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A Study of Augmented Reality
for the Development of Spatial Reasoning Ability

Abstract

Spatial ability has been reported to be an important predictor for student success in STEM fields
[1]. Accordingly, various studies have looked at multiple strategies to help students develop
these skills [2].

This study tested the use of augmented reality (AR) on smartphones for developing spatial
reasoning in the context of a spatial reasoning skills course. The mobile AR app gave students
the ability to view digital three-dimensional objects by pointing their phones at a printed marker.
They could either move their phones around the marker, or they could move the markers, in
order to view the objects from multiple angles. The app allowed them to manipulate the objects
via commands within the app, such as rotations and folding. Various games were implemented in
the app to support the development of mental rotation abilities while using the motivational
aspects of gamification to increase engagement.

To test the effects of this app, 56 freshman early-engineering students at a major Midwestern
university who performed poorly on the PSVT:R spatial abilities test had the opportunity to work
with this app in the context of a course designed to develop their spatial reasoning abilities. They
were compared with 34 students who took the same course minus the augmented reality app.
Both sets of students experienced traditional means for teaching spatial reasoning (see [1]).

The results of this study demonstrate the efficacy of using the augmented reality app in
conjunction with traditional classroom activities for developing spatial reasoning abilities.

Introduction

Many have noted the critical value of spatial abilities for success in STEM fields [3], [1]. Spatial
abilities include one’s “skill to generate, retain, retrieve, and transform well-structured visual
images” [3], and one of those key skills is mental rotation [4]. Many researchers have studied a
variety of strategies for helping students develop these skills [2], [5]. Ha & Fang [2] identified
two broad categories of training: tangible models and virtual models. Tangible models use
physical objects, such as blocks, to scaffold the development of mental rotation [6]. In contrast,
virtual models employ computer-based animations and simulations, augmented reality tools, and
virtual reality tools [7], [8], [9], [10], [11].

Sometimes both tangible models and virtual models are used in tandem [3]. They describe this
approach as using “virtual and physical manipulatives” (VPM). Students “touch and play with
real-world PMs [physical manipulatives] in their hands but also students can see how the
corresponding VMs [virtual manipulatives] (i.e., computer graphics) simultaneously change in
real time” [3].

We posit that augmented reality (AR) provides another kind of middle ground between virtual
manipulatives and physical manipulatives in which there is an illusion of deep integration. In



AR, virtual 3-D objects appear as a part of a physical 3-D environment [12]. AR has been
implemented using multiple means of integrating the display device with the physical experience
of the user. [13] describes integration by means of a fixed monitor, a head-mounted device, and a
handheld device.

This study involved the use of handheld AR (see Figure 1). The primary reason for this approach
to AR was the nearly universal availability of smartphones among the target population for our
study. Any other approach would have required providing additional technologies to the subjects,
involving considerable expense and logistical challenges.

In comparison to the VPM approach, we reasoned that with AR there is the potential of a closer
integration between the 3-D object and the abstractions that are a part of engineering
manipulation, such as the orientation of the X-Y-Z axes and true 90 degree rotations. In addition,
we had greater flexibility to create objects for which we did not have a scale physical
representation (e.g., a house or a bicycle). Finally, we had the ability to create interactions that
would be harder to create with physical objects, like having students identify a sequence of
moves that would not begin until after locking in those steps, thus requiring a plan for mental
rotations prior to beginning the moves.

Figure 1. Student using the augmented reality app to rotate a virtual object.

This approach of handheld AR was implemented using an app that students installed on their
devices. They then pointed their devices at printed targets, and the appropriate objects would
appear on their displays, integrated with the physical environment seen by their cameras. A
series of lessons involved a variety of games with objects of varying complexity.

Bell, et al., [13] applied the “gulf of execution” and “gulf of evaluation” [14], [15] to understand
the significance of applying AR to these kinds of interactions. They reasoned that increasing the
“feeling of directness” (i.e., reducing the gap) for understanding the digital representation (the
gulf of evaluation) and increasing the “feeling of directness” for instructing the digital
representation what to do (the gulf of execution) would increase the realism of the simulation
and thus increase focus on mental rotation of the objects, unencumbered by distractions of the
interface or the artificiality of controlling a computer rather than working with physical objects.



Our Approach

This study tested the effectiveness of a handheld augmented reality app for developing mental
rotation ability. The app worked by pointing the smartphone or tablet camera at a printed target,
which then made a series of virtual objects and games appear. Users could move their camera
around the target in order to view the objects from other perspectives, or they could move the
printed target to achieve the same effect.

The app contains a series of lessons. Students were to complete one lesson per week, and each
lesson contained four to nine activities. New lessons became available each week on the same
day that class met. As students completed each activity, a checkmark would appear by that
activity, and the next activity would become unlocked. Some activities simply required students
to do the work, while other activities would not be considered completed until students achieve a
minimum score.

Figure 2. Example activities in the augmented reality app.

As seen in Figure 2, the activities included:

A. Rotation practice: A series of objects were to be rotated using typical engineering
symbols for positive and negative rotations on each of the X, Y, and Z axes.

B. Rotation matching game: Two instances of the same object would appear, although
with different rotations. Users rotated one of the objects in order to match the rotation of
the other object.

C. Compare objects game: Two different stacked objects would appear, and students were
to indicate whether they were identical objects or not.

D. Folding game: An unfolded cube would appear as a flat object, with different numbers
and arrows in each part of that flat object. Users were to predict which number would
appear on top and toward which letter the arrow would point once the object was folded



up into a cube. Users would then step through the folding of the object to see if they were
right.

E. Finding orthographic views: Users were shown an object next to a specific orthographic
projection of that object. They were then to change their view of the object as needed so
that the specified orthographic projection was facing toward them.

F. Prediction: Like the rotation matching game, users saw two instances of the same object,
with different rotations. And like the rotation matching game, users were required to
rotate the one object to match the rotation of the target object. Unlike the rotation
matching game, students had to specify the two required moves before any of them
would take place. If their moves were not correct, the rotations would be undone and they
would try again.

Student scores were private, so they did not have opportunity to compare their scores with other
students. Earlier work with our app showed that for some students, this competition was
motivating, but for the students who struggled more on these problems, the competition was
discouraging. Accordingly, we chose not to implement competition within this class.

Research Questions
Our research questions were as follows:

Does the addition of student use of the handheld augmented reality app to an existing class based
on “Developing Spatial Thinking” [16] show greater pre-post course improvements on a mental
rotation assessment than a control group who took the course as guided by that text and using
physical objects as well as paper-and-pencil activities but not augmented reality? If so, what
factors may influence or moderate the effect of the app on students’ spatial reasoning
performance?

To answer these questions, we employed both quantitative and qualitative approaches, including
in-app data collection, pretest and posttest performance, and a student survey. The pretest and
posttest data are reported here.

Context and Method

Applicants to the university in this study who are accepted and who indicated an interest in
engineering all took the PSVT:R assessment of mental rotation prior to coming to campus.
Students who scored below 60% were encouraged to take a 1-credit course designed to help
them develop their spatial reasoning ability. Roughly half of these students actually took this
1-credit class [17]. Of four sections in this class, two were chosen to be the control group and
two were chosen to be experimental. The choice was made for practical reasons while ensuring
that the choice was unlikely to result in a biased sample, which was confirmed by the descriptive
statistics of these groups.

The control group followed very closely the strategy described by [1] and based on the Sorby
textbook [16]. The experimental group did all of the same coursework as the control group, with
the addition of having assignments each week based on the AR app. The online in-class time



dedicated to the app was during the first two weeks of class when roughly 15-minutes were taken
each of those days to ensure that students were able to install and use the app. At the end of the
semester, students were given up to 10% extra credit for the course based on completion of the
11 units in the app. Note that students were told at the beginning of the class that use of the app
was required, although the syllabus did not state what role it would have in the grade. Students
were not told that the app would be for extra credit only until the last week class.
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Figure 3: Completion rate of app lessons by week

Of the 102 students who opted in to the study, 10 had actually passed the pretest. To avoid a
ceiling effect, we took those 10 students out of our sample. The intervention in this study was the
use of the augmented reality app as a supplement to the standard course content. Students in 2 of
the 4 sections of the class were invited to use the app. In total, 57 students used the app at least
once. To ensure substantive use of the app in the experimental group, we ignored students who
completed 60% or less of the in-app tasks. Figure 3 shows the completion rate for each lesson,
which was made up of multiple tasks. These ignored students, we reasoned, did not use the app
enough to hope for a significant benefit in terms of the final exam.

As aresult, 39 students were in the experimental group, and 35 were in the control group. Of the
73 who reported their gender, 24 were women (33%) and 49 were men (67%). In terms of race,
we had a diverse population, although race was not intended to be a factor in our research. Of the
72 who answered, we had 9 Asian (12%), 19 Black or African American (26%), 40 White
(56%), and 4 Other (6%). Seven reported as being Hispanic or Latino (10%).

This paper focuses on the quantitative data we analyzed. The PSVT:R pre-course scores and the
PSVT:R-based final exam served as measures of achievement in mental rotation. A survey
administered at the beginning of the course included participant demographics as well as
enjoyment of and perceived competence at spatial reasoning activities based on Ryan’s [18]
longstanding Intrinsic Motivation Inventory (IMI). A post-course survey again assessed
enjoyment and perceived competence with regards to spatial reasoning.



Results

Preliminary analysis. To answer our first research question, we compared students’ pre-post
course improvements on the mental rotation test between the control group and the experimental
group. Descriptive statistics for students’ scores on the pretest and posttest measures of mental
rotation, divided by intervention group membership, are presented in Table 1. A univariate
ANCOVA was conducted to determine whether there was a significant difference between the
control and experimental groups in terms of students’ posttest scores, controlling for their pretest
scores. A significant beneficial effect was found for the experimental group (F(1, 71) =4.359,
p=0.040, partial eta squared=0.058). This indicates that the use of the AR app was helpful in
improving the spatial reasoning performance of students who completed more than 60% of the
in-app lessons.

Table 1. Descriptive Statistics for the Pretest and Posttest Measures in the Control and
Experimental Groups

n | Min | Max Mean SD

Control Group
Pretest 35 6 17 13.40 | 3.00
Posttest 35 | 14 28 21.94 | 3.99

Experimental group
Pretest 39 7 17 14.03 2.58
Posttest 39 13 30 24.08 3.92

Total
Pretest 74 6 17 13.73 2.79
Posttest 74 13 30 23.07 4.07

Degree of performance improvement and individual differences in prior spatial reasoning
ability. Given the positive effect of the AR app on students’ spatial reasoning performance in
general, we further analyzed whether students’ spatial reasoning ability prior to the course
influenced or moderated the effects of the AR app on students’ performance improvement.
Specifically, we used the median (median=15) of the 74 students’ pretest scores to split all
students into two groups: low-performing group (n=36) and high-performing group (n=38).
Descriptive statistics for students’ scores on the pretest and posttest measures of mental rotation,
divided by intervention group membership and prior spatial reasoning ability, are presented in
Tables 2 and 3.



Table 2. Descriptive Statistics for the Pretest and Posttest Measures Divided by Intervention
Group Membership for High Prior Spatial Reasoning Ability

n | Min | Max Mean SD

Control Group
Pretest 17 15 17 16.00 0.79
Posttest 17 | 14 28 23.12 3.87

Experimental group
Pretest 21 15 17 15.90 0.83
Posttest 21 19 30 24.52 3.31

Total
Pretest 38 15 17 15.95 0.80
Posttest 38 14 30 23.89 3.59

Table 3. Descriptive Statistics for the Pretest and Posttest Measures Divided by Intervention
Group Membership for Low Prior Spatial Reasoning Ability

n | Min | Max Mean SD

Control Group
Pretest 18 6 14 10.94 | 2.07
Posttest 18 | 14 28 20.83 3.87

Experimental group
Pretest 18 7 14 11.83 2.15
Posttest 18 | 13 29 23.56 | 4.58

Total
Pretest 36 6 14 11.39 2.13
Posttest 36 13 29 22.19 4.40

There was no difference in students’ pretest scores either between the two low-performing
groups or between the two high-performing groups. Additional univariate ANCOVAs were
conducted to determine the group effects (either the control/experimental group effects or the
low/high performing group effects) on students’ posttest scores by controlling for their pretest
scores. Results revealed that for both the high-performing groups and the low-performing
groups, there were no significant control/experimental group effects on students’ posttest scores
after controlling for their pretest scores.

In addition, within the control group, there was no significant difference in students’ posttest
scores between the low-performing group and the high-performing group controlling for their



pretest scores, which indicates that in the control group, students with lower prior spatial
reasoning abilities and students with relatively higher prior spatial reasoning abilities were not
significantly different in their performance improvements due to the course. Within the
experimental group, however, there was a significant difference in students’ posttest scores
between the low-performing group and the high-performing group controlling for their pretest
scores, meaning that within the experimental group, students with lower prior spatial reasoning
abilities made significantly more performance improvement than students with relatively higher
spatial reasoning abilities (F(1, 36)=6.593, p=0.015, partial eta squared =0.155). This indicates
that the use of the AR app was more helpful for students with lower prior spatial reasoning
abilities than for students with relatively higher prior spatial reasoning abilities. We then
compared the interaction effect of intervention and prior spatial reasoning ability on students’
posttest scores controlling for their pretest scores. No significant interaction effect was found,
but the plot (see Figure 4) confirms that the use of the app helped students who had lower prior
spatial reasoning abilities improve more on their performance, in comparison to students who
had relatively higher prior spatial reasoning abilities.
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Figure 4. Interaction of Intervention and Prior Spatial Reasoning Ability on Posttest Scores
Controlling for Pretest Scores

Degree of performance improvement and individual differences in gender. We further examined
whether gender influenced the effects of the app on students’ performance improvement. Of the
74 students, 49 were male, 24 were female, and 1 student checked the “prefer not to say” option.
Our analysis for this section was based on data from the 73 students who reported their gender.
Descriptive statistics for the pretest and posttest measures, divided by intervention group
membership and gender, are presented in Table 4 and Table 5.



Table 4. Descriptive Statistics for the Pretest and Posttest Measures of Male Students Divided by
Intervention Group Membership

n | Min | Max Mean SD

Control Group
Pretest 26 6 17 13.12 3.22
Posttest 26 14 28 22.69 3.70

Experimental group
Pretest 23 7 17 14.57 2.56
Posttest 23 14 30 25.13 3.83

Total
Pretest 49 6 17 13.80 2.99
Posttest 49 14 30 23.84 3.92

Table 5. Descriptive Statistics for the Pretest and Posttest Measures of Female Students Divided
by Intervention Group Membership

n | Min | Max Mean SD

Control Group
Pretest 8 10 17 14.00 | 2.27
Posttest 8 14 28 19.63 4.47

Experimental group
Pretest 16 8 16 13.25 2.49
Posttest 16 13 29 22.56 3.65

Total
Pretest 24 8 17 13.50 2.40
Posttest 24 13 29 21.58 4.10

Within both the control and experimental groups, there was no significant difference in pretest
scores between male and female students. Even though males are reported as having higher
spatial ability than females [18], our finding is not surprising because only the students who
failed the pretest were included. ANCOV As were conducted to determine the gender effect on
students’ posttest scores controlling for their pretest scores. Within the control group, there was
significant gender effect on students’ posttest scores controlling for their pretest scores
(F(1,31)=5.280, p=0.028, partial eta squared =0.146), indicating that in the control group, male
students made significantly more improvement than female students. Within the experimental
condition, there was no significant gender effect on students’ posttest score controlling for their
pretest score (F(1,36)=3.729, p=0.132, partial eta squared =0.062), which means that in the
experimental group, there was no significant difference in performance improvement between



male and female students. We then examined if there was any interaction effect of intervention
and gender on students’ posttest scores controlling for their pretest scores. No significant

interaction effect was found. All these results revealed that the use of the app helped narrow the
gender gap in spatial reasoning, although the gap was not significantly narrowed (see Figure 5).
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Figure 5. Interaction Intervention and Gender on Posttest Scores Controlling for Pretest Scores
Discussion

Our findings show that the use of the AR app (a) was helpful in improving the spatial reasoning
performance of students who originally had poor spatial reasoning abilities, (b) was more helpful
for students with lower prior spatial reasoning abilities than for students with relatively higher
prior spatial reasoning abilities, and (c) helped narrow the gender gap in spatial reasoning.

The gender gap found in the control condition (males improved significantly more than females)
is surprising given the findings of [5] in general and in [19] in particular. We did not study the
control condition, so we are unable to account for this advantage for males. On the other hand, it
is thus worthy of note that this advantage was not found among students who used the AR app.
Further study is required to understand what might account for these differences. This finding
may relate to what [3] report with the use of physical manipulatives where females improved
more than males.

An important question for further research is a focus on the psychological effects of augmented
reality. In what ways is AR like the benefits found when using physical manipulatives, and in
what ways is it more like computer simulations?

Next steps for further research include studying an app-only intervention, without taking a class.
In this study, students in the experimental condition presumably spent additional time doing



spatial reasoning tasks, so it is possible that this extra time is a contributing factor in the reported
gains. On the other hand, students gained substantially simply by taking the class, so the benefits
of the app on its own are not clear.

Another direction for further research should focus on additional development of the app.
Possibilities include adaptive presentation of lessons based on student progress, further use of
gamification to enhance motivation and engagement, and building assessment into the app itself.
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