of immersion and
presence (Rizzo et al., 2000; Kavanagh et al., 2017). One of the earliest virtual environments to
be used in an educational context was Second Life, which students perceived to be more of a
pedagogical tool than a video game (Storey & Wolf, 2010). VR has demonstrated to be as
effective as a traditional classroom with no significant difference in learning outcomes between
the two (Makransky et al., 2019). However, a different study by the same researcher resulted in a
reduction of learning achievement despite increased presence when utilizing a VR science
laboratory simulation (Makransky, Terkildsen, & Mayer, 2019). Cybersickness was a common
problem with early VR technology, but recent advances in XR development have found ways to
circumvent the issue for a wider range of users. XR has the potential to avoid issues like

distraction by mobile devices or internet connectivity due to its immersive nature, but it could be
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causing new problems for some people while solving others (Dontre, 2020). However, many
limitations still exist with the implementation of XR technologies in the classroom (Kavanagh et
al., 2017). Given the complex nature of XR, there are some features that severely limit
accessibility, such as motion controls (e.g. walking/jumping/moving arms) and requiring the user
to be in a certain position (e.g. standing or reaching for objects at higher elevations) (Ryan,
2019). Other barriers exist in the form of financial, faculty, and institutional obstacles (Wu et al.,
2023). With a decades-long foundation in gaming, XR can inherently gamify many activities by
incorporating principles and strategies refined for video games and their user interaction (UI)
systems, but there are many barriers to mass adoption of XR technologies such as cost, comfort,

and computational requirements that exist today.

One crucial step to the incorporation of XR technologies in education is to evaluate the
extent different XR technologies impact students in both individual and systematic ways. Most
gamified educational experiences assume that all students are affected in a similar, positive
manner (Bockle, Novak, & Bick, 2017). However, research suggests that people have varying
degrees of susceptibility to gamification and that age and recreational gaming habits can
influence the effects of gamification techniques (Swan, 2012; Hamari, 2013). Furthermore, other
studies have shown that gender can affect students’ perception of specific video game elements
(Koivisto & Hamari, 2014; Codish & Ravid, 2017; Denden et al., 2021). A meta-analysis found
that AR has had a positive impact on education in studies conducted between 2010 and 2018, but
they found significant variability in the effect sizes of samples, suggesting the need to look for

moderating variables (Garzon & Acevedo, 2019).

In this study, we investigate how XR technologies impact learning achievement
compared to a traditional reading worksheet with the same information within an undergraduate
classroom. We explore these effects further by separating XR into the three formats utilized here
(monoscopic AR, stereoscopic AR, and VR), and tested whether gender identity and recreational
gaming habits moderate learning outcomes when gamification techniques are implemented with
XR in the classroom. We hypothesize that stereoscopic AR and VR will have the greatest
improvement in students’ knowledge assessment scores due to increased immersion, but that
both male and female students will have a more positive response to the gamified XR lesson

depending on their likelihood to play video games recreationally.
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3.2 Methods

To quantify how XR technologies affect students’ ability to learn educational content in a
formal classroom setting, we developed an XR application to teach students introductory coral
reef ecology. We implemented this XR lab activity in an undergraduate classroom and compared
student learning outcomes across four experimental groups. Students were grouped by
technology, using either AR on an iPad Pro (group 1), AR glasses (group 2), or a VR headset
(group 3) and compared to students in the control group using a traditional reading worksheet
(group 4). We tested for significant differences among technologies and learning outcomes, and
whether differences in learning outcomes were related to gender identity and recreational gaming

habits.

3.2.1 Curriculum design

To develop content for our XR application, we searched for learning objectives
commonly found within instructional plans for ecology at the high school and
freshman/sophomore undergraduate level, specifically focusing on concepts applicable to coral
reef environments. We compiled a list of concepts from the high school environmental science
and ecology sections within the Next Generation Science Standards (NGSS Lead States, 2013).
These science standards are used by several state educational organizations as the basis for their
own academic standards, including Oklahoma’s Academic Standards for Science (Oklahoma
State Department of Education, 2020). These learning objectives and science standards are also
representative of those used in early undergraduate classrooms (i.e., freshman/sophomore
courses) such as the University of Oklahoma’s GEOG 1114 Physical Geography, which aims to

provide a broad survey of key concepts in physical geography, ecology, and climatology.

3.2.2 Application development

We programmed the XR application using the C# programming language within Unity, a
game engine created by Unity Technologies (San Francisco, CA) capable of managing the spatial
information collected by sensors on each device (Haas, 2014). ARKit and ARCore within the
ARFoundation framework allow for applications to be developed for multiple operating systems

simultaneously (Bekhit, 2021), although only iPad Pros (10S), Magic Leap 2 AR glasses, and the
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Meta Quest 3 VR headset were used here. The applications’ content was primarily visual due to

the potential for sound to distract the students not using a device.

3.2.3 Hardware

There were three types of hardware used in this study: tablets, AR glasses, and a VR
headset. The tablets overlay all information monoscopically in AR using the device’s camera
feed. When viewed using the AR glasses and VR headset, information is displayed
stereoscopically to give users depth perception and the impression that the digital objects are
present in front of them. Tablets rely on a touchscreen user interface that most people are likely

used to using daily, but the XR devices use either hand tracking or 6DoF controllers to operate.

3.2.4 Participants

This study took place at the University of Oklahoma (OU) in the laboratory component of
the course GEOG 1114 Physical Geography. This course satisfies a required science with a lab
credit for most undergraduate degree programs at OU and thus attracts students from a diverse
set of majors. Thus, most students in the course had no previous experience learning about
marine ecosystems and conservation at the university level. Most students take this course during
their freshman or sophomore year. As a result, most participants were 18 or 19 years old. We
originally collected observations on 132 participants over the course of four class periods. We
assumed that participants who spent less than 10 minutes combined on both the surveys and
activity (n = 20) were not meaningful participants and removed them from further analysis. We
also remove 13 participants who did not complete either the pre or post-test survey, leaving 99
observations for analysis. Participants in the AR glasses, iPad, and VR groups were categorized
by their recreational gaming habits, where participants who answered that they played video
games at least once per week were classified as “gamers” (n = 25) and all others as “non-

gamers” (n = 22).

Students were randomly assigned to either the reading group or one of the XR groups.
However, the limitation of only one pair of AR glasses, one VR headset, and two iPads meant

fewer students were able to utilize them in the same class period. Some students required extra
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time to learn how to operate their device, resulting in fewer observations for those devices. Other

students required the use of prescription lenses and were placed in the reading group.

3.2.5 Analyses and Measures of Performance

We assessed overall learning achievement between the pre-test and post-test, along with
whether these learning outcomes differed by technology, gender identity, or recreational gaming
habits. Gender identity is used here as the gender participants self-identify as. A paired sample t-
test was used to determine if there was a significant (p < 0.05) difference between participants’
pre-test and post-test scores, then followed with an independent two sample t-test to determine if
there was a significant (p < 0.05) difference between students who utilized one of the XR devices
and those who were given the traditional reading worksheet. Analysis of variance (ANOVA) was
used to determine if there were any relationships between which XR technology a student used
and their post-test score and change in score between the pre-test and post-test. To determine
whether learning outcomes differed by gender identity, we used independent two sample t-tests
to test for significant (p < 0.05) differences between gender identities regarding post-test scores
and the change in score between the pre-test and post-test. Another two sample t-test was further
used to determine if there were any relationships between learning achievement and recreational
gaming habits. All analyses were performed in RStudio (RStudio Team, 2021) using R version
4.1.2 (R Core Team, 2021).

Survey administration was conducted through an online platform. The surveys were
divided into the following five sections: (1) basic information, (2) pre-activity knowledge
assessment, (3) recreational gaming habits, (4) attitude assessment, and (5) post-activity
knowledge assessment. Participants were given four options for gender identity: “male”,
“female”, “non-binary/third gender” and “prefer not to answer”. The knowledge assessment
contained a pre-activity and a post-activity evaluation of the users’ knowledge about coral reef
ecology. The knowledge assessment consisted of 14 multiple-choice questions and one open-
ended question, which can be found in Appendix A. Content experts (Two Oklahoma high school
environmental science teachers and one OU faculty) reviewed these questions to ensure the

environmental science content is appropriate for students of this age. The attitude assessment

was designed to provide insight into user experience while using the XR applications, based on a
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similar attitude assessment used by Hwang et al. (2011) in a previous AR research study.
However, we modified their 6-point Likert scale to a 7-point Likert scale to include a neutral

option. During analysis, we coded Likert scale responses on a scale of -3 to 3.

3.3 Results

About half of the participants were male (n = 52), with slightly fewer being female (n =
47; Table 4). No students self-identified as non-binary or third gender. The reading group had the
greatest number of observations (n = 52), followed by iPad (n = 20), AR glasses (n = 14), and
VR (n=13).

Table 4: Summary of the distribution of gender identities across each experimental group.

Gender Reading iPad AR Glasses VR All groups
Male 28 8 7 9 52
Female 24 12 7 4 47
All subjects 52 20 14 13 99

3.3.1 Knowledge Assessment

We found that participants significantly improved their score on the knowledge
assessment after completing the activity. The paired sample t-test resulted in highly significant (p
= 8.5599) differences between participants’ scores on their pre-test (mean score: 59.6 out of
100; sd: 19) and post-test (mean score: 70.3; sd: 21.7), suggesting positive learning achievement
within the entire sample. Figure 7 shows the percentage of students who answered correctly on
each of the questions. Only one questions had a lower percentage of correct answers in the post-
test than of the pre-test, but that question also had the highest percentage correct of all the
questions on both the pre-test and post-test (Question 1: 94% of students answered correctly on
the pre-test and 90% answered correctly on the post-test). Question 5 about human impact had

the greatest increase in correct answers (30% in the pre-test and 60% in the post-test).
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Figure 7: Question topics covered in the knowledge assessment (horizontal axis) and the percentage of students who correctly
answered that question (vertical axis) in the pre-test (red) and post-test (green).

3.2. Groups

Initially, we categorized the iPad, AR glasses, and VR groups into one XR group (n =47)
to compare to the reading group (n = 52). A two sample t-test resulted in significant (p = 0.0003)
differences between the reading group (mean: 4.9; sd: 14.8) and the XR group (mean: 16.9; sd:
16.8) regarding the change in score between the pre-test and post-test. When the XR group was
split by technology, we also observed notable differences between groups with the change in
score between the pre-test and post-test. ANOVA revealed in significant (p = 0.004) differences
among all groups, but the Tukey pairwise comparisons revealed only significant differences
between the reading and AR glasses groups (p = 0.02) and the reading and iPad groups (p = 0.05;
Fig. 8).
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represented by a red asterisk.

3.3.3 Gender Identity & Recreational Gaming Habits

We observed no significant differences between men and women in pre-test scores, post-
test scores, and score changes within the XR group (p > 0.05 for all three t-tests). Men were
more likely than women to play video games recreationally (Fig. 9), but we observed no
significant differences between gamers (i.e., those who play video games at least once per week)
and non-gamers in pre-test scores, post-test scores, and score change (p > 0.05 for all three t-
tests; Fig. 10). However, we did observe significant gender differences in the attitude assessment.
A two sample t-test resulted in significant (p = 0.01) differences between men (mean: 2; sd: 0.9)
and women (mean: 2.6; sd: 0.7) only in the XR group when asked if they liked this learning
activity. Another two sample t-test resulted in significant (p = 0.03) differences between men
(mean: 1.6; sd: 1.1) and women (mean: 2.2; sd: 0.7) only in the XR group when asked if they

would like to use this learning tool in the future.
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3.4 Discussion

We found that students in the XR group demonstrated the greatest learning achievement
throughout the activity compared to the students in the control group. This is reflective of what
has been observed in literature reviews on the use of XR technology in the classroom (Radianti
et al., 2020; Avila-Garzon et al., 2021), including a study specifically focused on mobile AR in
physical geography (Adedokun-Shittu et al., 2020). In our study, all forms of XR used here

produced similar increases in learning.

A major problem in the XR literature is the lack of differentiation between modes of
visualization with the various types of XR technologies. Some studies only use monoscopic AR
on a smartphone or tablet without a separate stereoscopic AR group and then generalize their
results to AR as a whole, which has been a problem noted in literature reviews (Carreon et al.,
2020). A similar problem exists with some studies only comparing VR to monoscopic AR
(Huang et al., 2019). Many of these studies occurred before the availability of commercial or
consumer-grade stereoscopic AR glasses, leaving the uncertainty of whether divided attention or
lack of immersion impacted the effectiveness of their respective AR applications. We found no
significant differences between students using monoscopic AR and those using stereoscopic AR,
which contrasts a similar study comparing AR-enabled windshields to heads-up displays (HUDs)
(Pfannmuller, 2017). Another study comparing AR to VR found that students using VR had
greater learning achievement in a pre/post-test experimental design, with the only exception
being that students using AR had higher scores within the auditory knowledge section (Huang et
al., 2019).

There were no differences between male and female gamers regarding post-test scores
and score changes. This might be an artifact of female gamers having such a small sample size in
this study (n = 7), which is reflective of other surveys that have shown boys are much more
likely to play video games than girls (Leonhardt, 2021). Past work shows that men are more
likely to be interested in using technology and that gender influences the perception of different
gamification techniques, while other studies show that gender does not have a significant impact
on how gamified lesson plans impact students’ motivation to learn (Ahuja & Thatcher, 2005;

Denden et al., 2021; Almusharraf et al., 2023). Interestingly, our results did show gender
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differences in the attitude assessment and that women in our sample stated that they liked the XR
learning activity and would like to use it again in the future more than the men did. Another
study on weight loss found that gamification elements had a positive effect on weight loss for
men and not women, implying that gamification might maintain long-term interest and
motivation better for men (Forman et al., 2021). However, most studies gamifying education
only apply the treatment during a snapshot of a participant’s day, while topics like fitness and
weight loss require consistent dedication throughout the day for at least several weeks. With
conflicting results across gamification research regarding gender, further research is needed to
determine the underlying mechanisms driving this effect (if any). If one’s recreational gaming
habits does impact the efficacy of gamification techniques in the classroom, then the small
sample size of female gamers here highlights the difficulty in drawing a true comparison
between men and women in the same classroom regarding gamified lesson plans. Although, the
most recent reports on female gamers indicate that more women play video games than ever
before. A survey of 3,517 adults found that 60% of Americans surveyed spend an average of 9
hours per week playing video games, with 25% of surveyed female gamers and 16% of male
gamers stating that they only began playing video games since the COVID-19 pandemic era
began around 2020 (Digital Media Trends, 2024). Another report found that 97% of teen boys
and 73% of teen girls ages 13 to 17 play video games, but the percentage of teen boys and girls
that play video games daily is 61% and 22%, respectively (Pew Research Center, 2024). Given
how long researchers have been studying potential gender effects within gamification, the

changing demographics of gamers might explain the conflicting results observed over the years.

The literature on XR technologies in education shows a clear mismatch in the
understanding of the foundational principles of the different technologies. One of the core
reported benefits of using XR technology is the concept of “immersion”, but there is still a non-
homogenous understanding of which XR devices can be considered “immersive technology”
(Radianti et al., 2020). This indicates a low maturity for the field of XR in education, which is
reflected by a lack of fundamental “best practices” that are widely accepted by both scientists
and academics. The way immersion has been used to describe the supremacy of XR over other
media risks generating confusion between sensory involvement and emotional/narrative

involvement described in social sciences (D’ Armenio, 2022). The term “embodiment” has
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become the way researchers describe the mechanism of deriving meaning from a virtual
environment through our physical movement and interaction within the digital world. The
literature on the development of XR authoring tools for teachers has not seen much growth
despite having begun a few decades ago, which is a commonly reported issue (Fidan & Tuncel,
2019; Avila-Garzon et al., 2021). Until the technology is further refined to use the same types of
interaction systems across the most popular devices in each category, developers have limited
guidance outside the documentation provided by the XR companies that manufacture each
headset. There have been some efforts that attempt to remedy this, but the growth of technology
often outpaces the research and makes it difficult to compare different XR applications or even
the same XR application across different classes of devices (Dichev & Dicheva, 2017; Masneri et

al., 2020; Dengel et al., 2022).

Our observation in the classroom was that for first-time users, the most serious barrier to
immersion was difficulty using the interaction system of the XR device. While the application
we developed remained the same across all XR categories, the interaction system changed for
each one (e.g. touch input for iPad, two controllers for VR, and hand tracking/one controller for
AR glasses). This led to much longer “training” sessions at the beginning of each student’s
experience for the VR/AR glasses groups because some students struggled to pick it up right
away. Many students continuously needed a reminder how to “click” something or utilize other
interactions until they were approximately halfway completed with the activity. Task loading
research has shown that the use of AR is associated with increased overall workload, especially
mental demand and physical effort, but the same significant effect is not present with VR (Xi et
al., 2022). The first learning objective in our application coincided with the only question on the
knowledge assessment that had fewer students answer correctly on the post-test than the pre-test,
suggesting that students were more focused on learning the technology than on learning the
content in the beginning. For educators who are considering the integration of XR into the
curricula, it might be beneficial to get students comfortable and confident with the technologies

before jumping into the learning objectives.

Recommendations for AR and VR in classrooms
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Our results highlight three key considerations for successful integration of AR and VR
devices into classroom settings. First, we recommend giving both educators and students
adequate training time before applying the technology to any specific topics of study. Second,
educators and developers should work together to combine their expertise in pedagogical
strategies and visualization/interaction to maximize learning achievement for the widest range of
students possible while minimizing the stress and anxiety educators might feel with having to
develop new educational materials to fit the technology. Third, we recommend that educators
take into consideration exactly why they want to incorporate XR in place of current modes of
content delivery. Simply applying XR to a learning objective will not always lead to positive
learning achievement, but the chances are greater if the capabilities of XR are leveraged for a
purpose that cannot be fulfilled by traditional media such as textbooks or presentations in a

meaningful manner.

3.5 Conclusion

This study examined the use of monoscopic AR, stereoscopic AR, and VR to teach an
introduction to coral reef ecology to undergraduate students in a physical geography lab
classroom compared to a traditional reading worksheet with the same information. We further
attempted to identify any relationships between learning achievement with a gamified XR
activity and gender identity/recreational gaming habits. Our findings support the use of XR in the
classroom, regardless of the format used. We found no significant gender effects on learning
achievement, but we did find significant gender effects in that women liked the XR activity and
wish to use it again in the future more than the men did. Regarding recreational gaming habits,
we found no significant relationships. These results suggest that most students can benefit from
XR in the classroom in similar ways. However, male students were much more likely to play
video games than their female counterparts, resulting in the issue of low statistical power due to
the small number of female gamers in our sample. Many educational XR applications utilize the
same types of Ul and input systems as what is found in recreational video games, which required
more time for some students to learn how to use. We recommend that any formal education
setting take an appropriate amount of time to allow students to become comfortable and gain

confidence in using XR technologies before diving into the learning objectives.
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Abstract

Augmented reality (AR) systems are promising tools for navigation and wayfinding, but
questions remain about optimal design and effectiveness. We developed an AR system to aid
users’ navigation through a complex building. We then explored three research questions. First,
we asked how monoscopic and stereoscopic AR tools affect a user’s abilities to navigate an
indoor environment for the first time, compared to a control group using no aid. We found that
stereoscopic AR improved participants’ abilities to navigate a novel environment, relative to the
control group, but participants using monoscopic AR performed worse than the control group.
Second, we asked how AR changed users’ abilities to navigate this indoor environment in future
attempts. When users were asked to navigate the environment for a second time, two weeks later,
participants in all three groups significantly improved their performance. However, users in the
control group improved the most. Third, we asked how improvements in navigational skill were
related to users’ age, gender identity, and spatial thinking skill. We found significant
relationships between participants’ age and navigational performance, and significant
interactions between age and gender, but no relationship between spatial thinking ability and
navigational performance. Overall, we observed a clear benefit to using stereoscopic AR, but the
monoscopic AR hindered participants’ ability to navigate the indoor environment for the first
time. Given that the benefits of AR varied with users’ age and gender, our study highlights the

importance of assembling a diverse pool of test users when developing an AR system.
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4.1 Introduction

One of the most fundamental tasks in life is to navigate through space. Finding a
destination is an essential human behavior (Montello, 2005). For millenia, humans have
navigated using a combination of internal cues and external models/representations of the world
(i.e., maps; Gladwin, 1970; Warren, 2001; Wolfe, 2006; Aporta, 2009; Clarke, 2013). Recently,
this has included global positioning systems (GPS) and other highly interactive electronic
navigational aids. These maps and tools can make it easier to navigate a novel environment for
the first time and help reduce cognitive load during wayfinding (Allen, 1999; Brugger et al.,
2019). They may also improve (or not improve) spatial learning about these environments,
making it easier (or more difficult) to navigate the environment in future attempts without GPS
assistance. For example, research shows the use of GPS navigation while walking or driving can
impair our ability to learn new how to navigate new environments (Montello, 2005; Gardony et
al., 2013; Dahmani & Bohbot, 2020). In other situations, navigational tools may improve spatial
learning if they are able to sense specific behavioral patterns and direct the user’s attention
appropriately (Brugger et al., 2019). The general consensus among human spatial navigation
researchers is that the change from static representations (i.e., maps) to interactive map displays
(i.e., mobile GPS) influences the way we perceive, remember, and interact with our surrounding
environment due the ability to access information at potentially any time or place. However, the
type of influence is dependent on the type of technology and how information is communicated
(Parush et al, 2007; Ishikawa et al., 2008; Klippel et al., 2010; Ishikawa & Takahashi, 2013).

Although the effects of GPS on navigation and spatial learning are well known, there is
less research on how augmented reality (AR) may affect navigation and spatial learning. AR is
an emerging technology that people may use for navigating environments. Broadly defined, AR
is any system that augments a space around the user by superimposing digital information using
a display to appear as if present in the real world. These three-dimensional displays have been
used since the 1960°s when they required entire rooms of equipment to power, but the ones in
use today are compact enough to fit into a wearable headset not much larger than a pair of
glasses (Sutherland, 1968). AR is understudied, because it is new, but it is important to study
because it will likely be used more in the future. Vision-based positioning is considered a more
modern technique with AR navigation and companies in the private sector are developing new

positioning systems using these technologies (Joshi et al. 2020). Google has already
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implemented AR navigation in select cities around the globe (Phillips, 2023). AR comes in two
different forms: head-mounted displays (HMDs) that are visualized stereoscopically and AR
interfaces that are visualized monoscopically. HMDs are devices worn on the user’s head that
project digital images onto a see-through lens and make it appear as if the digital object is
located within the real world, depth perception included. Monoscopic AR interfaces are handheld
devices, usually smartphones, with a screen that displays the image produced by the device’s
camera and include digital 3D objects overlayed onto the device’s video feed. The use of
smartphones to visualize AR experiences is typically seen as a bridge to connect emerging AR
glasses-style HMDs to consumers through the use of current technology they likely already own.

Previous work on the use of AR for navigation reveals both the potential and limitations
of this technology. Studies have shown support for the use AR navigational aids compared to
traditional wayfinding methods due to the reduced task completion times and/or fewer
navigational errors (Rehman & Cao, 2017; Smith et al., 2016; Rubio-Sandoval et al., 2021;
Zhang et al, 2021). However, some studies have reported either no significant differences in AR
vs. non-AR conditions or that a particular handheld AR navigational aid was inferior to GPS
(Rehrl et al., 2014; Dong et al., 2021; Lee, 2022). AR shows great potential in many fields such
as architecture, education, and navigation, but the mass adoption of the AR navigational aids will
require perceived usability (the perception of the technology as being helpful for achieving goals
effectively, efficiently, and enjoyably) and positive user experience (Davis, 1989; Brooke, 1996;
Arifin et al., 2018, Dirin & Laine, 2018). The user experience (UX) with AR navigation is
dependent not only on the degree of virtual information that is augmented, but also immersion
and correctly aligned virtual information to the real world (Endsley, 1995; Bowman &
McMahan, 2007; Bulu, 2012; Narzt et al., 2016). Without proper implementation of navigational
information and a positive UX, AR in navigation might not gain the acceptance needed to refine
the technology further.

There is also evidence that the effectiveness of GPS and AR as navigational aids varies
among users in both individual and systematic ways. Some people naturally learn spatial
environments more quickly and efficiently than others (Ishikawa and Montello, 2006), while
others are incapable of daily spatial learning tasks without any observable medical condition
(Iaria et al., 2009; Iaria & Barton, 2010; Ekstrom et al., 2018). Declines in spatial ability are part

of the natural aging process, with older adults reporting increased frequencies of getting lost and
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being less able to stay oriented, particularly in new environments (Burns, 1999). Studies have
shown greater navigational impairments in older adults compared to younger adults in both real-
world (Wilkniss et al., 1997) and virtual environments (Moffat & Resnick, 2002). While studying
cognitive declines with aging has wide-ranging implications, the topic of gender in the field of
navigation has also been discussed extensively over the years. Gender in navigation has been a
recurring and sometimes controversial topic. Most gender studies within navigation suggest that
men are better navigators than women (Astur et al., 1998; Cutmore et al., 2000; Malinowski &
Gillespie, 2001; Astur et al., 2004). However, other studies show that women have better
memory than men for the position of objects in the absence of reference frames (Dahmani et al.,
2023). Moreover, one study suggests that a concurrent and relevant stressor can motivate women
to navigate comparably to men, potentially diminishing gender differences found within the
navigation literature (Schinazi et al., 2023).

Here, we developed and evaluated an AR application for navigating a complex indoor
environment. We explored three research questions. First, we asked how monoscopic and
stereoscopic AR tools affect participants’ ability to navigate an indoor environment for the first
time, compared to a control group using no aid. We hypothesized that AR will make it easier for
users to navigate a novel environment, because it allows users to visualize the fastest path to a
specified destination and works in a similar manner to other navigation apps people likely use
while driving. Second, we asked how AR will change users’ abilities to navigate this indoor
environment in future attempts. We hypothesized that users’ ability to navigate the environment
on subsequent attempts with AR will be similar to other technologies like GPS (i.e., navigation
would be faster), because of the reduced cognitive load when using navigational aids (Allen,
1999; Brugger et al., 2019). Third, we asked how improvements in navigational skill were
related to users’ age, gender identity, and spatial thinking skill. We hypothesized that spatial
learning and improvements in navigational skill over time will be related to participants’ age and
spatial thinking ability, because of the natural deterioration of neural structures underlying
spatial coding during aging (Weiner et al., 2009; Colombo et al., 2017). We also hypothesized
that men would outperform women due to the prevalence of that observation in the navigation

literature.

4.2 Methods
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We developed the AR application using a game/physics engine to work on a variety of
devices and operating systems. We then compared differences in navigational performance
among three groups of participants: a group using our AR application on monoscopic hardware
(i.e., iPhones/iPads running 10S), a second group using our AR application on stereoscopic
hardware (i.e., the Magic Leap 2 AR glasses running Android), and a control group that did not
use the AR application. These experimental groups were used to further understand the
differences in navigational performance and spatial memory regarding age, gender identity, and

spatial thinking ability.

4.2.1 Application Development

Our application development utilized the C# programming language within Unity, a game
engine created by Unity Technologies (San Francisco, CA) capable of managing the physics and
spatial information collected by the user’s device (Haas, 2014). We developed the application to
work on both i0S (iPhone/iPad) and Android (Magic Leap 2) using the ARFoundation
framework constructed from both Apple’s ARKit and Android’s ARCore libraries.

To navigate using the application, users begin by scanning a QR code to assign their
device’s starting position based on the calculated offset from the QR code, and then select their
destination from a dropdown menu. The local coordinates of each destination are pre-
programmed into the application. Once a destination is selected, the application begins
calculating the least-cost path between the device’s current position and the selected destination
using a pre-baked navigation mesh, which accounts for humanoid figure dimensions and
environmental obstacles while only allowing a preset maximum slope between floor elevations.
This least-cost path is visualized in the form of a line or track on the floor to follow. The
visualization is akin to ones used in other popular navigation applications on mobile devices such
as Apple Maps and Google Maps where they display a point for the user’s location, a point for

the selected destination, and a line overlayed onto a roadmap to follow.

4.2.2 Hardware

There were two types of hardware used in this study: smartphones/tablets (iPhone/iPad)
and AR glasses (Magic Leap 2). When the application is running on the iOS devices, the spatial
information is displayed monoscopically on the display as an overlay on the device’s camera

feed. When running on the AR glasses, the spatial information is displayed stereoscopically

58



using transparent waveguide optical lenses that reflect the projected light being directed through
them, giving users depth perception and the impression that the digital line and waypoints exist
in the real-world space without obstructing the user’s view. While the monoscopic devices rely
on touchscreen user interaction systems, the Magic Leap 2 AR glasses use a combination of
handtracking and 6DoF controllers to operate.

There are several core components that work together inside a device to manage internal
sensor data and apply desired actions to a virtual version of the 3D space around the device. All
AR-capable devices will utilize some type of gyroscope or accelerometer to understand the
physical movements of the device itself, but the devices are also equipped with one or more
cameras to interpret the world around the device (Yassin et al., 2016). These cameras can be
supplemented with information from depth sensors, with light detection and ranging (LiDAR)
being a common low-cost sensor option. This use of cameras to simulate changes in space for a
physical device is commonly referred to as ‘vision-based positioning’ and has become an
increasingly prevalent topic of study within the field of computer vision in recent years (Morar et
al., 2020). One of the primary benefits of vision-based positioning within indoor environments is
the ability to position a device in real time without requiring any GPS connectivity (Kunhoth et

al., 2020).

4.2.3 Experimental Design

We wanted to see not only how the different AR technologies affect one’s ability to
navigate an indoor area relative to age, gender identity, and spatial thinking ability, but also how
the different technologies might affect their longterm spatial memory of that indoor environment.
Participants were placed in groups and tasked with finding the same set of four randomly
selected rooms, starting and ending in the same central location at the building’s elevator bay. In
spatial navigation studies, it’s ideal to choose environments that are neither too simple nor too
complex because normalization by having participants navigate many different environments is
impractical (Ekstrom et al., 2018). The building we chose on the university’s campus has a
reputation for being challenging to navigate, and the semi-gridded layout and room numbering
system doesn’t follow an immediately identifiable pattern. We isolated this study to the 2" floor
of this building because it has the most rooms and the largest available navigable area, and the
use of technology that can partially obstruct the users view could pose a danger to participants

when traversing obstacles like stairs. Experimental groups were categorized as follows: 1)
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Control — no assistance, 2) Monoscopic — 2D version of the application running on an iPhone or
iPad Pro, and 3) Stereoscopic — immersive 3D version of the application running on the Magic
Leap 2 AR glasses. The application recorded participants’ positional information every two
seconds during the experiment, which was used to calculate the overall time spent travelling and
the Euclidean distance traveled. Once this initial task (Stage A) was completed, participants were
asked to take a 16-question spatial thinking ability test (STAT), which represents extensive
developmental work on the theoretical foundation of spatial thinking (Lee & Bednarz, 2012).
There are several spatial thinking components measured by STAT that can reflect one’s natural
ability to navigate, including map visualization and overlay, identification and classification of
map symbols (point, line, area), generalized or abstract Boolean operations, map navigation or
way-finding, and recognition of positive spatial correlation. All participants were asked to return
after two weeks to repeat the activity without any technological assistance to test how well the

navigation task applied to their longterm spatial memory (Stage B).

4.2.4 Participants

Participants aged 18-60 were recruited via email and in person. Volunteers were required
to have no previous experience in the building in order to participate. Participants ages 18-30
were classified as young adults, while participants ageg 31-60 were classified as middle-aged
adults. The classification of young adults varies among human navigation studies with it most
often being capped at 30, and people over the age of 60 are typically classified as older adults
(Meneghetti et al., 2012; Yamamoto & DeGirolamo, 2012; Korman et al., 2019; Merhav &
Wolbers, 2019; Hill et al., 2024). Middle-aged adults are often omitted from age-related
navigation studies, but their inclusion can still offer insight into age-related navigational decline
(Van der Ham & Claessen, 2020). There were originally 90 people who participated in this
experiment, which were randomly assigned to one of the three groups with a maximum of 30 per
group. Some exceptions were made for the few participants who had pre-existing eye conditions
that required the use of prescription lenses and prevented the use of AR glasses, and they were
randomly assigned only to the control or monoscopic groups so they could wear their
prescription lenses during the experiment. Observations with incomplete survey or spatial data
were removed, resulting in a final participant group of 76. Incomplete data were the result of
either failure to follow instructions or technological issues like the crashing of the application

mid-task.
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4.2.5 Analyses

Several stastistical tests were employed to investigate any potential relationships between
the experimental groups’ navigational performance and longterm spatial memory regarding
distance, time, average walking speed, age, gender identity, and spatial thinking ability.
However, walking speed was not included in every test due to its high accuracy in being used as
an indicator for age (Pawlaczyk et al., 2021). First, we used analysis of variance (ANOVA) to
identify significant differences between the experimental groups regarding distance, time, and
walking speed during Stage A alone. To test memory, we followed with paired sample t-tests to
determine if there was a significant difference between participants’ Stage A and Stage B with
the distance and time traveled. We also performed an ANOVA with Tukey pairwise comparisons
between the three groups regarding time and distance traveled to test for any significant
differences between specific pairs. Additionally, we performed an interaction ANOVA to further
understand potentially significant interactions between variables whose main effects were often
significant by themselves. Spatial data collected by the application were also used to plot the
location density of participants in each group to visualize latent variables that could potentially

impact other variables like distance and time.

4.3 Results

This analysis utilized a total of 76 participants. The majority of the participants identified
as male (n = 45), with less than half the total number of participants identifying as female (n =
30) and a single participant identifying as non-binary/third gender. The control group had the
fewest number of participants (n = 21), with the monoscopic group having the highest number of
participants (n = 29). The stereoscopic group had just over one-third of the total number of

participants (n = 26). The distribution of gender identity across groups can be found in Table 5.

Table 5: Distribution of participants’ gender identity across experimental groups.

Gender CONTROL MONO STEREO All groups
Male 8 21 16 45
Female 13 7 10 30
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Non-binary/third 0 1 0 1

gender

All subjects 21 29 26 76

We found that stereoscopic AR improved participants’ abilities to navigate a novel
environment, relative to the control group, but participants using monoscopic AR performed
worse than the control group. ANOVA showed significant differences (p = 2.04e°%) among
distance traveled between the control group (mean: 462.4 m, sd: 87 m), monoscopic group
(mean: 512.2 m; sd: 146.8 m), and stereoscopic group (mean: 319.5 m; sd: 65.5 m). ANOVA
also showed significant differences (p < 2e7'¢) with time traveled between the control group
(mean: 486.9 s; sd: 117.3 s), monoscopic group (mean: 610.4 s; sd: 46.7 s), and stereoscopic
group (mean: 361.2 s; sd: 75.9 s). Additionally, ANOV A showed significant differences (p =
0.04) with average walking speed between the control group (mean: 0.97 m/s; sd: 0.17 m/s),
monoscopic group (mean: 0.84 m/s; 0.23 m/s), and stereoscopic group (mean: 0.89 m/s; sd: 0.1
m/s).

When users were asked to navigate the environment for a second time, two weeks later,
participants in all three groups significantly improved their performance. However, users in the
control group improved the most. The control group’s paired sample t-test resulted in highly
significant differences (p < 0.001) with the change in distance traveled between Stage A (mean:
462.4 m; sd: 87 m) and Stage B (mean: 360.84 m; sd: 75 m). The monoscopic group also
resulted in highly significant differences (p < 0.001) between Stage A (mean: 512.2 m; sd: 146.8
m) and Stage B (mean: 466.6 m; sd: 118.6 m). Similarly, the stereoscopic group also resulted in
highly significant differences (p < 0.01) between Stage A (mean: 319.5 m; sd: 65.5 m) and Stage
B (mean: 287.2 m; sd: 44.9 m). ANOVA resulted in significant differences (p < 0.01) across all
groups regarding the change in distance between stages (Fig 11). The Tukey pairwise
comparison resulted in significant differences (p < 0.05) between the control and monoscopic
groups (p = 2.80¢e"%), control and stereoscopic groups (p < 0.01), but none between the
monoscopic and stereoscopic groups (p = 0.8). The control group’s paired sample t-test resulted
in highly significant differences (p = 2.74¢°®) with the change in time traveled between Stage A
(mean: 486.9 s; sd: 117.3 s) and Stage B (mean: 268.6 s; sd: 45.7 s). The monoscopic group also
resulted in highly significant differences (p = 1.311e7%) between Stage A (mean: 610.4 s; sd:
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46.7 s) and Stage B (mean: 513.2 s; sd: 107 s). Similarly, the stereoscopic group also resulted in
highly significant differences (p = 2.402¢°%) between Stage A (mean: 361.2 s; sd: 75.9 s) and
Stage B (mean: 264.6 s; sd: 55.4 s). ANOVA resulted in highly significant differences (p =
5.23¢%) across all groups regarding the change in time between stages (Fig 13). The Tukey
pairwise comparison resulted in highly significant differences between the control and
monoscopic groups (p = 2.80e%), control and stereoscopic groups (p = 3.57¢%), but none
between the monoscopic and stereoscopic groups (p = 1). The control group’s paired sample t-
test resulted in highly significant differences (p = 9.652¢ %) in the change in average walking
speed between Stage A (mean: 0.97 m/s; sd: 0.17 m/s) and Stage B (mean: 1.35 m/s; sd: 0.21
m/s). The stereoscopic group also resulted in highly significant differences (p = 1.488¢°%)
between Stage A (mean: 0.89 m/s; sd: 0.1 m/s) and Stage B (mean: 1.12 m/s; sd: 0.21 m/s).
However, the monoscopic group did not result in significant differences between Stage A (mean:
0.84 m/s; sd: 0.23 m/s) and Stage B (mean: 0.93 m/s; sd: 0.21 m/s). ANOVA resulted in highly
significant differences (p = 3.25¢%°) across all groups regarding the change in average walking
speed between stages (Fig 12). The Tukey pairwise comparison resulted in significant
differences between the control and monoscopic groups (p <le %), control and stereoscopic

groups (p = 0.04), and monoscopic and stereoscopic groups (p = 0.05).
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Figure 11: (left) Boxplot of each group’s total time traveled (in seconds) for Stage A (blue) and Stage B (green). (right)
Boxplot of each group’s difference in time traveled (in seconds) between stages.
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Figure 13: left) Boxplot of each group’s Euclidean distance traveled (in meters) for Stage A (blue) and Stage B (green).
(right) Boxplot of each group’s difference in distance traveled (in meters) between stages.
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Figure 12: (left) Boxplot of each group’s average walking speed (m/s) for Stage A (blue) and Stage B (green). (right)
Boxplot of each group’s difference in average walking speed (m/s) between stages

We found some significant relationships between participants’ age and navigational
performance, but no statistically significant relationship between spatial thinking ability and

navigational performance. The interaction ANOVA did not result in a significant interaction

between group and age regarding the distance difference between stages (Fig 14). Age resulted in

significant differences (p = 0.002), and group showed a significant relationship with distance
differences (p = 0.003). While the relationship between group and distance difference is

significant, the interaction between age and group is not statistically significant (p = 0.06)(Fig
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15). The interaction ANOVA did result in a significant interaction between group and age

regarding the time difference between stages (p = 0.0004). Age did not show a significant

relationship with time difference (p = 0.84), but group did show significance (p = 7.623¢e™7).

Spatial thinking ability showed no significant relationship (p = 0.87) with distance differences,

nor did it show any significant relationship (p = 0.09) with time differences (Fig 16).
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Figure 16: (left) Linear regression of participants’ spatial thinking ability score(x) and total time traveled (in seconds) (v) for
Stage A (blue) and Stage B (green). (right) Linear regression of participants’ spatial thinking ability score (x) and difference in.

Adding gender identity to the equation revealed significant interactions with age. The one
non-binary participant was removed from this test due to the insufficient sample size. An
interaction ANOVA did not show significant relationships between gender identity or age with
the change in time between stages (p = 0.27 and 0.14, respectively). However, there was a
significant interaction between gender identity and age (p = 0.04). When the interaction ANOVA
was performed with the change in distance between stages, there was no significant relationship
with gender identity (p = 0.24) or age (p = 0.07). However, there was a significant interaction

between gender identity and age (p = 0.02).

4.4 Discussion

On participants’ first attempt, the stereoscopic group had the shortest times and distances
overall, while the monoscopic group had the highest times and distances. One possible
explanation could be that displaying the information onto a small screen divided attention and
hindered the effectiveness of the monoscopic navigational aid and created added confusion,
similar to observations in AR navigation driving studies (Bauerfeind et al., 2021; Bauerfeind et
al., 2022). This lack of stereoscopic superimposition requires the user to map the AR information
onto the real world in front of them similar to a heads-up display (HUD) (Pfannmuller, 2017). A
review of 184 experiments found that stereoscopic displays showed a clear benefit over
monoscopic viewing in 65% of experiments that entailed finding objects, while only 25% of the

experiments indicated no benefit (Mclntire, 2014).
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Upon participants’ second attempt navigating by memory alone, the trend from the first
attempt continued with the stereoscopic group performing the best while the monoscopic group
performed the worst. This means that the use of AR glasses helped participants remember the
shortest route much better than the use of an iPhone/iPad. One explanation could be the divided
attention between the monoscopic device and the real world. Studies on the use of AR-enhanced
windshields while driving resulted in both younger and older participants having significantly
fewer navigation errors and divided attention-related issues when compared to using a regular
monoscopic HUD due to its ability to facilitate glance behavior and reduce divided attention
(Kim & Dey, 2009; Gabbard et al., 2014; Bauerfeind et al., 2022).

Walking speed without the context of differences between user interaction systems can be
misleading. During Stage A, one would expect differences in walking speed between the three
groups. Participants in the control group did not have to learn a new user interface (UI) and
interaction system, resulting in more time and attention spent on their surrounding environment
as well as more natural walking speeds. Participants in the monoscopic group had the advantage
of a familiar interaction system since they likely use touchscreens daily, but applying a 2D
representation of a 3D space to the real world sometimes confused participants about where to
turn and resulted in repeatedly alternating between looking at the device and the real world in
front of them. None of the participants in the stereoscopic group had any previous experience
combining handtracking and a 6DoF controller to interact with a UI that is tied to a virtual 3D
space, resulting in more time spent at each waypoint attempting to select the correct next
destination. Hesitation in navigation results in a clearly identifiable reduction of speed, and some
types of Ul have greater levels of automation and result in fewer hesitations or stops altogether
(Brugger et al., 2019). If the time spent interacting with the application was recorded and
subtracted from the numbers in the results, then the time spent traveling would have decreased
and the average walking speed would have increased for the monoscopic and stereoscopic
groups during Stage A. Walking speed with AR navigation has not been extensively studied
(Pawlaczyk et al., 2021; Ahn et al., 2023). Walking speed in a general situation is typically
around 1.4 m/s, but one study observed an average walking speed of 1.08 m/s in participants
within a maze-like structure, suggesting that corridor shape can have a great effect on walking

speed (Lee et al., 2016). Furthermore, a recent study found that AR-assisted navigation led to a
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slight decrease in walking speed, but a significant reduction in the time required to restart
navigation after encountering obstacles like stairs (Ahn et al., 2023).

While distance traveled, time traveled, and average walking speed can be representative
of this study’s observations, there are variables that are best visualized using the recorded spatial
data. Less time walking resulted in fewer recorded point data during the activity. Participants in
the monoscopic and stereoscopic group had to pause walking when interacting with the
application to select their next destination. These pauses are apparent when overlayed onto the
floor plan, displaying as hotspots at each of the destinations (fig. 17). Across all groups, the
stereoscopic group had the least visual variation between stages with the only hotspots at the
areas of the floor they had to travel through more than once, which can be reflective of the
aforementioned study (Ahn et al., 2023) due to participants having to restart navigation after

arriving at each destination.
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Figure 17: Density plots of participant’s recorded location every 2 seconds overlayed onto the floorplan in (top) the control

group, (middle) the monoscopic group, and (bottom) the stereoscopic group.
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With the varying age ranges and categories found within the literature, directly
comparing our results to many other studies on the effects of age in navigation presents a
problem because few studies use the same age ranges for young and old adults, often omitting
middle-aged adults altogether (Van der Ham & Claessen, 2020). In our results, there were clear
differences between young and middle-aged adults regarding the change in distance between
stages. The control group showed young adults having the best improvement in distance, which
is reflective of other studies suggesting that spatial navigation and spatial memory performance
decline with age (Van der Ham & Claessen, 2020; Korman et al., 2019; Merhav & Wolbers,
2019). The distance differences between age groups in the stereoscopic group were less
pronounced than in the control group, and the distance differences between age groups in the
monoscopic group were miniscule. Interestingly, the middle-aged adults in the monoscopic and
stereoscopic groups actually showed better improvements than the young adults regarding the
time spent traveling, suggesting that young adults exhibited lower confidence or capability in
their navigation abilities when asked to complete the task two weeks later without assistance.
While maps were not the focus on this study, participants using either AR navigational aid had
access to a real-time digital map on the UIl. Adding another experimental group that is only
shown a map either before or during the task could add more insight to the effectiveness of
different navigational technologies on people of different ages due to the suggestion that map
reading skills do not have the same decline with age as is observed with exploratory navigation
(Yamamoto & DeGirolamo, 2012).

While we didn’t find significant differences between men and women in general, we did
observe a clear difference when men and women were split within each age category. Most other
studies found the men outperformed women in navigation tasks, but they were not split into the
same age ranges that we used (Astur et al., 1998; Cutmore et al., 2000; Malinowski & Gillespie,
2001; Astur et al., 2004). Younger women displayed better improvements in both time and
distance compared to younger men, but middle-aged men displayed better improvements in both
time and distance compared to middle-aged women. One of the primary motivations in other
navigation investigations into gender differences is to attempt to understand factors that either
influence or are influenced by women’s predisposition to things like Alzheimer’s disease, which
manifests in the disease’s early stages in the form of spatial disorientation, particularly in new

environments but also sometimes familiar ones (Barnes et al., 2005; Hort et al., 2007; Kunz et
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al., 2015). Some areas of the brain related to spatial skills have also been observed deteriorating
before the disease manifests and becomes diagnosable (Burggren et al., 2008; Braak et al., 2011).
While medical research is not within the scope of this study, the differences of combined gender
identity and age with navigational performance observed here could merit the inclusion of a
middle-aged adult category into those studies that omitted them altogether to gain a better
understanding of how soon and how fast those cognitive declines may appear within different

demographic populations.

5. Conclusion

This study compared the performance of monoscopic and stereoscopic AR navigational
aids to navigating an indoor environment without any assistance. Overall, we observed a clear
benefit to using stereoscopic AR over not having any assistance at all in both distance and time
traveled, but that using monoscopic AR hindered participants’ ability to navigate the indoor
environment for the first time with the navigational aid as well as two weeks later without any
assistance. Thus, we conclude that stereoscopic AR navigational aids can save users walking
distance and time when navigating a novel indoor environment, but for areas one will need to
return to repeatedly it may be easier to commit navigation to memory by using stereoscopic AR
or no assistance at all compared to using monoscopic AR. However, individual and systematic
difference still exist related to age and gender identity that can impact one’s ability to learn how

to navigate a novel indoor environment.
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Chapter 5: Conclusion

This dissertation investigated how XR technologies impact learning inside the classroom,
outside the classroom, and in day-to-day spatial learning tasks such as indoor navigation. The
results indicate that XR is beneficial to the learning process overall, but variables such as
hardware format, gender identity, mode of visualization, and age moderate these effects in some
settings. This chapter summarizes how we answered each of the research questions proposed in
Chapter 1, the value and key takeaways of our findings, and suggestions for future study that

could improve upon the work from this dissertation.

5.1. Summary of findings

In our first study, we asked: How do monoscopic AR, stereoscopic AR, and VR impact
learning achievement in an undergraduate classroom, compared to a traditional worksheet? We
observed promising results comparing XR to a traditional reading worksheet in the classroom.
Students utilizing one of the XR technologies had superior learning achievement compared to
those who used a traditional reading worksheet. When broken down by pairs, we observed
significant differences between the reading and AR glasses groups, as well as the reading and
1Pad groups. We found no significant relationships between learning achievement and gender
identity nor recreational gaming habits. However, we did observe significant gender differences
in the attitude assessment. Women stated that they liked the XR learning activity more than men
did, and women were more likely to say that they would like to use it again in the future.

In a second study, we asked: Is mobile AR effective in teaching high school students
science in an informal education setting like an aquarium? We found that high school students
enjoyed using AR to learn about coral reef ecology and marine conservation at a public aquarium
and the experience resulted in positive educational outcomes. These students perceived there to
be benefits in using AR both inside and outside the classroom. AR can make the learning process
more engaging and enjoyable, while also increasing the motivation to learn. At the high school
level, we found that boys had a greater positive response to gamified technology than girls, but
we found no significant differences in learning achievement related to subject attitude.

In a third study, we asked: How do monoscopic and stereoscopic AR tools affect users’

abilities to navigate an indoor environment for the first time, compared to a control group using
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no aid? We found that stereoscopic AR improved participants’ abilities to navigate a novel
indoor environment for the first time regarding distance and time traveled, relative to the control
group with no aid, but participants using monoscopic AR performed worse than the control
group. When participants were asked to navigate the same environment again two weeks later,
we observed significant improvements in all three groups, with the control group demonstrating
the greatest improvement. However, participants using stereoscopic AR still completed the
navigational task more quickly than the control group. We found significant relationships
between age and navigational performance, and a significant interaction between age and gender,

but no relationship between spatial thinking ability and navigational performance.

5.2. Synthesis and recommendations

This research provides some insight for educators wishing to improve their learning
environment, as well as end-users interested in incorporating XR into their daily lives. For
educators, XR is not a “one size fits all” solution. Some students will require more scaffolding
while learning a new technology, which can take away valuable time from the actual learning
objectives. While students utilizing AR glasses performed the best in our study, the high cost and
limited availability of today’s AR technology can be a difficult barrier to adoption. While we
observed no gender differences in a formal university classroom, we did observe them in high
school participants in a public aquarium setting. Despite these potential gender differences in
some populations and settings, all participants in both studies displayed significant
improvements in the knowledge assessment despite what school subject they considered their
favorite to learn about. For users in everyday tasks, the type of task may determine which XR
format will enable greater learning or performance. If one needs to navigate an indoor
environment that they will not need to return to at a later date (e.g. finding a specific speaker or
room at a conference), the use of AR glasses can significantly reduce the distance and time
traveled compared to finding one’s way around without assistance or using a smartphone. If one
needs to navigate an indoor environment repeatedly (e.g. finding a classroom or office), using a
smartphone can impair their ability to learn how to navigate without it; however, the use of AR
glasses remains an optimal method of navigation.

We successfully identified key strengths and weakness related to XR’s use in three

different learning environments, while raising some new questions. The limitations faced here
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provide possible directions for future research to attain more robust conclusions. Providing
results from a wider range of devices within each category could prove useful in understanding
the extent variables like resolution, field-of-view (FoV), and interaction system can impact
efficacy. Due to how rapidly XR technology is improving, it might be unfair to compare one
application on a newer device to the same application on an older device. Some XR technologies
can present difficulties for certain populations to use, particularly those with physical disabilities
(Arvanitis et al., 2009). When dealing with informal education settings like aquariums, there
were some interesting observations that were not relevant to our research questions, such as the
social environment of a user during the activity. Some participants went through the activity with
a parent present, while other parents did not want to walk around the aquarium. Many of the
participants were at the aquarium because they wanted to be there, but there were some
participants that were only there because a younger sibling wanted to go and the participant was
forced to tag along. Comparing the use of solo XR activities versus group XR activities could
provide greater insight to the efficacy of different gamification mechanics on specific

populations.

5.4. Conclusion

This dissertation highlights the importance of knowing your target audience and desired
task when developing and implementing XR in learning contexts. XR demonstrates the potential
to “level the playing field” among many types of students and improve learning both inside and
outside the classroom, but some XR formats like monoscopic AR can impair our natural
capabilities in spatial learning tasks like indoor navigation. With the conflicting literature about
gender gaps in gamification, this research provides examples where gender gaps were present in
one age group/setting while not present in another, despite the same application being used. XR
technology is continuously being refined into something that can one day reach mainstream
adoption, but we have an opportunity now to better understand the underlying mechanisms that

drive its effects on us before we accept it as the best next evolution in digital learning tools.
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Appendix A

Knowledge Assessment:

1. What is a coral reef?
a. An underwater ecosystem characterized by colonies of corals connected by
calcium carbonate.
b. A large slab of stone in the ocean that provides a habitat for marine life.
Fossilized remnants of rainforests that were once above water.
d. Human-created underwater structures built to promote marine life, control

erosion, or promote surfing.

Remora

2. By attaching itself to a shark, a remora can travel without having to expend its own
energy to swim. The shark is completely unaffected by the remora's presence. In
reference to symbiosis, this is an example of a  relationship.

a. Commensal
b. Parasitic

c. Synergistic
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d. Mutualistic

Coral Polyp

s

Zooxanthellae

\

3. Corals provide zooxanthellae (algae) with a protected environment and compounds they
need for photosynthesis. In return, the algae produce oxygen and provide corals with
food. Because both corals and zooxanthellae benefit, this is an example ofa
relationship.

a. Parasitic
b. Equilibrium
c. Commensal

d. Mutualistic
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, also known as the latitudinal biodiversity

Species richness increases as one moves from Earth’s poles toward the tropics.

Species richness decreases as one moves from Earth’s poles toward the tropics.

Species richness increases as one moves higher above sea level. 0/0

Species richness decreases as one moves higher above sea level.

is called

a.
b.
C.

d.

region.

a. A foundation species

Biodiversity

Bioavailability

Equilibrium

Multiplicity

b. Endemic

The variety and variability of life, measured at the genetic, species, and ecosystem level

Blackfin barracuda are found only in Hawai’i, which means that they are in that
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c. A keystone species
d. Invasive
Tertiary
Consumers

Secondary
Consumers

Primary
Consumers

Producers

. In the ecosystem pictured in the above figure, overfishing of secondary consumers might
lead to:

a. An increased abundance of plants.

b. An increase in the number of smaller fish.

c. A decrease in the number of smaller fish.

d. An increase in the number of higher-order carnivores.
. Which of the following best explains why invasive lionfish populations are increasing in
the Atlantic Ocean near the United States?

a. Lionfish have no natural predators in the new ecosystem.

b. Lionfish prefer warm waters.

c. Lionfish fill a previous gap in the new ecosystem’s food web.

d. Lionfish venom can kill their prey.
. Coral bleaching is a response to environmental stress. Which of the following best
defines coral bleaching?

a. When temperatures become too warm, corals expel their internal algae, causing

the corals to turn white.
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10.

11.

12.

13.

14.

b. Corals get their vivid color from the colorful fish they eat, but corals lose their
color when they have not had enough to eat.
c. When water clarity is too high, too much light can cause corals to fade in color.
d. Chemical pollutants in the water can “bleach” corals, causing them to lose their
color.
Which of the following is a benefit that coral reefs provide to humans?
a. Corals provide medicinal benefits to humans.
b. Corals act as a barrier between humans and deep ocean predators.
c. Coral can be used as a building material.
d. Corals improve the water quality, allowing humans to safely drink it.
The act of cutting off small sections of corals is called fragmentation. What purpose does
this serve?
a. The small fragments provide food for fish, preventing them from eating the larger
corals.
b. The small fragments are transplanted in other sections of reef to grow.
c. Itprevents disease from spreading to other parts of the coral.
d. It triggers a chemical response in corals to boost their natural defenses.
What do corals gain from algae?
a. The algae supply glucose, glycerol, and amino acids to the coral.
b. The algae protect the coral from predators.
c. The algae feed on plant growths that irritate the coral.

d. The algae attract small herbivorous fish for the coral to eat.

Great white sharks belong in the highest trophic level because ?
a. They eat plants.
b. They eat herbivores.
c. They eat other great white sharks.
d. They eat other high-level consumers.
Which of the following best explains why there are fewer animals at the top of the food

chain?
a. They require more physical space for their habitat.

b. Only a small percentage of energy is transferred to the next trophic level.
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c. Their reproduction cycles last much longer than what is found in lower trophic
levels.
d. They get their energy by consuming other animals at the top of the food chain.

15. What are some ways that you can contribute to protecting or restoring coral reefs?
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