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ABSTRACT: Research has revealed the positive effects of flipped classroom approaches on students’ learning
engagement and performance compared with conventional lecture-based classrooms. However, because of a lack
of out-of-class learning support, many students fail to comprehensively prepare the provided lecture materials
before class. One promising solution to this problem is recommendation systems in the educational area, which
have been instrumental in helping learners identify useful and relevant lecture materials that satisfy their learning
needs. Thus, in this study, we propose a summarized lecture material recommendation system, which is
integrated into an e-book reading system as an enhancement of the flipped classroom approach. This system
helps students identify pages that contain essential knowledge that must be thoroughly studied before class. The
proposed system was constructed on the basis of our previous work. In this study, a quasi-experiment was
conducted in a graduate course that implemented the flipped classroom model: experimental group students
learned with the proposed system, whereas the control group students had no access to the additional features.
The findings of this study suggest that students who learn with the proposed recommendation system
significantly outperform those who learn without the system in a flipped classroom in terms of their learning
outcomes and engagement in preclass preparation.

Keywords: Recommendation systems, Flipped classrooms, Preclass preparation, Learning analytics, Learning
outcomes

1. Introduction

Researchers have revealed the positive effects of flipped classrooms on students’ motivation and performance
compared with conventional lecture-based classrooms (Lai & Hwang, 2016). As defined by Bishop and Verleger
(2013), the flipped classroom is a technology-supported pedagogical approach that combines asynchronous
computer-assisted instruction outside the classroom and interactive in-class learning activities. Flipped
classrooms are considered an effective model for engaging students in active learning and involving meaningful
teaching and learning strategies during the in-class and out-of-class learning process (Forsey, Low, & Glance,
2013).

However, few studies have investigated how to improve students’ out-of-class learning instruction in the flipped
classroom model (Jensen et al., 2018). For flipped classroom approaches to be successful, educators must have
confidence that their students learned the necessary information and skills from the lecture materials before
class. Without appropriate guidance or support, most students tend to present a low level of learning and
responsibility during the learning process in a flipped classroom (McLaughlin et al., 2013; Sun, Wu, & Lee,
2017). This lack of clarity regarding optimal class preparation instructions and methods may explain why
educators are hesitant to adopt flipped teaching (Jensen et al., 2018). In addition, students’ learning achievements
in the course have also been reported to strongly correlate with their learning engagement (Yang et al., 2020;
Kahu, 2013) and frequently used to examine the effects of their learning approaches on students’ learning in
flipped classrooms (e.g., Jovanovi¢ et al., 2017; Lai & Hwang, 2016). These reports emphasize the importance of
considering students’ behavioral engagements as measurements when evaluating the effects of educational
systems on students’ learning in flipped classrooms.

Shimada et al. (2017) revealed that learners are not always willing to prepare for classes, particularly when the
volume of the lecture material is too large for them to adequately prepare before class. In their work, it is
reported that students have a marked preference for studying summarized lecture material instead of the original
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material or additional content from external learning environments when aiming for thorough preparation before
class. Accordingly, they recommended that students be provided with summarized lecture material instead of
requiring them to study the full content; such a measure can increase students’ preclass browsing time and
overall learning performance.

Learning has shifted from the conventional classroom to the e-learning environment, which uses electronic
media, principally through the Internet (George & Lal, 2019). With increasing research attention on
recommendation approaches in e-book-based learning resource as well as the rapidly growing amount of online
lecture materials, recommendation systems (RSs) in technology-enhanced learning (TEL) have become valuable
in supporting learners in identifying useful and relevant lecture materials that satisfy their learning needs (Tarus,
Niu, & Mustafa, 2018). The aim of developing an educational RS is to reduce information overload by retrieving
the most relevant information and services from a large amount of data (Lu et al., 2015). Thus, current intelligent
agents and RSs have been widely studied and accepted as solutions for overcoming information retrieval
challenges by learners because of information overload (Montaner, Lopez, & De La Rosa, 2003). These systems
could therefore address some of the concerns in flipped classroom models, such as students not preparing before
class (Louhab et al., 2020).

However, most existing and proposed educational RSs focus on recommending lecture materials from an
external learning environment (Bauman & Tuzhilin, 2018; Ghauth & Abdullah, 2010). Thus, comprehensively
satisfying students’ learning needs, particularly for students’ preclass preparation in flipped classrooms, remains
challenging. Therefore, investigations regarding recommendations within the lecture material itself is quite rare,
and further clarification is needed.

To address the aforementioned concerns regarding flipped classrooms and improve students’ preclass
preparation, in this study, based on our previous work (Yang et al., 2019), we propose the summarized lecture
material recommendation system that utilizes several text processing and image processing techniques to
generate recommendations within the lecture material itself. The proposed system is considered an enhancement
of the flipped classroom model as it aims to retrieve the most important information from an expected large
amount of contents from the online learning materials and thereby providing suitable guidance to support
students’ preclass preparation in flipped classrooms.

In contrast to previous works on flipped classroom approaches and educational RSs, internal content (e-book
pages) is the target in this proposed system. Instead of the entire digital lecture material, summarized lecture
material is generated by collecting the recommended pages from the original lecture material. Moreover, a
supervised machine learning approach is applied that extracts more features from e-book text and image content
compared with the approach presented in Shimada et al. (2017). To elucidate the effects of the proposed system
on students’ learning outcomes and engagement in preclass preparation, we investigated the following research
questions:

RQ1: Do students who learn with the proposed system achieve better learning outcomes in comparison with
students who learn without the system in a flipped classroom?

RQ2: Do students who learn with the proposed system exhibit greater engagement in preclass preparation in
comparison with students who learn without the system in a flipped classroom?

2. Literature review

2.1. Flipped classrooms

Researchers have continually investigated how to maximize students’ academic performance in higher
education. The flipped classroom is gaining popularity as a means to support student learning in such contexts
(Boevé et al., 2017). The organization of flipped classroom lectures requires students to prepare for the in-class
meetings, often facilitated through additional online video lectures, and demands involvement during lectures by
means of problem-solving and peer instruction (Abeysekera & Dawson, 2015).

The flipped classroom uses a student-centered approach, focusing on student learning and placing the
responsibility for learning more on students than on teachers while encouraging them to experiment (Sams,
2011). However, researchers have argued that without appropriate guidance or support, most students tend to
exhibit a low level of learning and responsibility during the learning process in a flipped classroom (McLaughlin
et al.,, 2013; Sun, Wu, & Lee, 2017). Thus, to adequately support students’ preclass preparation in flipped
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classroom models, Diwanji, Hinkelmann, and Witschel (2018) proposed an application based on artificial
intelligence (Al) and data analysis techniques to intrinsically motivate the students’ preclass preparation in a
flipped classroom. Louhab et al. (2020) proposed the smart adaptive management for flipped learning plugin that
can be combined with a Learning Management System to provide students with adapted lecture materials
according to their knowledge level and skills when learning in a flipped classroom. Their findings indicated that
the students who used the plugin obtained more favorable final examination results than students who did not.
This also exhibits the positive effects on students’ knowledge levels when integrating the advanced educational
technologies into flipped classroom settings.

The aforementioned studies have demonstrated the considerable advantages of implementing flipped classrooms
as a new teaching strategy. However, few studies have focused on applying educational RSs that can provide
suitable guidance to support students’ preclass preparation in flipped classrooms. Hence, investigating the effects
of educational RSs on students’ learning outcomes and their engagement in preclass preparation in a flipped
classroom (i.e., reading time) is paramount.

2.2. Educational recommendation systems

Using a different educational setting and novel methods, Bousbahi and Chorfi (2015) proposed an architecture
for personalizing a massive open online course by using a case-based reasoning RS. Benhamdi, Babouri, and
Chiky (2017) developed a new multi-personalized recommender system that considers a student’s level of study,
preference, and memory capacity when providing recommendations. Klasnja-Mili¢evi¢ et al. (2011) proposed an
online tutoring system, Protus, in which learners are clustered on the basis of their learning styles. Furthermore,
the learners’ sequential patterns were mined. Finally, recommendations were generated by applying the
collaborative filtering approach.

Al planning and case-based planning can also be applied to achieve a more personalized e-learning solution for
students (Garrido, Morales, & Serina, 2016). Obeid et al. (2018) generated personalized recommendations by
creating ontologies for students, employees, and higher educational institutions. Machine learning algorithms
were then applied for clustering similar graduate students. Hussain et al. (2019) developed a system using
machine learning algorithms such as support vector machine, logistic regression, naive Bayes classifier, and
artificial neural networks. The objective was to predict students’ difficulty when undertaking courses online and
provide feedback to teachers on those who are using the system.

Using the features of educational RSs, the aforementioned systems were helpful in supporting students’ preclass
preparation because they could retrieve essential information from the overwhelming amount of online resources
in different educational settings. However, most existing educational RSs were not designed to provide suitable
guidance to support students’ preclass preparation in flipped classrooms. To achieve such a goal, the proposed
system takes into the advantages of Al techniques to generate recommendations within the online lecture
material itself. Specifically, the proposed system predicts e-book pages that contain essential knowledge from
online lecture materials as the learning guidance for students to perform a thorough preclass preparation in
flipped classrooms.

3. A summarized lecture material reccommendation system
3.1. System overview

The proposed system aims to rank e-book pages according to their corresponding importance using a machine
learning approach. The proposed system selects the e-book pages that are top-ranked for containing essential
information that must be learned in advance to form the summarized lecture material. Figure 1 illustrates the
procedures of the proposed system. First, we collected different types of data from the lecture material uploaded
to an e-book system as the system’s input data. Second, we extracted text features and image features from the
collected input data. Third, we preprocessed the extracted features. Fourth, we trained a machine learning model
to retrieve class probabilities from the training process and rank the input e-book pages accordingly. Last, after
selecting several top-ranked e-book pages in a preference range from the ranking, the summarized lecture
material recommendation is generated as the output.

Because of the characteristics of machine learning-based systems, the proposed system becomes more predictive
as it receives new materials from the same instructor and the same course. Notably, the proposed system only
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uses new lecture materials from the same instructor and course for model training. This is inspired by the notion
that learning and educational technologies should be adopted and applied in course-specific contexts rather than
relying on a generalized model that applies one trained prediction model in all the educational contexts (GaSevic¢
et al., 2016).

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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Feature Extraction

Data Collection Module
Lecture Material Slides (et Feature ] (__image Feature ]

‘

Data Preprocessing

[ Z-score Normalization ]

=
Modeling & Ranking

Recommendation Module

Recommendation of Summarized Lecture Material * [ Machine Learning MDdC]ing] [ClaSS Probabilities Ranking ]

Figure 1. Procedures of the proposed system

3.2. Data collection, feature extraction, and data preprocessing

In this study, we used the BookRoll system (Ogata et al., 2015), which is an e-book reading system that allows
users to browse the uploaded content anytime and anywhere. Figure 2 illustrates an example of BookRoll’s user
interface. Several functions such as page-turning, highlighting, bookmark making, note-taking, page jumping,
and internal content searching are available. Students’ reading behaviors while using BookRoll are stored in its
database. During the data collection process, by using BookRoll, text content, and image content from the
original digital lecture material were collected for further feature extraction and data preprocessing. Note that the
types of BookRoll learning behavioral logs were described by the developers in their 2015 study (Ogata et al.,
2015); therefore, they are not detailed in the present study.

j‘BOOkRoII English (en) wma—y— o -
Ij /. E’ il Q @ Page:21/74
N

Bookmark Marker Memo Search

I AT, BEEE - BREREE
O oisiLnusBEPE O

Previous Next
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I &

Figure 2. Screenshot of the BookRoll system’s user interface

The characteristics of the essential document or e-book pages and the associated content features during the
feature extraction process have been mentioned and applied in several studies (Neto, Freitas, & Kaestner, 2002;
Shimada et al., 2017). Therefore, we extracted two categories of features from the collected data on the basis of
the characteristics of essential pages, as described in Table 1, to train our summarized lecture material generator.
In the present study, an essential document page or e-book page should have the following characteristics:

e Sufficient content to be worth browsing
e Unique visual content
o Keywords that appear frequently on the page



e Keywords that rarely appear throughout the whole lecture material
e Similarity to the title of the lecture material
e Similarity to other pages under the same lecture title

We applied text processing techniques including N-gram tokenizer, cosine similarity, and lemmatization to
extract text features from the collected e-book pages. We used cosine similarity measurement to calculate text
similarity between paired e-book pages and similarity to the title and keywords of the lecture, which represents
the values for Page—Page cohesion, similarity to the title, and similarity to keywords, respectively. We counted
the total number of characters and punctuations on a page from the generated corpus to represent the values of
TotalChar and Punctuation. We applied the vector space modeling technique term frequency—inverse document
frequency (TFIDF) weighting to calculate the weight of each term on the page and calculated the average TFIDF
value for each page, representing the value of AvgTFIDF.

For image feature extraction, we applied image processing algorithms including the background subtraction
method and the interframe difference method, which have both been used for the extraction of visual information
from the lecture materials, to extract values representing Background subtraction and Background subtraction +
Inter-frame difference. The details of the extracted image features were described in a previous article (Shimada
etal., 2017).

Next, to obtain an improved distribution of the dataset that contains all the feature values of each e-book page,
we preprocessed each extracted feature by using the z-score normalization method to redefine and transform the

range of feature values into a smaller and specific range.

Table 1. Description of the extracted features

Feature Description of the feature

TotalChar Total characters on the page

AvgTFIDF Average TFIDF after preprocessing by the bigram tokenizer

Similarity to title Cosine similarity to the title of the content

Similarity to keywords Cosine similarity to the keywords of the content

Page—Page cohesion Sum of cosine similarities to the remaining pages

Punctuation Total instances of punctuations on the page

Background subtraction Total amount of foreground pixels on the page

Background subtraction + Inter-frame Absolute foreground pixel differences in comparison with the
difference previous page and the next page (higher value is selected)

3.3. Model generation and recommendation of summarized lecture material

In this study, our problem had a binary classification; however, we considered class probabilities as an output
instead of class labels. This provides the flexibility to rank e-book pages on the basis of their possibilities to be
positively classified. Thus, the instructor can determine which volume of the summarized lecture material
becomes the recommendation for preclass preparation. In the proposed system, we requested that instructors
label “recommended pages” in lecture material to represent the gold standard. These labeled pages are
recommended reading before class because they contain essential information. After receiving the labeled lecture
material, we trained a supervised machine learning model to generate the class probabilities of each page. Next,
these e-book pages were ranked by class probabilities, and the top-ranked pages were then selected to generate
the summarized lecture material recommendation.

3.4. Preliminary evaluation for selecting the best-performing model and constructing the proposed system

To evaluate the predictive performance of the machine learning models, we conducted a preliminary evaluation
using the extracted text and image features of lecture material containing 91 pages. The instructor labeled 45 out
of 91 pages as recommended reading for preclass preparation. The remaining 46 pages were then considered
“not recommended” pages, indicating optional reading before class. In the preliminary evaluation, we trained
and compared eight well-known machine learning classification models from the Python (Pedregosa et al., 2011)
libraries that involve different algorithms for class probability prediction during the model training process. We
used all the extracted text features and image features for the model training, and we ranked the input e-book
pages by the predicted class probabilities accordingly. After the ranking process, we selected the top-ranked e-



book pages to form the recommendation for learners’ preparation before class. All the prediction models were
trained with default parameters.

The models’ performance was evaluated using precision, recall, and area under the curve (AUC) of receiver
operating characteristic (ROC) metrics. The precision and recall metrics were calculated according to the
confusion matrix, and the AUC was calculated from the ROC curve. The AUC value ranges between 0 and 1,
and an AUC value near 0.5 indicates that the classification process is similar to a random guess. The values of
precision and recall are always the same in each model because the number of pages that the proposed system
predicted as the recommended pages are always equivalent to the number the instructor labeled as recommended
pages. Hence, the performance was validated using threefold cross-validation, meaning that our dataset was
randomly divided into three disjoint subsets of equal size in a stratified manner (maintaining the original class
distribution) and each model was executed three times. In each repetition, one of the three subsets was used as
the testing set, and the other two were combined to form the training set. The preliminary results are presented in
Table 2. The results revealed that the multilayer perceptron classification model (indicated in boldface in Table
2) was the optimal model with the greatest potential for use in the development of our proposed system. These
results provided the data necessary to implement our experiment, which applied the proposed system on a
graduate course that employed the flipped classroom model.

Table 2. Preliminary evaluation results of model performance

Model Precision Recall AUC
DTNB 0.422 0.422 0.429
JRip 0.489 0.489 0.494
Random Forest 0.556 0.556 0.560
J48 0.533 0.533 0.538
BayesNet 0.422 0.422 0.429
Gaussian Naive Bayes 0.467 0.467 0.472
Logistic Regression 0.622 0.622 0.626
Multilayer Perceptron 0.667 0.667 0.670

3.5. Validation of the system’s performance in comparison with human decisions

After the preliminary evaluation for finding the ideal model, we asked instructors to compare the
recommendation provided by the system to the material they identified as essential reading before class. Tests
were conducted on the six different lecture materials that were provided to students for preclass preparation in
flipped classroom settings during the experiment. The results of the predictive performance of the system, as
measured by precision, recall, and AUC, are shown in Table 3. The volume of the lecture materials (in pages) is
also presented. The proposed system exhibited decent predictive performance, with scores higher than 60% for
precision, recall, and AUC for each week.

Table 3. Predictive performance of the proposed system in comparison with human decisions

Lecture Material Precision Recall AUC Volume (# of Page)
Lecture material 1 0.742 0.737 0.739 30
Lecture material 2 0.744 0.741 0.742 27
Lecture material 3 0.816 0.806 0.812 27
Lecture material 4 0.733 0.733 0.733 31
Lecture material 5 0.647 0.645 0.646 30
Lecture material 6 0.62 0.613 0.616 32

4. Experiment
4.1. Participants and study contexts

A quasi-experiment was conducted in a flipped classroom graduate course, namely creative learning, in a
university in northern Taiwan. A total of 30 graduate students from the department of computer science
participated in the experiment. Students enrolled in the course were required to use BookRoll to study the given
scientific articles during out-of-class learning time. During each class, students presented and discussed the
content of the scientific articles with their classmates in addition to receiving some instruction from their teacher.
Among the participants, 15 students were assigned as the experimental group and the remaining 15 students were
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assigned as the control group. Students in the experimental group were allowed to use BookRoll freely for their
in-class and out-of-class learning with additional requirements to the uses of summarized lecture material
recommendations in addition to the original lecture material for preclass preparation. By contrast, students in the
control group used BookRoll for their learning but without receiving any of the recommendations from our
proposed system throughout the experiment.

4.2. Measurements

A pretest and posttest were issued by the course instructor. The pretest aimed to evaluate the students’ prior
knowledge of the course. It consisted of 10 open-ended questions pertaining to data science and statistical
analysis (e.g., what is text mining, what is t-test, how do you define low-skill readers), with a perfect score of
100. The posttest aimed to assess the students’ learning outcomes in the course. It also consisted of 10 open-
ended questions pertaining to data science and statistical analysis (e.g., what is the key feature of the text mining
method, what does the t-test show and how to interpret the results, what is the main reason why low-skill readers
use text-marking strategies), with a perfect score of 100. In addition, two experts from the department of
computer science at the participating university were invited to ensure that the pretest and posttest were
sufficient to evaluate the students’ prior knowledge and learning outcomes in the course. Pearson’s correlation
between the two tests was 0.026, indicating a low correlation between the two tests. Moreover, the Kuder—
Richardson Formula 20 of the posttest was 0.59, indicating acceptable internal consistency (Cortina, 1993).

The following three indicators were monitored throughout the experiment to measure students’ learning
behaviors (redesigned as “engagement” or “engagements” in the following sections) in preclass preparation
when learning in the flipped classroom. It is noted that considering the cases that participants just open the
lecture materials and quickly surf through the contents or do not pay attention to the contents, we pruned the
outlier BookRoll activities and sessions. In particular, activities that were taken with too much (more than 10
minutes) or too few (less than three seconds) time were eliminated from the analysis of learning behaviors in the
following sections. Moreover, the outlier sessions, in particular, overly long sessions (include more than 50
occurrences of activities) and overly short sessions (include less than three occurrences of activities) were
eliminated from the analysis as well:

e Time (hour): Time spent in preclass preparation. The students’ preclass time spent on learning materials has
been indicated as a major factor that needs to be taken into account when utilizing flipped classroom models
(Persky & Hogg, 2017). With its potential in indicating the students’ learning engagements in flipped
classrooms, in this experiment, students’ preclass time spent on BookRoll is measured by summing up the
reading time spent on each reading activity during preclass preparation. As shown in Figure 3, the
timestamp of each reading activity can be recorded by the BookRoll system. For example, the subtracted
value of the two timestamps of reading activities A and B indicates the time spent on reading activity A, etc.

e Activity: Number of BookRoll activities completed during preclass preparation. The students’ preclass
activities have been evident with the relevance to their learning outcomes in the course when learning in a
flipped classroom where students with more preclass activities in a flipped classroom obtained higher course
performance (Jovanovié et al., 2017). With its potential in indicating the students’ learning engagements in
flipped classrooms, in this experiment, students’ preclass reading activity on BookRoll is measured by
summing up the occurrence of reading activities (as shown in Figure 3). For example, a total of four rows of
BookRoll activities shown in Figure 3 represents the total of four occurrences of preclass reading activity.
Among them, only three activities will be taken into account for the analysis of BookRoll learning behaviors
as the time taken for the third activity is more than 10 minutes.

e Session: Number of reading sessions during preclass preparation. The students’ preclass learning sessions
have been reported to positively correlate with their learning outcomes in the course when learning in a
flipped classroom where students with more preclass learning sessions obtained higher course performance
(Jovanovi¢ et al., 2017). With its potential in indicating the students’ learning engagements in flipped
classrooms, in this experiment, students’ preclass reading session on BookRoll is measured by summing up
the occurrence of the reading activity OPEN as shown in Figure 3. For example, a total of one row of
BookRoll activity OPEN, shown in Figure 3, represents the total of one preclass reading session. In this
case, after pruning the outlier activities, the occurrence of activities in this session is three; therefore, this
reading session will be taken into account for the analysis of BookRoll learning behaviors. On the other
hand, if the occurrence of BookRoll activities in the session is more than 50 or less than three, this session
will not be taken into account for the analysis.

An example of the learning log collected in BookRoll is illustrated in Figure 3.



User ID Content ID Operation Name Operation Date

15910 ed645f3821e OPEN 2019-12-20 10:03:52
15910 ed645f3821e NEXT 2019-12-20 10:05:17
15910 ed645f3821e ADD MEMO 2019-12-20 10:07:03
15910 ed645f3821e NEXT 2019-12-20 11:27:14

Figure 3. Example of the BookRoll learning behavioral log collected in this study

4.3. Experimental procedures

Figure 4 illustrates the flow chart of the experiment. The duration of the experiment was eight weeks. The
instructor released the original version of the lecture material to the BookRoll system one week before the class
to enable students to prepare at their own pace and when and where they chose. In the first week of the
experiment, the course syllabus and usage of the BookRoll system were introduced to all the students who were
participating in the experiment. Moreover, the experimental (n = 15) and control groups (rn = 15) completed the
pretest examination to evaluate their prior knowledge of the course. Between the second and the seventh week of
the experiment, the two groups prepared for class in different manners. Students in the experimental group were
allowed to use BookRoll freely for their preclass preparation. Moreover, they were explicitly required to use the
proposed system to view the summarized lecture material recommendations in addition to the original lecture
material for preclass preparation. By contrast, students in the control group prepared without receiving any of the
recommendations from our proposed system. Notably, both groups learned in a flipped classroom using
BookRoll; the only difference between the two groups was the use of the proposed system to support preclass
preparation. The length of the summarized lecture material that was provided to students in the experimental
group depended on the instructor (in case of this study, 50% of the lecture materials were identified as essential
reading before the class every week). Figure 5 illustrates the different BookRoll user interfaces for the control
and experimental groups. For the experimental group, recommendations for summarized lecture materials were
provided on the lower left side of the page (bookmarks), and students could browse the content by clicking the
bookmarks. In the last week of the experiment, a posttest was conducted to evaluate both groups’ learning
outcomes in the course.

Introducing the course syllabus and the e-book system

i 1 week

Pretest to evaluate the students’ prior knowledge of the course

4 $
Experimental group (N=15):
Learning with the
recommendation of summarized
lecture material in addition to the
original lecture material using
e-book system

4 . 4

Posttest to evaluate the students’ learning outcomes in the course 1 week

Control group (N=15):
Learning with the original lecture 6 weeks
material using e-book system.

Figure 4. Experimental procedures
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Figure 5. Different BookRoll user interfaces for (a) control group students that contained no recommendations
and (b) experimental group students that contained recommendations on the lower left side using BookRoll’s
bookmark feature

5. Results

5.1. Analysis of learning outcomes

To investigate the effects of the proposed system on the learning outcomes of the students, the IBM SPSS one-
way analysis of covariance (ANCOV A) was employed, with the students’ pretest scores serving as the covariate.
Levene’s test of determining homogeneity of variance was not violated (F = 0.68, p > .05), suggesting that a
common regression coefficient was appropriate for the implementation of the one-way ANCOVA. Moreover, the
Shapiro—Wilk test was employed to examine the normality of the data. The results (control group: 0.93 [p > .05];
experimental group 0.95 [p > .05]) indicated that both groups’ data were normally distributed in terms of posttest
scores.

Table 4 presents the one-way ANCOVA results of the two groups’ posttest scores. A significant difference was
observed between the two groups of students in terms of their posttest scores (F = 36.58, p < .001, > = 0.58),
with an adjusted mean and adjusted standard deviation of 85.83 and 2.69, respectively, for the experimental
group and 62.2 and 2.69, respectively, for the control group. The posttest scores of the experimental group were
significantly higher than those of the control group. The effect size (5?) was 0.58, indicating a medium to large
effect size (Cohen, 1988). Overall, the results demonstrated that the proposed system exerted positive impacts on
students’ learning outcomes in flipped classrooms.

Table 4. One-way ANCOVA results of the posttest scores of the two groups

Group N Mean SD Adjusted mean Adjusted SD F 7’
Experimental group 15 86.07 10.26 85.83 2.69 36.58™" 0.58
Control group 15 62.2 9.89 62.44 2.69

Note. *"p < .001.

5.2. Analysis of engagement in preclass preparation

Next, the effects of the proposed system on the two groups’ engagement in preclass preparation were
investigated. The Mann—Whitney U test was employed because the values of the three indicators did not meet
the assumptions of data normality and homogeneity of variance, which are required for a parametric test.

Table 5 reveals the Mann—Whitney U test results of the three indicators of the students’ engagement in preclass
preparation. First, a significant difference was observed in terms of time spent on preclass reading by the
median, 25th percentile, and 75th percentile of the experimental and control groups: 18.81 versus 4.12, 7.58
versus 2.5, and 30.65 versus 5.21, respectively (U = 25, p <.001). The preclass reading time of the experimental
group students was significantly higher than that of the control group students. This indicates that students who
used the proposed system had a greater engagement in terms of the time spent on preclass reading than did
students who learned without the proposed system.



Table 5. Mann—Whitney U test results of the indicators of engagement in preclass preparation between two

groups

Indicator Group N Median 25th / 75 percentiles U

Time (hour) Experimental group 15 18.81 7.58 /30.65 25"
Control group 15 4.12 2.5/5.21

Activity Experimental group 15 651 343 /945 49*
Control group 15 209 157 /325

Session Experimental group 15 35 30/ 66 59°
Control group 15 23 17/31

Note. "p < .05; “p <.01; ™ p <.001.

A significant difference was observed in terms of the number of preclass learning activities engaged in by the
median, 25th percentile, and 75th percentile of the experimental and control groups: 651 versus 209, 343 versus
157, and 945 versus 325, respectively (U =49, p <.01). The number of preclass activities completed by students
in the experimental group was significantly higher than that of students in the control group. This indicates that
students who used the proposed system had greater engagement in terms of the number of preclass activities than
did students who learned without the proposed system.

Moreover, a significant difference was evident in the number of preclass learning sessions engaged in by the
median, 25th percentile, and 75th percentile of the experimental and control groups: 35 versus 23, 30 versus 17,
and 66 versus 31, respectively (U = 59, p < .05). The number of preclass reading sessions of the experimental
group was significantly higher than that of the control group. This indicates that students who used the proposed
system had greater engagement in terms of the number of preclass reading sessions than did students who
learned without the proposed system.

6. Discussion
6.1. Educational impacts of the proposed system on students’ learning outcomes in flipped classrooms

The success of implementing flipped classroom approaches has been positively correlated with learners’ learning
achievements in the course based on the findings reported in Jovanovi¢ et al. (2017) and Lai and Hwang (2016).
The experimental results in this study have revealed that the students who used the proposed system obtained
significantly higher learning outcomes compared to the students who did not. These findings provide evidence
that students who learn with the proposed system can achieve better learning outcomes than students who learn
without it when learning with an e-book system in flipped classrooms. Specifically, it is implied that the
students’ learning outcomes in the course can be improved by helping them identify pages that contain essential
knowledge that must be thoroughly studied before the class when learning with an e-book system in flipped
classrooms. The results were consistent with previous findings reported in Shimada et al. (2017), where the
students who learned with the summarized lecture material recommendations before class obtained more
favorable learning outcomes than did students who did not have access to the recommendations. The results were
also consistent with the findings of Louhab et al. (2020), where students who received guidance for preclass
preparation through an RS exhibited higher knowledge levels than did students who did not use such a system.
From the perspective of educational RSs, the results were consistent with those of previous studies (Bauman &
Tuzhilin, 2018; Ghauth & Abdullah, 2010; Hsu, Hwang, & Chang, 2013), which have provided evidence that
students who use an educational RS to support their learning tend to exhibit stronger academic performance than
students who do not.

6.2. Educational impacts of the proposed system on students’ preclass engagements in flipped classrooms

The importance of measuring students’ behavior changes and engagements when evaluating the effects of newly
proposed systems or methods on students’ learning in flipped classroom settings has been emphasized based on
the findings reported in Kahu (2013), Jovanovi¢ et al. (2017), and Lai and Hwang (2016). The experimental
results in this study have revealed that the students who used the proposed system exhibited significantly greater
engagement in preclass preparation compared to the students who did not. These findings provide evidence that
students who learn with the proposed system exhibit greater engagement in preclass preparation than students
who learn without it when learning with an e-book system in flipped classrooms. This also implies that by
helping the students identify pages that contain essential knowledge that must be thoroughly studied before the
class, the students tend to exhibit greater engagements in preclass preparation when learning with an e-book
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system in flipped classrooms. Notably, the current results are inconsistent with those of Shimada et al. (2017),
where the students who learned with the summarized lecture material recommendations actually spent less time
preparing for the lecture before class than did students who did not have access to the system. One reason for the
disparity in the results could be the objective and design of the proposed system. In this study, the proposed
system aimed to provide suitable guidance by recommending summarized lecture material in addition to the
original lecture material to increase the students’ engagements in preclass preparation, whereas Shimada et al.
(2017) aimed to reduce the volume of the lecture material with the ultimate goal of minimizing the students’
browsing time during preclass preparation; consequently, students were only allowed to browse the summarized
lecture material. The divergent results of these two studies emphasize the importance of clarifying the objective
of such systems (increasing or decreasing students’ browsing time before class). The results obtained from the
comparison results between the experimental group and the control group in terms of preclass reading time,
number of learning activities, and number of learning sessions provide evidence that students who learned with
the proposed system exhibited greater engagement in preclass preparation than did students who learned without
it in a flipped classroom. The proposed system is expected to provide an extra option for instructors to
automatically generate summarized lecture materials as the learning guidance for the learners’ preclass
preparation in flipped classrooms without expending too much time and effort. This also exhibits potential in
enabling teachers to support students in increasing their behavioral engagements in preclass preparation in a
more efficient manner.

6.3. Limitations and suggestions for future studies

This study had some limitations. Although the students’ learning outcomes were normally distributed, only 30
students participated in the experiment. Therefore, future studies should employ a larger sample to obtain
stronger results with greater external validity. Moreover, we investigated the effects of the proposed system
using eight features from both text and image content in the e-book lecture material for the machine learning
model training task. However, we did not establish whether other types of educational data can be used for
similar recommendation tasks. Consequently, future studies could include other features from different
educational data sources. Furthermore, although the proposed system was evident with its effects on students’
learning outcomes in the course as well as their engagements in preclass preparation according to the
experimental results, it is difficult to assert that the proposed system will not limit the students’ strategies in
preclass preparation when learning with flipped classroom settings. Therefore, future studies are suggested to
investigate such an issue. Lastly, since we focused on the uses of the proposed system but did not include the
investigation of the influence of participants’ learning style or personality traits on their learning outcomes and
engagement in preclass preparation, the analysis results might contain some bias. Consequently, it would be
needed to extend our investigation with multi-modal approaches where participants’ learning style or personality
traits are combined with the analysis of data obtained from other sources such as self-reports or interviews with
instructors, to better interpret the findings of this study, particularly in terms of the participants’ engagements of
learning.

7. Conclusions

Online learning continues to grow, in part, because of the reduced cost, increased flexibility regarding class
schedule, and improved mobility when taking a class (Allen & Seaman, 2014). With a dramatically increasing
volume of digital lecture material, methods to support students when they study the materials are more crucial
than ever. These methods can streamline students’ preclass preparation and thereby maximize their engagement
in a flipped classroom. To support students in achieving better learning outcomes and exhibiting greater
engagement in preclass preparation in flipped classrooms, on the basis of our previous work, a summarized
lecture material recommendation system was proposed. The proposed system was integrated into an e-book
system and implemented in a flipped classroom model, constituting a different learning approach than that
employed in typical flipped classrooms.

In this study, a quasi-experiment was conducted in a graduate course in northern Taiwan that implemented the
flipped classroom model to evaluate the effects of the proposed system on students’ learning. The experimental
group learned with the proposed system, whereas the control group had no access to the additional features. The
findings of this study suggest that the proposed system can enhance the flipped classroom and mitigate, to some
extent, some concerns with the flipped classroom approach, such as difficulty providing appropriate guidance to
students for preclass preparation. The experimental students outperformed the control students in terms of their
learning outcomes in the course and engagement in preclass preparation including reading time, number of
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learning activities, and number of learning sessions at statistically significant levels. This implies that students
who learn with the proposed system can not only achieve better learning outcomes but also exhibit greater
engagement in preclass preparation than can students who learn without the proposed system in a flipped
classroom. Furthermore, the proposed system can be regarded as an effective option for instructors to
automatically generate summarized lecture materials in addition to the original lecture materials without
expending too much time and effort. This enables teachers to support students in enhanced flipped classrooms by
increasing the students’ engagements in preclass preparation and thereby improving their learning outcomes in
the adopted flipped classroom approach.

As a follow-up to the current study, we are now developing a knowledge-based RS that can be adapted and
personalized by considering the students’ learning behavior, assessment data, and the knowledge structure of the
lecture materials. We aim to develop and propose in the future a bigger framework for educational RSs for
students’ preclass preparation and postclass reflection by integrating the two RSs into the course.
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ABSTRACT: Although online learning systems (OLSs) are widely discussed with regard to most forms of
higher education, they are still immature in terms of their development and compared to mainstream teaching
and learning activities, and their implementation remains a challenge. Few studies have investigated the factors
that contribute to students’ learning performance in the context of the adoption of OLSs in higher educational
institutions. Additionally, among the handful of studies that focus on this research issue, investigating the
influences of environmental factors and personal innovativeness on students’ learning performance and adoption
of OLSs has received very little attention. Consequently, by integrating social cognitive theory and innovation
diffusion theory, this study developed a theoretical model of OLS adoption. It empirically validated the model
using data collected from 151 undergraduate students who used OLSs. The results showed that key compatibility
(as an environmental factor) and personal innovativeness (as a personal factor) had significant direct and/or
indirect influences on students’ learning performance and continued intentions to use OLSs. Theoretical and
practical implications are also discussed.

Keywords: Social cognitive theory, Innovation diffusion theory, Personal innovativeness, Compatibility,
Learning performance

1. Introduction

The use of information technology systems (ITSs) via electronic devices can help students accomplish learning
tasks. ITSs can transform how students learn new things and enable them to obtain the sophisticated domain
knowledge that is needed to develop the higher-order critical thinking skills and necessary to cope with various
conditions in real-world practices. Such skills are not easy to obtain. Using online learning systems (OLSs) may
help students in higher educational institutions learn more effectively by providing useful functions to
complement traditional, classroom-based educational arrangements. OLSs have various advantages for students,
including accelerating the delivery of materials, accessing course content, increasing the flexibility and
convenience of schedules, and removing geographic constraints (e.g., Hsu, Chen, & Ting, 2018; Novotny,
Stapleton, & Hardy, 2016). Many universities have been using OLSs (i.e., Moodle, Blackboard) to facilitate
students’ learning and deliver online courses to improve students’ learning performance or processes (e.g.,
Cheng & Yuen, 2019; Damnjanovic, Jednak, & Mijatovic, 2015; Risner & Kumar, 2016).

In the higher education field, a substantial body of studies has investigated OLSs. The purpose of this study is to
investigate students’ learning performance and continued intention in online learning based on the model of
social cognitive theory (SCT). Few studies aim to understand the relationships among personal factors,
environmental factors, and behavioral factors in the context of online learning. Therefore, the proposed model of
this study includes two paths, namely, the person-belief-behavior path (personal innovativeness — perceived
usefulness — continued intention or learning performance) and the environment-belief-behavior path
(compatibility — perceived usefulness — continued intention or learning performance). Some researchers have
examined the effects of compatibility and innovativeness on perceived usefulness and continued intention (e.g.,
Cheng, 2014; Huang, Yu, Tang, & Chang, 2019; Wang, Jung, Kang, & Chung, 2014). However, most of them
do not address students” OLS learning experiences in ways that can improve students’ learning performance in
healthcare education settings. We extend the extant research and investigate personal innovativeness and
compatibility, affecting students’ learning performance and continued intention.

OLSs allow for active and self-directed learning as they provide students with the freedom to conveniently
access, share, and discuss subject information, lecture notes, and other learning resources (Smart, Ross, Carollo,
& Williams-Gilbert, 2020). OLSs have various advantages for students over conventional methods, including
accelerating course content delivery, increasing the flexibility and convenience of schedules, removing
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geographic constraints, and promoting students’ learning performance and continued intention (Acosta et al.,
2018; Huang et al., 2019). Nevertheless, the adoption of OLSs among students has not yet reached the expected
level. An OLS with a high level of compatibility means that its functions or innovation can meet students’
preferences or needs, making them more comfortable for students to use. Moreover, each online course has
unique course objectives or demands that may require unique solutions through OLSs (Smith, Passmore, &
Faught, 2009). Such solutions facilitate students’ willingness to continue using OLSs (Panigrahi, Srivastava, &
Sharma, 2018). It is critical to identify the environmental factors (e.g., compatibility and perceived usefulness) of
OLSs and students’ innovativeness in higher educational contexts.

There have not been enough research efforts to investigate the personal or environmental factors of learning
technologies that can better meet students’ needs in higher educational contexts, especially in the areas of
healthcare and nurse education (e.g., Smart et al., 2020; Zayim & Ozel, 2015). Prior studies have often been
conducted from a technology-acceptance or motivation-theoretical perspective, and their contributions have thus
been limited in providing a comprehensive understanding of the current study’s focal issue. Therefore, this study
adopts social cognitive theory (SCT), a comprehensive theory for understanding various types of human
behaviors, as its primary theoretical base. We incorporate innovation diffusion theory (IDT) (Rogers, 1995;
Rogers, 2003) to identify key personal factors and critical environmental factors based on the central premise of
SCT to develop our research model. Additionally, the findings of this study can offer further insight for the
developers of learning systems into the development of guidelines that enable the design and delivery of high-
quality OLSs, including effective online mechanisms for students to obtain better learning outcomes. The results
of the current can also assist policymakers in effectively allocating educational resources and enable instructors
to teach in a manner that better supports students’ learning activities. The research question (RQ) of this study is
thus summarized as follows:

RQ: How do student-related personal, environmental, and behavioral factors influence students’ learning
performance in online courses supported by OLSs?

2. Review of the relevant literature
2.1. OLSs in higher education

Academics use various terms, including e-learning, distance learning, m-learning, virtual classroom, virtual
learning environment, and web-based learning, which are often used interchangeably to denote online learning
systems/tools (e.g., Panigrahi et al., 2018; Raman, Achuthan, Nedungadi, Diwakar, & Bose, 2014). These
technology-supported learning systems are also called learning management systems, e-learning systems, or
OLSs (Hill, Chidambaram, & Summers, 2017). In this study, we use the term “online learning system (OLS).”

The online courses supported by OLSs offer learner-centered instruction that can facilitate students’ active
learning, collaboration, and communication based on individual levels of innovativeness. Such OLS courses,
especially clinical training courses, enhance students’ self-confidence to improve their professional cognitive
reasoning abilities to make decisions or judgments when they experience a significant challenge in real-world
problem-solving. However, challenges remain for the effective use of OLSs. OLS developers must address
challenges regarding all forms of special learning needs, such as the design of user-friendly interfaces and the
sequence of learning tasks, for the sake of students. Additionally, design issues related to various platforms (e.g.,
i0S and Android); hardware manufacturers (e.g., Apple, Google, and Samsung); unfriendly user interfaces; and
usability limitations must be carefully considered (Song, Singleton, Hill, & Koh, 2004). In online courses,
students constantly utilize visual imaging tools and respond to simulated scenarios to enhance their cognitive
reasoning abilities. Thus, the developers of OLSs should develop useful and compatible systems to assist
students’ learning tasks. Compatibility refers to students’ fitness of beliefs, learning preferences, and values
(e.g., critical thinking, information, and communication skills) with regard to online courses using OLSs (Cheng,
2014).

Al-Azawei, Parslow, and Lundqvist (2017) stated that eliminating learning barriers, matching learners’ needs,
and integrating instructional technology into e-course designs can improve learners’ perceptions and beliefs.
Consequently, Hansen (2018) argued that online learning with a flexible and self-paced model is an excellent
way of accommodating students’ learning needs from the point of view of the online competency-based
education model. To address students’ concerns regarding the use of an OLS, the OLS must provide a positive
experience for its users and a positive linkage between students’ learning performance and their willingness to
continuously use OLSs.
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There are practical difficulties for students in using OLSs, such as environmental factors and personal factors,
which create significant challenges to instructors and OLS developers (Ma & Lee, 2019; Song et al., 2004).
Several researchers have reported that the primary barriers to OLSs are administrative issues, technological
issues, social influences, and individual differences rather than the design of the learning materials themselves
(e.g., Ali, Uppal, & Gulliver, 2018; Mckimm, Jollie, & Cantillon, 2003). Such barriers may decrease the level of
students’ acceptance of OLSs. Inappropriate technologies, inadequate facilities (e.g., file format compatibility,
video size/clip, and storage), insufficient technical support, a lack of learning skills, and a lack of training
programs are the primary barriers to OLS success (Al-Azawei et al., 2017).

The adoption of OLSs by students is becoming increasingly popular because OLS-supported online learning
tools and activities allow students to gain knowledge beyond the textbook and provide profound and meaningful
learning experiences. From a nontechnological perspective, several studies have examined the effects of beliefs
and characteristics on students’ continued intentions (Cheng, 2014; Damnjanovic et al., 2015). Consequently, we
believe that environmental factors and personal innovativeness are key factors influencing students’ learning
performance in OLS use.

2.2. The integrated theoretical model for building positive learning behaviors

The central premise of SCT is that there is a relationship between cognitive or personal factors, environmental
factors, and behavior. Currently, SCT is widely used as a theoretical model in various fields such as academic
achievement (Hill et al., 2017) and with regard to learners’ continued intention to use an OLS (Igbal & Bhatti,
2017). Based on the above discussion, we believe that SCT is an adequate framework for understanding
students’ learning performance because it incorporates the effects of both personal and environmental factors on
the continued intention to use OLSs.

Additionally, it is argued that IDT, which is grounded in the sociological perspective, is a useful model for
understanding the process by which the use of innovations spreads within and between social systems (Rogers,
1995). Agarwal and Prasad (1998) pointed out that personal innovativeness has diverse forms of effects on
adopting new technologies. Personal innovativeness can be integrated into research models to measure
educational innovation, which is an efficient way to analyze users’ critical factors. Moreover, OLSs with a high
compatibility level that matches users’ needs can lead to high user-perceived usefulness levels (Cheng, 2014).

Because every theory has distinct roots and, thus, limited explanatory power, a theoretical framework that
appropriately integrates various theoretical perspectives to comprehend a specific research issue is beneficial in
advancing our understanding of the focal issue. Based on the discussion presented above, this study adopts SCT
as the theoretical foundation and integrates IDT as part of the theoretical framework to extend the SCT model to
investigate students’ learning performance and behavioral intentions regarding OLS use in the context of higher
education.

3. Research model and hypotheses

Based on previous studies, the SCT framework assumes relationships with its three factors associated with
students adopting OLSs and learning performance in an online learning environment (e.g., Ifinedo, 2017; Igbal
& Bhatti, 2017). Although SCT is a triadic reciprocity model, we only used three SCT factors to examine
students’ continued intention and learning performance. Thus, the proposed hypotheses have no path loops. This
study is a cross-sectional investigation and mainly examines the effects of two paths, i.e., the person-belief-
behavior path and the environment-belief-behavior path, as shown in Figure 1.
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Figure 1. Proposed integrated model for online learning system adoption

3.1. Environmental factor

Based on SCT, Rogers (2003) defined compatibility as the degree to which students’ use of OLSs is compatible
with their current values, prior experiences, and current needs. Perceived usefulness can be described as the
degree to which students perceive the adoption of an OLS as useful and appropriate in supporting their learning
process (Park, 2009).

Compatibility is commonly regarded as a necessity for students to prevent potential conflict due to the different
characteristics of various computers and learning systems (e.g., capabilities and applications) in their learning
process. When an OLS has a high level of compatibility with students’ preference and practice style, the
willingness of those students to use OLSs will increase. This implies that compatibility can significantly affect
perceived usefulness. The positive perceived value regarding the compatibility of an OLS is consistent with
students’ learning experiences and needs, which implies that an OLS with a high level of compatibility leads to
increased continued intention (Raman et al., 2014; Cheng, 2014). Accordingly, the following hypotheses are
proposed:

Hla Compeatibility is positively related to the perceived usefulness of an OLS.

H1b Compatibility is positively related to continued intention to use an OLS.

The research indicates that perceived usefulness significantly affects students’ learning performance (Davis,
1989). A useful OLS can provide a better learning environment and assist students in managing their learning
process. The perceived usefulness of an OLS means that students’ perception that OLSs will enhance their
learning performance (Johnson, Hornik, & Salas, 2008; Liaw & Huang, 2016). It can be inferred that perceived
usefulness is a key determinant of students’ judgments regarding their learning performance in an online course
as a high level of perceived usefulness will enhance students’ beliefs of outcome values. Additionally, the
relationship between students’ perceived usefulness and their continued intentions to use an OLS has been
extensively studied (e.g., Findik-Coskuncay, Alkis, & Ozkan-Yildirim, 2018; Huang et al., 2019; Ma & Lee,
2019). Thus, the essence of perceived usefulness (e.g., a well-designed system, perceived value, and service
quality) can positively affect students’ continued intention to use an OLS. Therefore, the following hypotheses
are proposed:

H2a Perceived usefulness is positively related to students’ learning performance.

H2b Perceived usefulness is positively related to continued intention to use an OLS.
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3.2. Personal factor

Individuals with high levels of personal innovativeness may be risk-takers, and, therefore, they may focus their
attention on the performance of new technology (Liu, Li, & Carlsson, 2010). Innovative students are more likely
to develop more positive beliefs about OLSs than those with lower levels of innovativeness. Students focus on
their preferred learning pathways, which they perceive to enable them to gain various experiences and change
their learning behaviors. Such positive beliefs regarding OLS performance are likely to increase students’
perceptions of OLS usefulness (e.g., Huang et al., 2019; Lu, Yao, & Yu, 2005). Based on the results of these
studies, this study considered personal innovativeness to be a determinant of perceived OLS usefulness.
Therefore, the following hypothesis is proposed:

H3a Personal innovativeness is positively related to the perceived usefulness of OLSs.

In the current study, innovativeness refers to an individual’s inherent tendency to try new technologies (Agarwal
& Prasad, 1998). Individuals with a high level of innovativeness tend to have positive performance expectancy
because they are more likely to utilize new learning technologies well, to identify and access multiple sources of
critical knowledge, to adopt new ideas, and then change learning styles or habits correspondingly and to adjust
self-learning strategies to achieve better performance. The prior studies show that personal innovativeness is a
key moderator of the effect of perceived usefulness on IT usage behavior and its consequences (e.g., Agarwal &
Prasad, 1998; Cheng, 2014; Shaw & Sergueeva, 2019). Therefore, the following hypothesis is developed:

H3Db Personal innovativeness positively moderates the relationship between perceived usefulness and learning
performance.

3.3. Behavioral factor

In this study, continued intention refers to students’ intention to use an IT-based tool (e.g., an OLS) to perform
learning activities (Davis, 1989). When individuals have a pleasant experience using OLSs, they may exhibit a
positive attitude toward online learning activities and are more likely to continue to use OLSs to assist them in
learning. If the functions provided by OLSs are a good match with students’ learning tasks, the use of those
OLSs may improve their learning performance. Students will likely use an OLS to achieve a desirable learning
performance (Han &Y1i, 2019; Kuo & Hwang, 2015). Therefore, the following hypothesis is proposed:

H4 Students’ continued intention to use OLSs is positively related to learning performance.

3.4. Control variables

Daily internet hours and experience with other online learning platforms were used as the control variables for
the constructs of learning performance to avoid spurious effects and specification errors in the model as they are
contextual variables that have the potential to influence issues related to ITSs.

4. Methodology

4.1. Participants and procedure

In this study, a survey approach was used to collect data about the experiences of students who enrolled in online
courses. The courses used in this study are online curricula because most of the lectures are delivered online
using OLSs. The lectures are organized into weekly lessons and alternate between online (14 weeks) and face-to-
face (4 weeks) formats. The instructional delivery approach of the online courses is designed following school
regulations. Although the online courses are based on blended curricula (e.g., Jonker, Mérz, & Voogt, 2020;
Risner & Kumar, 2016), they emphasize the online lecture delivery modality (Smith et al., 2009).

The vast majority of studies assessing online learning adoption tacitly postulate that adoption among disciplines
of online learning is homogeneous (Smith et al., 2009). In this study, the online courses investigated are part of
university curricula and cover essential healthcare subjects. The qualifications of the students enrolled in online
courses are limited to a specific semester or department. Additionally, the online courses use similar formats of
teaching materials, processes, and digital tools as those supported by OLSs (e.g., Novotny et al., 2016; Teo,
Zhou, Fan, & Huang, 2019; Cheng & Yuen, 2019). The functions of OLSs include text-based content,
multimedia, prerecorded video, hyperlinks, face-to-face lectures, traditional assessment methods (e.g., exams),
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and communication tools (e.g., messages, e-mail, forums). We thus consider the online courses investigated in
this study to be essentially homogeneous.

The survey participants were students who enrolled in six courses related to optometry, biostatistics, healthcare,
medical computer applications, and multimedia design for geo-information (two classes) in two medical
universities. Unlike the conventional instructional delivery approach, these online courses must be approved
after a school meeting. The unique contexts require an understanding that online courses may be similar but that
each student selects online courses with a slightly different set of goals and objectives. An online course can
provide flexibility for students to learn at a convenient time and enhance their learning effectiveness in
conjunction with other learning strategies (Smart et al., 2020). For example, students may have the opportunity
to participate in an off-campus internship program in hospitals or different industries. Additionally, students can
cover more material in a shorter amount of time in online courses. Further, online courses are convenient for
those who must pass a national examination for licensure as an optometrist, pharmacist, nurse, or other
healthcare professional. Thus, the content of online courses can be delivered more effectively to students than
through conventional learning methods.

According to our investigation, approximately 50 to 60 classes are organized (approximately less than 2% of the
three thousand courses every semester) as asynchronous or synchronous online courses at one of the universities
but only 10 or fewer courses at the other university every semester. An invitation letter was sent to the
instructors of all 10 online courses offered to request their participation. The instructors of six online courses
(with approximately 300 potential participants) agreed to participate in the study. All of the students in those six
courses were invited to participate in our survey, and the course instructors agreed to provide grades from the
midterm and final exams for our data analysis procedures with the consent of the participating students. The data
were collected using an online survey by Google Forms, which was analyzed to validate the proposed model
shown in Figure 1. We used the LINE app or an email, and the questionnaires were then distributed to the
students of six courses. In addition, the instructors were informed of the nature of the survey. We did not force
the students to participate in the survey. If the students were not willing to provide their scores, they were not
required to click the URL of the Google Form. The participants were asked to answer the survey questionnaire
based on their experience in the online learning process.

The qualifications of the participants were ensured, and the instructors provided the respondents’ midterm and
final exam scores based on the respondents’ IDs. All research procedures were conducted with the consent of the
instructors who had reviewed the questionnaire beforehand. There was a short description of the study at the
beginning of the questionnaire so the participants could fully understand their rights and interests. Thus, all the
participants were aware that their participation was voluntary and that they could freely participate or withdraw
at any time. All the respondents remained anonymous in the survey. Ethics approval of the study’s procedures
(Ethics Committee No. 109-088-02) was obtained through the authors’ university governance framework for
human research.

4.2. Instrument development

With regard to the content of the questionnaire, we invited two scholars in the field of online learning and
education to examine the questionnaire. The wording of the question items was slightly modified to fit the online
learning context and enhance validity. Personal innovativeness was evaluated by using the three items from
Agarwal and Prasad (1998). Compatibility was measured by using the three-item scale of Duan, He, Feng, Li,
and Fu (2010). Perceived usefulness was assessed by using the three-item scale of Davis et al. (1989). Continued
intention was measured by using the three-item scale of Cheng (2014). The learning performance construct was
evaluated based on the scores of the students’ midterm and final exam, which were provided by the courses’
teachers. Except for learning performance (students’ midterm exam and final exam scores range from 1 to 100),
other items were rated using a five-point Likert scale in which 1 means “strongly disagree” and 5 means
“strongly agree.”

4.3. Data analysis procedures

This study mainly concerns the effects of personal innovativeness and compatibility on learning performance. In
the survey, the covariance-based structural equation modeling (CB-SEM) method was used to evaluate the
structural relationships among the variables. Byrne (2006) suggested that the CB-SEM approach is appropriate

and exhibits robust statistics and fit indices against the normality assumption for theory-driven empirical

19



research. Thus, the PROCESS macro of SPSS software developed by Hayes (2013) was used to perform the data
analysis procedures for evaluating the moderating effect of personal innovativeness. Additionally, the AMOS
software package was used to conduct the CB-SEM technique’s data analysis procedures to examine the
goodness-of-fit of the measurement and structural models of the research model and validate the developed
hypotheses.

Reflective measurement instruments were used to evaluate reliability, convergent validity, and discriminant
validity to ensure that their corresponding constructs were adequate. Composite reliability (CR) was used to
assess scale reliability, while Cronbach’s alpha coefficients were used to evaluate internal consistency reliability.
The reliability of the threshold was over .7 for CR; a value of .7 for Cronbach’s alpha is recommended (Hair,
Black, Babin, & Anderson, 2010). If the factor loadings of the indicators are beyond the restrictive criterion of .5
or higher, they are significantly related to the corresponding constructs. If the average variance extracted (AVE)
values of the reflective constructs are higher than .5, convergent validity is supported. If the squared correlations
between a given construct and other constructs in the model are smaller than the corresponding AVE estimates,
it suggests that the measurements are adequate for research purposes. In addition, the values of the square root of
the AVE are greater than the correlation estimate of the two constructs, which shows good evidence of
discriminant validity.

Finally, an adequate structural model was obtained, and the significance of our research hypothesis was obtained
using CB-SEM to estimate the parameter via 151 valid samples. The indices for examining the goodness-of-fit
of both the measurement and structural models of our research model were examined using those recommended
for CB-SEM research, including the product of the minimum-fit-function chi-square statistic divided by the
degree of freedom (y*df), robust confirmatory fit index (CFI), root-mean-square error of approximation
(RMSEA), standardized root mean square residual (SRMR), goodness-of-fit index (GFI), adjusted goodness-of-
fit index (AGFI), normed fit index (NFI), and Tucker—Lewis index (TLI). Additionally, we examined the
significance of the path coefficient estimation and the determination coefficients (R?) of the endogenous
constructs.

5. Data analysis and results

A total of 18 responses were considered invalid due to the respondents’ failure to properly answer the survey
questions or to obvious systemic answers, thus yielding 151 wvalid responses. Regarding our sample’s
demographic profile, 60.26% of the respondents were female; this profile is similar to those of the students at the
two universities that participated in this study. All of them were between 19 and 23 years old, and more than
86.09% of them spent more than two hours per day in online learning. Additionally, 27.81% of the students had
experience with other learning platforms. For the control variables, the results showed that daily internet/online
learning hours were significantly associated with learning performance, whereas experience with other online
learning platforms was not.

Table 1. The results of goodness-of-fit measure via CB-SEM

Model v v/d.f. RMSEA SRMR CFI GFI AGFI NFI TLI
Measurement 107.45 1.6 .06 04 .97 .92 .87 .93 .96
Structural 169.29 242 .1 07 94 .87 .81 9 92
Cutoff value - <3 <.08-.1@ <.08 > 9 > 9 > 8 > 9 >9

Note. ® The criteria are acceptable (Hu & Bentler, 1999).

Measurement model. First, the content validity was established before we used the confirmatory factor analysis
(CFA) technique. All constructs of the proposed model were first-order reflective constructs, and all items were
based on the empirical theories of previous studies (e.g., Agarwal & Prasad, 1998; Davis et al., 1989; Duan et al.,
2010; Hill et al., 2017; Ifinedo, 2017). Second, to examine the level of goodness-of-fit (GoF) of our
measurement model, we examined multiple GoF indices, as presented in Table 1, and the results indicated an
adequate GoF level for the proposed measurement model according to the recommended threshold values (Hair
et al., 2010). Finally, the construct validity was evaluated based on the following criteria (Hair et al., 2010). As
shown in Table 2, all factor loadings, ranging from .65 to .96, were statistically significant (p < .000) and were
all greater than the cutoff value of .5. Additionally, the AVE estimates of all constructs, ranging from .62 to .85,
were greater than the cutoff value of .5. Furthermore, as presented in Table 3, we found that all the square roots
of AVE estimates for all pairs of constructs were higher than the correlation between the two constructs.
Moreover, as presented in Table 3, the CR statistics for all constructs, ranging from .77 to .94, were higher than
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the cutoff value.7. Finally, Cronbach’s alpha statistics of all the constructs ranged from .75 to .94, which were all
greater than the cutoff value.7.

Table 2. Results of the measurement model

Construct Items Factor
loading
Personal If I heard about a new online course, I would look for a way to gain 65
innovativeness experience with it. '
(PINN) Among my peers, | am usually the first to try out a new online course. 91
I like to experiment with new online courses. .89
Compatibility Using OLSs provided by the school for my learning is more suitable for my 77
learning style. ’
Using OLSs provided by the school is more suitable for my lifestyle. .95

The learning format of OLSs provided by the school meets my learning

needs very well. 85
Perceived usefulness Using online courses improves my learning performance. .78
(PU) Using online courses enhances my learning efficiency. .83

Using online courses can help me increase my learning effectiveness. .83
Continued intention I intend to use online courses to perform my learning activities and 9

communicate with my classmates. ’

I would use online courses to perform different learning-related activities. .96

I intend to increase my use of online courses in the future. .88
Learning performance Your midterm exam score is: 72

Your final exam score is: .85

Note. All factor loadings are significant at p < .001 according to CB-SEM.

Table 3. Descriptive statistics, correlations, AVE, CR, and Cronbach’s alpha

1 2 3 4 5
1. Compatibility .86
2. Personal innovativeness 65" .88
3. Perceived usefulness 56" 57 81
4. Continued intention S5 S .69 .92
5. Learning performance .06 -.06 .09 -.05 .79
Mean 3.77 3.72 3.86 3.7 73.63
SD .63 .66 .66 74 15.93
Cronbach’s alpha .89 .85 .86 .94 75
Composite reliability (CR) .89 91 .85 .94 7

Note. N =151, SD standard deviation. The square root of AVE is on the diagonal and the other matrix entries are
the factor correlations.

Structural model. We first examined the level of the GoF of our structural model by examining multiple GoF
indices, as presented in Table 1 above, and the results indicated an adequate level of goodness-of-fit of our
structural model according to the recommended threshold values (Hair et al., 2010). Additionally, the criterion
validity of the structural model was ensured in two ways. We used the predictive relevance of the correlation
between a measure developed based on a reflective perspective and the external criterion (i.e., dependent
variable). R? was used to predict the accuracy of our structural model. The three levels of R? for endogenous
constructs can be measured as follows: .75 for substantial, .5 for moderate, and .25 for weak (Hair, Ringle, &
Sarstedt, 2011). The results show that the R? values of our three endogenous constructs, namely, perceived
usefulness, learning performance, and continued intention, were equal to .57, .13, and .61, respectively. The
findings indicate that our research model exhibited weak to moderate predictive accuracy. These results reveal
that our proposed model had medium to large predictive relevance for the three endogenous constructs. Overall,
the results of this study based on the examinations above support the criterion validity of the research model.
Figure 2 shows that compatibility is positively and significantly related to perceived usefulness (Hla: g = .44, p
< .001) and continued intention (Hlb: f = .17, p < .01). Perceived usefulness is positively and significantly
related to learning performance (H2a: f = .25, p > .1) and continued intention (H2b: = .64, p <.001). Personal
innovativeness is positively and significantly related to perceived usefulness (H3a: f = .37, p < .01) and has a
positive and significant moderating effect on the relationship between perceived usefulness and learning
performance (H3b: R? changed = .02, t = 2.12, p < .05). Additionally, the bias-corrected 95% confidence interval
with 5000 bootstrapping tests confirmed that the moderation coefficient exactly excluded zero (.36-10.11),
representing a significant moderating effect of personal innovativeness. Moreover, Figure 3 shows the
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moderating effect’s slope, which indicates that the level of personal innovativeness significantly increases the
positive influence of perceived usefulness on learning performance. Continued intention is negatively but
insignificantly related to learning performance (H4: f = -.23, p > .1). Therefore, all hypotheses are supported,
except for H2a and H4.

Learning
performance
R?=.13

Personal ,
innovativeness AR* = 2%

(2.12)

|
1
25 i Y DIH
Perceived . (1.47) | 12
T4xEx @ usefulness o (130)
R?=.57 ! K
4.61) 3 \ o
(1.38)
(5.65)

Compatibility
17

(1.68
( ) Continued

intention
R2=61

**%p< 001; *#p< .01; *p<.05; *p<.1; T-values are in parentheses.
DIH daily internet/online learning hours, OP experience with other online learning platforms.
(a) Correlation parameter.

Figure 2. Hypotheses testing results of the proposed research model
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Figure 3. The moderating effect of personal innovativeness on the relationship between perceived usefulness and
learning performance
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6. Discussion

The findings of this study have confirmed that IDT is incorporated into the SCT model, which produces valuable
insights as a framework to use for online healthcare courses. Personal innovativeness and compatibility enhance
student beliefs by using OLSs and thus increase students’ learning performance. The first path (person-belief-
behavior) is supported by personal innovativeness — perceived usefulness — learning performance/continued
intention. Simultaneously, the second path (environment-belief-behavior) is supported by compatibility —
perceived usefulness — learning performance/continued intention. SCT is an influential theory that can help
educators/instructors/students efficiently plan online teaching/learning modules.

With regard to the environment-belief-behavior path, our findings show that compatibility is positively related to
perceived usefulness (Hla) and continued intention (H1b), which is consistent with the findings of previous
studies (e.g., Cheng, 2014; Raman et al., 2014). The result means that the usefulness of an OLS is determined by
its ability to support students’ self-directed learning, preferences, and peer interactions. This study suggests that
students generally have a high level of compatibility in online educational settings, which results in higher
loyalty to online learning and a positive attitude toward online courses.

Additionally, perceived usefulness is positively yet insignificantly related to learning performance (H2a), which
is not consistent with the findings of previous studies (e.g., Davis, 1989; Findik-Coskuncay et al., 2018; Han &
Yi, 2019; Liaw & Huang, 2016). Thus, we used independent z-test analysis to compare students’ perceptions of
OLS usefulness based on groups with high learning performance and those with low learning performance. The
results revealed an insignificant difference between both groups; however, a tendency was observed. It is thus
reasonable to infer that groups of students with low learning performance certainly depend on OLSs to support
their learning while those with high learning performance have high capabilities to cope with online courses and,
thus, may not be impressed when using OLSs. Consequently, perceived usefulness is positively and significantly
related to continued intention to use OLSs (H2b), which is in line with the findings of previous studies (e.g., Teo
et al.,, 2019; Wang et al., 2014). The results show the significant role played by perceived usefulness. This
finding provides novel insights to promote an OLS to improve the learning of healthcare students with
implications for instructors and students in healthcare education.

With regard to the person-belief-behavior path, the result indicates that students’ innovativeness is positively
related to their perceived usefulness (H3a), which is in line with the findings of previous studies (Huang et al.,
2019; Liu et al., 2010). Additionally, personal innovativeness has a significant moderating effect that
increases the positive relationship between perceived usefulness and learning performance (H3b). This finding is
first confirmed in this study. According to the personal factors of SCT, innovative students often have relevant
knowledge and the ability to use OLSs to learn. Such a situation may motivate them to adopt a self-directed
learning method according to their learning pace or to utilize other website learning resources to improve
learning performance by supplementing online courses. This study suggests that instructors should foster
students’ innovativeness so they will be more willing to adopt new learning technologies and further strengthen
their confidence to improve their learning performance.

Moreover, continued intention to use OLSs is insignificantly related to learning performance (H4), which is
inconsistent with the findings of previous studies. There are possible explanations for this result. Online learning
often emphasizes self-directed learning; thus, students must frequently interact and communicate with their
peers/instructors and obtain accurate knowledge or information content compared to face-to-face courses.
Simultaneously, instructors must provide timely feedback in response to students’ questions, help students fill
professional knowledge gaps, and encourage them to develop a more in-depth understanding of course content.
In fact, in healthcare education, some issues have not been fully addressed, such as the flexibility of OLSs,
students’ adaptability, and their proficiency with OLSs (Smart et al., 2020). Based on the personal,
environmental, and behavioral factors of SCT, we suggest that future research provide more insights into the
external factors of learning performance, which may enrich the research on OLS adoption.

Figure 2 shows that the control variables, such as the students’ other platform experiences and the number of
hours students spend on online learning each day, are insignificantly and significantly related to learning
performance, respectively. This implies that students’ experiences of other platforms do not provide unique
benefits to support their learning interaction or communications in healthcare courses.
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6.1. Research and practical implications

The present findings have some implications for practice and future research. Few studies have specifically
investigated the relationship between students’ continued intentions and their learning performance in higher
education settings. First, a useful OLS can enhance students’ interaction with instructors, peers, and materials,
promoting students’ engagement and facilitating cognitive reasoning abilities and critical thinking skills. From
the perspective of SCT, our findings support the proposition of social cognitive learning that is manifested by the
relationships among the human, environmental, and behavioral factors proposed by the SCT. Therefore,
instructors can actively offer some supporting teaching materials (e.g., case-based solutions) in online courses,
encourage students to interact, participate, and discuss closely with peers, and give students appropriate guidance
for learning critical knowledge that is important to healthcare professionals.

Considering a personal factor, with regard to the study’s findings, it can be reasonably inferred concerning
personal innovativeness that traditional learning tools and pedagogical approaches may need to be changed to
meet students’ needs to actively seek new learning strategies, knowledge, or ideas through interaction. In such a
case, students possess the capability to cope with a high level of uncertainty and accept new technology in the
real world.

In considering environmental factors, the findings of compatibility and perceived usefulness show that the
diffusion of technological innovation and the adoption of new technology have a high level of explanatory power
and a complementary feature that is supported in this study. Our findings contribute to an understanding the
element of compatibility with respect to students’ capability of obtaining knowledge when they interact with an
OLS in the online learning process.

Our findings also offer important practical implications. First, OLS developers must provide students with useful
functions for enhancing intersystem connectivity and interpersonal communication (e.g., visual image retrieval
from online databases and instant messaging functions) to satisfy healthcare students’ learning needs. OLS
developers can integrate several modules to develop new features based on user feedback and the results of the
constant monitoring and evaluation of OLS performance. For example, OLSs can provide students with
hyperlinks to access various online repositories or platforms to acquire critical information and quality tools to
improve healthcare students’ proficiency in acquiring professional skills.

Second, OLSs enable students to learn effectively in online courses at their own learning pace and based on their
preferences. Therefore, course designers can design courses based on the context of healthcare training to enrich
students’ understanding of critical healthcare-related knowledge. Curriculum designers can use a variety of
methods to embed a series of healthcare issues for each curriculum (e.g., medical humanities), allowing students
to establish closer interactions and deeper discussion with lecturers and learning partners in online courses.

Finally, instructors must integrate relevant course materials (e.g., clinical films) and resources (e.g., sensitive
medical records) into their online teaching. For example, instructors can combine previous clinical experience
and basic scientific and medical principles into teaching content to increase students’ interest in learning and
enhance their reflection, creativity, and skill development. Additionally, instructors can encourage students to be
open-minded and interact and share their expertise, experiences, or opinions with peers. These learning processes
can help students improve their cognitive learning skills (Huang et al., 2019; Smith et al., 2009).

6.2. Limitations and future research

The limitations of this study are as follows. Concerning the generalizability of the findings, a cross-sectional
analysis was performed based on questionnaires collected from 151 healthcare students from two medical and
pharmacy universities. Future research could extend the proposed model to various OLSs or issues by collecting
data from clinical training areas and using different sampling procedures. The results show that personal
innovativeness and compatibility are critical antecedents that have significant positive direct or indirect
relationships with students’ continued intention and learning performance. However, the effects of other personal
factors, including learning style, self-directed ability, and technology experience, could be considered in future
research projects to enrich our understanding of students’ learning performance in the context of OLS use.
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7. Conclusion

Based on an integrated view, the relationships among the critical factors of three significant conceptual
dimensions of SCT, namely, personal, environmental, and behavioral factors, were confirmed in this study. The
findings of the study send a critical message to OLS developers, learning designers, and instructors. From the
environmental and behavioral perspective, attracting and retaining healthcare students is of global concern for
higher education institutions in OLSs. Universities can offer various lectures (e.g., blended or purely online) to
respond to all students’ needs while referring to the valuable findings of this study for their decision-making in
the allocation of resources or educational strategies. From the personal and behavioral perspective, the
development of OLSs should not stop here. Learning designers should be concerned with the requirements of
innovative students’ perceived usefulness and the compatibility of an OLS, improving course design to provide
more efficient learning methods and content. In online healthcare courses, three interrelated core concepts (i.e.,
material, interaction, and embodiment) are bound together as priorities. From a holistic view of OLSs,
instructors should eliminate the myth of traditional lectures and rethink the three factors of SCT to adjust
teaching strategies in their online courses.
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ABSTRACT

To improve understanding of preservice teacher acceptance and integration of virtual reality into science, this
study examined individual concerns to integrate virtual reality into science instruction before and after a hands-
on intervention with virtual reality. Framed by the Concerns-Based Adoption Model using a mixed-method
design, preservice teachers were exposed to a 5S-week intervention to integrate and expand on existing VR tours
and construct a personalized VR tour. Pre and post analysis of the stages of concern questionnaire show four of
five preservice teachers remained focused on their personal concerns (stage 2, unsure of VR teaching
demands). The fifth advanced to stage 3, management, and was interested in learning ways to implement virtual
reality in the classroom. Open-ended data (survey items, science journals, focus group) illuminated concerns
about the technical aspects of VR, learning engagement/satisfaction, and generation of lesson plan ideas, which
influenced preservice teachers’ intention to use VR. For four of five preservice teachers, this experience
increased their likelihood to use VR in the classroom, with adoption dependent on using VR with their
students. Implications for teacher educators, educational researchers, administrators, and digital designers address
the integration of VR, instructional planning, and usability considerations.

Keywords: Curriculum design, Pedagogy, Science, Technology acceptance, Virtual reality

1. Introduction

Higher education students use digital technology most frequently for personal and informal reasons, to
communicate socially with one another (Echenique et al., 2015; Gasaymeh, 2018). A synthesis of a special issue
on virtual reality (VR) in learning revealed vivid and enhanced ways that students can learn with “virtual and
augmented reality modes;” however, the synthesis stated that this shift would require “extensive research on
content and context design” (Lytras et al., 2016, p. 878). loannou and Ioannou (2020) identified academic gains
and positive perceptions when middle-schoolers’ used VR to go on a virtual tour of Archaic kingdoms, but more
research is needed at the intersection of technology, design, and pedagogy when integrating VR.

Other integration factors such as school leadership and modeling of the innovation influence whether a
technology is adopted for use (Hall, 2010). To contribute to the complexity, the successful implementation of a
technological innovation, such as VR in the classroom, also hinges on a teacher’s ability to move through their
stages of concern (SoC) related to the innovation (Loucks & Hall, 1979). An individual’s initial concerns focus
on personal issues, (stage 2 of 6 on a 7-point Likert scale), primarily related to “time, planning, and instructional
practices” (Donovan et al., 2007, p. 274).

Preservice teachers (PSTs) require explicit strategies to integrate VR into primary and secondary classrooms
(Ferdig et al., 2018). Students who produced a written summary of the lesson after each VR segment
outperformed those who did not pause to document their learning (Parong & Mayer, 2018). Lee and Shea (2020)
found that introducing PSTs to VRwith the intentto develop curriculum increased PSTs  self-
efficacy, and PSTs’ intention to use VR in their future classroom. However, not all PSTs are convinced they
should integrate VR into their teaching. Unlike Donovan et al., (2007) measure of teachers’ initial
SoC, more research is needed to explore an individual’s change in concern following the implementation of a
new technology. To address the need for an in-depth understanding of “content and context design” (Lytras et
al., 2016, p. 878) when using VR, the purpose of this study is to examine PSTs acceptance to use VR to plan
science instruction. This research seeks to inform how teacher educators, school administrators, and digital
designers can acknowledge and respond to individual teacher concerns to help schools more effectively integrate
VR technology to support teaching and learning in the classroom.
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1.1. VR in education

The term “virtual reality” has been used since the 1960’s, but differences between immersive and non-immersive
VR require clarification. Ferdig et al., (2018) define non-immersive VR as a computer-based environment or
simulation (e.g., iPad, laptop, desktop computer), whereas immersive VR is when an individual perceives him or
herself inside the proposed setting (e.g., head-mounted viewer). Our study aligns with the immersive VR
definition, which we hereafter refer to as VR.

VR as an instructional tool is a relatively new concept that holds considerable promise for the educational
technology community because it offers potential for growth in student learning (Hutchison, 2018) and can help
students understand abstract models (Chen et al., 2020). Though there is a paucity of research on VR in teacher
preparation, the study of VR is noted within some education settings. For example, middle-school social studies
students in economically disadvantaged rural school districts were introduced to VR to measure differences in
motivation and student achievement (Bowen, 2018). Similar, but using augmented reality, 51 elementary
students used augmented reality to engage in hands-on science learning (Wang, 2020). Although Wang (2020)
found no statistical significance between using augmented reality and e-books, qualitative data indicates the
bright colors offered by multimedia was an affordance that increased student discussion.

In higher education, undergraduate medical students used VR to help learn about the structure of the human
body, and results also found that immersion and imagination features of VR-mediated course content positively
impacted perceived usefulness and perceived ease of use (Huang et al., 2016). Harron et al. (2017) also explored
the design of a museum learning experience using virtual reality and mobile devices. To contribute to students’
understanding of science concepts, a classroom of elementary learners used VR to access the View-Master
National Geographic Wildlife app (Hutchison, 2018). Similarly, in another example, VR devices helped deliver
instruction to students in remote locations to transform social interaction via behavior and context (Bailenson et
al., 2008). Additionally, computer-based VR using a researcher-designed software known as Topo-
Pano Explorer helped teach the concept of contour mapping by displaying immersive 360° images of real-
world environments (Park et al., 2008). Though exploring VR implementation in the classroom is essential to
determine strategies for using VR, aligning VR to standards-based instruction needs to be a curricular
imperative.

VR is an effective mechanism to increase student engagement (Bowen, 2018; Ferdig et al., 2018; Merchant et
al., 2014). Most recently, Bowen (2018) realized gains in student achievement and engagement when VR
was implemented in a rural middle school to teach social studies. Merchant et al., (2014) examined 29 studies on
virtual worlds in K-12 and higher education and concluded that, overall, virtual worlds positively affected
student outcomes. VR-based instruction may also benefit English learners’ language development (Craddock,
2018) and students with cognitive or psychological disorders (Horn, 2016). Despite some evidence to suggest
that VR may benefit learning and increase student engagement, we still know little about how a teacher
perceives and intends to use VR in the classroom.

1.1.1. Immersive virtual reality

Since 2016, low-cost VR devices and curriculum resources such as Google Cardboard head-mounted viewers
and the Google Expeditions app (“Expeditions”) have become widely available and accessible (Churchill, 2017).
Google Cardboard is a VR head-mounted viewer intended to be used with a smartphone or small tablet (Google
Cardboard, n.d.). Similar viewing devices are readily available from other manufacturers, but since Google
introduced Google Cardboard for $15 USD, this viewer has garnered the attention of classroom teachers (Horn,
2016). Teachers can create their own immersive VR classroom kit for as little as $150 and download a variety of
free apps (Long & Eutsler, 2020).

The Expeditions app is designed to support learning in K-12 classrooms (Dutton, 2016). Each expedition is a
virtual tour of a location viewable by students with a VR head-mounted viewer. Locations include sites from
outer space, the inside of an atom, and the caldera of a volcano. The teacher utilizes a tablet to direct students to
specific points and can observe where students are focusing their attention within the tour (Google Expeditions,
n.d.). Expeditions boasts over 900 virtual tours available for open access and use to allow students to see around
the world from the safety of their desks (Ullman, 2016). Twenty-four elementary students attended a 2-week
social studies camp, and results showed that after using the Expeditions app to engage in immersive VR
learning, student motivation improved, coupled with a diminishment of test anxiety (Cheng & Tsai, 2019).
Companies who sell VR, such as RobotLab, are developing VR Expeditions 2.0 in partner with Britannica,

29



slated to be introduced in late 2021 (Galvis, 2020). As VR in education affordances continue to evolve,
more research is needed to examine how to plan instructional experiences with VR.

2. Concerns-based adoption model

The concerns-based adoption model (CBAM) is a technology adoption model that identifies an individual’s
concerns about an innovation (Hall, 1976), such as new technology. This model offers an in-depth measure of an
individual’s concerns, as opposed to the diffusion of innovation theory (Rogers, 2003) which analyzes
innovation acceptance over time. CBAM is comprised of three dimensions to understand technology acceptance:
SoC, levels of use, and innovation configuration. When integrating a new technology, these concerns are
influenced by the individual’s background experiences, self-efficacy related to the technological innovation, and
the intended purpose for introducing the target technology. When we implement the CBAM model and focus on
the SoC dimension, it allows for the exploration of potential adopters perceived needs and perceptions relative to
the innovation. Figure 1 displays the SoC about the innovation, measured on a seven-point scale that ranges from
zero to six: awareness (0), informational (1), personal (2), management (3), consequence (4), collaboration (5),
and refocusing (6). The CBAM acts as a guiding framework to help illuminate concerns that accompany PSTs
perceptions and intentions to use VR. These illuminated concerns make it possible to tailor technology
integration strategies and teacher professional development.

[} Refocusing

The individual focuses on exploring ways to reap more universal
benefits from the innovation, including the possibility of making major
changes to it or replacing it with a more powerful alternative.

5 | CRlEE ) The individual focuses on coordinating and cooperating with others

regarding use of the innovation.

4 | SRR The individual focuses on the innovation’s impact on students in his or

her immediate sphere of influence. Considerations include the
relevance of the innovation for students; the evaluation of student
outcomes, including performance and competencies; and the changes
needed to improve student outcomes.

3 bl The individual focuses on the processes and tasks of using the

innovation and the best use of information and resources. Issues
related to efficiency, organizing, managing, and scheduling dominate.

2 | ekl The individual is uncertain about the demands of the innovation, his or

her adequacy to meet those demands, and/or his or her role with the
innovation. The individual is analyzing his or her relationship to the
reward structure of the organization, determining his or her part in
decision making, and considering potential conflicts with existing
structures or personal commitment. Concerns also might involve the
financial or status implications of the program for the individual and his
or her colleagues.

LaRicinatonal The individual indicates a general awareness of the innovation and

interest in learning more details about it. The individual does not seem
to be worried about himself or herself in relation to the innovation. Any
interest is in impersonal, substantive aspects of the innovation, such
as its general characteristics, effects, and requirements for use.

0 [l Tult The individual indicates little concern about or involvement with the

innovation.

Figure 1. Stages of concern (SoC) about the innovation (George et al., 2006)

Adapted to the context of this study are examples of each SoC. An example of a concern at the awareness stage
could be an individual admitting they have never used VR. Informational constitutes the information seeking
stage where an individual may ponder what apps and VR tours are compatible with the VR hardware. In the next
stage, personal, the concern might center on how VR influences an individual personally, which could include
questioning if immersive VR might lead to dizziness or another unpleasant feeling. During the management
level, the user might focus on integrating VR into lesson planning (e.g., selecting the appropriate app, VR tour,
scaffolding with supportive learning activities) in addition to expressing concerns about how to maintain the VR
viewers and smartphone devices (e.g., charging the devices, updating software, downloading VR tours). At the
consequence stage, the teacher might inquire about how VR can influence student motivation, engagement,
and achievement. Within the collaboration stage, concerns might focus on wondering how others are using VR
compared to how the individual uses the innovation in their own classroom. The final stage, refocusing, occurs
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when the teacher seeks out new ways to improve the teaching and learning experience, which could
entail searching for new and improved software (e.g., VR apps) and higher quality hardware.

Similar to other technology innovations, implementation barriers can stem from an individual’s beliefs about
technology, self-efficacy, reaction to change, availability of technology resources, lack of professional
development, and inability to manage the tool (Hall, 1976). Despite the promise of VR’s ability to improve
student motivation and learning, few teachers integrate VR into their classrooms. With access to more affordable
head-mounted viewers, it is important to investigate PSTs’ attitudes, perceptions, and intentions to use VR in the
classroom so teacher preparation programs can address and prepare for perceived barriers that might otherwise
inhibit technology acceptance and use.

2.1. Research questions

e How doPSTs’ SoC before the introduction of VR compare to their SoC followinga hands-on
intervention with the innovation?

e Relying on open-ended data sources (e.g., survey items, science journals, focus group), what appear to be
the underlying reasons to explain each PSTs’ concerns when using VR to plan science instruction?

3. Method

This mixed-method research study (Creswell & Creswell, 2018) provides empirical and explained perceptions
to compare each participant profile with the innovation before and after exposure to VR. This method was most
appropriate to help closely examine the sample size of five PSTs from the same undergraduate
classroom. Multiple data sources provide triangulation to answer the study’s research question. We implemented
a pre and post design of the Stages of Concern Questionnaire (SoCQ), which contains 35 Likert-scale response
items, to which we added one open-ended response item (George et al., 2006). Although the SoCQ reports
quantitative data, the questionnaire produces qualitative descriptions based on the quantitative measures
obtained. Other qualitative data sources include PSTs’ individual science journals, individual surveys following
each VR experience, and a focus group meeting to conclude the study.

3.1. Participants, context, and procedures

Data were collected in fall 2018 within an undergraduate science methods course at a large, public, Hispanic-
serving and minority-serving institution, comprised of more than 38,000 students in the southwestern United
States, with approximately half first-generation college students. PSTs enrolled in the course as part of their
degree requirement toward becoming middle-school science teachers. Participants included Amber, Ava, Carla,
Chuck, and Frieda (pseudonyms). Chuck and Frieda were student teaching full-time in grades five and seven,
respectively; Amber, Ava, and Carla were observing in middle-grade classrooms twice a week as part of their
teacher preparation. Three of the five participants came from diverse backgrounds; Table 1 displays the study
participants reported gender, ethnicity, and age.

Table 1. Demographic makeup of study participants

Participant Gender Ethnicity Age
Amber Female Caucasian 25
Ava Female Hispanic 24
Carla Female Hispanic 21
Chuck Male Caucasian 25
Frieda Female Asian 27

This study was introduced to PSTs as an opportunity to engage and explore with VR to innovate
science learning. Participation had no impact on their course grade, and informed consent was obtained from
each participant. The consent outlined the risks involved, including the potential for “loss of spatial awareness,
dizziness and disorientation, seizures (e.g., anyone who is epileptic or is prone to seizures should not be
considered as a candidate for VR), nausea, and eye soreness.”

Four of the five VR sessions were conducted in a science education laboratory classroom. The classroom,
equipped with high top laboratory tables with four swivel laboratory chairs at each table also contained sinks,
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and most equipment typically found within a middle-school science lab. One intervention session was held at the
university’s environmental education center. The environmental education center contains indoor and outdoor
areas designed for informal learning. The outdoor learning area includes two paleontology/archaeology dig
boxes, a Texas geologic history walk, and a pond suitable for practicing environmental monitoring and collection
of macroinvertebrates.

The VR equipment used in this study was a commercially available classroom set containing 20 headset viewers,
a teacher tablet, 360-degree camera, and LAN router. The viewers consisted of a hard-plastic shell with
magnifying lenses that allowed for viewing VR content displayed on the included smartphone. Unlike the more
affordable cardboard viewers, these viewers are sturdier and include a focus adjustment. The viewers did not
come with a head strap, which required students to hold the viewer when experiencing the VR lesson.

3.2. Data collection

This study was conducted over five consecutive weeks. Before PSTs were introduced to VR, they completed
the SoCQ, which contained the standard 35 items and demographic items. One additional open-ended response
item concluded the survey, “Please share anything else you would like to tell us about your experience/opinions
regarding technology.” Other qualitative data sources included individual science journals, individual surveys
following each VR experience (n = 5), and a focus group meeting at the end of the study.

The SoCQ questionnaire “was designed for and is intended to be used strictly for diagnostic purposes for
personnel involved in the ‘adoption’ of a process or product innovation” (Hall et al., 1977, p. 57). The
questionnaire contains 35 statements, with each focused on a specific concern in connection to the innovation.
Respondents indicate the degree to which each concern is true for them by selecting from a 0—6 Likert-scale.
High numbers indicate high concern, low numbers are associated with low concern, and 0 indicates very low
concern or irrelevant items (George et al., 2006, p. 26). Sample items include: “I am concerned about students’
attitudes toward the innovation,” “I have a very limited knowledge of the innovation,” and “I would like to know
how the innovation is better than what we have now.”

Details of the intervention illuminate PSTs depth of involvement with the VR. Each 90-minute session built on
the previous experience to move at a pace dictated by the participants (Pearson et al., 2019), with lessons
intended to help PSTs’ envision VR in their science classrooms.

We introduced the study and PSTs completed the SoCQ (Hall et al., 1977). To administer the survey, we loaded
the original questionnaire items into Qualtrics and PSTs completed the electronic survey on their personal
laptops. Following the survey, we unboxed the VR and provided basic instructions on how to power on and
handle the equipment. The learning objective during session one was for PSTs to become familiar with the VR
device. To accomplish this goal, we directed PSTs to the functions of the hardware and took them on a VR tour,
using the Expeditions app. For the second VR experience, PSTs compared Expeditions tours designed by
different developers intended to teach life science. Though most VR tours are silent and only include on-screen
text, PSTs went on an Expedition tour that was equipped with audio features, audible through the teacher tablet.
We integrated individual science journals that contained guiding instructional questions to support and
encourage responses and reflective thinking, which were adapted from the Expeditions curriculum.

Within the third VR experience, PSTs’ aligned science-learning standards with VR videos, while continuing to
integrate science-learning journals. To accomplish this, PSTs explored the Discovery VR and roller coaster
apps and brainstormed how these immersive videos might influence students’ personalized learning experience
and understanding of the standard. Additional apps explored were Titans of Space Cardboard VR, SciVR, Share
the Science: STEM, and Water Cycle VR. By the fourth VR session, we perceived PSTs were ready to create
their own VR tour. Using a Ricoh Theta SC 360° camera, they took turns taking photos of an outdoor science
center located on the university campus. Some of the photographed settings included a fossil dig, pond, nature
trail, waterfall, and life-size reconstructions of extinct animals. Photos from the 360° camera were transferred to
a desktop computer using Google Poly, a free VR tour creator software. The self-made VR tour was made
publicly available online at [link available upon acceptance]. Each PST typed the web address into the browser
on their VR smartphone device, placed the phone into their head-mounted viewer, and immersed themselves into
the VR tour they had created. Again, PSTs responded to question prompts and documented their thinking in their
science journals. At the completion of the study, PSTs completed the SoCQ for the second time.
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3.3. Data analysis

The SoCQ was analyzed in accordance with the guidelines outlined in the questionnaire manual (George et al.,
2006). The scores for each of the SoCQ stages were averaged and the resulting means were multiplied by five to
produce a raw score. The raw score for each stage was converted into a percentile score utilizing the tables
derived by George et al., (2006). As illustrated in the graphs, the resulting percentile scores were graphed with a
description to produce an individual profile for each participant. Each PSTs result was matched to one of these
profiles to form the basis for the descriptions of their SoCs.

Guided by Braun and Clarke (2006), we engaged in a seven-phase deductive thematic analysis of open-ended
data (science journals, pre and post SoCQ open-ended item, surveys, focus group). During phase one, we
individually read the complete qualitative dataset, documenting impressions, thoughts, and preliminary
interpretations. Following our initial readings, phase two consisted of rereading all open-ended responses to
deductively align data in accordance with each CBAM SoC level (Hall, 1976). This deductive process allowed
for a deeper understanding to compare each participant’s SoC at the beginning and end of the study. In phase
three, we collaborated, compared, and contrasted our sorting of open-ended data to align with each SoC, to
deepen our understanding of each participant’s experience. Phase four involved individually delving back into
the dataset to determine whether all data fit within the deductive SoC domains, ascertain whether data were
sorted accurately, and distinguish if new domains were needed. After sorting the data, our fifth and final phase
served to ensure a shared understanding of each theme.

To ensure inter-rater reliability, the data was independently analyzed by both authors and discussions were held
until consensus was reached. To address issues of validity, we employed member checking by returning the data
and our interpretations to the participants to allow PSTs to support, explain, corroborate, or clarify their
responses. To further address validity, we divulge the role of the researchers. Both researchers were involved in
the design, implementation, and analysis of the present study. The primary researcher was an experienced
educational technology user, but had never used VR head-mounted viewers prior to this study. The co-researcher
has a background in computer science, was the science methods professor, and had previously used VR to access
Google Expeditions in his 8th-grade classroom.

4. Results and discussion

Given the potential benefits of using immersive VR to support learning, such as increased student engagement
(Bowen, 2018; Ferdig et al., 2018; Merchant et al., 2014) and opportunities for inclusion (Craddock, 2018; Horn,
2016), it is important to understand what barriers to implementation are perceived by teachers who consider
incorporating VR into their instruction. Since implementation of VR in the classroom may represent a large
investment of teachers’ and school districts’ budget allocation, it is important for schools and districts to
understand barriers that could otherwise hinder a valuable return on their investment. As outlined in George et
al., (2006) SoCQ manual, findings are organized and discussed by each participant’s individual peak stage score
interpretation before and after the study, and relative to their individual profile interpretation description.

4.1. Individual peak stage score interpretation

Peak stage score interpretation is the simplest form of SoCQ data analysis. To perform this analysis, we charted
the percentile scores and identified the highest stage of concern. In cases where another stage was within one or
two points, both stages were identified as the highest stage of concern. It is important to note that percentiles are
not interpreted as absolute scores; rather, they are viewed as relative to the other stages. Individual second
highest scores were also examined to identify a secondary SoC.

4.1.1. Before the VR experience
Table 2 shows the individual peak scores for each participant prior to the study. Stage 0 (unconcerned) was the
peak score for both Amber and Carla, indicating that teaching and learning with VR was not necessarily a high

priority. Interestingly, unique to both Amber and Carla, their second highest SoC was stage 1 (informational)
suggesting that while not a high priority for them, they were interested in learning about VR.
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For Ava and Frieda, their highest SoC was stage 2 (personal), which suggests they were unsure about the
demands of implementing VR in science. Akin to Amber and Carla, both Ava and Frieda shared Stage 1 as their
second highest score, which indicates that although they had concerns about using VR to support instruction,
they were interested in learning more about the innovation.

Chuck’s individual peak scores in stages 1 and 2 are nearly identical, indicating a profile similar to Ava and
Frieda. However, he also has a relatively high score in Stage 0, which invites a comparison to Amber and Carla.
It is interesting to note that there appear to be two subgroups, Amber—Carla and Ava—Frieda, with Chuck being a
hybrid of both groups.

Table 2. Individual peak stage score interpretation pre

Participant SO S1 S2 S3 S4 S5 S6
Amber 99 80 48 39 69 16 5

Ava 31 80 83 56 24 28 17
Carla 9 95 89 60 43 76 34
Chuck 81 96 97 34 82 93 42
Frieda 31 54 59 30 11 10 17

Note. Peak scores are underlined.

4.1.2. After the VR experience

Table 3 displays the individual peak scores after the study ended. Several interesting observations appeared
when analyzing the post-study scores. For one, the mini-cohort of Amber and Carla showed progress. While they
both maintained Stage 0 as their primary SoC, their second highest SoC shifted upward on the model’s
trajectory. Amber moved from the information stage into Stage 3 (management), which indicates she is
contemplating how to implement VR in her classroom. Carla shifted from Stage 1 to Stage 2, suggesting that she
learned about the innovation but is now concerned with her ability to implement VR in the classroom.

The mini-cohort of Ava and Frieda indicated stagnant change. Both showed Stage 0 among their primary SoC
with stages 1 and 2 nearly as prominent. This profile shows that they are still struggling with their self-efficacy,
and the idea of implementing technology is no longer a high priority.

Chuck, who shared similarities with both mini-cohorts, had the most dramatic change in peak scores. Chuck’s
post-study peak score is at Stage 5 (collaboration), which indicates that he is focused on connecting with others
to use the technology in more innovative ways. Chuck’s second highest peak scores were noted in stages 1 and
2, indicating his concern with personal implementation and a desire to learn more.

Table 3. Individual peak stage score interpretation post

Participant SO S1 S2 S3 S4 S5 S6
Amber 99 45 7 80 5 5 11
Ava 81 80 83 60 16 40 38
Carla 98 84 92 73 43 59 57
Chuck 31 91 92 43 22 97 26
Frieda 81 60 57 52 19 22 30

Note. Peak scores are underlined.

4.2. Individual profile interpretation

The richest method for interpretation of the SoCQ occurs through individual profile analysis (George et al.,
2006). Profile analysis is accomplished by graphing the SoC percentile scores for each participant. Ideally, peaks
in the profile should move from left to right as the participant progresses into higher stages of acceptance. This
movement was only noted among some of the study participants. To facilitate discussion of the individual profile
interpretations, each student profile is presented as a separate figure. A frequency of the highest stage of concern
is displayed to show collective concerns before (Table 4) and after the study (Table 5).
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Table 4. Frequency of highest concerns stage for the individuals pre

Participant SO Sl S2 S3 S4 S5 S6
Number of participants 2 1 3 0 0 0 0
Percent of participants 33 17 50 0 0 0 0
Table 5. Frequency of highest concerns stage for the individuals post

Participant S0 S1 S2 S3 S4 S5 S6
Number of participants 4 0 1 0 0 1 0
Percent of participants 67 0 17 0 0 17 0
4.2.1. Ava

Figure 2 displays the profile for Ava before and after the VR experience. Both pre and post lines of Ava’s profile
closely resembles what George et al., (2006) describe as a typical non-user profile. This profile suggests that
while Ava is interested in learning more about the innovation, she is not overly concerned with other stages, such
as management and collaboration. Although both lines adhere to the non-user profile, the increase in stage 5 and
6 (refocusing) scores indicate that Ava has become more involved in thinking about collaborating and/or is
refocusing with competing ideas. The difference in the Stage 0 score is not as important in this profile
configuration as are the stage 1 and 2 scores, because earlier conclusions have shown that “variations in stage 0
do not seem to be as important as variations in stage 1 and 2” (George et al., 20006, p. 38).
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Figure 2. Ava’s pre and post experience profile

4.2.2 Frieda

Figure 3 shows Frieda’s pre and post experience profiles. Frieda exhibited a variation on the typical non-user
profile, described by George et al., (2006) as a negative one-two split with tailing up at stage 6. A negative one-
two split occurs when stage 2 is markedly higher than stage 1. In Ava’s case, stage 2 was higher but only by a
couple of points so it would not classify as a negative split. A negative one-two split indicates potential
resistance to the use of VR in the classroom due to elevated personal concerns to use the technology. Users with
this profile will not typically move toward adoption until stage 2 concerns are addressed (George et al., 2006).
Frieda’s post profile line removes the negative one-two split, and although the later stage of concerns are
elevated, this implies that Frieda has started to move toward the adoption of VR. The increase in stage 1
indicates that she likely wants to learn more before exploring the innovation further.
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Figure 3. Frieda’s pre and post experience profile

4.2.3. Chuck

Chuck’s profile (Figure 4) also shows signs of a typical non-user but with the added characteristics of a high
collaboration and consequence concerns profile. The high score in both stage 4 and 5 show that Chuck was
initially concerned with how implementing VR would impact his students, but he was also interested in
collaborating with others to use the technology. The drastic drop in stage 4 after the VR experiences indicates
that Chuck is confident that his students would benefit from VR. However, Chuck still has concerns associated
with the non-user profile, which indicates he would like to seek additional information.
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Figure 4. Chuck’s pre and post experience profile
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4.2.4. Carla

Figure 5 exhibits Carla’s pre and post profiles. Carla began the VR experience as a typical non-user profile as
described by George et al., (2006). At first glance, it may not seem like much change from pre to post; however,
a closer examination reveals a negative one-two split similar to that portrayed in Frieda’s pre-experience. This
indicates that Carla’s concerns about how to implement VR affects her personally, which now overrides her
desire to learn more about the topic. It is interesting to note the reduction in Carla’s stage 5 concern. This
reduction suggests that she is more confident in collaborating with colleagues to use VR in the classroom. A
stage 6 increase suggests she may be exploring a more powerful alternative and/or different ways to use the tool.
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Figure 5. Carla’s pre and post experience profile

4.2.5. Amber

Amber’s pre and post profiles are depicted in Figure 6. Amber’s initial profile indicates a high interest in stage 1
and a secondary concern in stage 4, suggesting that she is curious about VR but has reservations about what it
means for her students. Amber’s post experience profile shows that she has possibly lost enthusiasm for
the innovation. The high stage 3 score could imply that she thinks the implementation of VR would require too
much commitment in terms of time, logistics, and/or management.
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Figure 6. Amber’s pre and post experience profile

4.3. Collective reflection of PSTs VR concerns

After unpacking PSTs concerns, open-ended response data revealed four additional themes: emphasis on
the technical aspects of VR, learning engagement/satisfaction, generation of lesson plan ideas, and PSTs
intention to use VR.

4.3.1. Emphasis on the technical aspects

Considering the technical properties of the VR headset, PSTs judged device quality and proposed
suggestions. Four explained the clarity of the VR headsets was a problem. Carla said her main concern was
quality and that it “would be great if the quality was better...that is my main concern.” Chuck wished “there was
some more clarity on the images.” Frieda offered a suggestion to “try looking into if the blurriness came from
goggles or the device,” and explained that “you would have to have a better-performing device/cellphone than
the provided Nokia,” because “the Nokia was blurry and without finding a hot-spot, it would not be seen in good
quality.” Amber elaborated on the eyepiece and explained a possible solution to reduce motion sickness while
wearing the VR headset, because “resolution is blurry possibly because of the eyepiece. This may help with
reduction of motion sickness.”

Ava noticed a difference among the quality of images and how they vary from one VR tour developer to another.
For example,

I felt like the Life in the Deep Ocean expedition lost my attention because the images were fake and I could tell
and I feel as though that would be the time to just pull images up on the board and have the students look versus
using VR because it’s not ‘real’ like the other images were.

Chuck offered a possible explanation for the differences among the image quality, saying that “the illustrations
were okay- I understand that its purpose being that those images are harder to capture, and that some things must
be illustrated for VR.” Chuck added the importance of using a high-quality smartphone, “once the quality of the
phone was changed (to Samsung™ Galaxy S7), I was really amazed at how great the experience became!”
explaining, “I know I was being tough on it, but I’m just putting myself in the minds of my students and thinking
what they would think.”

Two students suggested head straps. Carla said that she felt she would “need straps to wear around my head” and

Chuck said, “I wish there were straps on the headsets so I wouldn’t have to hold up the goggles the whole
time.” Those who wore glasses faced another challenge. Carla noted “it’s a little hard to use the equipment with
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glasses but because I can still see without my glasses, I’'m fine. I would be concerned about students who cannot
see too well without their glasses though.”

There was mention of the time it took to prepare the VR headsets for use. Frieda said that “creating our own VR
tour helped us to understand how time consuming it is to set up everything.” Frieda went on to speak about
connectivity issues, saying that it was “easier to use and follow along as long as the Wi-Fi is properly working. It
would be easier without technological conflicts.” Another shared an idea that could make the experience more
realistic. Ava said, “I wish we could record videos or switch the view to 1st person like in a go pro that way it
really feels like you’re there.”

4.3.2. Learning engagement/satisfaction

Four PSTs said they enjoyed the experience of using VR. Chuck admitted that he “really enjoyed this
experience. I think it is awesome that we got to go to different continents to see the different volcanoes.”
Frieda reminisced about being able to ride on a roller coaster, an otherwise unimaginable experience. She
explained, “I also tried the Discovery app, the roller-coaster video in thrills and adventure. That was a good
experience: it actually felt like being in a roller-coaster.” Carla relayed that VR can give students an opportunity
to visit places they would never get to see otherwise. “I think it was great, especially because the deep ocean is
an environment that students would probably never see in real life.” Carla also found it “impressive that we can
make our own [VR tours].” Ava, though she liked the VR, felt that the VR research detracted from her teacher
preparation experience.

I enjoyed this experience overall. Although I do feel a little like it took away from the methods class and us
actually learning things that are pertainable [sic] to learning methods content I enjoyed it. It made class a little
more fun in being able to mess around with the VR technology.

PSTs also liked the variety among the VR tours available. Frieda said, “Using the different expedition types
gives it variety and different perspectives.” Chuck enjoyed going to “different continents to see the different
volcanoes,” while Ava “loved the persevered oceans.” Two other PSTs emphasized how realistic the experience
felt for them. Ava admitted she “really enjoyed having the sound even if it was only from the teacher’s device. I
feel like that does add to the expedition and makes it more realistic.” Frieda provided an example of realism,
“between the Discovery VR app and the YouTube® video, the YouTube video made a difference visually and in
audio.” Frieda also noticed “having realistic scenes will allow students to experience an outside classroom
experience.”

Issues of equity and access arose in regard to the importance of taking future students to places they may not be
able to afford to travel. Ava admitted for herself that money was an impeding factor, because “both places we
visited are places I have wanted to go in real life but just don’t have the money for yet.” Carla seemed relieved
that VR allowed for some travel adventure, “I think it was great, especially because the deep ocean is an
environment that students would probably never see in real life.” Frieda echoed, “The illustration allows students
to see what they cannot experience as there are places where people can’t visit.”

4.3.3. Generation of lesson plan ideas

Regarding science lesson plan ideas, PSTs had multiple recommendations for how to incorporate VR into
learning. Frieda proffered, a

field experience involving different terrains and areas dealing with succession. Life Science involves the outside
world so an explanation of microhabitats and biodiversity could make a great experience. Areas such as creeks
and forests could make a good lesson with the VR tour.

Some PSTs were inspired by the Elm Fork VR tour they created. Amber envisioned how “you could take a 360
photo of a specific biome and have the students list all the biotic and abiotic factors that they see.” Carla had an
idea to take “a picture of an area where we have all these factors and then make students list out the different
factors” and then ask students to consider how those factors could “affect the relationships that organisms have
with their environment.” Ava adapted the idea to make it here own,

one VR tour I could do would be similar to the elm fork where I could go to a nature reserve or park and use that
over a lesson about organisms and the environment. Another VR tour I could do would be to make a trip out to
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the different ecoregions of Texas and take pictures so students can have an experience learning about the effects
of weathering, erosion and deposition of the earth.

Chuck shared many different science lesson plan ideas, one involving students who might otherwise be unable to
attend a field trip. He reflected, “I could use VR to simulate my trip for the students who didn’t go so they don’t
totally miss out on the experience.” Additionally, Chuck came up with lesson plans to explore the solar system,
different volcanoes, as well as parts of a cell for biology. Carla also had an idea to create a VR lesson plan for
her students following a storm or natural disaster. She explained how this would be helpful, “so that we can learn
about natural disasters or certain events. I liked creating our own experiences so I think students would definitely
enjoy it too.”

4.3.4. Intention to use VR

In line with PSTs who were satisfied with the VR experience, four PSTs intend to use VR in their classroom
because they were positively impacted by the experience. Frieda reflected, “it’s a great way to have students
experience their surroundings especially if there are students that have not experienced a 360 POV. It’s really a
good idea to use VR as a classroom experience.” Mindful of the limitations of available technology in
schools, Chuck said, “I’d use VR in my classroom if I had it! I think VR experiences can be a powerful thing for
teachers and students.” Chuck also admitted the need for additional professional development, “I would like to
do VR experiences with my students one day, given a little more training to master the technology.” Carla added
that, “it’s also cool to think that teachers can create their own experiences for their classes.” Ava appeared
impressed with the ability to make her own VR tour, “it’s cool to see the finished piece of what we did last
week.” Carla believed that by using VR, “it would engage students to be able to create their own VR
experiences.”

Both Frieda and Carla explained how the experience could help engage their students and improve their lesson
plans. Frieda said, “I think it would be great to use in the classroom and making our own with experience we
want to share with our students could further better our lessons.” Ava believed VR would be helpful because
“students would really enjoy going out and taking the pictures and then being able to see it through a different
lens.”

4.4. Reflection of the intervention experience

To inform future research, we share lessons learned from this intervention experience. Logistics pertain to
selection, planning, and implementation. First, it is essential to identify the usability experience. Decide on the
desired VR interface, whether students will use a desktop computer, laptop, tablet, or head-mounted viewer.
Next, consider when and how the devices will be utilized during instruction because device options vary in
quality and movability. For example, the Oculus Rift® is high quality but requires a wired connection, whereas
the smartphone and head mounted viewer setup is wireless. A wireless education kit typically comes equipped
with a secure and padded carrying case, 10 headset viewers, 10 smartphones, charging ports, and a router, but it
is costlier. A third option is to create a set of five for a classroom for about $150, which might contain the head-
mounted viewers with a strap, gently used but higher quality smartphones, with an option for teacher-led
instruction using a tablet and router. Add a 360° camera to help students create their own VR experiences.
Device selection is important because it involves careful consideration of intended use, budget, and
subsequently, quality.

With devices in hand, device exploration is foundational to using apps and aligning with instruction. Just as
teachers need to preview the curriculum before designing a lesson, it is essential to practice device setup. Spend
time locating or designing VR tours to support instruction. Prepare to introduce the innovation to students. Thus,
adapt classroom management techniques, emphasize safety procedures, and provide students with a laminated
printout with access, use, charging, and cleaning instructions. Finally, obtain student feedback to adapt
instruction, brainstorm new ways to engage with VR, and challenge students to design their own VR tours.

4.5. Limitations

We acknowledge that this study contains limitations. First, the sample size of five participants is small, and
therefore cannot be generalized to other contexts. Nonetheless, the rich dataset is triangulated by open-ended
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response items, and the SoCQ provides descriptive behaviors to explain acceptance to a technological
innovation. Another limitation is that data from the SoCQ and open-ended responses are self-reported, which
may include social desirability bias (Edwards, 1957), where participants’ could portray themselves as a more
positive or confident user than is true.

5. Implications and future research

Implications of this research first indicate the need to extract an individual’s concerns before implementing a
technology, because an awareness of an individual’s SoC could reduce barriers toward the acceptance of an
innovation. Our findings also demonstrate the importance of providing PSTs with hands-on technology
experiences, which is essential for an individual to conceptualize and actualize themselves using a new
technology and is a necessary process that supports PSTs becoming classroom teachers. In our study, we noticed
that all PSTs perceived and responded differently to using VR to support learning, in addition to how they
envisioned using technology in their future classrooms. Although each PST had a unique profile, three
subgroups emerged in the data, which suggests that professional development should align with a user’s
individual SoC profile. Therefore, we recommend additional research examines how larger subgroups of PSTs
demand unique supports as they move through their SoCs.

A longitudinal and more expansive approach similar to this research design could help distinguish the amount of
time required by the individual to reach the two highest stages of concern, collaboration and refocusing. With
regard to in-service teachers, researchers might consider investigating how these practicing teachers perceive the
usefulness of using immersive VR in the science classroom over the long-term. This research could also focus on
improving our understanding of K-12 teachers’ willingness to integrate VR and how their students perceive and
perform when learning with VR. To expand our understanding of how to help teachers use VR in the classroom,
case studies might investigate teachers who are unfamiliar with VR and exhibit resistance toward adopting the
technology. With comprehensive data collection via a large-scale research design, this could lead to the inception
of a technology integration preparation manual for administrators, teachers, and teacher educators implementing
VR.

To contribute to research on K-12 student achievement when learning with VR, we recommend researchers
conduct a quasi-experimental study to measure the use of VR in the classroom on students’ learning outcomes.
We also encourage a study on the use of VR to measure students’ self-efficacy in science before and after
integrating VR as a tool to support learning. Finally, we urge researchers to explore the possibilities of VR in
special education, to identify ways VR could support students with disabilities, such as taking them to locations
that would otherwise be inaccessible.

6. Conclusion

The purpose of this study was to further examine the intersection of technology, design and pedagogy (Ioannou
& loannou, 2020) when using VR. Therefore, by exposing PSTs to VR (Long & Eutsler, 2020) with the
intention of expanding on the science curriculum and content (Lytras et al., 2018), we measured PSTs concerns
to integrate VR when planning science instruction. Framed by the CBAM (Hall, 1976), we measured the SoC
using the SoCQ before and after a 5-session hands-on exposure to the innovation. During these sessions, PSTs
became familiar with the hardware, available VR apps, and brainstormed ways to connect science content to the
experience of using and designing VR tours. An analysis of PSTs SoC shows that while four out of five
participants intend to use VR within their future science classrooms, they desire more professional development
and an opportunity to use VR with middle-grades students before they would implement VR with their own
students. Open-ended data also found that PSTs focused on improving the technical aspects of VR, most were
satisfied and enjoyed designing instruction and learning with VR, and these hands-on experiences of creating
their own tour and engaging with VR led to the generation of multiple lesson plan ideas. This study provides a
beginning model to introduce VR within teacher preparation programs and with middle-grades science teachers.
Future research might replicate and expand this research design to include the investigation of in-service teachers
and middle-grades students using VR to support science instruction.
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ABSTRACT: The study aimed to understand pre-service teachers’ mobile learning readiness with Theory of
Planned Behavior using external salient beliefs. There were nine hypotheses tested with a total of 533 pre-service
teachers in two cities in Turkey. Several scales adapted from Cheon et al. (2012) included 10 psychological
variables. The results indicated that the TPB model explained 58% of the variance in intention to adopt mobile
learning. The results of structural equation modeling (SEM) showed that the proposed model of the current study
has acceptable fit data. The results of the SEM revealed that attitude, subjective norm and perceived behavioral
control have significant impact on intention to adopt mobile learning. In addition, salient beliefs had an influence
on the constructs of TPB. Therefore, all the hypotheses within the model were statistically supported in
understanding determinants of mobile learning readiness. All in all, the study approved the effectiveness of well-
structured cognitive psychological model in understanding pre-service teachers’ intention towards adoption of
mobile learning in the Turkish context. The study has important implications for researchers, educators,
education stakeholders, policy makers and mobile learning application designers.

Keywords: Mobile learning readiness, Pre-service teachers, Theory of planned behavior

1. Introduction

The popularity of mobile devices is increasing and is being used in many areas of the education process (Zydney
& Warner, 2016). Therefore, due to the increased affordability and functionality, mobile learning has been
involved in a new study trend that attracts many researchers to discover this technology, examine its impact on
students and academicians, and develop the necessary infrastructure (Al-Emran, Elsherif & Shaalan, 2016;
Kinash, Brand, & Mathew, 2012). Mobile learning can be defined as “the process of development, delivery, and
consumption of learning material via a learning system subscriber using mobile devices” (Yousafzai, Chang,
Gani, & Noor, 2016, p. 785). Mobile learning is accomplished with the use of a wide range of mobile devices
such as data-travelers, mp3 and mp4 players, digital cameras, tablets, laptops, netbooks, personal digital
assistants, pads, pods, and smartphones (Pargman, Nouri & Milrad, 2018; Sad & Goktas, 2014).

Considering the education process, a great potential positive effect of mobile technology on learning was
accepted by researchers (e.g., Nikolopoulou, Gialamas, Lavidas, & Komis, 2020; Wang, Hwang, Yin, & Ma,
2020) and mobile learning has numerous benefits to achieve education goals. It promotes established and
context-aware learning, facilitates personalized learning, forges a link between formal and informal learning,
improves continuous learning, and develop collaboration and communication between learning societies as it
was involved in UNESCO Policy Guidelines (West & Vosloo, 2013). Furi6, Juan, Segui, and Vivo (2015) stated
that because of mobile technology, children have the chance to find out what they have learned from a diverse
range of different points of view. In addition, mobile devices offer a number of different ways to promote
authentic learning environments in the courses (Coti¢, Plazar, Star¢i¢, & Zuljan, 2020) and enable students to
connect with courses (Sullivan, Slater, Phan, Tan, & Davis, 2019).

Although mobile technologies have a very important place about informing teachers (Kim & Kim, 2017), mobile
learning is not adequately theorized, especially in teacher education (Sanchez-Prieto, Hernandez-Garcia, Garcia-
Pefalvo, Chaparro-Pelaez, & Olmos-Miguelaiiez, 2019). There is a limited number of teacher development or
training activity related to mobile learning (Carpenter, Krutka, & Trust, 2016). Therefore, teacher education
programs are in need of providing theoretically and pedagogically effective mobile learning technologies due to
several reasons such as the fast growth of mobile devices as an effective teaching tool in the teaching process
and the pressure of providing teachers with effective technology integration skills (Newhouse, Williams, &
Pearson, 2006). Especially, including mobile learning in teaching process of pre-service teachers (PST) has great
importance on increasing quality in future generations’ education (Baydas & Yilmaz, 2018; Sanchez-Prieto et
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al., 2019). Moreover, PST have an important role on mobile technology adoption, because their capabilities and
views have the longtime effect and potential to affect change (Tondeur, van Braak, Ertmer, & Ottenbreit-
Leftwich, 2017)

Accordingly, a better comprehension of the mobile technology adoption process in the education of PST will
help scholars and stakeholders collaborate to implement proper methods and strategies for mobile learning. In
this vein, understanding PST’ mobile learning intention to adopt mobile learning provides important clues about
how to include mobile learning in the classroom environment throughout their professional life. To determine
the factors predicting mobile learning intentions, some valid and well-established models were preferred by
researchers (e.g., Sidik & Syafar, 2020). Among them, Theory of Planned Behavior (TPB) developed by Ajzen
(1991) has been mostly used as a theoretical framework. Therefore, the current study aims to predict PST’
intentions towards mobile learning readiness (MLR) with the framework of TPB which is derived from self-
interest motive and includes rational considerations. There are some empirical supports confirming the
importance of psychological factors on MLR of PST implying that PST have the possibility of using
technologies (e.g., Sanchez-Pricto et al., 2019; Teo, Zhou, & Noyes, 2016). However, no studies have been
conducted to examine the role of pro-social roles in forming PST’ behavioral intentions within the rational-
choice model. Therefore, it is unclear whether the rational antecedents proposed by the TPB are also predictive
of PST” MLR. In addition, it is yet unclear the extents to which PST have positive attitudes, subjective norms
and, perceived behavioral control (PBC) and whether such psychological variables are related to their MLR.
Moreover, it is not clear to what extent salient beliefs including behavioral beliefs, normative beliefs and control
beliefs have an effect on the rational considerations. Therefore, to increase understanding of PST’ mobile
learning readiness, the study attempted to test a model that investigated the importance of salient beliefs on
attitudes, subjective norms and, PBC which in turn influence intention to adopt mobile learning. Accordingly, it
is expected that the study will make significant contributions to the literature in order to establish a solid
foundation of the importance of mobile technologies in teacher education since it is recommended that teachers
give more place mobile devices in their classrooms and professional development (Baran, 2014).

2. Literature review and hypothesis development

2.1. Mobile learning in pre-service teacher education

Mobile learning provides a number of benefits to teachers such as reflection of professional learning as a critical
component of action (Kearney & Maher, 2019), younger generations such as PST who are more comfortable
using technology are inclined to use mobile technology in their classrooms in future (Thomas & Bannon, 2013).
However, although it could be emphasized that PST are in need of teaching models on how to integrate
technology into the education process and should understand the pedagogical role of technology in education
(Baydas & Yilmaz 2018), previous studies indicated that using a mobile learning environment can provide
successful results in PST” education (Baran, 2014; Olpak & Ates, 2018). Mobile technology has the makings of
promoting PST to grasp and improve new consciousness (Husbye & Elsener, 2013), conduct a scientific study
(Gado, Ferguson, & van’t Hooft, 2006) and improve professional training (Kearney & Maher, 2019) and ease
mentoring through collaboration (Husbye & Elsener, 2013).

2.2. Theory of planned behavior

TPB was developed from the earlier study of Theory of Reasoned Action (Ajzen & Fishbein, 1980). The theory
explains systematically investigating the factors affecting behavioral choices (Ajzen, 1991). According to the
TPB, the closest prediction of behavior is the intention which is individuals’ readiness to implement a specific
behavior and determined by attitude, subjective norm, and PBC (Ajzen & Madden, 1986). This section includes
definitions of each factor and purposed hypotheses in compliance with the proposed model outlined in Figure 1.

2.2.1. Attitude

Attitude (ATT) can be defined as a “learned predisposition to respond in a consistently favourable or
unfavourable manner with respect to a given object” (Fishbein & Ajzen, 1975, p. 6). The theory claims that in
case people have more positive attitude towards a particular behavior, they are more chances to act that behavior
(Ajzen, 1991). Mobile learning can increase collaboration between students and promote interaction among them
and educators (Al-Emran et al., 2016). Therefore, attitudes towards educational technology can be used to gauge
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whether this technology has a positive or negative influence on the classroom environment (Ardies et al., 2015).
However, the number of the studies investigating pre-service or in-service teachers’ attitudes toward mobile
learning adoption is limited (e.g., Kim & Kim 2017; Thomas & Bannon, 2013), within our knowledge, there is
no empirical study examining the relationship between PST’ attitudes toward mobile learning and their intention
to adopt mobile learning. Based on earlier studies (e.g., Al-Emran et al., 2016), the study assumed that there is a
positive relationship between PST’ attitudes and their MLR. On the basis of this discussion, the following
hypothesis can be proposed:

H1: Attitude toward mobile learning is positively related to intention (INT) to adopt mobile learning.

2.2.2. Subjective norm

Subjective norm (SN) reflects assessment and support of persons who are important to him/her such as family
members, friends, co-workers for a behavior (Werner, 2004). In the educational technology context, although
teachers are the most important decision-maker in the class, social pressure has an important effect on the
decision (Teo, 2015). For this reason, teachers are conscious that some people such as colleagues and school
principal have some expectations regarding the use of mobile devices for teaching in lessons (Sanchez-Prieto et
al., 2019). Before teaching career, PST tend to receive feedback and value it more positively since they have
some deficiencies in terms of professional development and experience (Lamote & Engels, 2010). Therefore, the
study assumed that the perception that PST are pressured to use mobile technologies may influence their
intention to adopt mobile learning. Accordingly, in a limited number of similar studies conducted with PST (e.g.,
Sanchez-Prieto et al., 2019), past empirical studies emphasized that the subjective norm is related to intention to
adopt mobile learning. The discussion leads to the following hypothesis:

H2: Subjective norm is positively related to intention to adopt mobile learning.

2.2.3. Perceived behavioral control

PBC is referred to as an individual perceived ease or difficulty of performing a particular behavior and predicts
behavioral intention (Ajzen, 1991). In the study context, PBC is defined as PST’ perception of the ease or
difficulty of adopting mobile learning. Therefore, we assumed that PST’ intentions toward mobile learning
depend on their confidence in mastering the new learning approach and their perceptions about acting a behavior
as ease or difficulty have an influence on their readiness toward mobile learning. In a study conducted by Teo et
al. (2016), a positive relationship was found between teachers’ PBC and technology usage intentions. Therefore,
the hypothesis is proposed as follows:

H3: PBC is positively related to intention to adopt mobile learning.

2.2.4. Salient beliefs

Behavior is a function of salient beliefs which are thought to be important predictors of people’s intentions in the
TPB, three salient beliefs were postulated (behavioral beliefs, normative beliefs, and control beliefs (Ajzen,
1991). Among them, behavioral beliefs are related to attitudes; normative beliefs are assumed to be the main
predictors of subjective norms and control beliefs underlies perceptions toward behavioral control (Fishbein &
Ajzen, 1975). Considering the mobile learning studies, salient beliefs were also involved in the framework of
behavioral models or theories such as TAM (e.g., Huang, Teo, & Scherer, 2020) and TPB (e.g., Gémez-Ramirez
et al., 2019). Looking at behavioral beliefs, perceived ease of use (PEOU) can be defined as “the degree to which
a person believes that using a particular system would be free of effort” and perceived usefulness (PU) as “the
degree to which a person believes that using a particular system would enhance his or her job performance”
(Davis, 1989, p. 320). PU and PEOU were approved as an essential determinant of the technology acceptance
and applicability of mobile technology systems (Al-Emran, Mezhuyev, & Kamaludin, 2020; Teo et al., 2016).
Further, the concepts of PEOU and PU were also involved in many studies because of a significant impact on
attitude to use mobile technology and mobile learning acceptance referring that people who see mobile
technology as useful or easy to use are more likely to adopt it (e.g., Briz-Ponce Pereira et al., 2017). Earlier
studies conducted with pre-service and in-service teachers proved that attitude toward the use of mobile
technologies was influenced by PEOU and PU (e.g., Bower, DeWitt, & Lai, 2020; Teo et al., 2016). Therefore,
the study proposes the following hypotheses:
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H4: PEOU is positively related to attitude toward mobile learning.
HS: PU is positively related to attitude toward mobile learning.

Considering normative beliefs which are the second salient belief type, the subjective norm is influenced by
existing normative beliefs that explain the anticipations of other people as an essential factor in intention (Ajzen,
1991). The scope of the study is interested in normative beliefs as perceptions towards to what extent other
people are in favor of using mobile technology in their classroom. Earlier studies indicated that instructors and
peer students are considered as prominent referent sets in higher education (Taylor & Todd, 1995), so they are
thought to be the antecedents of subjective norm. Based on this discussion, the hypotheses are developed as
follows:

He: Instructor readiness (IR) is positively related to subjective norm for mobile learning.
H7: Student readiness (SR) is positively related to subjective norm for mobile learning.

Control beliefs, the last salient variable in the model, can be affected by the experience of friends, acquaintance,
and other factors that enhance or reduce the perceived difficulty related to exhibiting the behaviors (Ajzen &
Driver, 1991). Among the beliefs, perceived self-efficacy can be defined as “people’s beliefs about their
capabilities to exercise control over their own level of functioning and over events that affect their lives”
(Bandura, 1991, p. 257). Individuals who believe they have an ability to act a certain skill or activity are inclined
to intend to do the skill or perform the activity (Cheon et al., 2012). In line with the theoretical framework, if an
individual has self-efficacy toward computers at high level, he/she is also inclined to higher levels toward the
usage of information technology (Compeau & Higgins, 1995). In addition, the concept of learner autonomy
involved in the scope of control beliefs is related to participation, control and evaluation and autonomous
learners are responsible for all decisions regarding all directions of learning including specifying aims,
describing the scope and the advancement, determining method, monitoring procedure related to acquiring the
proper speech and evaluating acquired (Holec, 1981). Since mobile learning is regarded to be self-disciplined
and self-motivated as necessary (Liu, 2008), learning autonomy could be a significant factor of behavioral
control for mobile learning (Cheon et al., 2012). Hence, the hypotheses are formulated as:

HS: Perceived self-efficacy (SE) toward mobile learning is positively related to PBC.
H9: Learning autonomy (LA) toward mobile learning is positively related to PBC.

Attitudinal Beliefs

Perceived Ease of Use
Perceived Usefulness

Normative Beliefs

Instructor Readiness
Student Readiness

Control Beliefs

Perceived Self-Efficacy HS8
Perceived Behavioral Control
Learning Autonomy 9

Figure 1. Research model of the study adapted from Cheon et al. (2012)

Hé6
Subjective Norm

H7

H3
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3. Methodology

3.1. The instrument

The Mobile Learning Readiness Scale (MLRS) was used as a data collection instrument. The original version of
the MLRS was obtained from Cheon et al. (2012). In addition, the MLRS was adapted to the Turkish language
by Sungur Giil and Ates (2021). MLRS based on TPB consists of 30 items (three items for each of the 10
factors); 3 items for PEOU, 3 items for PU, 3 items for ATT, 3 items for IR, 3 items for SR, 3 items for SN, 3
items for SE, 3 items for LA, 3 items for BC and finally 3 items for INT to adopt mobile learning. All of the
items on the scale are positively coded. The respondents of the scale are required to indicate on a Likert scale of
totally disagree (1) to totally agree (7).

3.2. Sample and data collection

The participants of the study are 533 PST (62 males, 471 females) who were determined by using the
convenience sampling method and participated voluntarily educating at two different faculties of education in
the fall semester of 2019-2020 in Turkey. The reason for choosing these universities is that PST have been
introduced to mobile applications in their content, content education and pedagogy courses and the universities’
accessibility to mobile learning environments is similar. In addition, the students actively participated in the
lessons by sharing files and voice using mobile applications via moodle in distance education. Hair, Babin,
Anderson, and Black (2018) noted that the sample size was 10-15 sample/item for applying structural equation
modeling (SEM). The current sample size of 533 with ten constructs of 30 items was also considered to be fit
and above (533 > 30*15 = 450) the desired level. Therefore, the sample size was considered to be appropriate.
The descriptive statistics are expressed in Table 1.

Table 1. Demographic characteristics

Characteristic Demographic Frequency %
Gender Male 62 11.63
Female 471 88.37
Department Preschool education 104 19.43
Primary education 86 16.14
Science education 343 64.43
Grade level 1% grade 157 29.45
2™ grade 123 23.07
3™ grade 148 27.78
4% grade 105 19.70
Using mobile devices in Yes 448 84.05
education No 85 15.95
Using mobile devices in Yes 504 94.56
daily life No 29 5.44
The duration of mobile Less than 1 hour 39 7.32
devices in daily use 1-4 hours 213 39.96
5-8 hours 195 36.59
More than 9 hours 86 16.14

The departments of the participants were science education, preschool education, and primary education in two
mid-sized universities. In Turkey, students in the 3-6 years are educated by PST who graduated from the
department of preschool education, students in the 7-10 years are educated by PST who graduated from the
department of primary education, and students in the 11-14 years are educated by PST who graduated from the
department of science. For preschool and primary school students, mobile applications such as sky map,
anatomy 4D, Geogebra classic, geometry pad make learning concrete and provide fast access to information.

3.3. Data analysis
The proposed research model was analyzed using SPSS V.20 & AMOS V.24 software, respectively. Two staged

SEM procedure suggested by Anderson and Gerbing (1988) was used. At the first stage, Confirmatory Factor
Analysis (CFA) was performed and checked reliability and validity among items and constructs by using
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measurement model. In the second stage, the structural model was evaluated by testing the model fit, research
hypothesis, and moderator effects.

4. Results

4.1. Measurement model: Reliability and validity

Prior to CFA, we performed Keiser-Meyer-Olkin (KMO) and Bartlett’s test of sphericity to evaluate multivariate
normality and sampling adequacy. Since Bartlett’s test of sphericity showed a significant value (p < 0.01) and
KMO value (0.92) was higher than 0.60 (Tabachnick & Fidell, 2019), the data was suitable for factor analysis.
We also examined univariate statistics for all the study items to assess multivariate normality. (see Table 2).
Tabachnick and Fidell (2019) suggested that univariate skewness values should be < |2| and univariate kurtosis
values should be < |4| to provide a normal distribution. And then index of multivariate kurtosis and its critical
ratio (c.r) were evaluated. Mardia’s multivariate kurtosis estimate (Mardia, 1970) in the study was 408.30 lower
than 960 calculated according to the formula, p (p + 2) (Raykov & Marcoulides 2008). (p: the number of
observed variables in the model). Thus, the assumptions of multivariate normality were provided in this study.

Table 2. Descriptive statistics and measurement model: Reliability and validity

Construct  Items Mean SD FL CA CR AVE Skewness  Kurtosis
PEOU PEOU1 5.58 1.14 0.75 0.79 0.80 0.57 -1.26 1.75
PEOU2 5.73 1.06 0.80 -1.52 3.46
PEOU3 5.49 1.01 0.72 -0.71 0.53
PU PU1 5.55 1.10 0.68 0.70 0.70 0.43 -0.95 1.23
PU2 5.74 1.07 0.58 -1.18 1.88
PU3 5.68 1.11 0.71 -1.29 2.41
ATT ATTI 4.77 1.43 0.55 0.78 0.70 0.44 -0.47 -0.09
ATT2 5.26 1.28 0.70 -1.00 1.25
ATT3 5.43 1.20 0.72 -0.93 1.02
IR IR1 5.28 1.24 0.73 0.61 0.63 0.38 -0.86 0.70
IR2 5.21 1.28 0.67 -0.91 0.69
1IR3 4.85 1.40 0.39 -0.67 -0.06
SR SR1 5.20 1.29 0.72 0.67 0.69 0.44 -0.80 0.37
SR2 5.19 1.26 0.75 -0.78 0.48
SR3 4.79 1.37 0.48 -0.41 -0.29
SN SN1 5.21 1.26 0.72 0.79 0.76 0.51 -0.80 0.63
SN2 5.32 1.21 0.70 -0.96 1.15
SN3 5.42 1.18 0.73 -0.87 0.88
SE SE1 5.35 1.26 0.76 0.77 0.77 0.52 -1.03 1.24
SE2 5.40 1.27 0.69 -0.90 0.66
SE3 5.30 1.23 0.72 -0.86 0.76
LA LA1 5.66 1.06 0.75 0.79 0.79 0.56 -1.05 1.71
LA2 5.65 1.07 0.80 -1.11 1.74
LA3 5.49 1.15 0.70 -1.07 1.62
BC BCl1 5.18 1.38 0.57 0.82 0.66 0.39 -0.89 0.54
BC2 5.26 1.31 0.64 -0.84 0.64
BC3 5.54 1.25 0.66 -1.08 1.17
INT INT1 5.44 1.21 0.78 0.78 0.76 0.52 -1.03 1.23
INT2 5.54 1.11 0.74 -1.01 1.23
INT3 5.26 1.37 0.64 -0.92 0.64

According to the two stage SEM procedures suggested by Anderson and Gerbing (1988), in the first stage, the
information about convergent and divergent validity was accessed via CFA on the measurement model.
Cronbach’s Alpha (CA) and composite reliability (CR) test was performed to assess reliability. CA was applied
to measure the internal consistency among items, while CR was utilized to describe the extent to which a train of
items can represent potential constructs. In the current study, the factor loadings (FL) were higher than 0.30,
Cronbach o values were ranged from 0.61 to 0.82, CR values were ranged from 0.63 to 0.80 and finally, the
values of Average Validity Extracted (AVE) of variables were ranged from 0.38 to 0.57 as seen in Table 2.
Fornell and Larcker (1981) suggested that if AVE is less than 0.50, but CR is higher than 0.60, the convergent
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validity of the construct is still satisfactory. In the literature, the minimum acceptable value for CA was
suggested as 0.60 (Hair et al., 2018).

Lastly, since the values of the square root of AVE were all greater than the correlation between a pair of research
constructs, sufficiency of discriminant validity seen in Table 3 was provided (Fornell & Lacker, 1981).
Goodness of fit indices was examined with the following assessment criteria: x> /df value should be between 2
and 5 (Hair et al., 2018), CFI and GFI values should be higher than 0.90 (Kline, 2005), IFI should be above 0.90
(Schumacher & Lomax, 2004), RMSEA and RMR should be less than 0.08 (Hu & Bentler, 1999). Therefore, it
was determined that value of CFA fit indices represented a good model fit (Goodness-of-Fit Statistics: y~ =
772.97, df = 359, p < 0.001, ¥ /df = 2.150, RMSEA = 0.047, CFI = 0.99, GFI = 0.91, IFI = 0.99, SRMR =
0.039).

Table 3. Correlation between the constructs, construct mean and standard deviation

PEOU PU ATT IR SR SN SE LA BC INT
PEOU 0.757
PU 0.594 0.659
ATT 0.458 0.563 0.727
IR 0.412 0.438 0.402 0.613
SR 0.452 0.397 0.417 0.492 0.663
SN 0.455 0.481 0.421 0.465 0.583 0.743
SE 0.477 0.525 0.546 0.441 0.492 0.544 0.721
LA 0.551 0.567 0.487 0.430 0.464 0.509 0.640 0.748
BC 0.444 0.360 0.347 0.337 0.517 0.422 0.563 0.530 0.772
INT 0.478 0.508 0.516 0.396 0.492 0.578 0.653 0.632 0.653 0.736
M 5.60 5.65 5.15 5.11 5.06 5.32 5.35 5.60 5.33 541
SD 0.89 0.86 1.08 0.98 1.01 1.02 1.03 0.92 1.13 1.04

Note. Diagonal values show the square of AVE.

4.2. Structural model: Goodness of fit statistics, hypotheses testing, and modeling comparisons

SEM analysis revealed that goodness of fit statistics of theoretical framework represented a good fit (%= 877.04,
df = 380, p < 0.001, »*/df = 2.308, RMSEA = 0.050, CFI = 0.98, GFI = 0.90, IFI = 0.98, SRMR = 0.045).
Assessment of the direct effects between the research constructs was performed, and the results were as follows:
Attitude (8 = 0.239, r = 6.145, p < 0.01), SN (5 = 0.288, t = 6.896, p < 0.01) and PBC (f = 0.449, r =8.478, p <
0.001) were significant in determining the INT to adopt mobile learning. PEOU (f = 0.192, ¢ = 4.368, p < 0.05)
and PU (= 0.452, t = 8.634, p < 0.001) had a significant positive influence on attitude. IR (= 0.235, t =5.995,
p <0.01) and SR (= 0.467, t = 9.889, p < 0.001) showed significant effects on SN. Lastly, SE (8 =0.379, ¢t =
7.421, p <0.001) and LA (f = 0.287, t = 6.867, p < 0.01) had a significant positive effect on PBC. In addition,
the proposed model had superior ability for predicting ATT (R?= 0.338), SN (R*= 0.379), PBC (R*= 0.363) and
INT (R?= 0.580). Thus, all hypothesis were supported and shown in Table 4 and Figure 2.

Table 4. Structural Equation Modeling results of the proposed model

Hypotheses Standardized estimate t-value Hypothesis
H1: ATT = INT 0.239 6.145 Supported
H2: SN > INT 0.288 6.896 Supported
H3: PBC 2 INT 0.449 8.478 Supported
H4: PEOU > ATT 0.192 4.368 Supported
H5: PU > ATT 0.452 8.634 Supported
H6: IR &> SN 0.235 5.995 Supported
H7: SR = SN 0.467 9.889 Supported
H8: SE > PBC 0.379 7.421 Supported
H9: LA 2> PBC 0.287 6.867 Supported
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Figure 2. Result of Structural Equation Modelling
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4.3. Moderating effects of personal characteristics

Invariance test for measurement and structural models program was conducted to explore the effect of PST’
department and grade level as moderators in their mobile learning readiness. In the process, non-restricted model
and full-metric invariance were produced. As seen in Table 5, the values of goodness of fit indices for models
were favorable and according to the Chi-square difference test, two models were no significantly different. Thus,
full metric invariance supported. Chi-square difference was compared between the baseline and the nested
models according to the difference in the degrees of freedom (Byrne, 2016). The baseline model’s goodness of
fit indices was acceptable for department and grade level.

Table 5. Results for the moderating role of department
Measurement invariance model for grade levels

Models v df Ay Full metric invariance
Non-restricted model ~ 331.430 62 Ay*(19)=3430p > Supported
Full-metric 297.127 43 0.01 (insignificant)

invariance model
Other goodness of fit indices of non-restricted model: RMSEA=0.057; CF1=0.92; IF1=0.92
Other goodness of fit indices of full-metric invariance model: RMSEA=0.058; CFI=0.91; IFI=0.91

Paths Science Primary Preschool Baseline Nested model
B t-values B t-values B t-values  model

HI1: ATT - INT 0255  7.057"  0.193 3.035™ 0.173  2.833" 4*(63)= 1 (65) =359.186°
H2: SN > INT 0294  7.745™  0.192  3.025™ 0.346  5.442""  357.127 1 (65) =359.320°
H3: PBC > INT 0361 10.131™" 0.676 10.537"*" 0.511 9.084™" 1 (65) =365.122°
H4: PEOU > ATT 0281  4.296™ 0.110 1.173 0.136 1.147 ¥ (65)=358.5364
H5: PU > ATT 0.584 8478 0.625 6.691" 0.371 2.890™ 1 (65) =363.297°
H6: IR - SN 0.218  4.013™ 0246 2772 0.324 4.066™ ¥ (65) =358.355F
H7: SR - SN 0.433 8333 0.546 6.150™" 0.557 7.053™ 1 (65) = 358.9468
HS8: SE > PBC 0.387 6409 0.466 4.682"" 0.408 3.117" 1 (65) =358.321"
H9: LA > PBC 0325 4.701™ 0304  3.054™ 0.416  3.152™ 1 (65) =357.607
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Goodness of fit indices of the baseline model for three groups: RMSEA = 0.052, CFI 2 Ay%(2) =2.059
=0.91, GFI=0.91, IFI = 0.90. b Ax}(2) =2.193
¢ Ay*(2) = 7.995*
4 Ay3(2) = 1.409
°Ay*(2)=6.170"
TAY2(2)=1.228
& Ay%(2)=1.819
" AYA(2) = 1.194
TAY%(2) = 0.480

Note. "p <0.05; p < 0.01; *“p < 0.001.

The findings of multiple group analysis revealed that there were significant differences in the PBC-INT link and
PU-ATT link. On the other hand, ATT-INT path, SN-INT path, PEOU-ATT path, IR-SN path, SR-SN path, SE-
PBC path, LA-PBC path were not statistically significant differences between departments.

Table 6. Results for the moderating role of grade level

Measurement invariance model for grade levels

Models o df AP Full metric

invariance
Non-restricted model 215.375 82 Ax¥(17)=26.73 p > 0.01 Supported
Full-metric invariance model ~ 188.642 65 (insignificant)

Other goodness of fit indices of non-restricted model: RMSEA=0.051; CFI=0.91; I[FI=0.91
Other goodness of fit indices of full-metric invariance model: RMSEA=0.052; CFI=0.90; IF1=0.90

Paths Ist grade 2nd grade 3rd grade 4th grade Baseline Nested
)i t-values s t-values Jii t-values B t-values  model model
HI1: ATT > INT 0.272 2994 0.110 1.447 0.184 2276 0.103 1414 ¥ @84 @7 =
= 2218.549
H2: SN - INT 0.052 0.484 0240 2567 0345 4.625™ 0545 7.661™ 216.642 > (87)=
225.783
H3: PBC > INT 0.555 7.274™ 0.601 6.747"" 0.421 6.839"" 0.583 8.738™" v (87)=
€220.159
H4: PEOU 2> ATT 0.192 0.859 0.165 0.764 0.140 1.208  0.302 1.321 v (87)=
4217.048
H5: PU > ATT 0.633  4.089"™ 0.449  1.843  0.445 3.759"" 0.458 2009 ¥ (87) =
) €219.293
H6: IR > SN 0.379  3.311™ 0.091  0.681 0.350 3.677"" 0276 2.165" v (87) =
219.802
H7: SR &> SN 0.621  5.564™ 0.580 5.084™" 0.533 5.188"" 0.538 4.445™" v (87)=
€217.059
H8: SE - PBC 0.600 3.173" 0274 2.141" 0.425 2.655" 0.875 4.965™" v (87)=
h224.262
H9: LA - PBC 0.279 1.283  0.542 3.632™" 0.467 2430° 0.152 0357 v (87) =
1224.003
Goodness of fit indices of the baseline model for three groups: RMSEA = 0.048, CFI =0.90, GFI= 2 Ay*(3) =1.907
0.91, IFI=0.92. b Ay?(3)=9.141"

° AY2(3)=3.517
4 Ay?(3) = 0.406
© AY2(3) =2.651
" AY2(3) = 3.160
£ Ay2(3) = 0418
h AY(3) = 7.620
AY(3) = 7.361

Note. "p <0.05; “p <0.01; ""p <0.001.

Similarly, non-restricted model and full-metric invariance were produced for grade levels. As seen in Table 6,
the values of goodness of fit indices for models were favorable and according to the Chi-square difference test,
two models were no significantly different. Thus full metric invariance supported. Based on the findings from
the moderator analysis, there were significant grade level differences on the SN-INT linkage. However, ATT-
INT path, PBC-INT path, PEOU-ATT path, PU-ATT path, IR-SN path, SR-SN path, SE-PBC path, LA-PBC
path were found not to be significantly different between grade levels.
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5. Discussion and implications

Given today’s world in which teaching-learning in the classroom environment is transforming into mobile
learning tools very rapidly and the importance of mobile learning in the education of PST was stressed in past
studies (e.g., Kearney & Mabher, 2019). There is a need to investigate which factors predict PST’ intentions
towards mobile learning. Therefore, the current study aimed to examine this gap and investigate to reveal a
deeper understanding of PST’ intention to adopt mobile learning incorporating three critical salient beliefs —
Attitudinal Beliefs, Normative Beliefs, and Control Beliefs —into the TPB model.

There was strong support for the proposed model and thus, results indicated that the model had a satisfactory fit
to the data. The explanatory power of the study showed that the TPB model explained 58% of the variance in
intention to adopt mobile learning. SEM results revealed that PBC was the most predictive antecedent for the
intention to adopt mobile learning. Revealing this finding has an important role in the research area of MLR
since PBC has been considered an effective determinant of people’s intentions in higher education (Cheon et al.,
2012). Considering the sample of the study, the finding implies that PST believe that they have controls and self-
confidence over use of mobile learning and making decisions to adopt mobile learning. This is consistent with
the idea of Ajzen (1985) who stated that PBC is increased in case people believe that they have the self-
confidence that they can handle obstacles. These results supported most of the previous studies (e.g., Cheon et
al., 2012; Raza et al., 2018). However, some researchers stated that the most effective variable on mobile
adoption intention was subjective norm (e.g., Yeap et al., 2016), while others reported that the attitude was the
most predictor variable on intention (e.g., Azizi & Khatony, 2019; Gémez-Ramirez et al., 2019). The most
important reasons for this difference between the studies may be due to the fact the departments of the
individuals studying at the university are different and they have various cultural characteristics.

Results of the study also suggested that attitude and subjective norm increase the individuals’ intention toward
the adoption of technology. Accordingly, it can be implied that PST think that they show higher concern for
mobile learning in their coursework and the significant others’ willingness to adopt mobile devices for learning
is an important determinant for MLR. These findings were supported most of the past studies, while some
studies found that subjective norm (e.g., Azizi & Khatony, 2019; Buabeng-Andoh, 2020) and PBC (e.g.,
Buabeng-Andoh, 2020) have no significant effect on intention to adopt mobile learning. Accordingly,
considering the results of the current study, the first three hypotheses were supported.

Results of salient beliefs showed that PEOU and PU had a positive influence on attitude toward the use of
mobile learning, explaining the variance by 34%. This finding implies that PST who believe that mobile learning
is easy to use and had high feelings about its PU will have stronger attitude toward mobile learning. This result
shows that H4 and HS5 are supported. The findings are in line with earlier study results (e.g., Buabeng-Andoh,
2020) which revealed that university students who believe that mobile learning is easy and useful are more likely
to take advantage of mobile learning tools for their classes.

The current study also revealed that IR and SR are positively associated with subjective norm, accounting for the
variance by 38%. In other words, subjective norm is predicted by PST” accessible normative beliefs that explain
other PST’ expectations as a significant antecedent of intention to adopt mobile learning, therefore, H6 and H7
were supported. This finding is consistent with the earlier studies (e.g., Gomez-Ramirez et al., 2019). However,
there were a few researches that revealed no significant effects of normative beliefs on subjective norm. For
example, in a study conducted by Azizi and Khatony (2019), while IR had a significant influence, there was no
significant influence of student readiness on the subjective norm. The different results obtained between the
studies may be due to the different samples and the countries in which the study was conducted.

Further, the study revealed that SE and LA had positive influences on PBC. The control beliefs explained 36%
of the variance in PBC. This finding which was consistent with earlier studies (e.g., Raza et al., 2018; Yeap et
al., 2016) implies that PST have positive beliefs and self-confidence about their capabilities to use a mobile
device for their course. It can be also implied that PST take high responsibility and gain control over the learning
process in educational environments driven by mobile technology (Cheon et al., 2012). Accordingly, H8 and H9
were supported. Finally, results of the multi-group analysis indicated that the moderation effect of department
and grade level on mobile learning readiness was significant. However, within our knowledge, none of the
earlier studies examined the moderator influence of department and grade level on mobile learning readiness.

The study offers some theoretical and practical implications. The proposed model well explained PST” MLR.
The present study confirmed that attitude, subjective norm, and PBC significantly establish a linkage with
intention towards the adoption of mobile learning. The results suggest that PST’ PEOU and PU significantly
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influence their attitude toward mobile learning. The result supports the idea of Davis (1993) who developed
TAM, stating that both PEOU and PU play an essential role in explaining the attitude towards mobile learning.
The results also suggest that PST’ beliefs related to the readiness of instructors and readiness of students
considerably influence subjective norm. The result expands the previous literature which pointed out that the
readiness of individuals on mobile learning is important (Azizi & Khatony, 2019). Another theoretical
implication relates to stating the important role of SE and LA on the PBC which in turn affected intention
towards the adoption of mobile learning. This finding confirms the idea that people who think that they can be
gifted in a particular skill or behavior and can control their behaviors are in the tendency to have stronger
intentions to act the skill or act the behavior (Cheon et al., 2012).

The results present important practical implications to the researchers, educators, education stakeholders,
policymakers, and mobile learning application designers. The study can help researchers to further examine the
other constructs which can influence PST’ intention towards the adoption of mobile learning. The study has also
increased the education stakeholders and policy makers’ understanding and knowledge about the determinants of
MLR in the Turkish context. It has shown that Turkish PST cope relatively well with the inhibiting factor when
using mobile devices in the classroom environment since PBC was found as the most significant antecedent of
intention towards the adoption of mobile learning among constructs of the TPB. This emphasizes the importance
of creating useful conditions with regards to availability that can facilitate and ease the individuals’ use of
mobile devices in lessons. For example, educators and education stakeholders can use different methods
including providing adequate education and technical and managerial support to enhance PST’ intentions toward
mobile adoption of mobile learning (Hsia, 2016). In addition, the policymakers and mobile learning application
designers should focus on the PST’ attitudes towards mobile learning and subjective norm since they have
important roles in influencing intention towards the adoption of mobile learning. Individuals’ attitudes and
subjective norm can be increased by making mobile devices easier to use in the classroom, which may shape a
positive image of mobile learning among educators. This is an important implication for PST who will become
teachers in the future. In order for mobile integration to be successful in PST, teacher educators must integrate
the efficient use of mobile technology into their courses and establish connections with classroom practice
(Husbye & Elsener, 2013).

6. Limitations and future studies

The present study has several limitations which should be considered for future studies. First of all, the
demographic characteristics of the study are a group of PST within a university. As different results can be
revealed using different sample groups, teacher-based study groups can’t reflect the perspectives of different
students in higher education. Therefore, it may be useful for future studies to be able to examine and compare
different sample groups. There is a very serious disproportion in the distribution of some variables including
using mobile devices in education and daily life and gender. This situation constitutes one of the most important
limitations of this study. Therefore, it is not possible to perform statistical analysis and compare research results
in terms of these variables. In addition, the data for this study were collected in Turkey and thus the fact that the
findings obtained from this study cannot be generalized to other countries constitutes one of the limitations of
this study. Cross-country comparison studies may be conducted for future studies to fully reflect the MLR.
Further, the study only focused on PST. Therefore, it may not be concluded as a general representation of MLR
in Turkey. The study can be repeated in students in other education levels such as elementary, secondary and
high school or in-service teachers to reveal whether the findings are similar. Moreover, the present study is
limited to determining intention rather than behavior. Thus, future researchers may use the actual behaviors
regarding mobile learning implementation that can help to establish a connection between intentions towards the
adoption of mobile learning and using mobile devices in education.

7. Conclusion

The TPB presents a very useful theoretical framework in understanding wide-ranging behavioral intentions
across different research areas including the adoption of mobile learning. However, the present study is the first
attempt in the Turkish context that has used TPB for predicting factors affecting PST’ MLR. Results of the study
confirmed the effectiveness of a well-structured cognitive psychological model in understanding PST’ intention
towards the adoption of mobile learning in the Turkish context. Moreover, the findings approved the feasibility
of the TPB model and the inclusion of the salient beliefs enhanced the robustness and predictive power of the
proposed model in measuring the MLR. Overall, it can be concluded that the salient beliefs are obtained to be
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having a significant positive impact on Turkish PST’ attitudes, subjective norms, and PBC as well as on their
intentions towards the adoption of mobile learning.
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ABSTRACT: Online discourse is widely used in diverse contexts of learning and professional training, but
superficial interactions and digression often occur. In the face of these problems and the large-scale unstructured
text data, the traditional way of learning analytics has been challenged in terms of providing timely intervention
and feedback. In this paper, a workflow for automatically detecting in-service teachers’ cognitive engagement in
an online professional learning community is described. Discourse data of 1834 in-service teachers involved in a
teacher professional development program was collected and processed using the Word2vec toolkit to generate
lexical vectors. The method of vector space projection was used to calculate the new information contained in
each post, cosine similarity was used to calculate topic relevance, and cluster analysis was used to explore in-
service teachers’ discourse characteristics. Results showed that in-service teachers’ average contribution was
4.59 posts and the average length of each post was 39.47 characters in Chinese. In the mathematics online
professional learning community, the average amount of new information contained in each post was 0.221 and
in-service teachers’ posts contained much new information in the early stages of online discourse. Most in-
service teachers’ posts were relevant to the discussion topic. Cluster analysis showed three different groups of
posts with unique characteristics: high topic relevance with much new information, high topic relevance with
little new information, and low topic relevance with little new information. Finally, limitations are discussed and
future research directions are proposed.

Keywords: Learning communities, Computer-mediated communication, Evaluation methodologies, Interactive
learning environments

1. Introduction

The advantages of the online professional learning community (OPLC) have been identified by previous
researchers as being essential to support reflection and discussion that can improve in-service teachers’ learning
engagement and leverage changes in their classrooms (e.g., Xing & Gao, 2018). Discourse in online professional
learning communities helps in-service teachers share teaching experiences, solve teaching problems together,
and deepen understanding of the relationship between theory and practice (Tsai, 2012). Millions of in-service
teachers participate in online professional development programs each year, and they spend a significant amount
of time learning in OPLCs (e.g., Zhang, Liu, Chen, Wang, & Huang, 2017; Xing & Gao, 2018). Nevertheless, it
would be too simple to assume that the establishment of an OPLC will automatically promotes in-service
teachers’ effective interaction and collaborative knowledge construction (Baran & Cagiltay, 2010). Superficial
interactions and off-task messages often occur in in-service teachers’ online discussions (e.g., Lantz-Andersson,
Lundin, & Selwyn, 2018). Similarly, some in-service teachers do not contribute any new information, and this
adversely affects the participation and sharing willingness of other members of the community (e.g., Zhang et
al., 2017). Discourse in an OPLC is a social and cognitive interwoven process and the effectiveness of online
discourse depends on both the iterative interaction and the active information exchange among community
members (e.g., Chen, Fan, & Tsai, 2014). Meanwhile, content-related (or on-topic) discussions are more
conducive to learning than off-topic discussions (e.g., Cho, 2016). According to the Community of Inquiry (Col)
framework, engaging learners in critical reflection and collaborative discussion fosters their high-order learning
(Heilporn & Lakhal, 2020). The Col framework defines three critical elements of online learning: cognitive
presence, social presence, and teaching presence. Among the elements, cognitive presence is a central
component in the model, which describes stages of inquiry-based learning, including problem presentation,
knowledge synthesis, and evaluation (Garrison, Anderson, & Archer, 1999). Thus, the effective measures of
teachers’ cognitive engagement in the OPLC that support a movement toward understanding their cognitive
presence and providing timely intervention and regulation are required.
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Cognitive engagement refers to learners’ psychological involvement in academic tasks (Fredricks, Blumenfeld,
& Paris, 2004). Itis positively correlated with learners’ academic performance (Wang, Wen, & Rosé, 2016). In
terms of measuring cognitive engagement, the commonly used indicators include the number of posts, speed of
response, or time on task (e.g., Kim, Park, Yoon, & Jo, 2016; Xie, Heddy, & Greene, 2019). It is often not
enough to measure learners’ cognitive engagement only by observable indicators, but combining quantitative
dada and qualitative content analysis will provide more reliable results (e.g., Atapattu, Thilakaratne, Vivian, &
Falkner, 2019). However, the analysis of the large-scale online discourse data (mainly textual data) raises
methodological problems, including data collection and coding (Vieira, Parsons, & Byrd, 2018). Facing the
sheer data volumes and the diversity of in-service teachers’ language expression, the traditional way of data
coding used in class discourse analysis, however, cannot address this dilemma.

In this study, we present an automatic discourse analysis approach using a language modeling technique called
neural word embeddings (Word2vec) (Mikolov, Sutskever, Chen, Corrado, & Dean, 2013) to detect learners’
active participation in discussions in the online professional learning community.

2. Literature review
2.1. Online professional learning community and online discourse

Many online professional learning communities have been built using social media tools (e.g., Twitter, Blog,
WeChat), online learning platforms (e.g., Blackboard, Moodle), or course management systems (CMS) (e.g.,
Lantz-Andersson et al., 2018; Prestridge, 2019). Online professional learning communities provide learning
resources for in-service teachers including video cases, online discourse, as well as reflections (e.g., Lantz-
Andersson et al., 2018). Online discussion with experts or peers is useful for in-service teachers’ professional
development. In-service teachers have opportunities to think about teaching problems from multiple perspectives
(Lee & Brett, 2015; Polizzi, Head, Barrett-Williams, Ellis, Roehrig, & Rushton, 2018). Moreover, online
discussion improves the ability of teacher groups by solving teaching problems through role-playing and
collaboration (Yang, 2016). In addition, online discussion helps to improve the interactions between the
members in the online learning communities through questioning, interpreting, and elaborating (Cho, 2016).

Although online discourse is available in most online professional learning communities, it is primarily used as a
supporting discussion between participants rather than for meaningful knowledge sharing and co-construction
(e.g., Atapattu et al., 2019; Zhang et al., 2017). Prestridge (2019) argued that the critical discourse that helps to
facilitate teachers’ knowledge construction and transform classroom practice was only sustained for a small
number of postings by teachers in a given thread. According to Gunawardena, Lowe, and Anderson (1997),
social knowledge construction among learners in a constructivist learning environment needs to go through some
key stages, such as restating the participant’s position, negotiation or clarification of the meaning of terms, and
negotiation of new statements. In this regard, effective discourse depends on negotiating existing information
(given information) and constantly coming up with new information. However, repeated discussion often occurs,
and some teachers enact the role of information consumer and information networker in online discussion (e.g.,
Prestridge, 2019; Tsiotakis & Jimoyiannis, 2016). In addition, commitment and co-construction of ideas in an
online professional learning community can only be achieved when teachers are deeply engaged with discussion
topics because the topic is authentic and requires active cognitive engagement and in-depth understanding of the
problem (Xing & Gao, 2018). Hence, in-service teachers’ online discourse data in the OPLCs provides a wealth
of valuable information for educational researchers and practitioners to understand the learning process. This
understanding is important because it can help teacher training managers make correct intervention policies,
improve the quality of teacher training programs, and thus enhance in-service teachers’ teaching abilities.
However, the large-scale online discourse data in OPLCs raises methodological problems, including data coding
and analysis. Facing the large-scale data volumes, the diversity of teachers’ language expression, and the
complexity of online discourse process, the traditional way of data collection and analysis in the general
classroom, cannot deal with this dilemma.

2.2. Discourse analysis based on machine learning technologies

Discourse analysis was originally proposed in the linguistics field and has been widely used in the fields of
sociology, education, and psychology (Harris, 1952). In education, especially in online learning communities,
text is the most commonly used data for discourse analysis (Wu, Yu, & Wang, 2018). With the growing scale of
text data, discourse analysis has become a key application area of learning analytics and educational data mining.
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Discourse analysis has been used to reveal the process of interaction and knowledge construction, investigate
learner’s behaviors and discourse content, and acquire deeper understanding of engagement in collaborative
learning (e.g., Peng & Xu, 2020).

There have been two main lines of research evaluating online discourse by using the machine learning method.
Some studies analyze and visualize the learners’ cognitive and social presences in online learning settings (e.g.,
Xing & Gao, 2018). Others investigate the semantic content and processes of learner’s posts in understanding
interactive patterns (e.g., GaSevié, Joksimovié, Eagan, & Shaffer, 2019).

The identification of new versus given information and topic relevance within a text has been frequently studied
by researchers of discourse analysis. The most frequently used method to measure similarity between two texts is
keyword matching, including word matching, keyword matching, andweighted keyword matching. The keyword
matching method operates by finding exact matches between two texts and some disadvantages of this method
include the lack of emphasis on differential importance as to how much information a particular word may carry.
The strength of Latent Semantic Analysis (LSA) to measure text similarity has been demonstrated in many
research studies (e.g., Chen, Chen, & Sun, 2010; Sung, Liao, Chang, Chen, & Chang, 2016). Sung et al. (2016)
used 262 Chinese articles to construct a latent semantic space with 250 dimensions and the LSA was used to
compute the semantic similarity between pairs of sentences, such as students’ summary, expert’s summary, or
the source text. On account of the concept of new versus given information is related but distinct from the
concept of text similarity, Hu, Cai, Louwerse, Olney, Penumatsa, and Graesser (2003) adapted the standard LSA
and proposed the LSA based measure called a span method to detect given and new information in written
discourse.

Word2vec is a basic word embedding technology in the field of Natural Language Processing (NLP). Word
embedding originates from vector space models and aims to quantify and categorize semantic similarities
between words based on their distributional properties in large-scale of text data (Li, Li, Fu, Masud, & Huang,
2016). Word2vec has been used in web search (Bing, Niu, Li, Lam, & Wang, 2018), comment sentiment
classification (Zhang, Xu, Su, & Xu, 2015), and text classification (Sinoara, Camacho-Collados, Rossi, Navigli,
& Rezende, 2019). Compared with other data mining methods, the accuracy of Word2vec in text classification is
more than 70% (Cerisara, Kral, & Lenc, 2018). The Word2vec technique has been successfully applied to detect
teachers’ cognitive engagement (Atapattu et al., 2019), and is at the forefront of the research field (Hashimoto,
Alvarez-Melis, & Jaakkola, 2015).

3. Conceptual framework
3.1. Given and new information

Identifying given and new information in a discourse has long been regarded as an important research issue.
Many researchers define given and new information from different perspectives. According to Halliday (1967),
given information refers to what can be recovered anaphorically or situationally from the preceding discourse,
and new information, on the contrary, is not recoverable. Chafe (1976) defines given information as “knowledge
which the speaker assumes to be in the consciousness of the addressee at the time of the utterance” (p. 30), and
new information as “what the speaker assumes he is introducing into the addressee’s consciousness by what he
says” (p. 30). Based on integrating previous theoretical studies, Prince (1981) develops a taxonomy that can be
used to hand-code discourse text for identifying given and new information. According to Prince (1981), there
are three different levels of givenness. On the first level, givenness represents the sense of predictability or
recoverability which is based on the assumes that “the hearer can predict or could have predicted that a particular
linguistic item will or would occur in a particular position within a sentence” (p. 226). On the second level,
givenness represents the sense of saliency which is based on the assumes that “the hearer has or could
appropriately have some particular thing or entity in his or her consciousness at the time of hearing the
utterance” (p. 228). On the third level, givenness represents the sense of shared knowledge which is based on the
assumes that “the hearer knows or can infer a particular thing” (p. 230). In addition, some other concepts, such as
the theme and rhyme, the primacy and recency, are also related to what can be defined as given or new
information in a discourse text. In this study, however, the distinction of given and new information is
operationally defined purely in terms of semantic recoverability. The following examples (originally from Prince
(1981)) illustrates how given and new information can be judged based on the criterion of recoverability.
Examplel. We got some beer out of the trunk.
Example2. We got some picnic supplies out of the trunk.
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In the sense of recoverability, picnic supplies in Example2 would be given information, whereas beer in
Examplel would be new information, although, in some sense, they look a little bit different.

3.2. Language modeling

Taking a large corpus of text as input, Word2vec produces a vector space in which words that share common
contexts in the corpus will be located in close proximity to one another. Taking the Skip-Gram approach in
Word2vec as an example, the generation process of word vectors is shown in Figure 1. The goal of the
Word2vec process is to learn similar word vectors for two words which have similar contexts. At last, the word
vector corresponding to each word is determined.
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[} w
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Figure 1. The generation process of word vectors (Skip-Gram approach)

4. Methodology

This study aimed to investigate the cognitive engagement, participation and discourse characteristics of the
teachers in an online professional learning community. To achieve this goal, we formulated the first research
question to understand teachers’ nature of participation.

RQ1: What were the in-service teachers’ participation characteristics in online discourse?

The second and third research questions focus on exploring teachers’ cognitive engagement in the online
professional learning community.

RQ2: How much new information was contained in each of the in-service teacher’s post in online discourse?
RQ3: How relevant were the in-service teacher’s posts to the discussion topic in online discourse?

The results would lead us to explore in-service teachers’ online discourse characteristics through cluster analysis
and answer the fourth research question.
RQ4. What were the in-service teachers’ online discourse characteristics in terms of cognitive aspect?

4.1. Participants

In 2013, the Ministry of Education of China launched a five-year in-service teacher training program called the
Information Technology Application Ability Enhancement Project for primary and secondary school teachers.
They participated in the program in batches and the length of each training was about 120 hours. Many online
learning platforms have been established and online learning was used in this project. In-service teachers needed
to complete three tasks: watching video cases online, participating in topic-based online discussion, and
submitting reflective diaries. The video cases were about how to use information technology tools to support
classroom teaching. After watching the video cases, the in-service teachers in each community online discussed
the contents of a video case based on their own teaching experience. In-service teachers participated in online
discussion by posting, and each post is a reflection of the application of information technology in classroom
teaching.

A total of 1,834 primary and secondary in-service teachers from a province in eastern China participated in the
teacher professional development program for about a year. They were assigned to 31 online professional
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learning communities according to their subjects, with an average of 59.2 people per community. Table 1 shows
the basic information of the 31 communities. After the program was completed, all online discourse data were
collected and analyzed.

Table 1. Basic information of the 31 communities

Subject Number of Number  Subject Number of Number
communities  of people communities  of people
Chinese 4 339 Mathematics 3 192
English 2 161 Geography 1 50
Chemistry 1 49 History 1 48
Art 2 48 Music 1 52
Biology 1 38 Ethics 2 95
Sports 2 111 Physics 2 54
Information technology 2 39 STEAM 3 266
Mixed group 1 42 Early childhood education 3 250

The purposive sampling method was used in this study to select one of the 31 communities to further analyze
teachers’ characteristics of cognitive engagement (Denzin & Lincoln, 1994). In the end, a mathematics online
professional learning community was selected because it was representative (close to the average level of the
population) in terms of gender, years of service and participation. The number of in-service teachers in the
community was 60, and their average years of service was 19.3.

4.2. Discussion activities

In-service teachers’ learning activities, such as watching video cases, participating in topic-based online
discussion and submitting reflective diaries, were all carried out on the online learning platform. The interface of
the online discussion activities is shown in Figure 2. The timeline of online discussion activities was as follows:
(1) a teacher leader entered the name, duration, type and description of the topic-based discussion activity, and
uploaded a video case, (2) all in-service teachers in the community watched the video case first and then
participated in online discussions. All in-service teachers could participate in the discussion at any time. The
basic learning requirement for in-service teachers was to contribute at least 5 posts during the online discourse
session.
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Figure 2. A screenshot of the online discussion interface

4.3. Data collection and analysis
After the teacher professional development program was completed, researchers used a web crawler tool called

the Octopus to collect discourse data in all the 31 online professional learning communities. The research
process consists of seven phases, as shown in Figure 3.
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Phase 1: Data cleansing. All the collected data, including the name of the person who posted, the time and the
text of the posts, were sorted out and stored in Excel files. All the in-service teachers’ names were pseudonyms.
The size of the Excel files is 3.09 M bytes. The number of posts of the data set “Application of information
technology in classroom teaching” was 8418, and the average number of characters in Chinese per post was
39.47. The size of the set of lexical items in Chinese was 3859.
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Figure 3. The process of data collection and analyses
Note. The black arrow represents the process of data analysis, and the rectangular box represents the result of
data analysis.

Phase 2: Data preprocessing. The first author of this paper preprocessed the text data for all posts using the
jiebaR package in R language, including Chinese segmentation, removing stop words, numbers, emojis, and
special symbols. In particular, we used feature engineering methods (e.g., TFIDF, Singular Value
Decomposition) to select professional terms (e.g., classroom teaching, multimedia technology) from the posts to
build a special dictionary and load them into the jiebaR program to improve the accuracy of word segmentation.
Secondly, the third author of this paper conducted the part-of-speech tagging using the jiebaR package in R
language. In corpus linguistics, part-of-speech tagging is the process of marking up a word in a sentence (corpus)
as corresponding to a particular part of speech such as nouns, verbs, adverbs, adjectives, pronouns (Kupiec,
1992). All the nouns in Chinese in the text data were retained and sorted to form a set of lexical items.

Phase 3: In-service teachers’ participation characteristics in online discourse were analyzed. In addition, the time
series analysis was implemented in R language version 3.5.0 using ‘xts’ packages.

Phase 4: Lexical vector generation. The Chinese lexical items obtained in Phase 2 were sent to Word2vec to
produce lexical vectors, which was implemented in R language version 3.5.0 using the approach of Skip-Gram in
the text2vec package. After each lexical item was represented as a vector, each post in an online discourse was
represented by an average of the vector sum of the lexical items it contains (suppose each post contained n
lexical items), see equation 1. The results of this phase were the generation of lexical vectors and post vectors.

n
L1 VectoTiexical item

n

Vectoryose = Equation 1

Phase 5: Calculation of new information. Each post was divided into two parts in terms of the information it
contained. One part represented the given information and the other part represented the new information.
Referring to the method used by Hu et al. (2003), all previous posts of the current post (post A) spanned to a
vector space (see equation 2). The given information in post A was represented by the projection of the vector of
post A onto the vector space, see equation 3. The result of equation 3 was a numerical value, which represented
the given information contained in post A.

Vector space = span {171', E vy Pr—1} Equation 2

Information(;iven = ||Pr0j60ti0nvector space(pt)H Equation 3

Equation 3 is the norm of the projected vector. For example, in order to calculate the given information of the

Post 3, the first two posts (post 1 and post 2) were spanned to a vector space (see Figure 4), and the projection of
the vector of the post 3 onto the vector space represents the given information of post 3.
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Figure 4. Projecting the vector of the third post to a vector space

The new information was represented by the projection of the vector of post 3 onto the Orthogonal Complement
Space of the Vector Space (OCSVS), see equation 4. The result of equation 4 was a numerical value, which
represented the new information contained in post 3.

Informationye,, =||Projectiongcsys(p:)l| Equationd

Then, the new information contained in each post was standardized, see equation 5.

Informationyey
Informationgiyen+Informationyew

New (post;) Equation 5

The mean value, standard deviation of the new information contained in every post and the evolution of the new
information over time were also calculated. The new information analysis was implemented in R language
version 3.5.0 using Matrix and limSolve packages. The Matrix package contains numerous methods for and
operations on the matrix, including triangular, symmetric, and diagonal matrices, both dense and sparse and with
pattern, logical and numeric entries (Bates & Maechler, 2019). The limSolve package was used to solve the
linear inverse matrix of a given matrix (Soetaert, van den Meersche, & van Oevelen, 2017).

Phase 6: Calculation of topic relevance. The correlation between a post vector and the document vector (an
average of the vector sum of all the posts in the discourse) indicated the extent to which the post was related to
the content of the entire online discourse (Dascalu, Trausan-Matu, Dessus, & Mcnamara, 2015). Suppose an
online discourse contained m posts, the representation of the document vector is shown in equation 6.

Y1 Vectorpost

Vectorgocument = m Equation 6

The calculation of the correlation between the post vector and the document vector is shown in equation 7.

n
Vpost'vducument B Ei:l Vpostl-vdocumenti

vV v - 2 2
Il Post”” document|| JE?=1 Vpostl- Jz?zl Vdocumenti

Correlation= cos (8) =

Equation 7

In equation 7, cos represents the cosine distance between two vectors, which was widely used to calculate the
correlation degree of two vectors. Next, the mean and standard deviation of the topic relevance of all posts and
the evolution of the topic relevance over time were analyzed.

Phase 7: Identification of the cluster of posts and in-service teachers’ online discourse characteristics. Before the
cluster analysis, the values of new information and topic relevance were standardized, which was a common step
in cluster analysis (Hastie, Tibshirani, & Friedman, 2013). Many methods can be used to implement cluster
analysis, and the agglomerative hierarchical clustering method was adopted in this study for solving similar
problems (e.g., Kovanovié, Gasevi¢, Joksimovié¢, Hatala, Adesope, 2015; Wise, Speer, Marbouti, Hsiao, 2013).
The cluster analysis procedure was implemented in R language version 3.5.0 using ‘stats’ packages. The process
of cluster analysis included two steps: the first step was to determine the optimal number of clusters, and the
second step was to implement cluster analysis. Two indicators, the cluster centroids and the average silhouette
index, were evaluated to select the optimal number of clusters. The clustering dendrogram is shown in Figure 5.
When implementing cluster analysis, the agglomerative hierarchical clustering method was used with the
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Euclidean distance and Ward’s agglomeration criteria. After determining the cluster of each post, we further
identified in-service teachers’ online discourse characteristics.
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Figure 5. Dendrogram of post clustering

5. Results

5.1. Algorithm evaluation

In order to ensure the validity and reliability of the proposed algorithm, one coder in educational technology and
one in teacher professional development independently rated each post on a five-point Likert scale ranging from
1 (lowest) to 5 (highest) on two indicators (new information and topic relevance). Coding results showed that the
inter-rater reliability Kappa was 0.667 (p < .01), which demonstrated fair to good reliability. Then, two coders
discussed the differences in codes and combined the results. Cohen’s Kappa coefficient (K) was calculated to
measure the agreement between the proposed algorithm and human in two indicators. The results showed the
moderate agreement rate between the proposed algorithm and human: the coefficient (K) of new information was
0.618 and the coefficient (K) of topic relevance was 0.775.

5.2. What were the in-service teachers’ participation characteristics in online discourse?

The average contribution of each in-service teacher was 4.59 posts, and the average length of posts was 39.47
characters in Chinese. Figure 6 shows the temporal characteristics of the teachers’ online discourse. In-service
teachers contributed a large number of posts in the early stages of online discourse. As time went by, the number

of posts contributed by the in-service teachers decreased. By the end of the online discourse, in-service teachers’
contribution increased slightly.
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Figure 6. Change of the number of posts over time
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5.3. How much new information was contained in each of the in-service teacher’s post in online discourse?

In-service teachers of the mathematics community contributed a total of 275 posts, and the average length of
posts was 41.138 characters in Chinese. The minimum value of new information (= 0) indicated that some posts
did not contain any new information, while the maximum value (= 1) indicated that the information contained in
a post was entirely new information. The mean of new information contained in the posts was 0.221.

Figure 7 further shows how the new information contained in the posts changed over time. The dotted line in
Figure 7 represented the mean amount of new information. In-service teachers’ posts contained much new
information in the early stages of online discourse. As time went on, the new information contained in the posts
gradually decreased. It was worth noting that posts with new information of 0 appeared at all stages of the online
discourse and appeared intensively in the later stage of the online discourse.
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Figure 7. Change of the amount of new information over time

5.4. How relevant were the in-service teacher’s posts to the discussion topic in online discussion discourse?

The minimum value of topic relevance (= 0) indicated that a post had nothing to do with the discussion topic,
while the maximum value (= 0.943) indicated that the content of a post was highly relevant to the discussion
topic. The mean of relevance was 0.708, indicating that most posts were very relevant to the discussion topic.

Figure 8 further shows how the topic relevance changed over time. The dotted line in Figure 8 represents the
mean of the topic relevance. The content of in-service teachers’ posts was highly related to the discussion topic,
which appeared in all stages of online discourse. It was rare that the content of in-service teachers’ posts was
completely unrelated to the discussion topic.
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Figure 8. Change of the topic relevance over time
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5.5. What were the in-service teachers’ online discourse characteristics in terms of cognitive aspect?

In order to determine the optimal number of clusters, we compared the differences of the cluster centroids and
the average Silhouette index of different clustering solutions. Although the two-cluster solution had the highest
average Silhouette index, we decided to use the three-cluster solution, where one cluster of the two-cluster
solution was divided into two smaller sub-clusters for the following reasons. First, in the two-cluster solution,
one cluster included 83.6% of the posts (see Table 2) and a basic distinction between related or not related to the
discussion topic which had very little practical significance. Second, we can see the difference between the two
sub-clusters from the cluster centroids of the three-cluster solution, which are associated with in-service
teachers’ cognitive characteristics and were aligned with literatures on learners’ cognitive engagement (e.g.,
Ding, Er, Orey, 2018; Ding, Kim, & Orey, 2017). Based on the above considerations, this study used the three-
cluster solution (see Table 3).

Table 2. Characteristics of the two-cluster solution

Cluster # Cluster centroids Number of posts (%)  Characteristics

(Relate, New)
Cluster 1 (0.803, 0.220) 230 (83.6%) High relevance, little new information
Cluster 2 (0.221, 0.221) 45 (16.4%) Low relevance, little new information

Table 3. Characteristics of the three-cluster solution

Cluster # Cluster centroids Number of posts (%) Characteristics
(Relate, New)
Cluster 1 (0.764, 0.484) 75 (27.3%) High relevance, much new information
Cluster 2 (0.810, 0.104) 160 (58.2%) High relevance, little new information
Cluster 3 (0.193, 0.190) 40 (14.5%) Low relevance, little new information
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Figure 9. Four types of online discourse characteristics

Combining the results of Figures 7 and 8, it is easy to observe the following results: cluster 1 appeared primarily
in the early stage of online discourse; cluster 2 existed in the whole process of online discourse; and cluster 3
occasionally appeared in the online discourse. Four typical types of in-service teachers’ online discourse
characteristics are shown in Figure 9. The in-service teachers with the first type of characteristics always
contributed posts that were related to online discussion topics and contained much new information. However,
the in-service teachers with the second type of characteristics always contributed posts that were related to online
discussion topics but with little new information. In-service teachers with the third type of characteristics
contributed many posts, but most of the posts were of low topic relevance and little new information. In terms of
the posts contributed by in-service teachers with the fourth type of characteristics, some posts were highly
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related to the discussion topic but with zero new information, while some with low topic relevance but much
new information included.

6. Discussion

In-service teachers contributed an average of 4.59 posts and the average length of each post was 39.47 characters
in Chinese. Moreover, in-service teachers’ contribution mainly appeared in the early stage of online discourse.
This finding was inconsistent with other studies. In Liu’s (2012) study, an online video-case discussion
community was used to foster in-service teachers’ professional development and the results showed that in-
service teachers posted an average of 13.72 messages per person. In another study, teachers’ contribution across
the 6 weeks of online synchronous discussion was quite consistent (Chen, Chen, & Tsai, 2009). Two possible
reasons may be related to in-service teachers’ low and unbalanced contribution. The first was the scoring rules of
the teacher professional development program. Many in-service teachers contributed 5 posts in succession in
order to complete the learning tasks as soon as possible, and stopped posting once the basic learning
requirements were met. The second reason was due to in-service teachers’ busy work schedule. When faced with
the contradiction between work and learning, in-service teachers often expected to finish their learning task as
early as possible. Due to the constant changes of participants, a good discourse culture in the online professional
learning community had not been formed and it was difficult for in-service teachers to have high-level reflection
and collaborative knowledge construction (Lee & Brett, 2015).

New information contained in learners’ contribution is conductive to the accumulation and continuation of ideas
(Keles, 2018), as well as the promotion of collaborative knowledge building. The results indicated that the online
discourse activity presented in this study had encouraged and facilitated in-service teachers’ active and
constructive contributions related to classroom practice to some extent. In-service teachers’ posts contained
much new information in the early stages of the online discourse, while in the later stage of the online discourse,
the amount of new information became very small. From a technical perspective, as the online discourse
progressed, most of the information related to the topic had been discussed. If an in-service teacher repeated
something similar, there would be little new information in the post. However, from a pedagogical perspective,
this situation should be avoided. An effective online professional learning community relies on the continuous,
active participation and contribution of team members to solve emerging problems and generate new knowledge.
From this point of view, a good community atmosphere had not been formed in the mathematics community.
Two possible reasons may be related to this situation. On the one hand, although online discourse environments
facilitated collaboration among in-service teachers, they still lacked necessary discussion skills, such as
reviewing existing information, or comparing inconsistencies between posts. On the other hand, the online
discourse platform could not give hints to in-service teachers about what had been discussed. Therefore, the
necessary scaffolding and technical support can help the formation and development of the online professional
learning community (e.g., Marbouti & Wise, 2016).

Whether the content of posts was related to the discussion topic not only influences the cohesion of the online
discourse, but also influences the shared culture of the online learning community (Tsiotakis & Jimoyiannis,
2016). The results showed that most of in-service teachers’ posts were relevant to the discussion topic, indicating
that the cohesion of in-service teachers’ online discourse was high. This finding was correlated with previous
studies. The teachers in the online professional learning community actively exchanged information, and
provided and sought advices (e.g., Lantz-Andersson et al., 2018; Trust, Krutka, & Carpenter, 2016). In an
organized online discourse, teachers concentrated on the discussion topic much more frequently (e.g., Keles,
2018). This behavior is of value to the online professional learning community, as it indicated that in-service
teachers were actively thinking about the topic of online discourse and related it with their own professional
knowledge and experience.

The results of cluster analysis showed three different groups of posts. The second group of posts, those highly
related to the discussion topic but containing little new information, accounted for the largest number. This
group of posts appeared mainly in the middle and latter stages of the online discourse. The first group of posts,
which closely related to the discussion topic and containing much new information, came in the second place.
This group of posts appeared mainly in the early stage of the online discourse. The posts that were less relevant
to the discussion topic and contained little new information appeared sporadically in the online discourse. The
results of the cluster analysis suggested that in-service teachers’ behaviors and the extent that they contributed
new knowledge might be influenced by teachers’ tight schedules, the activity design of the online discussion,
and the support strategies of the online learning platform. Therefore, it is necessary to design different
intervention strategies for in-service teachers with different cognitive characteristics in the OPLCs. For example,
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for teachers who consistently contribute posts that are highly relevant to the topic and contain a lot of new
information, more rewards and opportunities to show their prestige are necessary. For in-service teachers who
consistently contribute posts that are unrelated to the topic and have no new information, they need to be
prompted. In addition, for teachers who consistently contribute posts that are relevant to the topic but contain
less new information, they need to be encouraged to read their colleagues’ posts and contribute innovative ones,
for instance.

This study had two major contributions. The first one was that it proposed a completely automatic evaluation
approach for detecting in-service teachers’ cognitive engagement in the OPLC. The method used in this study
was highly automatic. It helped introduce an intelligent supervision system in the online learning community to
guide and intervene learners’ online discourse. If learners contribute little new information (e.g., always
repeating what has been discussed), community information sharing culture, problem solving process, and
collaborative knowledge construction will be affected. At this point, it is necessary for the online learning
platform to remind learners of what is being discussed and encourage learners to think from different
perspectives. On the other hand, if the posts contributed by learners are off-topic or the topic relevance is very
low, it will affect the cohesion of the discussion among community members. At this point, it is necessary for the
online learning platform to intelligently determine the topic relevance of the posts. The method presented in this
paper established a technical basis for the implementation of the intervention. The second was that it identified
in-service teachers’ online discourse characteristics from the cognitive aspects of interaction, which was helpful
to identify the learner roles emerging in online learning settings, such as core members (those who actively
contribute new information and have a high degree of topic relevance) and marginal roles (those who contribute
a small amount of posts and have little new information). Further design of intervention strategies for different
roles, such as incentive strategies for core members and prompt strategies for marginal members, will help core
and marginal members of the online learning communities to better monitor and regulate the online learning
process.

This study had a few important implications. First, when evaluating in-service teachers’ learning engagement in
an online learning community, we should pay attention to both the quantity and quality of their contribution.
Previous studies used teachers’ behaviors, such as the number of posts, replies, and resources downloaded to
represent teachers’ learning engagement in online discussions and did not notice that many posts with no new
information appeared (Xing & Gao, 2018). Therefore, just counting in-service teachers’ behaviors did not
represent their real performance in online discussions. Second, this study had important implication for building
an OPLC. Since in-service teachers in the OPLC had different online discourse characteristics, teacher educators
need to design different supervision and intervention strategies. Third, this study provided a bridge between a
theoretical description of leaner’s interaction in the online learning environment and a computational method of
the interaction. Alternative analyses or interpretations were definitely possible given the types of analysis
conducted in this study. For example, the computational method could be used to evaluate the performance of
different online discussion pedagogy in online learning settings (e.g., MOOCs), or the learning performance of
different learning groups under the same online discussion pedagogy.

7. Conclusion, limitations, and future study

This study integrated learning analytics and educational data mining to build a workflow for solving a key issue
in the OPLC: to detect in-service teachers’ cognitive engagement in online discussion activity. Results showed
that in-service teachers’ posts contained more new information in the early stages of online discourse and the
average amount of new information contained in each post was 0.221. When using the calculation method of
topic relevance proposed in this paper, most of in-service teachers’ posts were highly relevant to the discussion
topic. In addition, cluster analysis generated three different groups of posts with unique characteristic. Based on
the three groups of posts, it was easy to identify in-service teachers’ online discourse characteristics. The
workflow and research results presented in this study were not only applicable to the discourse analysis in the
OPLC, but also contribute to the establishment of an intelligent online learning environment (e.g., MOOCs)
which can automatically monitor and provide feedback on learners’ discourse.

There were two major limitations in this study. Firstly, the research method proposed in this paper tended to
ignore some small patterns that may be important. For example, the posts that were not highly relevant to the
discussion topic but contained a lot of new information were ignored. In fact, such posts may contain innovative
ideas that were simply not appreciated by the community members. Secondly, this study only analyzed the
online discourse characteristics of a mathematics community. When researchers and teachers apply the
conclusions of this study, they need to consider the context of the study. Future research directions are to: (1)
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explore the relationship between the quantity of new information in online discourse and in-service teachers’
perception, collaborative learning quality and learning score; (2) design different intervention strategies for in-
service teachers with different types of online discourse characteristics; and (3) deeply understand the factors
influencing in-service teachers’ online discourse characteristics through interviews and questionnaire surveys.
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ABSTRACT: The concepts of embodiment and embodied learning are gaining traction in the field of education.
This special issue aims to synthesize current knowledge on the design and evaluation of learning in immersive
and embodied learning environments, mediated by XR (eXtended Reality) technologies. Of the 14 invited
submissions, six (6) were finally accepted for publication. The collection of works in this special issue provides
insights on best practices for learning experience design, based on systematic or empirical data and analysis on
learning outcomes or processes.

Keywords: XR, AR, VR, MR, Extended reality, Virtual reality, Augmented reality, Mixed reality, Embodied
learning, Immersive learning, Learning environments

1. Introduction

The concepts of embodiment and embodied learning, deeply rooted in theories of embodied cognition, are
gaining traction in the field of education. New educational technologies enable researchers and practitioners to
include more gestures and body movements into their learning experience design, creating immersive and
gesture-rich learning environments. Such embodied environments should enable multi-modal and multi-sensory
forms of interaction through gestures and bodily movement, tactile, and auditory sensory experiences. While the
interplay of new forms of technology and learning is complex, recent evidence suggests that learning experience
design, pedagogy, and practice with embodied and immersive learning technologies can have important effects
on learning, engagement, and achievement in multiple educational settings, including formal and non-formal
(Georgiou & Ioannou, 2019). This special issue aims to synthesize current knowledge on the design and
evaluation of learning in immersive and embodied learning environments.

The specific scope of this special issue is to publish research that addresses learning in immersive and embodied
environments mediated by XR (eXtended Reality) technologies, an umbrella term that refers to the spectrum of
AR, VR, and mixed-reality environments, immersive gaming environments, immersive escape rooms, XR
mobile computing platforms, etc. The focus of this special issue is not the technology per se but rather issues
related to learning experience design (or learning design), the process continuum of teaching, learning and
assessment, and how these are affected or enhanced by XR technologies. We have sought out evidence-based
educational applications and research that meshes pedagogy and practice in all types of learning environments.
Indeed, empirical research on the intersection of pedagogy and practice of XR learning in authentic settings is
very limited to date. The aim of this special issue is to provide insights on best practices for learning experience
design, based on systematic or empirical data and analysis on learning outcomes or processes.

The initial call for paper proposals resulted in 40 high caliber mini prospectuses, of which 14 were invited to
submit full papers. All the invited submissions underwent ET&S’s rigorous blind peer review process, with over
30 field specialists from around the world agreeing to provide expert reviews. Of the 14 invited submissions, six
(6) were finally accepted for publication. The editorial team allowed the more robust and well-developed
submissions to be processed for publications after two rounds of revisions and extensive work by the authors and
reviewers to ensure high quality.

2. Overview of papers
The variety of technologies, research methods, and research contexts in our collection of papers allows the

reader of this special issue to gain a comprehensive insight into the current state-of-the-art in learning experience
design in XR.
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Kang, Diederich, Lindgren and Junokas (2021) focus on gesture patterns and learning in an embodied XR
science simulation. The innovative ELASTIC3S system allows learners to interact with different science
simulations via whole-body gestures (e.g., hand waving, kicking). The authors found trends in the use of the
science simulations directly linked to students’ struggles in understanding the underlying ideas or use of the
system, as well as with their learning performance. Their findings can inform the design of the real time
assistance within the embodied simulation, thus enabling an adaptive learning experience.

In their work, Birt and Vasilevski (2021) examine immersive VR learning in the context of building information
modeling (BIM) in architecture, engineering, and construction. The researchers experimented with a multiuser
(synchronous and collaborative) vs. a single-user (asynchronous) learning environment and found that the
learners’ experience was better in the multiuser condition. Considering these findings, the authors discuss the
future design of immersive virtual reality environments for learning.

Holly, Pirker, Resch, Brettschuh and Giitl (2021) elaborate on the challenging job of designing educational VR
platforms to meet the expectations of educators and students. The reflections are the result of the authors’ work
on the Maroon platform -- a VR environment for teaching physics -- which has been in development for over
five years. The authors present recommendations related to immersion, costs, time restrictions, and the learning
process to overcome current challenges for learning and teaching with VR in the physics domain.

In their work, Lyons and Mallavarapu (2021) take a new approach to understand VR immersive experiences.
They define the concept of collective usability, as the degree to which a group of simultaneous users can make
use of an interactive experience where the human-computer and human-human interactions combine to form a
complex system. The authors present a simple agent-based model simulation to explore how changes in the
number of simultaneous users and the duration, size, and number of the proffered interactives can affect the
collective usability of XR learning environments.

Chaker, Binay, Gallot and Hoyek (2021) examine the user experience of the learners in a 3D interactive human
anatomy tool. The paper presents the author's research and development approach, which includes two phases of
data collection and UX evaluation. The authors found a correlation between student’s UX and both their
anatomy scores and motor imagery abilities (i.e., their ability to imagine a human movement without any real
movement).

Yiannoutsou, Johnson and Price (2021) extend the discussion of the pedagogical design of embodied
mathematical experiences for visually impaired children. They present an iterative, design-based case study with
visually impaired children to inform the pedagogical design of embodied mathematical experiences. Their
system provides opportunities for grounding mathematical ideas in audition and bodily experience. In their work,
sensorimotor interaction (e.g., touching a small tangible grid to understand how to then locomote in an auditorily
enhanced CAVE with grid-like components) seems particularly promising for visually impaired children. Their
findings show how bodily movement and positioning can effectively foster visually impaired children’s
engagement, and they discuss prerequisites for the implementation of immersive VR in the classroom.

3. Summary and future directions for XR learning experience design research

XR in education has great potential for research and development. XR technologies can be integrated in the
learning environment to allow learners to interact with critical elements in a domain without real risk; it can
make the “unseen be seen” in ways that 2D media cannot. Using XR technologies, one may enable simulated
environmental and socio-cultural interactions between students, educators, practitioners, patients, workers, or
other stakeholders in a safe learning environment that authentically simulates the situation, the risks, and the
opportunities for action. This special issue aimed to publish state-of-the-art research that uses the principles of
embodied cognition meshed with the affordances of XR to engage learners and promote learning outcomes in
formal and informal learning environments.

This special issue has compiled research in this burgeoning area; however, it only contributes a small sample of
research in the area of learning experience design in XR learning environments. Namely, while this special issue
addresses different learners (i.e., high school students, special education) and types of educational context
(STEM classroom, design, physiology), there is still a need for more studies. For example, these studies might
include younger students, use a larger variety of formal and informal learning situations, different research
domains (e.g., humanities and empathy induction), and perhaps explore the boundaries of interactivity in three
dimensions (e.g., where is the tipping point for too much interactivity such that it becomes overwhelming for the
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learner? What are best scaffolding methodologies?). Moreover, in the scope of learning experience design in XR
learning environments, the technologies presented in the various contributions of this special issue include VR
environments and 3D simulations of low to medium immersion according to the Johnson-Glenberg taxonomy of
embodiment in education (2018). We note that XR also includes mobile AR/VR and highly immersive virtual,
augmented, and mixed reality environments. The technology is available (e.g., Hololens) to exploit for the
design of highly immersive learning environments using overlays, and several companies are now releasing
easy-to-use or “no-code” editors for AR and in-headset VR experiences. Educators are encouraged to experiment
with these editors and technologies that allow students to be creators in their classrooms.

In terms of methods, there are both quantitative and qualitative studies in this special issue. The editors would
suggest that Design-Based Research (DBR) is a promising methodology to support researchers in the
advancement of XR learning design in these early stages of work and experimentation (e.g., loannou & Ioannou,
2020). DBR shifts the focus to the design problem or learning need and should help researchers examine the
appropriate use of XR technologies to address learning needs. DBR can lead to theoretical understanding and
transferable design principles for promoting learning in XR learning environments beyond the context of a
particular learning need. Such theoretical understandings or transferable design principles illustrating how XR
can enrich the learning environment would help researchers and practitioners communicate with each other and
advance XR learning design.

This special issue is a concrete step in uniting the divergent XR and learning communities; it also raises many
questions. Some of the studies included in this special issue are still in the early stages and there is undoubtedly
much space for extending the work of these authors. Evidently, there is a need for more research that will
continue to contribute to the growing empirical literature on learning experience design, pedagogy, and practice
with embodied and immersive XR technologies. A framework for XR learning design focused on presenting
design principles for learning in XR environments becomes of paramount importance as XR technologies
continue to make their way into formal and informal educational settings. Moreover, well-researched
developments in this area should begin to find their way to commercialization so that more researchers and
practitioners can benefit from using them. As evident in the manuscripts of this special issue, the design,
development, and evaluation of XR learning environments is a very demanding job and studies are rarely
“perfect.” Leaving these developments on the shelves of research laboratories does not help with the wide
dissemination and adoption of important findings in teaching and learning. The opportunities and expected
outcomes for the learners can be immediately realized when such developments become commercially available,
especially at low cost or for free, and easily accessible to those who might be looking to adopt innovative
solutions for teaching and learning. We hold that, XR learning experience design is a fruitful area for research
and development going forward. The editors of this special issue hope that this introduction and the six
contributions that follow will provide a starting point for further inquiry in this area.
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ABSTRACT: Recent research has emphasized the importance of leveraging embodied interactions for learning
critical STEM concepts. ELASTIC3S—an embodied environment for learning about cross-cutting concepts (i.e.,
non-linear growth)—allows learners to interact with different science simulations through whole-body gestures.
Technological advances in gesture recognition can track and respond to students’ gestures, however, there has
been little investigation into how the gestures performed in these environments relate to subsequent learning.
The need for sequential pattern recognition methods is critical in embodied learning if we are to understand how
gestural interaction with a simulation facilitates learning. Using data collected via Microsoft Kinect V2 from
twelve college students, we applied multivariate Dynamic Time Warping for clustering to identify gestural
patterns in ELASTIC?S as evidence for embodied learning processes. Our findings showed that identified trends
of simulation use were indicative of students’ struggles to understand the underlying ideas or use of the system
and were associated with learning performance. These indicators can potentially be used to leverage real time,
in-simulation assistance and promote a more adaptive learning experience via embodied simulations.

Keywords: Embodied learning, XR Science education simulations, Gesture recognition, DTW clustering, Time
series analysis

1. Introduction

There has been significant interest in leveraging learners’ embodied interactions for teaching critical STEM
concepts (Lindgren et al., 2016; Nathan & Walkington, 2017; Stieff et al., 2016). This interest builds upon
theories of embodied cognition that assert a fundamental connection between the actions/perceptual processes of
the body and how people think and learn (Glenberg, 2010; Shapiro, 2019; Wilson, 2002). Research has shown
that learners can be prompted to perform gestures and enact their emerging understanding of STEM ideas in
ways that promotes new learning (Gallaher & Lindgren, 2015; Lindgren, 2014). This seems to be true even for
abstract ideas and unseen processes such as molecular interactions (e.g., Mathayas et al., 2019). A particularly
challenging concept that cuts across STEM domains is non-linear growth: understanding where it is present and
how it differs from linear growth (Tretter et al., 2006).

We designed an XR embodied learning environment to target students’ ideas about non-linear growth called
ELASTIC3S (Embodied Learning Augmented through Simulation Theaters for Interacting with Cross-Cutting
Concepts in Science). The ELASTIC?S platform allows learners to control different science simulations with
user-defined whole-body gestures (e.g., hand waving, kicking). This particular implementation of XR uses
gesture recognition technology paired with multiple large digital displays to create an interactive and immersive
environment where students engage with science simulations through gesture. Although these types of
environments have shown promise for summative learning outcomes (Johnson-Glenberg et al., 2014; Lindgren
et al., 2016), there has been little investigation into how the progression of gestures that learners perform in these
environments relate to their subsequent learning, and how the gestures themselves can be used for the purposes
of assessment and monitoring. The purpose of this work is to apply pattern recognition algorithms to the gestures
that students perform in an embodied XR science education simulation as a means of understanding what is
learned and when personalized feedback should be presented.

2. Relevant work
2.1. Embodied learning
Processes of human cognition are deeply rooted in how the body interacts with the environment (Gallagher,

2006). Our understanding of how the world works is organized around the human sensorimotor system and our
various modes of perception and action (Barsalou, 2008). Embodiment has increasingly become a focus in
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various research domains including cognitive psychology (Glenberg, 2010), linguistics (Lakoff & Johnson,
1980), and the performing arts (Noice & Noice, 2006). In education, researchers are applying ideas from
embodied cognition to the design of learning environments. “Embodied learning” is essentially the forging of
meaningful connections between body movements, artifacts, and learning content (Duijzer et al., 2019; Lindgren
& Johnson-Glenberg, 2013; Skulmowski & Rey, 2018). This type of learning is based around the idea that a
student has agency and an active role in their learning experience, and that learning activities can be designed to
effectively leverage alignments between physical modes of interaction and target concepts. Relevant work has
found that the use of embodied learning leads to improved learning outcomes and understanding in multiple
domains (e.g., Han & Black, 2011; Glenberg, 2008; Goldin-Meadow, 2011; Segal et al., 2014). Specifically,
research has been investigated in STEM education that identified a relationship between gestures and improved
scientific reasoning (Crowder, 1996).

Studies have demonstrated the learning effectiveness of embodied learning environments compared to more
traditional learning settings. Johnson-Glenberg et al. (2011) conducted an experimental design studying if
embodied learning using XR was more effective than traditional classroom learning in which seventy-one 9th
graders participated. Results indicated that the embodied environment led to greater knowledge gains. As a
follow-up study, they examined if the XR embodied learning environment was more effective than a desktop
simulation, and they found that embodied learning yielded significant learning gains for chemistry and disease
transmission (Johnson-Glenberg et al., 2014) and in the abstract domain of the electric field (Johnson-Glenberg
& Megowan-Romanowicz, 2017). Lindgren et al. (2016) also evaluated the effects of embodied interaction on
conceptual understanding and learning engagement where their results corroborated that of Johnson-Glenberg’s
et al. (2014) desktop simulation and embodied learning findings. Specifically, Lindgren et al. (2016) identified
that the embodied learning simulation that was designed to teach critical concepts in physics led to positive
results in terms of students’ learning gains, engagement, and attitudes towards science.

2.2. Multimodal learning in XR

Learning is often multimodal (Jewitt, 2006) and associated with a variety of modes of communication (Ochao,
2017). Being able to capture the change of mode is critical to the understanding of learning processes.
Multimodality contributes to learning via both multimodal instruction and complex multimodal representations
created by learners. Multimodal instruction facilitates learning with effectively integrated representations of
content across different sensory modalities (e.g., Birchfield et al., 2008).

Various methods have been developed by integrating multimodal data sources and have shown promise to
further understanding of learning in an embodied environment. Traditional data such as observation, audio/video
recording, and student and instructor discourse can be used to investigate embodied learning. However, such
analytical processing of these data has limitations including being time consuming, error-prone, and having
limited scalability (Prieto et al., 2018). Advanced technologies now enable the collection of a larger spectrum of
multimodal data sources that reflect students’ embodied experiences and further inform multimodal learning and
instruction. The overall effectiveness of body-based learning activities has been demonstrated, however, there
has been less attention given to the progression of embodied actions (e.g., gestures) performed within such a
learning environment and the ways that these progressions may be conducive to learning (e.g., Smith et al.,
2016). As the availability of multimodal data collected from embodied learning environments increases,
identifying analytical approaches that allow for investigation and interpretation of these data becomes
imperative.

2.3. Time series clustering analyses

Given the large quantities and ever-increasing complexity of data available, the need for scalable, time-series
based analyses are critical (Lin et al., 2012). Scaling and performance necessitate additional revolutions in time
series-driven pattern recognition. Many techniques, specifically in clustering, have evolved to meet this
challenge. For instance, the KmL (K-Means for Longitudinal data) algorithm was developed out of K-means for
longitudinal data (Genolini & Falissard, 2011). A benefit to using this over traditional K-means is that KmL can
handle missing data seen frequently in time. Another time series clustering method, Dynamic Time Warping
(DTW) clustering, has shown benefits. DTW calculates the minimum differences between two time series that
can differ in length and amplitude based on the creation of an optimal warping path to assess similarities through
one-to-many mapping (Li et al., 2010). The output of DTW results in a (dis)similarity metric that can then be
leveraged in a clustering algorithm. For instance, Mezari and Maglogiannis (2017) used DTW on motion data to
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recognize gestures. Shen and Chi (2017) also applied DTW by using 36 variables dealing with autonomy (i.e.,
hitcounts), temporal information (i.e., average times), and actions extracted from student interactions with a
tutoring system. They explored different types of clustering methods, suggesting that popular clustering
techniques such as K-Means do not account for the differing sequential nature of many educational-based
problems. They explored DTW compared to the Euclidean distance and found DTW a viable method for
clustering data where participants have differing lengths of time and numbers of interactions. The powerful
applications of DTW are often lauded for the ability to evaluate time series of differing lengths and scalability to
large quantities of data for pattern recognition.

There is a paucity of research in investigating the analysis of fine-grained multimodal interaction data collected
in a XR embodied learning environments, and how to interpret the interaction data of learners’ embodied
actions. The goal of this paper, therefore, is to investigate the massive and dynamic gesture data generated as
students interact with an XR embodied science simulation and how such gesture data relate to students’
embodied learning experiences. The main contribution of this paper is that we employ a novel analytical method
(i.e., DTW clustering) to the fine-grained time-series gesture data. In particular, we adapt the data aggregation
methods in Shen and Chi (2017) to investigate different granularities of gesture data and describe how each data
granularity reveals different meanings. The present study is an exploratory one, in which we explore and
describe different levels of analyses to discover the best data windowing techniques for identifying meaningful
sequential patterns of students’ embodied actions. In addition, we explore different features derived from gesture
data, and we identify potential features for personalized feedback that facilitate students’ productive whole-body
movements and their learning in the future implementation of XR embodied learning environments.

Our primary hypothesis is that certain patterns identified from students’ gesture data (e.g., time spent, volume, or
speed on a specific gesture) will be related to their learning performance. For example, students who exhibit an
increasing trend in their time spent on gestures that are misaligned with the target mathematical relationship
(e.g., doing an addition gesture when a multiplication gesture is called for) to solve a problem will show lower
learning gains. We aim to find new ways to analyze multimodal interaction data that will reveal any underlying
connections between body movement and learning. This exploratory work lays the groundwork for automated
detection of student embodied behaviors that ultimately supports personalized learning.

3. Methods
3.1. ELASTIC3S

ELASTIC?S (see Figure 1) was developed using the Unity engine for Microsoft Kinect V2 to empower high
school and undergraduate students to build scientific knowledge around the crosscutting concept of scale,
proportion, and quantity. This crosscutting concept was used to bridge the science topics of (1) earthquakes and
(2) acidity/basicity. To detect students’ movements and provide them with real-time skeletal-motion feedback
(see Figure la), a gesture recognition system was developed using a hierarchical hidden Markov model
(described in Junokas et al., 2018). The system is adaptive; that is, the system learns each participant’s different
types of gestures associated with four mathematical operations (i.e., +1, —1, x10, and +10), which the system
uses to recognize the participant’s real-time skeletal data. This paper focuses on the gesture-based data that was
collected during the earthquake simulation of ELASTIC?S, which explored the concept of linear and non-linear
growth through the application of the Richter scale. Students began by developing personal gestures using the
metaphorical framing for each mathematical function we identified during early pilot interviews (Alameh et al.,
2016). For example, participants were prompted to think of (1) addition as stacking a cube on top of a pile of
other cubes, (2) subtraction as kicking one cube out of a pile, (3) multiplication as folding copies of a certain
quantity on top of each other, and (4) division as splitting a stack into smaller groups. While students were cued
to create gestures that adhered to this framing, the “one-shot” gesture recognition system (Junokas et al., 2018)
meant that each student could develop their own personal gestural representation. The gestures that students
created allowed them to explore the exponential concepts in different science topics (i.e., earthquakes and
acidity/basicity).
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(a) Student’s Skeleton and Two Bar Graphs (b) Earth’s Fault Line

(¢) Three-Screen Simulation Space
Figure 1. Screenshots of the ELASTIC?S XR Earthquake Simulation. Note. (a) Two bar graphs indicate the
student’s input magnitude; (b) The Earth’s fault line shows the building of pressure associated with the
magnitude; (¢) A student is making a multiplication gesture.

Once students completed the training phase, students were provided five sequential tasks that varied in difficulty.
First, they are prompted to set the amplitude of the seismic waves to create a different magnitude of earthquake.
Students begin with a straightforward task, which we call M2, where they create a magnitude 2 earthquake
(corresponds to 100 amplitude units, 10%). The most efficient use of gestures to complete this task would be,
starting at 0, to add 1, then multiply by 10 and multiply by another 10, resulting in an amplitude of 100 units.

Each task moved students through varying complexities of their gestures as well as conceptual understandings;
for example, M3.5 requires students to apply their acquired knowledge of the exponential nature of the Richter
scale in order to create a magnitude of 3.5 earthquake. This magnitude is not halfway between amplitudes of
magnitude 3 and 4 and requires an in depth understanding of exponential growth. The task names, the
corresponding amplitude, and level of difficulty are listed in Table 1.

Table 1. Simulation tasks and difficulty

Task order Task name Corresponding amplitude Difficulty level”
1 M2 10 =100 Mid - Hard

2 M3 10° = 1,000 Easy - Mid

3 M3.5 1035 =3,162.28 Hard

4 M7 107 = 10,000,000 Easy

5 M3 10® = 100,000,000 Easy

Note. "Relative to other given tasks.

3.2. Participants

A total of twenty-four undergraduate students from the midwestern region of the United States participated in the
earthquake simulation, which consisted of a pre-test, simulation session, and post-test. Following the IRB-
approved protocol, each participant individually completed a task-based interview consisting of (1) a pre-test, (2)
a simulation session lasting about 30 minutes, and (3) a post-test in a lab with a facilitator in the room. The pre-
/post-tests consisted of questions that assessed their understanding of earthquakes and linear/non-linear growth
in both the context of earthquakes and new contexts (see details in 3.3.3). During the simulation session, the
participants were asked to engage with the earthquake simulation. Both the pre-/post-tests and simulation session
were audio and video recorded. Unfortunately, the logs of early student participants were not recorded, with one
additional student identified as an outlier via visualizations (see section 3.3.2) thus leaving twelve students’ data
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available for this study. Of these twelve students (mean age = 19.2), 58% (n = 7) stated they were female, 66%
were white, two preferred not to answer, one student was Asian, and one identified as multiracial.

3.3. Data sources
3.3.1. Kinect data

The participants completed five tasks in a 30-minute earthquake simulation session. This paper focuses on the
data collected via Microsoft Kinect V2 during the simulation session. Datapoints were collected at a rate of
approximately 30 frames per second, in which the 3D coordinates (%, y, z) of 25 skeleton joints relative to the
Kinect were tracked and recorded. Particularly, each joint’s coordinates were recorded based on positions
relative to the position of the Kinect sensor (see Figure 2).

Wrist_Right ~—

} Spine_Base
Spine_Mid

Figure 2. Visual representations of data collection including joints of interest

3.3.2. Data preprocessing and feature extraction

The first level of preprocessing involved data cleaning through annotation of session recorded video,
documenting when participants started and stopped each gesture and the type of gesture being performed. This
information was then synced with the Kinect data and resulted in a dataset that contained all recorded data, the
gesture type, gesture order, timestamp, and the task being completed. We excluded any Kinect data without
annotations. We also visualized the data to remove unintended movements recorded by the Kinect. It was
identified that one participant had extreme outliers in M2 and M3.5 in both volume and speed, which appeared to
be due to system glitches. That student was therefore removed from the dataset.

Using the cleaned data, we developed various simulation use measures (see Table 2). First, the speed of a gesture
was measured by finding the magnitude of the velocity of a given joint position, formally expressed as (p,: nm
joint position, ¢: time of a given joint position, s: speed):

Ap =py — Py
Ap
As = |—
R Y:

This can be ultimately measured at individual, combinations, and/or the complete joint positions. The volume of
a gesture was measured by finding the product of the Euclidean distance between the maximum and minimum
points of given joint positions at each dimension (x, y, z), formally expressed as (v: volume):
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This rectangular projection of volume was measured on all joints, providing a spatial perspective to a performed
gesture. We then used the distance between two joint positions: spine _base and spine_mid (see Figure 2; these
data points represent each participant’s height) for the normalization, rescaled by each participant’s body size.

While such frame-level data (referred to as “frame granularity”) showed in-moment data, we wished to identify
what level of aggregation was most important and made the most sense. This was completed by comparing
multiple aggregations on frame granularity data (Shen & Chi, 2017). We therefore aggregated the frame
granularity data by each gesture (referred to as “gesture granularity”) to see if there would be a difference
between our two types of granularity: gesture and frame. We found that compared to the frame granularity, the
gesture granularity was more interpretable, as we were interested in the gesture as a whole, rather than a single
frame. As for speed and volume of each gesture, the maximum, minimum, variance, and average were created
for both variables on each distinct gesture to retain as much information as possible.

Further, we needed to know how long the gesture took (i.e., timestamp at the last frame — timestamp at the first
frame) and the type of gesture that was made. We named these measures as: “total time spent on” addition,
subtraction, multiplication, and division. In addition, during the aggregation process, we naturally lost the
granularity of frames. We therefore included how many “frames” were made in the creation of each gesture,
which was named as “number of frames.” Table 2 shows the final list of variables (i.e., simulation use
measures), the result of the aforementioned data preprocessing and feature extraction efforts.

Table 2. Simulation use measures for gesture level analysis

Variable name Description Data type Example
Task Earthquake simulation tasks Character M2
Volume Four features (average, variance, max, Decimals (m?) 0.0033

min) generated from the aggregation of
'normalized volume.
Speed Four features (average, variance, max, Decimals (meter/second) 0.0437
min) generated from the aggregation of
'normalized speed.

Number of frames Number of rows condensed to produce Whole Number 79
aggregated row at the gesture level
Time spent (on gesture) Each gesture was considered a feature, Decimals (second) 1.2853

resulting in four features (addition,
subtraction, multiplication, division).

Note. 'Normalization occurred on the frame level which standardized each motion across all participants for
comparison.

3.3.3. Learning performance data

The four researchers scored each participant’s understanding of earthquake concepts and exponential growth
during pre- and post-tests (Kang et al., 2018). Table 3 shows the descriptive statistics of learning performance
data. During pre-/post-tests, the facilitator asked several questions to see the participant’s understanding of
earthquakes (i.e., conceptual knowledge) and exponential growth in the earthquakes (i.e., exponential
knowledge) and new contexts (i.e., transfer knowledge) (See sample questions in Appendix A). In this study, the
normalized gain score of each category (conceptual, exponential, and transfer knowledge) was calculated by
((posttest score) — (pretest score)) / ((total available score) — (pretest score)) (Hake, 1998). These learning
performance measures were used later to examine if any identified clusters showed significant intergroup
differences of learning performance.

Table 3. Descriptive statistics for learning performance

Conceptual Exponential Transfer
Pre Post !Gain Pre Post !Gain Pre Post 'Gain
Mean 3.08 8.25 0.75 4.63 7.67 0.28 3.00 2.88 -0.08
SD 0.90 1.08 0.15 348 2.63 0.28 1.65 1.86 0.50

Note. 'Normalized gain score (Hake, 1998).
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3.4. Analyses

The gesture granularity data utilized in this study are multivariate time series (see the variables in Table 2).
Several considerations were observed to maximize effectiveness of this multivariate information in categorizing
individuals based on their embodied learning. For example, time series data is a critical aspect of understanding
student embodied learning process, and individuals did not complete a task in the same number of frames or
gestures. DTW takes into consideration time series of different lengths, resulting in a computed similarity value
of each pair of time series data, which is similar to a Euclidean distance (Shen & Chi, 2017). This results in a
distance matrix comparing distance similarity values with each other.

For a single variate, visual example on warping paths and the generation of a similarity metric we present two
examples in Figure 3: (1) DTW dissimilarity = 2.93 between David and Alyssa (Figure 3a), (2) DTW
dissimilarity = 0.56 between Gabby and Rhiannon (Figure 3b). In each graph, we see three panels in each
warping path. Each student’s behavior over the course of time for a given variable is shown in each vertical (left)
and horizontal (lower) panel. The central panel is the cost matrix, where we see the warping path between the
two students’ average volume patterns over time. A score of zero, or a diagonal line, indicates that the patterns
are identical and no warping was required to “match” one pattern to another. The more warping that is required,
the larger the metric is, indicating more dissimilarity between two students’ behaviors.

Average Volume per Gesture (DTW = 2.93):

where the time-series represents each

Average Volume per Gesture (DTW=0.56):
where the time-series represents each
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Figure 3. Average volume comparison between a pair of students

Further, we sought to understand how different levels of the data could yield meaningful clustering results that
address our objectives. Three levels: (1) task level, (2) subsequence level, and (3) all tasks level were created to
view the data in multiple ways (see Table 4). For example, M3.5 on the task level used gesture data from only
task 3.5. For M2/3/3.5 in subsequence level, we included the student’s first gesture made in M2 to their last in
M3.5. Therefore, subsequence level was ultimately used to understand the overall trajectory of the behavior up to
that point. Task level and subsequence level clustered twelve matrices, each of which included each of twelve
participants’ multivariate gesture granularity data for each level of analysis. Finally, for all tasks level, we
included all participants’ gesture granularity wherein each student’s behavior per task was evaluated against all
other students’ task behavior. That is, all task level clustered a total number of sixty matrices (i.e., twelve
students X five tasks = sixty matrices), each of which included the multivariate gesture granularity data each
participant made during each session.

Once the DTW value or metric was derived for each pair of data, the values were used in the clustering process.
We selected the Hierarchical clustering method using Wards Linkage to ultimately partition students into
clusters. The optimal number of clusters was identified using Silhouette method for each analysis level: 3
clusters. This was all completed in the tsclust package in R. To examine statistically significant differences of
each variable across three clusters in each level of analysis, we first checked the assumptions of one-way
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ANOVA. Along with our small sample size, the normality and homogeneity of variances were violated.
Therefore, we performed Kruskal-Wallis non-parametric analyses of gesture and learning performance variables
(i.e., normalized gain on conceptual, exponential, and transfer knowledge) of each cluster generated from task
level, subsequence level, and all tasks level. Then, we conducted post hoc tests with the Bonferroni adjustment
(Kruskal & Wallis, 1952) to examine statistically significant differences of each variable between each pair of
three clusters.

Table 4. Different levels considered for clustering and other analyses

Analysis level Tasks included in each analysis Data structure examples!
(# gesture granularity data)
Task level M2 (n = 64) AM2,BM2 ... TM2
M3 (n=21) AM3,B.M3 ... T.M3
M3.5 (n=173) AM3.5,B.M3.5... TM3.5
M7 (n =86) AM7,BM7... TM7
M8 (n=21) A.M§,B.M8 ... TM8
Subsequence level M2 (n = 64) AM2,BM2 ... TM2
M2, M3 (n = 85) (A.M2+A.M3), (B.M2+B.M3) ...
(T.M2+T.M3)
M2, M3, M3.5 (n=258) (AM2+AM3+A.M3.5) ...
(TM2+T.M3+T.M3.5)
M2, M3, M3.5, M7 (n = 344) (AM2+AM3+AM3.5+AM7) ...
M2, M3, M3.5, M7, M8 (n = 365) (AM2+AM3+A.M3.5+A.M7+A.M8) ...
All tasks level M2, M3, M3.5, M7, M8 (n = 365) AM2,BM2 ... TM7, T.M8

Note. 'Letters that come prior to task information are shortened aliases for students. A.M2 is Alyssa’s data from
task M2 exclusive.

4. Findings
4.1. Task level vs. Subsequence level

To identify students’ gestural patterns, we first explored two different levels: task level and subsequence level.
As described in 3.4, non-parametric analyses examined statistically significant differences of gesture and
learning variables across three clusters. Of interest, the number of frames variable showed the significant
intergroup differences in every task and subsequence level. Overall gesture characteristics of each cluster were
identified as “High-Frame,” “Mid-Frame,” and “Low-Frame” mainly using each cluster’s mean rank of number
of frames. Table 5 shows the characteristics of each cluster in the subsequence level analyses. In particular, we
used the results of K-W analyses and post hoc tests by including selected statistically significant variables (i.e.,
simulation use measures, learning performance variables) identified in each segment analysis.

The task level analyses showed the participants’ significant gestural behavior differences across three clusters
during each task. One interesting finding is that a High-Frame cluster showed the lowest transfer change
(High_mean rank = 2.0, Mid_mean rank = 8.0, LOW _mean rank = 8.0) during the M7 task (*(2) = 7.748, p < .05) and the
lowest exponential change (High mean rank = 4.20, Mid_mean rank = 9.50, LOW_mean rank = 4.75) during the M8 task
(*(2) = 6.009, p < .05). The High-Frame clusters during M7 and M8 show the same tendency of longer time
spent on gesture multiplication (M7: ¥%(2) = 55.658, p = .000; M8: ¥*(2) =10.515, p = .005). Potentially at this
point, the students who showed this gestural characteristic could be provided better scaffolding, which could, in
turn, be more successfully transferred to novel contexts.

The subsequence level analyses also identified three clusters in each aggregated segment. As shown in Table 5,
within each subsequence segment, all High-Frame clusters show the longest time spent on gesture subtraction,
while all Mid-Frame clusters show the shortest time spent on gesture subtraction, as evaluated using K-W non-
parametric testing. The two gestures, subtraction and division, indicate a student made an adjustment of the
gestures they have added, realizing previous gestures were made incorrectly. To complete the tasks in the
optimal way, these two gestures are not required at all. The presence of these patterns in the data suggests that
students may have had difficulty employing the correct sequence of gestures that were required. Figure 4 shows
the average time spent trend (i.e., the average time spent per a single gesture) on two gesture types: gesture
multiplication and gesture subtraction. One interpretation may be that students initially had trouble grasping the
system, as the average time spent on Gesture Subtraction decreases over the segments (see Figure 4a). However,
we also recognize that the High-Frame groups show significantly more time spent on gesture subtraction during
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the first two tasks than the other groups which may signify the overall difficulty these students had and may
require additional support in situ.

SUBTRACTION GESTURE MULTIPLICATION GESTURE
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Figure 4. Average time spent trends on gesture

As shown in Figure 4b, High-Frame clusters show an increasing trend, while the Mid- and Low-Frame clusters
show a decreasing trend. Particularly, the High-Frame cluster show the lowest time spent on multiplication
gestures for the first two subsequence segments: M2 and M2/3.5. The High-Frame clusters then overtook the
other two clusters when the later tasks’ data (i.e., M3.5, M7) were added. This increasing average time spent on
multiplication gesture may indicate this is a point of tension for the student. During the last two segments,
compared to the Mid-Frame clusters, the students in the High-Frame clusters also appeared to achieve lower
normalized gain on transfer knowledge, indicating they were unable to transfer their knowledge to new contexts.

In Figure 5, the normalized volume per gesture shows the similar trends across all clusters; that is, the increasing
trend on the M2/3 and M2/3/3.5/7/8 subsequences. When we included M3 in the subsequence (i.c., the M2/3
segment), the average volume made for each gesture increased. This was echoed when M8 data was included in
the full sequence. The High-Frame clusters showed consistently the lowest average of volume over the entire
task progression. Task M8 (from M?7) is the easiest task that requires students to go over the similar thinking
process they practiced during M2 and M3. Additionally, the Mid-Frame group showed the sharpest increasing
trend of average volume from M7 to M8. Given the highest transfer knowledge gain Mid-Frame groups showed,
the tendency of increasing volume during each following task of M2 or M7 may indicate students’ confidence on
their gestures.
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Figure 5. Average normalized volume trend
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Table 5. Cluster characteristics: Gesture and learning - subsequence level

Tasks # Granularity  Selected key High-Frame Mid-Frame Low-Frame Post hoc
included data! variables? Cluster Cluster Cluster results®
M2 Total = 64 Frames MR*=4533 MR=36.55 MR=17.65 “High-Low;
OA2)=25.121, p *Mid-Low
High=20  =.000")
Mid = 21 Timespent_S3 MR =4325 MR=26.19 MR=2891 "High-Mid;
Low =20 ((2)=18.017,p “*High-Low
=.000™)
Timespent M MR =2355 MR=4495 MR=2891 “High-Mid;
O2A(2) = 17.228, p *Mid-Low
=000
M2/ Total = 85 Frames MR=63.73 MR =36.55 MR=17.65 “High-Low;
M3 02(2)=25.121, p “Mid-Low
High = 25 =.000")
Mid = 30 Timespent_S3 MR=4325 MR=26.19 MR=2891  “High-Mid;
Low =30 ((2)=18.017,p “*High-Low
=000
Timespent M MR =23.55 MR =44.95 MR =28.91 ““High-Mid;
((2)=17.228,p “"Mid-Low
=.000™)
M2/ Total = 258 Frames MR =202.11 MR =129.02 MR =54.13 “"High-Mid;
M3/ (OA(2) = 107.164, p *High-Low
M3.5  High=57 =.000")
Mid = 147 Volume_Average MR =106.7 MR=146.11 MR=106.88 “High-Mid;
Low =52 (*(2)=17.482,p “Mid-Low
=.000™)
Speed_Average MR =131.82 MR=139.11 MR=99.42  “Mid-Low
02(2) = 10.973, p
=.004")
Timespent S MR =146.32 MR=12348 MR=12833 “High-Mid;
(*(2) =20.970, p “High-Low
=.000")
M2/ Total = 344 Frames MR =26841 MR=173.74 MR =83.88 “"High-Mid;
M3/ (¥(2)=177.092, p “*Mid-Low;
M3.5/  High=98 =.000") “High-Low
M7 Mid = 138 Volume Average @ MR =15546 MR=193.13 MR=161.6 “High-Mid;
Low = 108 (*(2)=10.113,p *Mid-Low
= .006™)
Speed_Average MR=183.58  MR=183.4 MR = 148.52 "Mid-Low;
(OA2)=9.315, p = *High-Low
010%)
Timespent_S MR =18527 MR=165.19 MR=170.26 “High-Mid;
() =17.125,p *High-Low
=.000")
Timespent M MR =202.1 MR =167.29 MR=152.3 “"High-Mid;
(*(2)=15.129,p “High-Low
=001
Transfer Change MR =2.00 MR = 8.80 MR =7.00 *High-Mid
O2(2) = 8.437, p =
015%)
M2/ Total = 365 Frames MR =287.16 MR=18742 MR =289.21 “"High-Mid;
M3/ 022)=11.192, p “Mid-Low;
M35/ High=101  =.000") “*High-Low
M7/ Mid = 145 Volume Average MR =16539 MR=201.16 MR=175.82 “High-Mid
e Low=119  ((2)=7.660, p
=022
Timespent S MR =196.38 MR =175.7 MR =180.53 *High-Mid;
() =17.874,p ““High-Low
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=000

Timespent M MR =21551 MR=17853 MR=160.84 “High-Mid;
(¥*(2)=16.575,p “*High-Low
=.000")

Transfer Change MR =2.00 MR = 8.80 MR =7.00 *High-Mid
((2)=8437,p
=015")

Note. "Number of gesture granularity data included in the analysis. 2Key selected significant variables from non-
parametric analyses of each cluster. *Total time spent on gesture (A: Addition, S: Subtraction, M: Multiplication,
D: Division). “Mean Rank. ° Post hoc test results using Bonferroni correction. ‘indicates p-value < .05.
“indicates p-value < .01.

4.2. All tasks: Membership transfer

To examine how each student shifted cluster memberships over five different tasks, we completed another
analysis in which clustering took place where each task was evaluated for each person. Three clusters were
selected as the optimal number of clusters. Similarly, the number of frame feature shows statistically significant
differences across three clusters; therefore, we also used the mean ranks of number of frames to label each
cluster. The non-parametric tests and post hoc analyses showed some interesting statistically significant variables
across the three clusters: time spent on gesture addition (¥%(2) = 38.597, p = .000) and time spent on gesture
subtraction (y%(2) = 7.020, p = .030). For example, High-Frame cluster shows the longest time spent on gesture
addition tendency (High mean rank = 212.95), while Mid-Frame cluster shows the shortest time spent tendency
(Mid_mean rank = 114.5). Such patterns of High-Frame cluster may indicate students were less strategic or
struggling, since the use of gesture addition is indicative of less understanding of non-linear relationships
between the amplitudes of seismic waves and the magnitude.

Table 6. Membership transfer at all tasks level

Pseudonym M2 M3 M3.5 M7 ’Key learning gains

Low Exponential/Conceptual/Transfer

Low Transfer

M8
M
M
L M None
L L Low Conceptual; High Exponential
L L L M None
Louise L L L L L High Exponential/Transfer
Matthew L M L L M Low Exponential
Mindy L M L L M None
Rhiannon L M u L L High Exponential/Transfer
Rosalind L M L L M High Exponential
Steven M M — M Low Conceptual/Exponential/Transfer
Tabitha M M L L M Low Conceptual; High Transfer

Note. 'This is an abbreviation of each cluster (H: High-Frame, M: Mid-Frame, L: Low-Frame). 2This is a
summary of each student’s learning gain in each category of pre-/post-test scores. Low indicates the 25% of
participants who had the least learning gains, where High represents the 25% participants who made greater
learning gains.

Table 6 shows each participant’s clustering membership transfer over the five tasks and their key learning gain.
Notably, the majority of students were assigned to a High-Frame cluster during M3.5, the most challenging task.
After the completion of the first two tasks (M2, M3), we expect students to no longer stay in High-Frame cluster
during the second set of the similar practice (M7, M8), where they were able to apply what they learned from the
earlier tasks. Therefore, the students who exhibit the patterns staying in High-Frame cluster (i.e., Alyssa, Blair)
or switching to High-Frame cluster (i.e., Steven) seemed unable to figure out how to use the system until the end
of the simulation session. These students’ lower learning performance indicated that such patterns may be an
indicator of struggles. The participants who tended to stay in Low-Frame cluster toward the end of the
simulation showed better learning gains in both exponential and transfer knowledge (i.e., Louise, Rhiannon).
Understanding such cluster membership transfer reveals the trend of each student’s gesture use across five
different tasks. This may suggest ideal gesture behavior that leads to a positive learning outcome, which needs
further research to verify the relationship.
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5. Discussion

Recent research has highlighted students’ challenges in understanding complex and abstract STEM concepts and
the role that embodiment can play in overcoming these challenges (e.g., Duijzer et al., 2019; Stieff et al., 2016).
ELASTIC3S is an XR environment that was designed to facilitate crosscutting concept knowledge-building
(scale, proportion, and quantity) by having students develop gestures to express ideas about linear/non-linear
growth in different science domains. In this study, we were particularly interested in understanding embodied
interaction data collected from an immersive XR platform as students were engaged in learning about non-linear
relationships in one specific science domain (i.e., earthquakes). This study employed the DTW clustering
method to explore and better understand students’ embodied learning processes based on the fine-grained time-
series gesture data recorded from the Microsoft Kinect.

It is important to explore different data granularities as they can reveal meaningful patterns in different contexts
(e.g., Shen & Chi, 2017). To best describe the embodied learning experiences in this simulation, we first
explored different types of data granularity: frame vs. gesture. The frame granularity did not tell us as much
information as we were interested in the gesture as a whole, rather than a single frame; therefore, the gesture
granularity yielded more interpretable results. We further explored different levels of analyses: (1) task, (2)
subsequence, and (3) all tasks, to discover the best data windowing techniques for sequential patterns of
embodied learning. This highlights the importance of data exploration to best tell the story in a certain context,
and contributes on the literature of understanding embodied learning process within technology-enhanced
learning environments (e.g., Price et al., 2016), especially by applying different analytical applications of fine-
grained time-series embodied interaction data.

In ELASTIC?3S, students complete a series of five tasks with the goal of reaching a specific value on the Richter
scale. Moving through the tasks, both students’ gesture use and their conceptual understandings are advanced as
they become more familiar with the system. The subsequence level analyses revealed more meaningful temporal
patterns than task level analyses, as their captured behavior in a given task was placed in context with previous
tasks. Further, any changes that occurred at each segment were certainly influenced by performance the time
before.

The results indicate that certain gestural interaction trends of students’ simulation use identified in Mid-Frame
clusters (e.g., a decreasing trend of time spent on gesture multiplication, relatively lower time spent on gesture
subtraction over the entire segments, relatively higher average volume over the last three segments) seemed to be
associated with higher learning gains. This suggests their increasing trend of volume toward the later segments
may indicate the students’ higher confidence of using gesture as they become more familiar with the system and
the exponential growth concepts, which needs further research to verify such relationship. The characteristics of
a High-Frame cluster including the relationship with the learning gain measures showed that students exhibiting
such characteristics (e.g., an increasing trend of time spent on gesture multiplication, relatively lower average
volume over the last three segments) seemed less likely to learn the core ideas presented in the simulation. The
results of the M2/3/3.5/7 segment, showed significant transfer knowledge gain differences between clusters. This
may be an indicator of the needs of guidance for some students who showed the characteristics of High-Frame
cluster based on their simulation use up to M7. For example, the system can track each individual’s subsequence
data aggregated from M2 to M7. If a student shows relatively high speed, longer time spent on gesture
subtraction or gesture multiplication, or smaller volume, the system may provide certain prompts so that students
can reflect on what they have done up to the current task. In this way, students will be able to receive more
practice. This is aligned with the literature that highlights the importance of capturing the subtle change of
students’ multimodal interaction to understand their learning process and further yield positive learning
performance (Jewitt, 2006; Ochoa, 2017). It is noteworthy that our sample size is relatively small (n=12) for
making predictions that generalize to other groups of students. A larger sample is needed to validate that such
patterns are representative of the behaviors of a larger group.

The subsequence level analyses overall tracked different gestural interaction patterns during each task within the
context of past tasks and gestures, suggesting which task the participants may have struggled in completing. We
further examined each individual student’s cluster membership transfer (all tasks level) indicating an individual’s
sequential pattern of simulation use. The students who switched to Low-Frame cluster toward to the last task
tended to achieve more learning. However, the students who exhibited the tendency to backtrack (i.e., the longest
time spent on gesture subtraction) and struggled with understanding non-linear contexts (i.e., the longest time
spent on gesture addition) showed lower conceptual gain. This suggests the clustering transfer trend might be an
indicator of more support or practice being needed. These findings are descriptive in nature, and require further
investigation for causal inferences between gestural patterns and learning performance.
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Research (e.g., Abrahamson & Lindgren, 2014; DeSutter & Stieff, 2017) have identified components (e.g.,
activities, materials, and facilitation) of embodied learning environments and design principles that can be
applied to the learning environment design. In particular, facilitation should be an integral part of the embodied
learning environment, in which learning is facilitated by situated and timely feedback. Since body cueing is one
of the ways embodied interactions are prompted around learning content, it is a way to integrate students’
understanding of new knowledge with an embodied simulation (Lindgren, 2014). Therefore, it is critical to track
students’ interactions with the learning environment and to design effective cues that facilitate productive whole-
body movements (Black et al., 2012; Lindgren & Johnson-Glenberg, 2013).

Overall, certain temporal patterns using different simulation use measures can be used for early detection of
students’ struggles throughout the process of exploring embodied activities within an XR learning environment
such as ELASTIC3S. Advanced adaptive learning technologies may help to engage the learners with
personalized prompts based on kinematic markers to enhance students’ cognitive activities in the process of
learning. Most of the current studies in the area of embodied learning have been conducted in a laboratory
environment (e.g., Lindgren & Johnson-Glenberg, 2013), where a researcher or teacher is present throughout the
learning activities and provides a participant with just-in-time guidance whenever needed. Exploring potential
features driven from multimodal data is critical in the future implementation of embodied learning environment
in either a formal or informal setting (e.g., Ochoa, 2017).

6. Limitations and future work

This study has limitations that should be addressed in future research. First, the number of participants is notably
small (n = 12). However, the Kinect logfiles contain a massive gesture dataset for each participant. This yielded
the adequate amount of data (see Table 4) that represents valid and reliable behaviors of the participants, which
allowed for the analyses we conducted in this study. In future work, we plan to include a larger sample to
validate (1) whether the captured patterns are representative of the behaviors of a larger group and (2) the
relationships between the patterns and learning performance. Second, it should be noted that we did not collect
the participants’ academic background such as fields of study or previous experiences in STEM, while we
recruited the participants from a general educational psychology course where the majority of students’ fields of
study was not STEM.

Third, we identified the cluster patterns including volume and speed features, which suggested their affective
states such as confidence of using gesture rather than cognitive states. This needs further research to verify such
a relationship. This also suggests interesting lines of follow-up inquiry on the causal relationship between
kinematic features or gesture pattern trajectories and affective or cognitive states. Lastly, we extracted the
simulation use variables by considering all joint information in one frame. There is a lot more nuance to 3-
dimensional metrics especially in spatial positions. Therefore, future studies should further explore other
features, such as focusing on one joint for all frames or all joints and all frames, as each new feature will return
different metrics and representations. We hope the volume features we used in this study are a good starting
point for further exploration. The analytical approach used in this study indicates the potential of kinematic
features as key indicators of the quality of learner perceptions and comprehension, and the potential need for
gestural interaction guidance, which can further support their learning in other domains.

7. Conclusion

Previous studies have shown that the embodied learning simulation, ELASTIC3S, has an overall a positive
impact on students’ understanding of content objectives and the crosscutting concept of non-linear growth.
Those studies highlighted the critical features of embodied simulations that facilitate student reasoning.
Technological advances in gesture recognition allow for the creation of XR environments that can track and
respond to students’ gestures in real time. This study therefore investigated how the gestures learners perform in
these environments relate to their subsequent learning, and how understanding the features of productive
gestures can be applied to future embodied XR learning environment design. We applied multivariate Dynamic
Time Warping for clustering to identify gestural patterns in ELASTIC?3S as evidence for understanding learning
processes. Our findings showed that identified patterns of simulation use were indicative of students’
comprehension and struggles with learning target ideas.

The main contribution of this paper is to apply an underutilized analytical approach to understand students’
gestural interactions with embodied XR learning environments. Specifically, this study contributes to the early
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work of detecting sequential gesture patterns that represent students’ embodied learning experiences by applying
different data granularities (frame vs. gesture) and different levels of analysis (task, subsequence, and all tasks).
Different levels of analyses applied in this study highlights the importance of considering various ways of
structuring data, which can reveal more meaningful patterns of simulation use and serves as evidence of a more
positive embodied learning experience. The results of this study pave the way for further research on the design
of XR embodied simulation environments that provide real-time guidance and promote a more powerful and
adaptive learning experience.

We proposed potential kinematic features for personalized feedback that may facilitate students’ productive
whole-body movements and learning. It is worth noting that future research including lager samples is needed to
validate the present findings. We believe such analytical applications explored in this paper provide guidance for
researchers to replicate or adapt when dealing with fine-grained time-series gesture data within XR embodied
environments.
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Appendix A: Sample questions from pre- and post-tests

Conceptual Knowledge
o  What causes earthquakes?

Exponential Knowledge
o  What happens to the amount of damage in a town if the earthquake goes from a magnitude of 7.2 to a
magnitude of 8.2?

Transfer Knowledge

o I want you to imagine that you McDonald’s and Burger King are going to start opening restaurants in China.
McDonald’s plans to open 3,000 restaurants every year for 12 years. Burger King is going to start with 1
restaurant and then triple the number of restaurants every year for 12 years. Which restaurant chain do you
think will have the most restaurants in 12 years?
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ABSTRACT: Immersive virtual reality (IVR) and mobile technologies have been identified as important in
reimaging information delivery and pedagogy. This, coupled with evolving research in single (SUVR) and
multiuser (MUVR) IVR environments, may enhance educational practice. However, there is limited research on
the impact of such technologies on the learners’ experience in authentic learning environments, such as building
information modeling in architecture, engineering, and construction (AEC) workflows. This paper addresses this
through a study of forty-eight participants recruited from a postgraduate construction course at an Australian
University to answer a research question on how mobile MUVR is more useable than mobile SUVR when
experiencing building information models. A within-subjects’ experiment was performed using a mixed-methods
approach assessing participant mobile IVR Usability on a 5-point Likert scale across four constructs and analysis
of reflective sentiment and essays. The results show that when the participants moved from SUVR to MUVR,
this significantly increased the overall perceived mobile IVR Usability. Combined with the qualitative analysis,
these results suggest that MUVR influences mobile IVR Usability and an increase in learner experience. This
study can be used as a launchpad for future research that will explore the causes of the evolution of the
enhancement that MUVR provides, expanding beyond the scope of AEC education and industries.

Keywords: Virtual reality, Mobile, Multiuser, Learning experience, Virtual reality usability

1. Introduction

Building Information Modelling (BIM) is a new technique being used in the architecture, engineering, and
construction (AEC) industry to assist with stakeholder communication, phase scheduling, and design error clash
detection (Chan, Ma, Yi, Zhou, & Xiong, 2018). Used throughout the whole building lifecycle, BIM enables
advanced forms of interactive visualization through object-related quantitative and qualitative data and visual 3D
models (Santos, Costa, & Grilo, 2017). This combination of information and spatial modelling enables optimized
workflows and communication that supports the critical success factors (Antwi-Afari, Li, Pdrn, & Edwards,
2018) and ever-changing AEC industry compliance (Chan et al., 2018). With the data in AEC projects growing
in scale and complexity (Tang, Shelden, Eastman, Pishdad-Bozorgi, & Gao, 2019) there has been a rapid shift in
AEC education to integrate BIM into course content leading to integration difficulties (Puolitaival & Forsythe,
2016).

Immersive Virtual Reality (IVR) (Parong & Mayer, 2018; Radianti, Majchrzak, Fromm, & Wohlgenannt, 2020)
and the subset of mobile IVR (Ladendorf, Schneider, & Xie, 2019; Olmos, Cavalcanti, Soler, Contero, &
Alcaiiiz, 2018) has been identified as emerging technologies for reimagining education delivery. Coupled with
evolving research in multiuser IVR environments (Buck, Rieser, Narasimham, & Bodenheimer, 2019), mobile
IVR may enhance learning in spatial disciplines such as AEC education (Birt & Cowling, 2018; Vasilevski &
Birt, 2020). However, there is limited empirical research on the usability impact of such methods on the learners’
experience.

This paper addresses this through a study of forty-eight participants recruited from a postgraduate construction
course at an Australian Higher Education institution. Using a mix of quantitative and qualitative data,
participants answered the research question: “How is mobile MUVR more useable than mobile SUVR when
experiencing building information models?”

2. Background

Unifying learner skills within professional real-world environments is difficult and complex (Herrington,
Reeves, & Oliver, 2014). This is due to a combination of factors such as safety concerns, staffing costs,
educating on non-existent environments, liability issues, repeatable experiences, and situated contextual
feedback. With AEC projects growing in scale and complexity, there has been a rapid shift in AEC education to
integrate authentic industry methods such as BIM into courses, leading to pedagogical integration difficulties.

93

ISSN 1436-4522 (online) and 1176-3647 (print). This article of the journal of Educational Technology & Society is available under Creative Commons CC-BY-NC-ND
3.0 license (https://creativecommons.org/licenses/by-nc-nd/3.0/). For further queries, please contact Journal Editors at ets.editors@gmail.com.


https://creativecommons.org/licenses/by-nc-nd/3.0/

Puolitaival and Forsythe (2016) noted that most AEC courses use traditional methods such as plan drawings to
teach integrated BIM. However, urgent reform is required to embed emerging technologies with collaborative
experientially driven approaches to improve authentic learning and industry readiness of learners.

Schott and Marshall (2018) recognize that we best understand experiential education as philosophy, which
accepts the idea that learners need to interact with the world to comprehend it. Therefore, if cognitive immersive
learning environments are achievable using technology which the visualization and simulation literature suggests
(Bower, Lee, & Dalgarno, 2017; Dalgarno & Lee, 2010; Fowler, 2015; Reisoglu, Topu, Yilmaz, Karakus
Yilmaz, & Goktas, 2017), then the challenge is achieving alternatives to situated real-world learning through a
combination of task design and interactive, immersive environments.

Increasingly IVR has been shown to assist in both industry (Slater & Sanchez-Vives, 2016) and educational
(Jensen & Konradsen, 2018) settings. Radianti et al. (2020) published a systematic review of IVR and the
pedagogical theories, methods, and domains in which IVR has been embedded in higher education. The authors
mapped IVR technology into three domains: (i) mobile VR (Samsung Gear VR, Oculus Go/Quest), (ii) high-end
heads mounted displays (HMD) (Oculus Rift, HTC VIVE) and, (iii) enhanced VR (often referred to as mixed
reality using haptics and physical world data). It is noted that other systems such as 2D monitors, CAVEs, and
similar are classified as non-immersive VR.

According to Radianti et al. (2020) the characteristics of IVR and learning are one of interactivity, presence,
immersion, and the interplay of technical attributes such as graphical quality, framerate, and field of view on the
individual sense of awareness associated to their personality traits. The authors noted that immersion is the most
subjective of the characteristics. Slater and Sanchez-Vives (2016) view the discussion of immersion exclusively
related to the IVR system’s technical affordances and that immersion may give rise to subjectivity in users and
is, therefore, a subjective correlation to presence. That is, if the participants perceive the use of their body within
the IVR in a more natural way, then the body’s perceptual system is perceived as being there. Johnson-Glenberg
(2018) concludes that full-body movement and gestures provide for even more creative actions and learning in
3D with higher presence correlating with higher embodiment levels. This is further examined in their later work,
where VR platform choice affects embodiment and learning (Johnson-Glenberg et al., 2020).

Dalgarno and Lee (2010) highlight the impact of immersion and fidelity on the participants’ higher active
learning function showing that as immersion increases, so does the learning. Fowler (2015) argues that
immersion may emerge as a product of the complex interactions within the environment. Bailenson (2018) notes
that the interactivity aspects of VR offer tremendous learning opportunities. The connection between immersion
and engagement within IVR has been researched by a number of researchers (Allcoat & von Miihlenen, 2018;
Hudson, Matson-Barkat, Pallamin, & Jegou, 2019). Huang, Backman, Backman, McGuire, and Moore (2019)
noted that “virtual environments have the potential as an educational platform for real-world simulations,
professional training, synchronous interaction, and global collaboration to provide interactive and immersive
learning experiences and to enhance learner engagement.”

Parong and Mayer (2018) identify IVR potential for engagement but cautioned on the immersive medium, as
IVR may cause learners to be less reflective and that the VR may be better as a pre-lesson to spark interest, and
then learning is formed around conventional collaboration. This is further examined by Bower et al. (2017) by
exploring the importance of collaborative participant discussion (communication) and interaction. An essential
question in understanding how to develop and build collaborative or multiuser IVR recognizes how people
perform actions together, and the impact of social dynamics and affordance behavior is often studied through
virtual avatars (Buck et al., 2019).

There is much literature on the use of virtual avatars for education (Dickey, 2005; Hew & Cheung, 2010;
Mikropoulos & Natsis, 2011; Reisoglu et al., 2017) and the impact of physical avatar characteristics on the
participants deeper immersion and emotional satisfaction within IVR (Steed, Pan, Zisch, & Steptoe, 2016;
Waltemate, Gall, Roth, Botsch, & Latoschik, 2018). The avatar’s degree of personalization, realism, and
graphical fidelity is significantly related to ownership, presence, and agency in immersive virtual environments
(Waltemate et al., 2018). It has also been shown that avatar mediated communication has clear correlations to the
social presence (Oh, Bailenson, & Welch, 2018). However, there are concerns about the impact that users’
avatars have on others (Turkay & Kinzer, 2014) with deidentification (Merola & Pefia, 2009) and motion control
(Heidicker, Langbehn, & Steinicke, 2017) being essential considerations, especially in social, collaborative VR.

Heidicker et al. (2017) found that presence, social presence, and cognitive load are influenced by the avatars’
body representation with full human representations increasing sense of presence. The degree of avatar mapping
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to users’ movements increased the feeling of co-presence and behavioral interdependence. Waltemate et al.
(2018) also found that the degree of HMD immersion had significant correlation effects in participant agency
and feeling of presence.

The focus of this study is on mobile solutions. Current smartphone HMD technology that enables mobile IVR is
limited in immersing a user completely in computer-mediated reality but does enable everyone to experience
IVR (Ladendorf et al., 2019; Radianti et al., 2020). Papachristos, Vrellis, and Mikropoulos (2017) compared
high-end HMD with mobile VR and concluded that mobile-based systems could provide acceptable immersion
and contribute to the pedagogy. This is reiterated by Lai et al. (2019) and Olmos et al. (2018) with caution
around graphical techniques, communication via audio, and a lack of gesture via reverse kinematics in mobile
avatar visualization.

Birt and Cowling (2018) showed that emerging technologies using evolving experiential delivery using mobile
devices and IVR show positive usability results in communicating design models across single user
implementations. Vasilevski and Birt (2020) extended this research and explored a qualitative thematic analysis
approach using assessment of learner reflections of mobile multiuser IVR. However, both stopped short of
presenting quantitative assessment and correlation data of IVR usability and experience. This paper addresses
this through a mix of quantitative and qualitative data.

3. Method

As noted in the literature review, unifying learner skills within professional real-world environments is difficult,
especially when the authentic environments are immersive, complex, and collaborative. This study involves
delivering a learning lesson focusing on building space and construction by integrating a BIM model delivered
through single-user and multiuser mobile IVR.

3.1. Simulation design

A BIM model illustrated in Figure 1 showing site planning, floor plan, elevations, and sections was developed in
Autodesk REVIT 2017.
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Figure 1. Model construction, site (top left), floor (top right), elevations (bottom left), and sections (bottom
right)

The model was revised several times through consultation with the authors, course convener, and architectural
designer. Using the developed BIM visualization, the lead author translated the model into mobile IVR using the
game engine Unity and the Samsung Gear VR navigation plugin inbuilt into Unity. Model materials and lighting
were constructed in line with the BIM model. However, due to mobile device performance constraints, realism
was unfortunately reduced, as illustrated in Figure 2 with the BIM renders shown on the left and mobile IVR on
the right. The visualization allows for observation of the BIM model over a simulated 24-hour transition
simulating the day-night lighting change.

1
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Figure 2. Rendered BIM (left), Unity IVR (right) highlighting mobile visualization compromises

The avatar was developed in two versions, see Figure 3, one with a head (used for the multiuser interaction), and
one without (participant self-perspective).

Figure 3. Constructed avatar showing self-view (without head), peer-view (with head), and visualization.

The avatar was built in line with Heidicker et al. (2017) that highlighted the importance of animation and user
mapped motion control on the presence and behavioral interdependence. Although the authors understand the
significance of avatar personalization, realism, and graphical fidelity (Steed et al., 2016; Waltemate et al., 2018),
the overheads of development for a mobile IVR solution is too high. Therefore, a humanoid avatar was
developed that identified the importance of complete body representations. The avatar was de-identified and
colorized light blue to reduce participant impact effects (Merola & Pefia, 2009; Turkay & Kinzer, 2014) but it is
noted that the representation is of a male avatar, which represents a limitation of the research. The constructed
MUVR environment included multiuser participant visualization of avatars and voice communication in line
with IVR development (Bailenson, 2018; Dalgarno & Lee, 2010; Hew & Cheung, 2010; Reisoglu et al., 2017).
The device networking, multiple avatar handling, and voice chat were enabled through the Photon Networking
version 1 (see https://www.photonengine.com/pun) plugin for Unity. The multiuser IVR environment was the
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same as the single-user environment to isolate only the variables of multiuser voice and multiuser avatar
visualization of other participants to reduce effect bias (see Figure 4 for SUVR and Figure 5 for MUVR).

SRR PR

Figure 5. Multiuser exprience with avatar kinematics (left-hand side), and classroom experience (right-hand
side)

3.2. Study design

The study was performed as a within-subjects experiment using a mixed-methods research methodology per
Creswell and Clark (2018) and the ethics granted for the study from the authors’ institution. Data was collected
from forty-eight (n = 48) voluntary recruited postgraduate construction participants from an Australian Higher
Education institution in 2019. These participants were enrolled in a professional portfolio subject in the last
semester of their Master of Construction degree. All data were recorded, stored, and de-identified under
Australian Human Research Ethics.

Participants were randomly allocated into groups of 4-6 participants. After completing the single user condition,
participants were moved to the multiuser condition. They were all provided with Samsung Galaxy S8
smartphones running Android Pie and Samsung Gear VR headsets with Steel Series 1 headsets. We selected
these devices due to availability and to provide a consistent experience for the learners. Onboarding was
presented for 5 minutes, delivered by the lead author. This included safety operation, assembly, task use, mobile
IVR navigation, and communication method. The differences between the two experiences of the single user and
multiuser were explained, including variance in the visual environment that being the use of simulated avatars
and method of collaboration being the avatars and voice communication.

For both the single user (see Figure 4) and multiuser (see Figure 5) experiences, the participants were given 10
minutes per simulation to explore/communicate in the mobile IVR environment, 5 minutes per simulation to
discuss their experience together as per Parong and Mayer (2018), and 20 minutes per simulation to complete an
online Qualtrics survey (discussed in detail below). There was an additional 5-minute break between
experiments to allow for transition and rest time.

3.3. Participant demographics

The participant demographics across the two experimental instances are presented in Table 1.
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Table 1. Frequencies and percentages of participant demographics and technology competence

Frequency % Frequency %
Sex Employment
Male 20 42 Yes 2 4
Female 27 56 No 27 56
Undisclosed 1 2 No, but used to be 10 21
Undisclosed 9 19
Age (mean = 26.7, median = 26.5)
18-24 11 23  Technology Competence
25-34 36 75 Extremely competent 6 13
35-44 1 2 Moderately competent 18 38
Slightly competent 10 21
Country of residence Neither competent nor incompetent 4 8
China 33 69 Slightly incompetent 1 2
India 5 10 Undisclosed 9 19
Australia 1 2
Undisclosed 9 19 Primary mobile platform
Android (Google) 7 15
i0S (Apple) 32 67
Undisclosed 9 19

3.4. Data collection and instrument validation method

Self-reported measures in the form of an adapted questionnaire (see Table 2) were used to measure IVR usability
and experience. The questions were adapted from the Nelson/Norman Group (see
https://www.nngroup.com/articles/usability-testing-101/) leaders in software usability and Manis and Choi
(2019) Virtual Reality Hardware Acceptance Model (VR-HAM), which is an extension to the original
Technology Acceptance Model (TAM) proposed by Davis (1985).

Table 2. Immersive mobile virtual reality usability survey items

Construct Item Questionnaire item

IVR Utility =~ UTL1 The visualization is accessible or available for use at any time
UTL2 The visualization is affordable in terms of monetary cost or efficiency in terms of time
UTL3 The visualization is responsive, robust, and stable (error-free) in use (e.g., there are no
problems with motion sickness, frame rates, or general software bugs)

IVR ENG1 The novelty, aesthetics, or feedback afforded by the visualization focuses attention and
Engagement involvement on the learning objective
ENG2 The visualization is motivating, making the learner want to complete the learning
objective
IVR EXP1 The visualization allows the accomplishment of the learning objective
Experience EXP2  The visualization allows for interactive variable manipulation, e.g., rotation, time, scene
objects.

EXP3  The visualization provides confidence in meeting the learning objective

EXP4  The visualization provides effective or ease of re-establishing proficiency of the
learning objective after a period (length) of time of the activity

EXP5  The visualization allows for spatial translation (movement) of your (the users)
viewpoint

EXP6 The visualization provides a clear interface design to observe (view) and interpret the
learning objective

EXP7  The visualization provides an accurate representation of the real world (including
visual, touch, and sound)

EXP8 The visualization supports the discussion of learning objectives between stakeholders
(instructor, learners, others)

EXP9 The visualization allows emergent, creative, playful discovery towards the learning
objective

All items were measured on a five-point Likert scale from strongly disagree to strongly agree. This addresses the
concerns of subjective personality traits, as highlighted by Radianti et al. (2020) by quantifying the participants’
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perception of mobile TVR Usability. The survey instrument was administered as an online Qualtrics
questionnaire per ethics via QR code using a unique identifier.

The analysis of the validity and reliability of the measurement model and the analysis of the path model were
undertaken using the component-based PLS-SEM (Smart-PLS 3.3.0) software. The model includes three
reflective constructs as three dimensions of mobile IVR usability, given that indicators are assumed to be caused
by the latent variable. These are mobile IVR Utility with three items, mobile IVR Engagement with two items,
and mobile IVR Experience with nine items.

We assessed the validity and reliability of the measurement model by conducting a confirmatory factor analysis
(CFA) to assess reliability, convergent validity, and discriminant validity of the constructs. We assessed
convergent validity with three metrics: average variance extracted (AVE) and composite reliability (CR), and
Cronbach’s Alpha. The instrument’s convergent reliability was evaluated through Cronbach’s alpha (Alpha) at
0.95. The results exceeded the minimum value proposed by Nunnally (1978) with a Cronbach’s alpha > 0.7.

The inter-correlation between constructs was not above 0.9, which is in line with Pavlou, Liang, and Xue (2007).
The AVE of mobile IVR Utility (0.619), mobile IVR Engagement (0.678), and mobile IVR Experience (0.663)
were higher than 0.5 (Fornell & Larcker, 1981). The composite reliability (CR) values were between 0.762 and
0.952, higher than 0.7 (Fornell & Larcker, 1981). See Table 3 for more details. With the above said, we conclude
that the criteria for convergent validity are met.

Table 3. Convergent validity and reliability of the mobile IVR usability model

Variable Cronbach’s Alpha rho A Composite Reliability Average Variance
Extracted (AVE)

IVR Engagement 0.750 0.781 0.762 0.619

IVR Experience 0.949 0.952 0.950 0.678

IVR Utility 0.853 0.862 0.854 0.663

IVR Usability 0.951 0.955 0.952 0.589

Regarding the discriminant validity, the inter-correlation of constructs did not exceed the square root of the AVE
of either of those compared constructs see Table 4. The square root of the AVE of the three dimensions of
mobile IVR Usability is 0.787, 0.823, and 0.814; thus, we can conclude that the discriminant validity is met. The
mobile IVR Usability analysis was performed via one-way repeated measures ANOVA and two instances of
one-sample t-test. The analysis of the individual constructs was conducted via correlation and frequencies
comparison.

Table 4. Discriminant validity of the mobile IVR usability model

IVR Engagement IVR Experience IVR Utility IVR Usability
IVR Engagement 0.787
IVR Experience 0.889 0.823
IVR Utility 0.527 0.765 0.814
IVR Usability 0.925 1.034 0.861 0.767

As per Creswell and Clark (2018) the quantitative data was also reflected upon with follow up qualitative data.
This was achieved using both a participant opinion sentiment of the visualization methods collected through the
Qualtrics survey and follow up reflective essays. The participant sentiment was collected at the time of the
experiment which is presented in the results below. The 300-500 words reflective essay was submitted
anonymously by the participants fourteen days after the experiment and linked to their course learning outcomes
which is used in combination with the quantitative data as per the mixed methods approach.

4. Results

Data were analyzed in the IBM SPSS statistics package version 26.0.0.1. A comparison of IVR Usability in both
single (SUVR) and multiuser (MUVR) is presented in Figure 6. The Usability means and adjusted 95%
confidence intervals, as noted by Loftus and Masson (1994) for the SUVR, and MUVR conditions are displayed.
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Figure 6. Mobile IVR Usability means and 95% confidence intervals for SUVR and MUVR

To test the hypothesis that for SUVR (M = 4.408, SD = 0.447) and MUVR (M = 4.564, SD = 0.434) mobile IVR
Usability means were not equal, we used a one-way, repeated-measures ANOVA, followed by post-hoc one-
sample t-tests to test the mobile IVR Usability difference to the baseline and the intervention measurements.
Prior to conducting the analysis using parametric tests, we verified the normality of the distribution using a z-test
for normality test using skewness and kurtosis (Kim, 2013). We obtained the z-score by dividing the skewness g
=-0.522 (SE = 0.343) and kurtosis = -1.114 (SE = 0.674) values their standard errors resulting in values of and -
1.278 and -.165, respectively. Both values were under the threshold of 1.96 (at a = 0.05). We consider that the
assumption of normality of the sample is satisfied.

The assumption of homogeneity of variance was tested (Morgan, 1939; Pitman, 1939) based on a #-test method
found in Gardner (2001) and satisfied at £ = 0.747 (at p < .05). The assumption of normality for the z-test was
considered satisfied as the skewness and kurtosis were at 0.513 and 2.715, respectively, which is less than the
thresholds allowed for t-test (skewness <|2.0| and kurtosis <|9.0|) as per (Posten, 1984).

A repeated-measures ANOV A determined a significant effect of MUVR on the mobile IVR Usability of the
visualization, F(1, 47) = 14.18, p< .001, #°> = .232. These results suggested that the visualization was
significantly more usable in terms of mobile IVR when used in a multiuser environment. Regarding the
individual dependent variables, a repeated-measures ANOVA for mobile IVR Utility showed significant main
effects for the MUVR intervention, F(1, 47) = 11.34, p = .002, #?> = .194. This is also the case with the mobile
IVR Experiences construct, which also showed significant main effects for the MUVR intervention, F(1, 47) =
11.33, p=.002, > = .194. However, the mobile IVR Engagement construct did not show a significant main
effect for the MUVR intervention.

A one-sample one-tailed #-test was run to determine whether the SUVR score in recruited participants was
greater than neutral (neither agree nor disagree), defined as an SUVR score of 3 on the Likert scale. Mean SUVR
score (4.393 £ 0.444) was higher than the normal SUVR score of 3.0, a statistically significant difference of
1.393 (95% CI, 1.267 to 1.519), #((47) = 22.20, p < .001. Thus, the SUVR mean was statistically significantly
higher than the threshold of 3.

A one-sample one-tailed t-test was also run to determine whether the MUVR score in recruited subjects was
greater than neutral (neither agree nor disagree), defined as a MUVR score of 3. Mean MUVR score (4.504 +
0.518) was higher than the neutral MUVR score of 3, a statistically significant difference of 1.504 (95% CI,
1.357 to 1.651), #(47) = 20.55, p < .001. Therefore, the MUVR mean was statistically significantly higher than
the measured mobile IVR usability threshold of 3. The SUVR and MUVR survey results are presented in Table
5, showing the comparison of the construct variable means and the correlations between the pairs. A paired-
samples ¢-test of all the items was performed to compare items across all the constructs and presented in Table 6.

Table 5. Comparison of constructs means and correlations between SUVR and MUVR pairs

Pair SUVR MUVR Correlations

Mean SD Err Mean SD Err MDif Cor Sig.
IVR Engagement 4.464 0.486 0.075 4.560 0.471 0.073  -0.095  0.355 021
IVR Experience 4.362 0.418 0.064 4.553 0.441 0.068  -0.191 0.648 <.001
IVR Utility 4.111 0.578 0.089 4310 0.692 0.107  -0.198  0.840 <.001
IVR Usability 4.323 0.412 0.064 4.502 0.429 0.066 -0.179 0.744 <.001

100



Table 6. Paired sample ¢-test of construct items highlighting differences between the two conditions per item

Pair Mean SD Std. Error Mean t df Sig. (2-tailed)
UTLI 0.063 0.727 0.105 0.596 47 554
UTL2 -0.146 0.505 0.073 -2.001 47 051
UTL3 -0.437 0.741 0.107 -4.09 47 0
EXP1 -0.167 0.663 0.096 -1.741 47 .088
EXP2 -0.083 0.577 0.083 -1 47 322
EXP3 -0.062 0.633 0.091 -0.684 47 497
EXP4 -0.208 0.617 0.089 -2.338 47 .024
EXP5 -0.104 0.722 0.104 -1 47 322
EXP6 -0.167 0.519 0.075 -2.224 47 .031
EXP7 -0.458 0.922 0.133 -3.446 47 .001
EXPS8 -0.125 0.57 0.082 -1.52 47 135
EXP9 -0.125 0.444 0.064 -1.952 47 .057
ENG1 -0.104 0.592 0.085 -1.219 47 229
ENG2 -0.062 0.633 0.091 -0.684 47 497

Correlations were tested between the MUVR constructs against age and technology competence, and the
significant correlations are presented in Table 7.

Table 7. Significant Correlations between MUVR mobile IVR Usability constructs against age and technology
competence (Spearman’s correlation coefficient is denoted by rs)

Construct T Sig. (2-tailed) N
What is your age group?
IVR Engagement 0.390 0.014 39
IVR Experience 0.420 0.008 39
IVR Usability 0.400 0.012 39
How competent do you consider yourself when using technology?
IVR Engagement -0.324 0.044 39

The results of the collected qualitative SUVR and MUVR reflective opinion (sentiment) comments were
collected at the time of the experiment. The constructs of mobile IVR Usability are presented as frequencies of
participants that commented on the concept (or synonyms) in Table 8. The similarities between the visualization
methods in the comments were evident, including a common sentiment of IVR Engagement, IVR Utility and
IVR Usability across both methods. The primary difference was in IVR Experience for the MUVR approach.
Qualitative data from the reflective essays is presented below in the findings and discussions to inform the
quantitative data as per the mixed methods approach.

Table 8. Frequencies of the participant reflective opinions of SUVR and MUVR mapped to constructs

Pair SUVR MUVR

Count % Count %

IVR Engagement 11 23% 8 17%  engaging, interesting, fun, cool, exploring, want to

IVR Experience 8 17% 15 31%  experience, feel, communication, voice, people

IVR Utility 12 25% 9 19%  use, practical, useful, good to use, easy to control,
helpful

IVR Usability 24 50% 22 46%  good, great, nice, fantastic, awesome, perfect, amazing,
impressive, better

Negative 7 15% 8 17%  dizzy, price, slow, or any other negative comment

5. Findings and discussions

To answer the research question, we measured mobile IVR Usability of both the SUVR and MUVR
visualizations, comparing results using parametric statistical tests addressing the subjectivity concerns of
Radianti et al. (2020). It is noted that the comparison between SUVR and MUVR is a repeated measure (within-
subjects) comparison as per the experimental design. In both visualizations, participants performed well and
similarly regarding the mobile IVR Usability. The one-sample #-tests showed that both the SUVR and MUVR
visualization methods are usable in terms of mobile IVR Usability. This is further supported by the participant
sentiment data shown in Table 8.
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The ANOVA of the repeated measures showed that the MUVR results are statistically significantly higher than
the SUVR, although not explicitly shown in the qualitative sentiment data collected at the time of the
experiment. Subsequently, the strong positive correlation usability between SUVR and MUVR suggests that if
the multiuser mode is enabled in the IVR system, the mobile IVR Usability of the system is expected to increase.
This is consistent with the research on education use of IVR and the impact of communication, multiple avatar
representation, and learners’ experiences (Bailenson, 2018; Jensen & Konradsen, 2018; Radianti et al., 2020;
Reisoglu et al., 2017).

We conducted a comparison between the constructs’ items and the independent variables, and the significant
correlations are shown in Table 7. The results for age were in positive correlation to several construct items. As
noted in previous literature by Manis and Choi (2019), there is typically a negative relationship between
increasing age and perceived ease of use and usefulness as it relates to VR hardware. We argue that one of the
reasons might be the very narrow age range for the majority of the participants (8 years), with 98% of the sample
being between 23 and 3lyears old, and 76% between 23 and 28. To further unpack Zow mobile MUVR
compares to SUVR in terms of IVR Usability, we discuss the constructs below.

5.1. Mobile immersive virtual reality engagement

The mobile IVR Engagement construct did not perform significantly better in MUVR than SUVR, which we
argue is the result of varying technology competency between the randomly assigned participants. The
participants that self-report as more competent with technology tend to be less engaged within the MUVR
environment, as the correlation results suggest. Therefore, this can result in a conflict between the participants’
motivation to complete the learning task as those that self-report as more competent are grouped with those that
self-report as less competent.

However, the qualitative essay data suggests that MUVR is more engaging and motivating. Specifically, students
share their reflections of the excitement they had, “This is definitely another exciting day.” the sensory appeal
“...VR technologies can alter our senses of the reality. Interaction played a major part under this construct, as
found in statements like “it is amazing to feel that we are interactive to the model and other group members.”
The observation during the activity also supports that students felt more engaged during the MUVR activity.
Students found the visualization to be motivating and made them want to learn and explore more, which is
supported by the statements like, “It’s really fun, that makes me have more interests to learn.” This aligns with
research in authentic learning that authentic environments maintain high levels of engagement (Herrington et al.,
2014; Parong & Mayer, 2018) and that immersive and interaction leads to engagement (Allcoat & von
Miihlenen, 2018; Huang et al., 2019; Hudson et al., 2019).

5.2. Mobile immersive virtual reality experience

The mobile IVR Experience in MUVR was significantly better for the participants when compared to SUVR.
This is supported by both the sentiment and qualitative reflection data from the survey and essays.

First, regarding the accomplishment of the learning objective, which was spatial understanding of BIM models,
the observation during the hands-on activities and the essays submitted show that the students found using the
VR visualizations helped them learn. This is reflected in student comments from the MUVR experience, such as
“...makes me have more interest to learn” and “Very active learning method, a good way to demonstrate your
idea.” We also explored the satisfaction with the visualization. This is illustrated by statements such as “we
experienced the fantastic [VR] used in the construction industry” and “I gained a great deal of information about
the BIM course and had a good experience using VR.” The satisfaction of the MUVR experience is captured in
the student comments: “the overall effects and video chatting were parts of this fascinating experience.” This
reflects the broader literature that IVR improves learning and leads to greater satisfaction (Jensen & Konradsen,
2018; Reisoglu et al., 2017).

When examining the deeper learning or proficiency of remembering and retaining the knowledge after the
activity, students reflected on the experience. This demonstrates memory retention and remembering intricacies
of the visualizations in detail, even though the reflections were written two weeks after the activity. Parong and
Mayer (2018) suggest that using VR may result in losing the capacity to retain memory and reflect. In line with
that, we argue that the relatively short continuous VR times and having the learner to reflect after each activity in
the survey and comment may have led to better retention evident in the essays.
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Interaction is a core IVR characteristic (Radianti et al., 2020; Slater & Sanchez-Vives, 2016). Interaction is not
unique to the MUVR instance and is found in many of the students’ statements, such as “It really immersed me
into that virtual world and saw clearly how it rendered and how it looks in different time of the day.” However,
of note was that interaction with other students was even more important to the students in MUVR, supported
with statements like “...it still impresses me that I can interact with peers and study together ...” and “it is
amazing to feel that we are interactive to the model and other group members.” This is in line with Dalgarno and
Lee (2010), who suggest that immersive virtual environments lead to an increase in co-presence or user’s
perception of being there.

The movement of the user’s viewpoint in the visualization is also linked to the interaction. The freedom of
movement in any virtual world is essential. It relates to the perception of control, immersion, and engagement
(Jensen & Konradsen, 2018; Slater & Sanchez-Vives, 2016). Even though the visualization offered only three
degrees of freedom, students found the ability to move via their animated avatars in the IVR environment very
engaging and fun, by using statements such as “In the scene, we can walk around at will...”. The multiuser
additions through avatars and voice added to this experience, supported with comments like, “...we can feel each
other in the model, and it’s funny that all of us jumped on to the tree outside the [pavilion].” This reflects the
consensus that avatars lead to improved immersion (Oh et al., 2018; Steed et al., 2016).

Concerning the visualization providing a clear interface design for observation and interpretation, overall the
visualization performed satisfactorily, which is supported by comments such as “In terms of multiuser [the
visualization] will give a clear understanding collectively” and “It really immersed me into that virtual world ...”
All essay comments related to this item were found only in MUVR suggesting that co-presence was a factor in
the participants’ observation and interpretation. We note that both visualization environments were virtually the
same. However, as the MUVR visualization was enhanced through interactive avatars and communication
between the participants, this likely resulted in an increased perceived fidelity, as the inclusion of the multiuser
features brings it closer to the real world. Participants’ comments support this in MUVR with statements like:
“more real in details” and “Good shadow of leaf and tree.” In SUVR, the statements are less optimistic towards
the fidelity, for instance: “...can see the virtual world as real[.] However it’s still not good enough...” and
“Image quality should be improved.” The lack of personalization of the avatars could be a negative contributing
factor in line with Waltemate et al. (2018). In addition to this, participants commented: “...the body shape
images are not beautiful.” However, communication in multiuser may also have had a counter effect to the avatar
beauty, by increasing the reality of the environment, supported by comments like: “Interestingly, we can “walk”
in this VR environment by moving our feet in reality, and when the audio function turned on, I could hear
someone talking in the [pavilion].”

In the reflective essays, students relate communication to almost all other concepts, using comments such as, “It
was observed that while doing it individually it was less effective but when it was done in group it created a
better understanding of collaborative use of this technology.” Students found the peer to peer communication in
a multiuser VR environment to be very important in construction, by stating: “[ VR technologies] ... they make
people communicate better.” and “Effective communication is the essential part for any construction project.” It
was strongly expected that this feature would be dominant in the MUVR, which is supported by the fact that
almost none of the students talk about it in a single-user context. This suggests that the conversational aspects of
multiuser IVR environments, as discussed by Bower et al. (2017) and the social presence (Oh et al., 2018)
represented by avatars may have an effect on learner communication and their experience within the IVR
environment.

Concerning the emergent, creative, and/or playful discovery allowed by the visualization, students, in general,
found the VR environment to be fun and engaging: “It’s very cool to stand on roof.”, “It’s really fun ...” and
“Makes me feel like exploring more.” Overall, the visualization supported students’ creativity. Some students
perceived MUVR more fun and some even as game-like, stating: “The feeling in multiplayer model is like
playing the multi players games or online games thought the VR.” Perceiving the MUVR experience in a
gameful way can increase the engagement and further motivate the learners in meeting the learning objective
(Dalgarno & Lee, 2010).

5.3. Mobile immersive virtual reality utility
In exploring the utilitarian dimension of mobile IVR, MUVR performed significantly better when compared to
SUVR. Even though the same interface was used, the addition of the avatars, voice communication, and social

interaction may have led to perceiving the system as more complex, and because there were no slowdowns or
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crashes, better to use. The issues with motion sickness that some of the participants experienced were not unique
to either of the instances. Concerning the responsiveness, the arguably slow mobile devices were not observably
different between the instances. The addition of the social element may have mitigated or lessened some of the
adverse effects, evident in comments such as “when [used] for more than Smin I feel a little bit headache. But it
is really fJu]n to see everyone [on] the same place”. This would be in line with the research of Oh et al. (2018)
and the role of avatars and social interactions on presence.

6. Study limitations

There are limitations within the study, with only subjective self-reported measures used, a population sample of
48 learners within a single subject, three degrees of freedom head-mounted displays in the form of the Samsung
Gear VR, now a discontinued technology, and a narrow age band. There are limitations with the instrument
design, as many questions have been merged to reduce the impact on the participant’s time to complete the
questionnaire and should be expanded in future research. Counterbalancing should be done in future studies to
reduce the carryover effect, including using a 2X2 design using different environmental conditions, but this
would require more participants. Therefore, this study can be considered a launchpad for future research
exploring the causes of the evolution of the enhancement that multiuser mobile IVR provides, expanding beyond
the scope of AEC education. Future research should focus on larger population sample sizes, counterbalancing of
groups, new six degrees of freedom mobile HMDs, and improved visual capacity of new hardware devices
across different disciplines.

7. Conclusions

With BIM adoption increasing in the AEC industry, this has led to integration difficulty in educational practice.
IVR and mobile pedagogy has been shown to assist in education and authentic learning environments. In this
study, participants observed a BIM visualization over a 24-hour transition simulating the day-night lighting
change using mobile IVR technology. Participants experienced both single and multiuser visualizations with the
difference between the experiences being the addition of visual avatars and voice communication capability. The
students were able to visualize not only their self-avatar but that of their peers in the virtual environment. This
setup also facilitated enhanced affordances such as agency, perception, and peer learning between the students
allowing for collaborative navigation and synchronous communication discussion of the environment in the
multiuser vs. an asynchronous approach in the single-user experiment. This study found that the perceived
mobile IVR usability of MUVR to be higher than SUVR. Implementing the multiuser functions in the
experiment engaged the learners on a different level and enhanced the overall learning experience. Although the
study revealed that multiuser facilitates a better learning environment for learners, we do not assert that using
multiuser mobile IVR is always the best way given increased costs associated with development and
deployment. Therefore, we propose integrating mobile IVR and specifically multiuser within the course
offerings when appropriate and achievable.
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ABSTRACT: Skills in science, technology, engineering, and mathematics (STEM) are increasingly in demand.
Theoretical knowledge and formulas alone are frequently not sufficient to understand complex phenomena.
Simulations are a valuable tool to support the conceptual understanding by visualizing invisible processes. The
constant interaction with the learning material is an essential factor when learning with simulations and virtual
worlds. Virtual reality (VR) technologies enable interaction with the virtual environment with a high intensity of
immersion. Maroon is a VR platform for teaching physics and has been in development for over five years.
Previous results with Maroon have already demonstrated the potential of virtual reality for learners and teachers,
but also highlighted a list of potential challenges in terms of VR experience design, usability, and pedagogical
concepts. Over the past six months, we have conducted user studies with a total of 85 participants, both student
teachers (n = 26) and pupils (n = 59) at high schools and teacher training institutions. In this paper, we want to
facilitate the difficult task of designing educational VR platforms by describing the expectations of educators and
pupils.

Keywords: STEM education, Virtual Reality, Interactive simulations, Immersive learning

1. Introduction

Innovative technologies and high-quality scientific research have a significant impact on our daily lives. Topics
in the field of science, technology, engineering, and mathematics (STEM) are becoming more and more relevant
and are a significant driver of innovation. Consequently, there is a growing demand for experts with experience,
know-how, and skills in these fields (Zeidler, 2016). Olson and Riordan (2012) have already pointed out the
need to increase the number of students with a degree in STEM disciplines. Lack of interest and enthusiasm are
among the reasons for high failures in these fields. Students describe it as boring, complicated and uninteresting.
It is not clear to many students why they must study natural sciences. It is therefore necessary to promote the
interest and motivation of students in the STEM disciplines (Reeve, Jang, Carrell, Jeon, & Barch, 2004).

As Freedman (1996) shows, teaching science is a challenging task, especially in the field of physics. Traditional
teaching methods present solutions and concepts, but they fail to teach how to solve problems. Hake (1998)
confirms this observation by showing that students have difficulties understanding conceptual aspects while
memorizing formulas. An old Chinese saying supports the concepts of learning through experience: “I hear, and
I forget. I see and I remember. I do and I understand.” The integration of educational activities which involves
learners in the learning process has shown to be a successful teaching method. Students learn by doing things
and think about what they are doing (Freeman et al., 2014). Learning tools with interactive and engaging
activities can help students to better understand such conceptual aspects. Sanders (2008) shows that in physics,
the combination of hands-on experiments, interactive simulations and active participation are valuable tools that
support learners during their educational process. Interactive simulations such as PhET (see
https://phet.colorado.edu/) allow students to take the ownership of the learning experience and support their
conceptual understanding by making connections to everyday life. They can be integrated into teacher demos,
interactive discussions, classroom activities, labs and homework to support teachers in illustrating concepts
(Moore, Chamberlain, Parson, & Perkins, 2014). This active learning concept can be extended by various
modern technologies to meet the needs of a new generation of learners in a flexible and digital way. Simulations,
visualizations, virtual and remote laboratories support students in self-directed, active, and group-based learning.

De Jong et al. (2013) showed that any lab form has its advantages for certain use cases. While real laboratories
are more suitable for acquiring hands-on experience, virtual laboratories enable expandable experiments,
multiple access and visual representation of unseen phenomena with minimal potential for the occurrence of
dangerous situations. In virtual laboratories designed for active learning , learners become part of the simulated
environment by interacting with the virtual world, which helps them to learn complex concepts. The combination
of simulations and visualizations in a lab-like environment offers schools and universities a cost-effective way to
provide learning experiences similar to those in real-world labs (Asiksoy & Islek, 2017). The use of immersive
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and interactive technologies such as virtual reality opens new possibilities for creating engaging learning
experiences.

In previous works (Pirker et al., 2017a; Pirker et al., 2017b; Pirker, Lesjak, Parger, & Giitl, 2018) we introduced
Maroon, an interactive physics laboratory and experiment environment designed to teach physics in a more
engaging and immersive way. In small-scale studies we found that various VR technologies can be used to
support and engage learners in understanding physics. Maroon supports immersive VR, where a stereoscopic
head-mounted display (HMD) that is tracked by sensors is used. With the HMD and controllers it is possible to
achieve spatial immersion and to conduct hands-on experiments. Additionally, Maroon can be used on a PC
(desktop VR), where a three-dimensional world is simulated on-screen. In a recent study (Pirker et al., 2019a) we
collected qualitative data from secondary school teachers to identify use cases, design goals and issues. In this
paper we intend to extend our previous work (Pirker, Holly, & Giitl, 2020) to facilitate the difficult task of
designing educational VR platforms by describing the challenges and the expectations of educators and pupils.
The main research goals are defined as the following:
e Identification of educator and learner expectations for teaching and learning in VR.
e Providing a first guideline for the design of a VR learning environment for the classroom.
e Discussion of challenges and recommendations for the design and development of learning and teaching
activities in VR.

Contribution: In this paper, we present a study with 26 student teachers and 59 pupils, discussing the room-
scale VR version of the learning environment Maroon for physics education in classroom situations. The focus is
on identifying and discussing expectations for teaching and learning in VR and challenges by combining the
study results with a literature review.

The following section gives an overview of the background and the related work in the field of STEM education
and of the challenges in designing educational VR platforms. In Section 3, we introduce the virtual physics
laboratory Maroon and the conceptual design of the experiments and simulations. Section 4 describes the study
design, and Section 5 presents the results. In Section 6, we discuss the challenges and recommendations based on
the literature review and our findings. Section 7 closes with a discussion about implications, potential and gives
some ideas for further studies.

2. Related work

STEM subjects have high drop-out and failure rates. This can be related to difficulties students have in
understanding theoretical concepts (Olson & Riordan, 2012). Therefore, researchers such as Olson and Riordan
(2012) or Dori, Hult, Breslow, and Belcher (2007) combined traditional classroom experiences with interactive
and engaging digital learning experiences such as virtual simulations or animations to help students better
understand the underlying concepts and phenomena. Conducting experiments in virtual or remote laboratories
that would otherwise be dangerous, hard to conduct and/or too expensive is another way for effectively support
learners (Corter et al., 2007). Wieman and Perkins (2005) showed that digital resources are a cost-effective, safe,
and fast alternative to traditional learning methods and experiment setups. Furthermore, these digital resources
have been shown to help users to achieve a better understanding.

VR tools can support the students in their learning process. Slavova and Mu (2018) showed that when using VR
as a complementary tool to traditional learning methods, students showed higher performance in understanding
and recognizing concepts. Furthermore, learners using VR technologies remain more motivated during their
learning process (Liou & Chang, 2018). Bogusevschi, Muntean, and Muntean (2020) have published a study on
the effect of a virtual 3D physics learning environment on 12-13-year old students that concluded that over 74%
of the participants found the simulation helpful for gaining a better understanding.

Due to the decreasing prices of HMDs, we could observe that an increasing number of studies on the use of VR,
especially for educational use, have been published. Furthermore, HMDs have become lighter and even wireless
alternatives, such as the Oculus Quest, are now available, factors which are helping to increase their broad
distribution and use. Due to the lower costs of HMDs, the increased research and the technical process, VR is
becoming both more immersive and more widely available to a wider user base (Dempsey, 2016), making it
easier to use VR learning experiences as an addition to the traditional classroom setups.

Nevertheless, researchers are still investigating the challenges that arise from the use of VR as a learning tool.
Velev and Zlateva (2017) point out that a highly immersive experience must be created to achieve a high
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learning rate. According to Stark (1995) VR does not depend on highly realistic surroundings, as long as the
virtual space offers enough cues for the perceptual system, immersion can be achieved. It is of greater
importance when creating an immersive experience that the motion sickness is reduced to a minimum and the
interface design of the VR simulation is appealing (Callaghan, Eguiluz, McLaughlin, & McShane, 2015).
Especially in the field of physics, immersive learning experiences help to achieve a better understanding,
particularly if the design places a special emphasis on interactivity (Pirker, Giitl, Belcher, & Bailey, 2013; Pirker,
Berger, Guetl, Belcher, & Bailey, 2012). Abulrub, Attridge, and Williams (2011) confirm that for a high learning
rate, the VR experience must be designed so that the user can actively interact with the virtual world.

Furthermore, not only the setup time of HMDs and virtual simulations for the use in real classrooms could
become problematic, but also the time needed for students to become familiar with the new technology (Velev &
Zlateva, 2017). They need a guided tutorial or someone to help them and guide them through their first
experiences (Abdelaziz, Alaa El Din, & Senousy, 2014; Safikhani, Holly, & Pirker, 2020). De Jong and Van
Joolingen (1998) describe that it has a positive influence on the learning effect when theoretical information is
available during the simulation. Additionally, they explain that tasks help the users to focus on the desired
outcome and guide them through the experience. Most teachers have limited time and classroom settings usually
provide limited hardware resources, factors which reduce the time each of their students has in the virtual
laboratory. Most VR learning experiences allow only limited personal interactions, which makes collaborative
learning and teamwork difficult (Velev & Zlateva, 2017).

One of the most challenging, but also most promising parts of VR learning experiences is the optimization of the
knowledge acquisition process. Mainly Callaghan, Eguiluz, McLaughlin, and McShane (2015), Velev and
Zlateva (2017) and Liou and Chang (2018) discovered various guidelines for designing VR learning experiences.
Creating a good virtual experience requires that users are not initially overwhelmend with the virutal world,
which can be achieved by reducing dizziness and motion sickness. Furthermore, VR laboratories offer many
possibilities that conventional ones cannot provide. For example, invisible phenomena can be visualized and
made interactable and students can perform dangerous and expensive experiments. Students are offered a fully
controllable and safe learning environment that reduces health risks, in case of performing dangerous
experiments, and ensures that the same input will always lead to the same output. It also gives learners the
possibility to apply their theoretical knowledge in practice, which motivates them and boosts their creativity.
Given the large number of studies focusing on VR learning environments and laboratories, Ip and Li (2015)
criticize that most of them failed to demonstrate an increase in long-term knowledge acquisition and that more
long-term observations should be made.

3. Maroon — Virtual learning application

Maroon (see https://maroon.tugraz.at; to put someone ashore and abandon them on an island) is an interactive
virtual physics laboratory that allows students to explore various experiments and phenomena in an immersive
and engaging way. It is implemented in Unity (see https://unity.com) and supports different platforms with
different levels of immersion such as virtual reality, mobile devices, or web-based applications. The learning
activities and experiments are designed for active learning to involve students in the learning process. The main
laboratory room (Figure 1) consists of different experiment stations and functions as a three-dimensional menu
where the user can select one of the experiments by navigating to the specific station. Currently, the laboratory
contains a whiteboard scene with different learning lessons, and eight experiments in the field of
electromagnetism, electrostatics, oscillation, and waves (Pirker et al., 2019b). The experiments support several
virtual learning experiences with different forms of engagement and immersion through diverse activities and
interactions. In the following subsections the application concepts of Maroon VR and the different experiment
setups are presented.
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Figure 1. Overview of Maroon’s laboratory with different learning stations

3.1. Maroon VR

The VR version of Maroon extends the core functionalities of Maroon with room-scale VR support for the HTC
Vive (see https://www.vive.com) and the Oculus Rift (see https://www.oculus.com/rift). This version of Maroon
offers a virtual reality experience with a high degree of immersion and focus on the learning content. Users can
walk freely in the classroom within a predefined play area, allowing natural movement within the virtual
environment. Due to real-world restrictions and the limitation of the tracking area, users need to become familiar
with a different form of movement to cover greater distances in the virtual world. In VR applications,
teleportation has become a standard and allows the user to move to a certain position while minimizing the
feeling of motion sickness. For teleportation, the user can press a button on the controller to activate a colored
arc, by moving the controller the user can point to the desired destination. After releasing the button, the user is
placed in that position. Teleport markers in front of each experiment station help to navigate to a specific
experiment by capturing the teleport beam. Each experiment or activity can be started from an entry-point that
acts as a portal into the simulation room. Each experiment has a customized user interface and offers various
virtual control elements to control specific experiment parameters and visualizations.

3.2. Experiment setups in VR

Maroon VR supports two different types of experiment setups each with an individual design. The first
experiment setup contains only the elements necessary for the simulation (see Figure 2a). The experiment is
placed in the middle of a simple and compact room and can be controlled via virtual control panels on the right
and left side. This allows the user to observe the experiment results while setting the experiment parameters. To
keep the interaction as simple as possible, all elements are arranged in such a way that they are accessible
without use of teleporting. In contrast, the second setup contains additional gamified elements in a retro-
futuristic laboratory room with a simplified design to improve student’s engagement and motivation (see Figure
2b). The predefined quest list gives clear instructions by displaying different tasks, the progress, and additional
information about the simulation.

(b)
Figure 2. Different design setups in VR: a) simple experiment room with virtual control elements and b) retro-
futuristic laboratory room with quest management system
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3.3. Experiments and simulations

In this section the two interactive experiments Faraday’s Law and Huygens’s Principle are presented, which
were used to evaluate the room-scale VR version of Maroon. The goal of these simulations is to simulate and
visualize the concept of induction and diffraction. Each of them implements the general physical phenomenon
and extends it with an appropriate user interface. The Faraday’s Law Experiment shows the principle of
induction when interacting with a permanent magnet and a conductive non-magnetic ring. Whenever the user
moves the magnet, it causes a change in the magnetic flux and induces an electric current that generates another
magnetic field. Through different visualizations the invisible magnetic field becomes visible and helps the user
to better understand the underlying concepts. The virtual controls allow the user to influence the result of the
experiment by changing the parameters of the magnet and the coil. The special feature of this experiment is the
haptic feedback from the controllers, which allows the user to feel the acting forces. The controller vibrates as
soon as a physical force acts on the magnet, where low vibration means a weak force, and high vibration means a
heavy force. This allows users to have a real feeling of the acting forces. The Huygens’s Principle Experiment
uses water waves in a basin to demonstrate the physical concept of diffraction. It is a phenomenon that occurs
when a wave hits an obstacle or a slit. To show the effect of diffraction, a slit plate is placed into the basin. When
a wave hits this plate, the points on the wave act as a new source of secondary waves that propagate. This results
in an interference pattern behind the plate. To obtain different interference patterns, the user can replace the plate
with three types of slit plates. The experiment is influenced by the user by grabbing and moving the plates and
changing physical parameters such as frequency, amplitude, wavelength, or the propagation mode. To make the
wave peaks and wave trough more visible, the wave color can be changed using a color wheel.

4. Evaluation

In previous studies, we focused on different learning experiences with room-scale VR, mobile VR, and
traditional screen-based technologies as well as on engagement, usability, and user experience with room-scale
VR as the most engaging and most immersive form. However, we also found that teachers and students have
very different opinions and expectations about experience design in VR. Therefore, in this paper, we focus in
this paper on identifying teacher and pupil expectations for teaching and learning in VR. Since there are known
issues convincing experienced teachers to try new things in educational technology, we conducted a user study
with 26 student teachers and 59 pupils, which are open for new technologies. The study was organized in
cooperation with two local schools and two universities with a focus on the following:

e Experience and engagement,

e  Usability,

e Learning value from learner’s perspective,
e Learning value from teacher’s perspective.
4.1. Setup

We used two portable setups, including a gaming notebook, an HTC Vive HMD, two controllers, two
lighthouses, and two tripods for the lighthouses. The two setups were placed in a single classroom with a
minimum size of 2m x 2m for each VR station. All participants were in the same classroom and worked in pairs.
Half of the participants tested the simple design of the experimental room, and the other half tested the retro-
futuristic laboratory room. While the persons who tested the experiments in VR were given instructions from
their partners outside (Figure 3a), the others tried the same experiments in the desktop version (Figure 3b). After
20 minutes, the groups were swapped, so that the participants using the VR version were now using the PC
version and vice versa. To get a real classroom situation the setup was conducted within the context of a physics
class and in a university classroom where the student teachers were role-playing as pupils. During the tests
participants were not wearing earphones so we could talk to them and guide them through the experiments.
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(a) ' (b)

Figure 3. Classroom setup: a) VR workstation and b) desktop workstation

4.2. Material and procedure

For this study, we worked with two high schools and two universities to test Maroon from the perspective of
students and prospective teachers. At the beginning of each test run the participants were asked to fill out a pre-
questionnaire to obtain information about their ages, gender, experience with games, VR platforms, and e-
learning tools. They were then given a short introduction how to work and interact with the environment. We
introduced them to the controls and gave them instructions for the different tasks to be completed during the test
run.

Pupils and student teachers were asked to perform the following tasks:

e Introductory session: Have a look at the lab environment and get a first impression.

e Go to the Faradays’ Law experiment and start the simulation by moving the magnet. Try to identify the
relationship between the electrical current and the acting force. Find out how the parameters of the magnet
and the coil affect the experiment outcome.

e Go to the Huygens’ Principle experiment and start the simulation. Try to understand the concept of
diffraction and describe the interference pattern behind the slit plate.

e Take time to try other experiments (optional).

We provided an additional exercise sheet for the pupils in which they could work on different questions about
the experiments. After conducting the experiments, the participants were asked to fill out a post-questionnaire in
which they had to answer open-ended questions about their overall experience; 22 questions on a Likert scale
between 1 (fully disagree) and 5 (fully agree) about their sentiment towards the physics lab, and 10 questions
regarding usability. We used the System Usability Scale (SUS) (Brooke, 1996) to measure the system usability
and the Computer Emotion Scale (Kay & Loverock, 2008) to assess users’ experiences of interacting and
learning with the virtual environment. To gain a deeper understanding of the user experience and use cases,
pupils and student teachers were interviewed about the experiments and application scenarios in school classes.
Student teachers were also asked about pedagogical models and cooperative scenarios.

4.3. Participants

In total 40 high school pupils, 19 pupils from an engineering secondary school (51 male, 8 female) and 26
student teachers (15 male, 11 female) took part in the user study. All 26 student teachers were attending the
teacher education program for physics. The pupils were aged 13 to 19 (4VG = 14.41, SD = 1.87) and the student
teachers from 21 to 31 (AVG = 23.69, SD = 2.65). 14 pupils and 11 student teachers had a visual impairment
(including people wearing glasses).

We asked each of them to rate their experience with computers, video games and VR on a Likert scale from 1
(low) to 5 (high). Most pupils rated themselves as experienced with computers (4AVG = 3.22, SD = 0.91) and
video games (AVG = 3.59, SD = 1.16). Student teachers stated that they were also experienced in using
computers (AVG = 3.12, SD = 0.91) but rated their experience with video games lower (4VG = 2.54, SD = 1.65).
Pupils and student teachers indicated that they often play video games (pupils: 4VG = 2.68, SD = 1.41; teachers:
AVG =227, 8D = 1.46). 52 of the pupils and 16 of the student teachers liked playing video games but had little
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experience with VR (pupils: AVG = 1.69, SD = 0.93; teachers: AVG = 1.50, SD = 0.86). 52 pupils and 19 student
teachers had heard about VR devices previously, but only 22 pupils and 7 student teachers had tried one. 45
pupils and 20 student teachers have already used an e-learning tool. Both pupils and student teachers consider
the use of virtual reality in physics lessons to be a good idea.

5. Results

In this section, we describe the results obtained from the open-ended answers and the answers based on a Likert
scale. Since the learning outcome depends on the user experience and the acceptance of the system, we focus on
usability, engagement, immersion, and the learning experience as well as on application scenarios and
pedagogical models.

5.1. Usability and user experience

Most participants were able to handle the VR controllers without any problems. Only a few of them had some
initial problems when they tried to move in the virtual world or wanted to interact. They teleported themselves
against walls or used the wrong button for interaction. By contrast, all participants were able to interact with the
PC version without additional instructions. The users described the desktop application as more familiar but
would prefer the interaction in VR as it is more realistic and natural. We used the Computer Emotion Scale to
evaluate the emotions anger, anxiety, happiness, and sadness when learning with the VR environment. As shown
in Table 1, pupils and student teachers rated the emotion happiness (e.g., satisfied, excited, curious) as high and
the emotions of sadness, anger, and anxiety as very low. In total 44 pupils and 23 student teachers have
completed the SUS questionnaire. It shows the degree of usability from 0 (poor) to 100 (excellent) and was rated
with 76.5 by pupils and with 73.5 by student teachers. The resulting scores indicate an above average usability
compared to other VR learning tools. When we asked participants whether they felt nauseous or dizzy while
using VR, only two pupils and one student teacher reported cyber sickness.

Table 1. Results of the 12-item Computer Emotion Scale on a Likert Scale between 0 (never) and 3 (always)

Pupils Student Teachers

AVG SD AVG SD
Satisfied 2.63 0.48 2.58 0.69
Excited 2.78 0.41 2.73 0.44
Curious 2.73 0.48 2.73 0.44
Happy 2.46 0.56 242 0.74
Depressed 0.15 0.48 0.04 0.19
Discouraged 0.36 0.73 0.04 0.19
Scared 0.22 0.49 0.08 0.27
Insecure 0.54 0.62 0.69 0.72
Helpless 0.41 0.49 0.46 0.57
Nervous 0.51 0.74 0.38 0.56
Frustrated 0.03 0.18 0.08 0.27
Angry 0.05 0.39 0.04 0.19

5.2. Immersion and engagement

Pupils rated the immersion of the experience on a Likert scale from 1 (not immersive at all) to 10 (fully
immersive) as an average of 9.00 (SD = 0.98). Some pupils mentioned that learning with Maroon was easier and
more engaging than traditional learning methods. Only two pupils experienced dizziness, which could hinder a
convincing user experience.

Prospective student teachers rated the immersion of the experience on the Likert scale from 1 to 10 slightly
lower than the pupils with an average of 8.50 (SD = 1.24). Among other things, it was noted that Maroon VR has
a high degree of interaction that allows the inclusion of multiple senses. Furthermore, some of the student
teachers mentioned the feeling of forgetting about being in a virtual world after spending some time within
Maroon, which was induced by the high degree of interaction.
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5.3. Learning value from the learner’s perspective

To evaluate the learning experience, pupils were asked to rate their learning experience on a Likert scale
between 1 (not agree) and 5 (fully agree). Table 2 gives an overview of the pupils’ results with a focus on
learning experiences. The pupils indicated that the experience was more engaging (4VG = 4.17, SD = 0.91) and
fun (4VG = 4.68, SD = 0.63). In general, learners found that the lab made the content more interesting and easier
to understand. Most of them said they would like to learn with Maroon (4VG = 4.39, SD = 0.89).

They also reported that they liked the immersive laboratory and outlined that concepts are easier to understand
using three-dimensional visualizations and interactions than with traditional methods. Being able to see field-
lines that are usually not visible contributed to this. They also mentioned that compared to real life experiments it
was easier to conduct the experiments in VR and that Maroon was a fun experience and was a welcome
relaxation from their typical school routine. Suggestions for improvements made the experiments look even
more realistic, further improving the visualizations. A larger collection of experiments was also mentioned to
improve Maroon.

5.4. Learning value from the teacher’s perspective

Besides pupils, student teachers were also asked to rate the learning experience with Maroon on a Likert scale
between 1 (not agree) and 5 (fully agree). Most student teachers mentioned that the VR setup is a good
supplement to regular learning (4VG = 4.15, SD = 1.08). They also reported that Maroon makes the learning
content more interesting (4VG = 3.88, SD = 1.18) and easier to understand (4VG = 3.65, SD = 1.13). In general,
student teachers found that learning with Maroon was more motivating than ordinary exercises and more fun, as
can also be seen from Table 2.

The student teachers reported that VR can be a good way to extend the variation of teaching methods in the
classroom. The fact that Maroon appeals to multiple senses makes the system attractive for several types of
learners, while the novelty of the technology is an attractive way to motivate students who normally show little
interest in a subject. It was also mentioned that virtual experiments are valuable when the real experiment is
expensive or dangerous, since students can carry these out with no health risks. Also mentioned was the
possibility of visualizing unseen phenomena, learning in a playful way and the ability to change the experiments
very quickly. Some student teachers criticized Maroon as being too close to regular games in its current state,
and this makes it more difficult to keep students focused. To allow students to use it without close monitoring
and guidance, and to prevent students from being distracted, the system should include detailed tasks with clear
instructions. It was also found that obtaining enough VR headsets for all students is currently too costly and for
this reason would be best to use the technology in the form of projects days. The setup time for the system can
be regarded as reasonable in the context of such a project day.

In addition, student teachers recommended the use of videos in Maroon to provide additional support in the form
of introductory film material that revisits the learning topics discussed, or videos showing the experiment and

additional information to support the process of learning while experimenting in VR.

Table 2. Learning Experience rated by pupils and student teachers on a Likert Scale between 1 (not agree) and 5

(fully agree)
Pupils Student Teachers

AVG SD AVG SD
I would like to learn with Maroon. 4.39 0.89 3.54 1.27
It is a good idea to use Maroon for learning. 4.51 0.86 3.92 0.98
Maroon is a good supplement to regular learning. 4.56 0.79 4.15 1.08
I learned something with Maroon. 4.08 0.92 2.69 1.23
Maroon makes the content more interesting. 4.63 0.64 3.88 1.18
Maroon makes the content easier to understand. 4.27 0.89 3.65 1.13
Maroon makes learning more engaging. 4.17 0.91 3.19 0.85
Maroon makes learning more fun. 4.68 0.63 4.08 1.09
Maroon makes learning more interesting. 4.46 0.73 3.96 1.08
The experience with Maroon inspired me to learn more about physics. 3.49 1.22 3.12 1.21
Learning with Maroon was more motivating than ordinary exercises. 4.51 0.70 4.23 0.95
It makes course content more interesting to learn about. 4.44 0.77 3.62 1.10
I would rather like to learn Physics with Maroon than with traditional 4.14 0.96 2.81 1.27
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methods.

I find regular physics classes boring. 3.19 1.25 1.54 0.58
Seeing the simulations with the VR glasses was engaging. 4.17 0.81 3.81 0.98
Seeing the simulations with the VR glasses was interesting. 4.42 0.65 4.54 0.58
Seeing the simulations with the VR glasses was more engaging than

without. 4.37 0.87 3.96 1.04
I would rather use Maroon on my phone (+ VR glasses). 3.34 1.36 2.85 1.22
I would rather use Maroon on my own PC. 3.81 1.07 3.12 1.24
I would like to learn with Maroon in the classroom. 4.41 0.87 3.77 0.99
I would buy the VR glasses and download Maroon at home. 3.81 1.12 3.04 1.46
It was interesting to use Maroon. 4.81 0.43 4.73 0.53

5.5. Use cases and pedagogical models

The perspectives of pupils and teachers are often quite different. To consider their ideas and suggestions on how
to use VR in schools and what can be learned in VR into consideration, we asked the pupils and student teachers
in open questions to describe their ideas and scenarios. Based on these answers, we provide a list of use cases
and subjects that can be applied in schools.

5.5.1. How to use VR in schools

To identify different use cases, we asked pupils (P) and prospective student teachers (T) how they would use VR
in school. Student teachers were also asked to give collaborative scenarios as well as pedagogical models.

The following use cases were mentioned:

Dedicated VR room (P, T) — Pupils mentioned that they would prefer a dedicated classroom for learning
with VR. This includes learning as an integral part of classroom lessons as well as after-school
(extracurricular) activities to repeat and review the learned materials. The student teachers also suggested a
dedicated room with pre-installed VR setups to save time.

Mobile VR experience (P, T) — Due to the financial constraints, pupils and student teachers mentioned the
usage of smartphones in combination with a mobile VR headset. That allows pupils to run experiments on
their devices at school and at home. But are limited in their use due to the processing power of these
devices.

Weekly classes (P, T) — Some pupils suggested using VR on a weekly basis to supplement the learning
material with simulations and visualizations. Student teachers also mentioned the potential of regular VR
sessions in classes to increase the learning outcomes of pupils.

Optional Subject (P) — Pupils also recommended an optional subject or an afternoon class where they can
use VR for learning and increasing their skills.

Project/Group Work (T) — Several student teachers reported the potential of blocked VR classes in the form
of project days during which pupils can work in groups on different experiments.

Autonomous Learning (T) — The student teachers mentioned that VR as an effective educational method,
could be a valuable tool to support students in autonomous learning. They also mentioned that using
worksheets might be useful to give pupils clear instructions and help them to focus on the experiment.
Collaborative Learning (T) - Since pupils benefit from each other’s resources and skills when learning
together, student teachers suggested working in groups, where one pupil performs the experiment and the
others give hints and take notes.

5.5.2. Teaching subjects

To identify additional subjects and experiments, we asked pupils and student teachers about phenomena they
would like to see, learn, or teach in VR.

The following subjects were mentioned:

Astronomy
Physics
Chemistry
Biology
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e History
e Engineering

While pupils were interested in different STEM subjects, the student teachers were mainly interested in
experiments in their own field — physics. All of them also highlighted that VR would be an opportunity for
performing expensive and dangerous experiments within class and for visualizing and experimenting with
unseen phenomena.

6. Discussion

In this study, we examined the challenges and recommendations for learning and teaching in VR, with an
exemplary focus on the physics domain. In previous studies (Pirker et al., 2017a; Pirker, Lesjak, Parger, & Giitl,
2018), we have evaluated different VR experiences versus a classic desktop experience with a small group of
students and teachers. We showed the potential of VR in the field of STEM and discussed the advantages and
disadvantages. In this paper, we aim to facilitate the challenging task of designing VR learning platforms by
describing the challenges and giving some recommendations to overcome these challenges.

6.1. Challenges and recommendations

Summarizing the findings of our research and study, we concluded that we can distinguish between the
following main challenge categories: (1) immersion, (2) costs, (3), time restrictions, (4) knowledge gaining
process.

To achieve an increased learning effect, it is crucial to offer a highly immersive experience, since then the user
becomes part of the virtual world. Moreover, motion sickness should be restricted to a minimum. We
recommend using HMDs combined with motion tracking and input devices that enable the interaction with the
virtual world, as this already ensures a high level of immersion. Furthermore, the user interface should be
tailored to the VR world, meaning that we create an appealing interface design and give the learners the
possibility to interact directly with their learning content. As a result, users show more motivation for the
learning content and simulations as we enable them to learn and explore the phenomena in a playful way (Velev
& Zlateva, 2017; Callaghan, Eguiluz, McLaughlin, & McShane, 2015). We observed that students could ask
questions regarding controls and experiment specifics, because the headsets were not equipped with earphones.
This was especially helpful for first-time VR users, because they could show where a problem was in VR and we
could see what they were trying to accomplish on-screen and point them in the right direction.

Another factor for using VR experiences complementary to the traditional classroom learning methods are the
included costs. VR equipment prices already decreased in the previous years and HMDs are now available to a
broader user base. Nevertheless, it is still a significant factor for most schools as they cannot afford to buy many
HMDs and equip whole classes (Abulrub, Attridge, & Williams, 2011). We thus recommend using VR setups
within project days, so that less VR equipment will be needed. Using VR laboratories instead of traditional ones
reduces the costs of laboratory equipment and gives learners the possibility to perform even expensive
experiments within the virtual world as many times as they want. Such an approach presents itself as a possible
solution until mobile VR headsets can provide a similar degree of immersion and computing capabilities.

When using VR, an introduction of some kind is generally required to familiarize the user with the HMDs and
controls. We must consider the training time for users (Velev & Zlateva, 2017). This can be optimized by using
guided tutorials to explain how to use the controls (Abdelaziz, Alaa El Din, & Senousy, 2014), not to mention
that with tutorials teachers do not need to guide each student personally and hence more time is saved. In
addition, the setup time factor is significant if the VR equipment is to be used during traditional lessons. Hence,
we recommend using the virtual laboratories within project days or coordinate with other classes, so that the
equipment is in use throughout the whole day. In consequence the VR laboratory offers the possibility to change
experiment settings or reset the simulation with a few commands. In addition, there is no need to prepare
experiments in the real world, this is especially useful when having very time-consuming experiments.

To create a successful VR learning experience the knowledge gaining process should be optimized. Crucial for
the success is that users should not be overwhelmed when first entering the virtual world (Callaghan, Eguiluz,
McLaughlin, & McShane, 2015). Furthermore, it is important that the students know what the goal of the
simulation is and that they do not feel lost in the simulation. During the tests, we noticed that already having
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background knowledge is a significant advantage for performing simulations. As Mayer’s cognitive theory of
multimedia states, learners receive information via two separate channels (visual and auditory) with limited
capacity. Learners must select and organize the relevant information and integrate it based upon prior knowledge
(Mayer, 2002). We found that a predefined quest list with clear task instructions in combination with worksheets
can help students to stay focused and motivated. Moreover, with the use of VR we encourage the motivation of
learners in a playful way while keeping them safe during the performance of dangerous experiments (Callaghan,
Eguiluz, McLaughlin, & McShane, 2015). Through the use of VR we can provide users with the possibility for
visualizing invisible phenomena, which proved to make the learning content more readily comprehensible for
students (Slavova & Mu, 2018). The greatest advantage, however, is that learners can explore and interact with
the simulations at their own pace and this motivates them, encourages their creativity and lets them utilize their
theoretical knowledge.

6.2. Limitations

Due to the classroom setup in schools, the number of participants and the time constraints, an A/B split user
study was not feasible. We therefore decided to set up the study as a workshop where participants tested the VR
environment in a classroom situation. The different room layouts, light conditions and the shape of play areas
had a marginal influence on the tracking accuracy, which caused slightly different experiences. While some
pupils had experience in programming, VR, and video games, others had not been much involved in computer
games, VR, and programming during their curriculum. The learning effects were determined by self-evaluation
and do not indicate long-term effects. Since not all participants (15 pupils and 3 student teachers) completed the
questionnaire, some data sets could not be included in the evaluation.

7. Conclusion

In conclusion, VR can offer an exciting and engaging ways to learn and teach. But there are still challenges that
need to be overcome to make it feasible for schools. We wish to offer some recommendations on how to create
an engaging VR learning experience, from which both students and teachers will benefit. Our core findings were
that an immersive experience motivates students and encourages them to learn more. Moreover, time and costs
are still crucial factors whether the VR laboratory will be included into school routines or not. Additionally, VR
offers many possibilities and improvements for the knowledge gaining process, such as enabling the
performance of dangerous experiments in a safe way or visualizing invisible processes.

Although participants rated the interaction with the laboratory as good, there is still potential for improvement,
especially in the design and usability. Both pupils and student teachers requested a more accessible method for
easier classroom integration. Future research should consider the potential of mobile VR devices such as
smartphones or standalone devices and explore how we can integrate them into classrooms. For future work, it
would be useful to port the current framework to mobile devices and explore how we can integrate these in
classrooms. An important step would be to discuss the current results with experienced teachers and to obtain
their feedback on the identified challenges and recommendations. Future studies could then investigate the
different use cases to develop a pedagogical model for schools. In future the effect of not wearing earphones and
of receiving tips, breaks and immersion could be investigated, or also if it could be a useful setup to have one
student performing an experiment while one or more peers give hints on how to complete the tasks involved.
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ABSTRACT: In this paper we define the concept of collective usability, a complex systems perspective on
usability that positions an entire group, not an individual, as the unit of analysis. Shared XR experiences have
inherent temporal and spatial properties that produce emergent, collective impacts which can impede learners’
engagement. Assembling large groups of users to test multiple design configurations is both logistically and
financially impractical, however. We demonstrate the practical value of exploring the design space of an XR
experience with a simple observation-informed Agent-Based Model. We used the model to explore how changes
in the number of simultaneous users, and in the size, placement, and interaction duration of the proffered
interactives, could affect collective access to a large-scale, mixed-reality, multi-user museum exhibit. (Collective
access, an element of collective usability, is the degree to which users can gain access to each of the different
interactives.) With this simple model, we explored (1) how the bottom-up propagation of individual-level design
properties can affect collective outcomes, as when certain interactives’ linger times cause a bottleneck, and (2)
how the top-down propagation of collective design constraints can be used to guide individual-level design, as
when we determined thresholds for the “stickiness” and “repeat allure” of an interactive to improve collective
access. The final design of the exhibit implemented many of the design guidelines uncovered by the model. We
argue that collective usability models could be useful for addressing a range of collective usability issues,
beyond collective access, for temporally and spatially sensitive XR learning environments.

Keywords: Collective usability, Agent-based models, Usability methods, Informal learning, Shared XR

1. Introduction

Improved technologies are allowing designers to realize the dream of creating immersive, multi-user experiences
akin to science fiction “holodecks.” The embodied nature of XR experiences introduce new design challenges, as
such systems are acutely sensitive to both temporal and spatial relationships between people and interactive
objects or areas. We argue that in addition to traditional individual-level usability concerns, designers of multi-
user XR experiences need to design for collective usability, a term we define as the degree to which a group of
simultaneous users can make use of an interactive experience where the human-computer and human-human
interactions combine to form a complex system. An individual user is the unit of analysis in traditional usability,
whereas a group of users is the unit of analysis for collective usability. Where traditional usability gives primacy
to the interaction between an individual human and a computer, collective usability embraces a complex systems
perspective, wherein the individual interactions between humans and computers (and between humans and
humans) combine to generate emergent effects that can only be measured at the group level. Attending to
collective usability is important because designs with high individual usability (like a public transit ticket
machine that ensures users pay the correct amount for their destination) may have inadvertently poor collective
usability (e.g., a long line forms). Collective usability is especially critical for ensuring equitable learning
environments, where all learners should get a chance to meaningfully engage with the proffered experiences.

The goal of this paper is to describe some of the challenges faced and the analysis techniques used when
designing a large-scale Mixed Reality (MR) experience for a museum. For this study we videotaped 5 hours of
more than 100 visitors’ interactions with an early pilot exhibit, which consisted of six interactives that each
supported a different type of full-body interaction (some gesture-based, some tangible-based). We used this data
to empirically compute the statistical distributions for visitor engagement with these six interactives. We used
these distributions to develop an Agent-Based Model (ABM) simulation to explore how changes in the number
of simultaneous users and in the duration, size, and number of the proffered interactives could affect collective
usability. We were specifically interested in a form of collective usability we dub collective access: the degree to
which visitors could try each of the different interactives. We propose that collective usability models, of which
our ABM is an example, could be used to represent a wide range of embodied usability challenges and thus
become part of the toolkit of XR designers.
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2. Background and prior work
2.1. Modeling users to support design processes

Using model-based simulations to support usability design and evaluation is not new — as early as the 1980s the
GOMS model was used to engineer the usability of single-user interactives, by accounting for how human
cognitive performance impacts the execution of software tasks (Card, Moran, & Newell, 1983). These
“engineering models” should be “deliberately approximate ... [including] just the level of detail necessary to do
the design job ... while keeping the modeling effort tractable” (John & Kieras, 1996, p. 4).

A number of researchers have explored how to model the behavior of users in collaborative scenarios to support
the design process (Ivory & Hearst, 2001). For example, extending UML (a modeling language used by software
developers) to describe group processes within design specifications (Garrido & Gea, 2001), or embedding the
relational roles between group members into task models (Herrmann et al., 2004). The problem with many of
these models is that, like GOMS, they assume a task model — i.e., that users will be engaged in specified tasks
while working together. Unfortunately, there is often a gap between the intended tasks and how group interaction
actually unfolds, suggesting models need to be based on how people actually act, not on idealized task execution
sequences (Poltrock & Handel, 2010).

XR Learning Environments (LEs) tend to support open-ended use, so it is especially critical for collective
usability models to be based on observations of how learners actually behave. We argue that for most XR LEs,
minutely modeling learner cognition is not necessary for creating an engineering model. All that is needed is a
minimal representation commonly seen behaviors, like the “foraging” behaviors of visitors in museums. It is
important, however, to model elements of the shared domain context that can afford or constrain users’
interactions with the system or their human companions (Wurdel, 2009). Because the interaction in XR LEs is
stretched across a real or imagined physical setting, a modeling approach is needed that takes into account
physical aspects like the spatial arrangement of interaction opportunities and other users.

2.2. Model-based methods in multi-user system design

Multi-user system researchers also use models to inform design, albeit in the form of highly formalized models
used to validate competing system designs. They too have acknowledged the cyclical nature of the usability of
multi-user systems, wherein “not only will the individual behavior of a user be affected by changes to the system
through its collective use, but the system can also have an effect on the collective behavior of the users”
(Massink et al., 2008). Researchers have predominantly used models to examine timing complications, making
use of an array of formal models augmented with timing information and constraints — like finite automata,
specialized algebras, and petri nets — to validate their designs (Bernardo & Corradini, 2004). Because most
researchers were validating software like shared file management systems (e.g., Massink et al., 2008), the
physical or spatial aspects of shared interaction were not modeled. One exception is a research group that
represented spatial locations within a building to model a building’s dynamic signage system (Harrison et al.,
2008). They later used an ABM elaborated with force calculations to validate how the dynamic signage system
performed against a static signage during evacuations (Langner & Kray, 2014).

Our work differs from this specific approach, and from the work on multi-user systems in general, in that we use
an ABM as a design tool for collective usability. As a design tool, we employ ABM to explore the design space
and to derive creative insights and guidelines to drive further design processes, not to formally validate designs.

2.3. Design challenges of full-body XR Learning Environments (LEs)

Museums and researchers exploring classrooms of the future are increasingly interested in the educational
potential of sensing technologies that allow learners to use their bodies to interact with XR LEs. There are many
rationales for using full-body movements to support learning activities. Full-body interactions can be designed to
capitalize on embodiment by activating the proprioceptive aspects of cognition; they can take advantage of how
cognition is embedded in the physical and social structures of the environment; or they can extend beyond
individual organisms to support distributed cognition (Roberts & Lyons, 2017). One exhibit that relies on the
embodiment aspect of whole-body interaction asks a visitor to control the path of a simulated meteor by running
at different angles and speeds, using body sensations to build an understanding of force and motion (Lindgren,
Tscholl, Wang, & Johnson, 2016). Many museums have developed camera-based XR interactives where visitors
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jump or dance, where usability designers need to design for how performances are embedded in the audience’s
spectator experience (Peltonen et al., 2008; Reeves, Benford, O’Malley, & Fraser, 2005). Sometimes embedding
whole-body interactions within a spectator experience leads to learners coordinating and coaching one another,
which extends the interaction into the realm of distributed cognition, as with an interactive slide (Malinverni,
Ackermann, & Pares, 2016) or a classroom game about friction (Enyedy, Danish, & DeLiema, 2015).

The exhibit in this work employs full-body interactions to extend learner cognition to embrace shared
management of a dynamic complex system. Extended full-body interaction design poses special usability
challenges in the form of needing to manage potential interaction effects between different users. In prior work
that extended cognition through whole body interactions, designers put the onus of managing interaction effects
back on the learners — making learners responsible for monitoring one another and ensuring their actions don’t
negatively impact the collective experience. We argue that as XR experiences get more complex, designers need
tools to examine the design challenges that arise from multiple users’ actions, and to experiment with how
different designs might impact those interaction effects.

2.4. Agent-based models

The review of prior work shows that there is a need for an “engineering model” (John & Kieras, 1996) to support
design processes for XR LEs. Specifically, a modeling approach is needed that allows both spatial and temporal
aspects of the design space to be represented. These requirements led us to use an ABM, defined as “(1) a
computational method that enables a researcher to create, analyze, and (2) experiment with (3) models composed
of (4) agents that interact within (5) the environment” (Gilbert, 2020). ABMs model a complex system by
defining basic scenario properties (like the placement of food sources near an anthill) and the rule-based
behaviors of independent agents (like the pheromone-governed movements of ants), to represent the complex
behaviors that emerge (like coordinated food gathering). ABMs have been used to model a wide range of
scientific and social collective activities, like traffic flows, military scenarios, movements of customers in stores,
supply chain logistics, and administrative workflows (Abar et al., 2017). To the best of our knowledge, however,
ABMs have never been promoted as a tool for usability design, apart from their use to design the behavior of
artificially intelligent agents for ubiquitous computing (e.g., Mangina et al., 2010).

3. Design of pilot exhibit

The New York Hall of Science received a grant to develop a collaborative MR exhibit to teach visitors about
sustainability and complex systems thinking in the context of a human-natural system. The exhibit needed to
serve all ages, but the learning goals placed a special focus on middle school-age visitors. Complex systems
thinking is challenging, and middle-school learners especially struggle with identifying the causal relationships
between system components (Grotzer, 2012; Goldstone, 2006, Hmelo-Silver et al., 2007). One way to help
learners develop a sense of a system’s causal mechanisms is to have them take on first-person perspectives of
different system agents (Jacobson & Wilensky, 2006). For this reason, it was decided to allow visitors to try out
the roles of multiple agents within the system, allowing them to develop a firsthand appreciation for why, say,
both farmers and city residents might draw down a water supply without realizing their actions could impact
others. To encourage learners to try out multiple roles and thus broaden their understanding of the system, each
role needed to be executed via an interactive that didn’t require too much linger time. Moreover, because
museums are free-choice learning environments, the operation of the interactive components could not be tightly
coupled, i.e., require ongoing tight coordination between visitors (Salvador et al., 1996), although visitors could
certainly choose to coordinate their actions. The design firm, DesignlO, created an initial functional prototype to
explore some of these design issues.

. |
Figure 1. Pilot exhibit. Whole-body interactives are marked with letters and described in Table 1
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The simulation consisted of two cities, Newton and Tesla (left screen in Figure 1), a farm where visitors could
raise corn crops (middle screen in Figure 1) and a water-source selection screen (the screen on the far right in
Figure 1). Water was shared among the farm and the two cities, meaning that if visitors didn’t carefully manage
urban growth there would be a water crisis, and subsequently a food crisis. The interactives available to
individual users are illustrated in Figure 2 and described in Table 1.

(A) Build Building

(D) Harvest Food

(E) Deliver Food

(F) Select Water
Source

Figure 2. Snapshots of the six full-body interactives in the pilot exhibit

Table 1. Interactives available in the exhibit pilot

Action Site of action Max  Interdependencies Description of action enactment
users
(A) Build Newton/ 77 Increases need for (E) Visitor raises hands straight up above head to
Building Tesla screen Increases need for (B) add another story to a building
Competes with other city
(B) Pump Pump near 1 Affected by (F) Visitor operates a bicycle pump to pump water
Water  Newton/ Competes with (C) from the selected water source to both cities
Tesla screen
(C) Grow Hose in front 1 Affected by (F) Visitor uses a sprayer hose to irrigate
Food of Farm Permits (D) farmlands (blue circle on screen indicates
screen Competes with (B) spray target), which sprouts corn
(D) Harvest Farm screen 8 Requires (C) Visitor uses a swiping arm motion to harvest
Food Permits (E) mature corn, which gets deposited in silo
(E) Deliver Between 1 Requires (D) Visitor uses a cardboard “truck” box to pick
Food Farm and Choice in delivery city up food from the Farm silo and deliver it to a
Newton/ can induce competition  depot in either Newton or Tesla
Tesla screens
(F) Select Rotary dial 1 Permits (B) Visitor rotates a dial, which sets the source of
Water  in front of Permits (C) water used in the farm and the cities (e.g.,
Source  Water Is affected by (B) and aquifer, captured rainwater, river, etc.). When
Source © drained a new source must be chosen.
screen
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4. Methods

The purpose of this research was to explore how different design decisions might affect visitors’ collective
access. Collective access, the degree to which visitors could try each of the interactives, was important because
allowing visitors to try on a breadth of different roles was theorized to support the exhibit’s learning goal of
encouraging systems thinking. To build such a model, we made the simplifying assumption to represent a
visitor’s engagement with just a single metric: linger time, based on distributions of how long real visitors would
use a given interactive.

4.1. Participants

Participants were a mix of regular daily visitors to the museum who were told of the testing sessions at
admission and/or saw signs outside the test gallery, and museum members who had received an email
advertising the pilot testing sessions. The test sessions were held on several weekdays during spring break, so
local families were the primary attendees. The apparent age ranges and cultural backgrounds of attendees were in
keeping with typical visitorship for our institution, which tends to skew slightly young (average age of children
being around 12) and which tends to be quite diverse. We used an implied consent procedure approved by our
IRB, wherein a lollipop sign indicated that entering the test space constituted consent to being videotaped.
Because collective usability takes the group as the unit of analysis, we did not collect information from
individual visitors. We thus did not collect statistics on the number of visitors who used the exhibit, but there
seemed to be about 20 visitors present at any given time, and both museum attendance data and the staff
observations suggest that more than 100 individual visitors experienced the exhibit during our data collection.

4.2. Collecting visitor linger time statistics

The pilot exhibit was installed in a temporary gallery in the museum for several days, allowing us to videotape 4
hours and 58 minutes of visitors’ interactions with the exhibit from a gallery on the rear wall (see Figure 1). Six
research personnel coded the videos, noting when a visitor began using one of the interactives in Table 1, and
when they stopped, capturing these start/stop events as timestamps. Using those timestamps, we then computed
the average and standard deviation of visitor linger time (see Table 2). We did not compute inter-coder
reliability, as the events were very obvious.

Table 2. Observations of visitors’ interaction linger times

Interactive Number of observations ~ Mean linger time, in seconds Standard deviation
(F) Select water source n=283 M=17 SD=9

(A) Build building (Tesla) n=103 M=13 SD =13

(A) Build building (Newton) n=283 M=16 SD =19

(D) Harvest food n=0642 M=20 SD =128

(C) Grow food n=>528 M=21 SD =33

(B) Pump water n=165 M=42 SD =153

(E) Deliver food n=132 M=120 SD =100

These results show that the “stickiest” activity is food delivery (E) — visitors would run back and forth between
the Farm silo and the Newton and Tesla food depot points for an average of 120 seconds before relinquishing the
truck to another user. The least sticky activity is the water source selection wheel (F) — which makes sense,
since the action is the closest one to being atomic (meaning that once the user chooses a water source, they are
done, like clicking a button).

4.3. Simulating visitor use of exhibit interactives

The informal qualitative observations of the designers and researchers found that the pilot exhibit did not support
collective access well, with numerous instances of people waiting around interactives to get a turn. This left a
number of questions concerning how the exhibit could be modified to ensure that visitors could get a chance to
try each of the interactives. We thus created an ABM to explore design variations virtually, without the cost and
logistical overhead of revising and testing the prototype.

124



4.1.1. Building a simulation of the pilot exhibit in NetLogo

We selected NetLogo (Wilensky, 1999) to build our model. Originally developed for educational purposes,
NetLogo has since been adopted by a number of professionals like urban planners for its convenience in quickly
roughing out models of the intersection of people and places. We measured the screen sizes and angles and
location of the tangible interactives to reproduce the pilot exhibit space (see Figure 3). For the tangible-based,
single-user interactives (B, C, E, F), we set up rules to prevent other agents from using them if they were already
in use. For the wall-based interactives (A, D), we used the maximum observed number of simultaneous visitors
to determine the minimum wall space occupied per user, 1.875 feet, and used that to cap the number of
simultaneous agents. Apart from (D), the interactives were designed to permit visitors to operate them regardless
of their interdependencies, so we opted not to model the system’s interdependencies. This simplification
prevented us from going down the slippery slope towards fully modeling how visitors would reason about and
respond to system interdependencies, which would be useful for modeling visitor learning, but not needed to
inspect access issues. Such parsimony is recognized as good practice when constructing ABM (Gilbert, 2020).

4.1.2. Modeling agent behaviors

It is considered good practice to use the simplest possible representations of how agents behave to better explore
emergent effects (Gilbert, 2020). We thus used Brownian motion as the simplest possible model of how visitors
move within an exhibit space. With Brownian motion, agents are assigned a random trajectory they will follow
until colliding with another agent or a physical object. Upon collision they get assigned a new random trajectory
or (if the object is an available interactive) they will stop and interact. But as a check on the robustness of our
results, we implemented two other plausible simplifications of how visitors could choose to move in the space: a
Nearest model, where idle agents select as a target the nearest unoccupied interactive, and an Interest model,
where idle agents select the unoccupied interactive that they have had the least experience with, with ties being
broken by the nearest interactive. Regardless of the movement model, once an idle agent reaches an unoccupied
interactive, they would occupy it for a duration of time drawn from the normal distribution for that interactive
(gathered from observations of real users, see Table 2).
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Figure 3. Agent-based simulation of visitors’ participation in the Connected Worlds pilot. Colored squares mark
where visitors can engage with an interactive

The Nearest movement model accounts for visitor “laziness” — the interaction space is quite large, and so
visitors are likely to interact with a closer interactive if it is available. The Interest movement model represents
the effect of novelty on visitor choices - all else being equal, visitors do prefer to try new or under-explored
interactives. With the Interest model, for each agent, all interactives are initially assigned the same interest level
of 1. The agent’s interest level for each interactive is decreased by a fixed amount after using it. Visitors
preferentially select available interactives with the highest remaining interest levels, with ties broken by selecting
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the closest interactive. This is a highly simplified analogue to more sophisticated value-cost models of visitor
movements (Bitgood, 2006). We used the expert judgment of our research team, a mix of researchers and
practitioners with extensive experience observing visitors, to select an interest decrement that produced plausible
simulated visitor movements, eventually settling on a 10% decrease in interest. (Our choices in movement
models, and implications for how much attention researchers should give to validating same, are tackled in the
Conclusion).

5. Simulation results

The goal of this simulation-based exploration was to reduce the amount of time it would take for visitors to gain
exposure to the majority of the exhibit interactives, i.e., to improve collective access. We thus used as our
outcome the “half-used” metric: the time it would take at least 50% of the visitors to use each of the interactives.
To generate half-used metrics we used a Monte Carlo approach. For each experimental configuration of the
simulation model, we ran it 100 times, and averaged the results together. Each model would run until reaching
the half-used state, or until 60 minutes of elapsed in-simulation time (60 minutes is well above the time visitors
would be permitted to stay at the exhibit).

5.1. Baseline scenario under varied attendance

We first established a baseline simulation for 10, 20, 30, and 40 visitors to examine how the exhibit scaled with
more users, and ran it under all three movement models to check for inconsistencies. Figure 4 shows that while
the Nearest and Interest models do produce lower half-used times (which makes sense — there would be less
aimless wandering), all three movement models produce linear regressions with similar slopes, suggesting that
for each additional visitor, another 30-60 seconds of delay can be expected to be added to the half-used metric.
This monotonic consistency is reassuring, suggesting that while in real life, visitors may exhibit a mix of
movement characteristics (sometimes wandering, sometimes seizing a near interactive, sometimes seeking out a
desired interactive), the collective access (as measured by the half-used metric) will fall within clear bounds.

80
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40
1 I 1
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10 20 30 40

# visitors
W Brownian Nearest W Interest (10%)

Figure 4. Time to reach the half-used state for all interactives under three different movement models, averaged
across 100 Monte Carlo runs for each model and each number of visitors

5.2. Finding the source of half-used delays and extrapolating design variations to test

Our next step was to discover the major sources of delay — to determine this, we computed half-used metrics for
each of the 7 possible interactives, under four different numbers of visitors (10, 20, 30, and 40) and the three
different movement models (see Figure 5). The first thing to notice is that the overarching trends (in magnitude
of half-used time, and in the growth in half-used times as the number of visitors increase) are consistent
regardless of movement model, again suggesting that for our metric and problem space, the way we model
visitor movement patterns is not a critical factor. The only major differences are that under the Interest model,
the (F) Select Water Source time is reduced (because its low linger time allowed interested visitors easier
access), and under the Nearest model, the (D) Harvest Food time is increased (because the farm is central to the
exhibit, so it is often the nearest interactive and thus under more demand).
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One strong pattern to notice is that the three screen-based activities that permit simultaneous users, (A) Newton
Building, (A) Tesla Building, and (D) Harvest Food, do not show an increase in time to reach the half-used state,
even as the number of visitors grows. At a collective level, it is this flat growth that we are seeking, as it shows
that the interactives can flexibly scale to support larger groups. The screen sizes in our pilot were dictated by the
gallery wall sizes, however, which were quite large — would we need to make the screens just as large in the
final exhibit to preserve this scalability? This is a factor we wanted to explore further with our simulation.
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Figure 5. Time to reach the half-used state, in minutes, for each of the interactives as the number of visitors
increases, under each of the movement models

The single-user tangible interactives, on the other hand, all show pronounced growth in half-used delay with
increasing numbers of visitors, with one notable exception, the (F) Select Water Source activity. What
differentiates the (F) from the other tangible interactives is its linger time (see Figure 6), which is closest to an
atomic action (an instantaneous action-effect pairing, like a button click). This suggests that reducing the
“stickiness” of individual tangible interactives (i.e., the amount of time a user will want to linger while operating
it) is a design variation to explore for improving the collective user experience. However, it may be impossible
to reduce the linger time of certain tangible interactives below a certain point — for example, carrying the food
truck between the farm and the cities incurs a minimum linger time. Other alternatives to explore for improving
collective access are replicating a tangible interactive with a long linger time (e.g., supplying multiple delivery
truck interactives), or reducing how much a user would want to use an interactive again (“repeat allure™).
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Figure 6. The relationship between the average linger time of each interactive, and the growth in half-used time
as the number of visitors increases
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5.3. Testing design variations with the ABM

The exploration of delay sources suggested that we should test four types of design variations for their impact on
collective access: (1) changing the screen size for screen-based interactives, (2) decreasing the stickiness (i.e.,
linger time) of tangible interactives, (3) replicating tangible interactives, and (4) decreasing the “repeat allure” of
the tangible interactives. We tested these parameters with all three movement models. All models produced
similar results, so we present only the Nearest results for succinctness (the Nearest outcomes fell between the
Brownian and Interest outcomes).

5.3.1. Manipulating screen width under varied attendance

The baseline results showed that the multi-user widescreen interactives were least impacted by growing numbers
of visitors, so we wanted to see how important it was to use screens that were at least 13 feet wide. Would
making the screens smaller hurt access, or would making them even larger benefit collective access? We wanted
to hold as much else constant about our model as possible, including the relative positions of the interaction
opportunities, so we opted only to manipulate the sizes of the Tesla Building and Newton Building screens
(manipulating the farm screen width would have changed the entire layout). The Narrow Screen condition was
half the size of the screen used in the baseline (6.5 feet), and the Wide Screen was 1.5 times the baseline (19.5
feet). We can see from Figure 7 that increasing the screen size does not appreciably impact the half-used time,
while decreasing the screen size does remove its ability to scale with the number of visitors.
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Figure 7. The impact of varying the screen size on the half-used time, in minutes, as the number of visitors
increases

5.3.2. Reducing the “stickiness” of single-user tangible interactives

The baseline results showed that the single-user tangible interactives scaled least well when increasing the
number of visitors, with the exception of the low-linger (F) Select Water Source wheel. Would decreasing the
linger time of the other single-user interactives improve collective access? No designer wants to intentionally
decrease the pleasurability of an interaction design, but it may be the case that the collective good demands it.
There is research evidence that when visitors get highly engaged in single-user interactions within a shared
exhibit, it negatively impacts the group experience (Lyons, 2009).

We reduced the linger time to a fixed 5 seconds (approximately the time needed to approach and execute an
atomic action like a button click) to see how low stickiness would impact the half-used time. We implemented
atomic versions of the (C) hose and the (B) pump (we did not test an atomic version of the (E) truck because its
linger time depends on the distance between the farm’s silo and the food delivery depots at Newton and Tesla).
Figure 8 shows that if both interactives could be made less sticky, we could attain the flat growth with increased
visitors as was seen for the (F) wheel. The (B) Pump Water interactive benefitted the most from a conversion to
an atomic action — likely because its less-central location made it less well-trafficked, and thus more available
for visitors.
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Figure 8. The impact on the half-used time, in minutes, of assigning a tangible interactive to have a fixed, atomic
amount of linger time, as the number of visitors increases

5.3.3. The effect of replicating single-user tangible interactives

We replicated the three interactives with the largest growths in half-used time (B, C, and E) and present the
results in Figure 9. An extra hose reduces the growth in (C) half-used time to be nearly flat, although the
magnitude of reduction was less than what was seen when the hose was converted to an atomic action (Figure 8).
While the rate of growth in half-used time remains high for the replicated (B) water pump and (E) truck, the
magnitude of the half-used times decreased by around 50% as compared to baseline, regardless of visitor count.
For tangible interactives with long linger times, it may be preferable to duplicate them than to remove stickiness,
as removing stickiness may well involve removing the pleasurable aspects of interaction. However, a single
replication may not be enough to meaningfully impact collective access — for example, the half-used time
triples from a 10-visitor replicated truck scenario to a 40-visitor replicated truck scenario. This raises the
question: could more replicated trucks attain a half-used measure that doesn’t vary with increased numbers of
visitors?
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Figure 9. The impact on the half-used time, in minutes, of replicating the tangible interactives as the number of

visitors increases

The results show that up to 8 trucks need to be present before the (E) ceases to account for more than 50% of the
half-used time for the exhibit as a whole (see Figure 10). The half-used growth rate still doesn’t flatten, however.
Could it be that because the trucks are located in a highly-trafficked area, the same visitors end up picking up the
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trucks again and again, making it harder for other visitors to use them? The next section explores making that
kind of repeat-use less appealing.
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Figure 10. Time to reach the half-used state for all interactives and for the (E) Deliver Food interactive, in
minutes, as the number of trucks and the number of visitors increases

5.3.4. Reducing the “repeat allure” of food delivery

Much like reducing “stickiness” by making interactives less engaging, designers can also make it less likely for
users to opt to return to an interactive. Designers do not need to make the experience overtly unpleasant, but can
instead think about ways to build in gentle impediments to make users less likely to immediately re-engage.
With tangible user interfaces there are an array of ways of negatively manipulating their affordances, from
literally adding friction (like making a wheel hard to turn) to adding weight (visitors might avoid picking up a
heavy object again unless necessary).

We simulated a “repeat allure” decrease by manipulating the Interest-based movement model. In addition to the
10% drop used as the default for the Interest model, we experimented with three different degrees of decreasing
the repeat allure for the Truck — a 25% drop, a 50% drop, and an extreme 100% drop in interest, compared to
the Nearest baseline (see Figure 11). Decreasing the repeat allure does decrease the half-used magnitude, but still
does not flatten the growth in half-used time. This suggests that while designers can incorporate negative
affordances into the design of interaction opportunities that have unavoidably long linger times (e.g., tangible
interactives that need to be carried from place to place), this alone may not be enough to scale with increased

users.
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Figure 11. Time, in minutes, to reach the half-used state for the Food Delivery interaction type when visitor
interest in using the Truck drops by growing percentages, as the number of visitors increases
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5.4. Putting it all together — the kitchen sink simulation

One value of using ABMs for exploring design spaces is that they can reveal nonlinearities when multiple design
variations are combined. In other words, sometimes combining two seemingly desirable changes can result in an
unpredictably bad outcome. The final step in our analysis was thus to combine the best-result recommendations
from each of the prior design variations into a single model and test them together (a “kitchen sink” simulation).
The kitchen sink simulation combined the baseline screen width for (A) (we saw issues with decreasing the
width, but no improvements with increasing width); the atomic (5 seconds linger time) versions of the (B) pump
and (C) hose; and eight replicated (E) trucks with a 25% “repeat allure” decrease (larger repeat allure decreases
did not dramatically reduce the half-used time, so we wanted to be conservative). The results, shown in Figure
12, reveal no negative interaction effects. To the contrary, combining these design recommendations finally
flattened the growth in half-used rate. The magnitude of the decrease in exhibit-wide half-used time is also
notable — a tenfold decrease from baseline when 40 visitors are present.
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Figure 12. Time to reach the half-used state, in minutes, as the number of visitors increases, when all design
recommendations are used (the “kitchen sink”) compared against the baseline, using the Interest movement
model

6. Discussion

The results show that ABM-based collective usability models can be used to profitably explore the impact of
individual design changes on collective usability in immersive, shared XR LEs. It is worth emphasizing that
while most laypeople assume all simulations are used to make precise predictions for specific outcomes, ABMs
are uniquely useful for exploring the space of possible outcomes, and relative trends in those outcomes (Gilbert,
2020). Collective usability models are thinking tools for exploring a design space more effectively and
efficiently. We demonstrated above how a collective usability model can be used to generate ideas for further
model-based investigation. Below we describe the guidelines our analysis generated, and to what extent these
guidelines were represented in the final exhibit design.

6.1. Simulation-derived collective design guidelines for MR exhibit

ABMs capture properties of complex systems like emergent effects, and thus can be used to generate design
guidelines in two directions: bottom-up propagation of effects, and top-down propagation of design constraints.

6.1.1. Guideline derived from bottom-up effect propagation

With our model, we studied the bottom-up propagation of the linger times of individual interactives to measure
the impact on collective access in terms of the half-used time. One might expect the interactives with longer
linger times to impede collective access more, but we only found this to be true for the single-user tangible
interactives. The multi-user screen-based interactives showed no problems scaling to support more users (see
Figure 6). This suggests the design guideline:
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DGI. When possible, situate interactive experiences on large, shared screens.

6.1.2. Guidelines derived from top-down propagation of design constraints

What we mean by “top-down propagation” is that we use the emergent outcome (the half-used time) to help set
bounds on the design properties for individual interactives. Our simulation trials revealed several design
guidelines applicable to our learning environment:

DG2. Keep the width of shared screen-based interactives to be at least 13 feet.

DG3. Reduce the “stickiness” of single-user interactives to reduce the linger time to be closer to an atomic
button click in duration.

DG4. Replicate single-user tangibles that have irreducible linger times to avoid access issues. More copies

than one might think (>=8) may be needed to prevent the interactives from being the limiting factor on collective
access.

DG5. Mild friction may be introduced to the operation of single-user tangibles with irreducible linger times
to reduce repeat allure.

6.2. Implementing the collective design guidelines in practice

Moving from prototype to final implementation can be a messy, nonlinear, and creative process. Collective
usability design guidelines cannot and should not be the final word on how to design an immersive, shared XR
experience, as collective usability is just one aspect of making such experiences successful. Designers need to
balance collective usability against more intangible factors like the charm and pleasure that an individual
interactive design can bring. While the final implementation of the exhibit did not follow all guidelines to the
letter, they are present in various ways.

Figure 13. Photograph of the final exhibit. A six-story simulated waterfall (center), a river valley (middle left)
and a reservoir (middle right) deliver water to the exhibit floor, which visitors can divert to four different
simulated biomes projected on the exhibit walls

The final exhibit’s learning goals are the same, but rather than maintaining two cities, visitors instead maintain
the diversity of four different biomes: the Desert, the Grasslands, the Jungle, and the Wetlands (see Figure 13).
These four biomes are each visualized on 22-feet wide projection screens (which far exceeds DG2’s
recommendation, but which adds a “wow” factor to the experience). Rather than positioning single-user tangible
interactives in front of screens to support interactions, the design situates the interactions within the screens
themselves as much as possible via gestures, per DG1. Visitors can plant seeds in these four biomes by holding
their hands up in front of the screens (see Figure 14) and letting their hands quickly drop, and can prune dead
plants by swiping their arms (the same action used for (D) in the pilot). These interactions are very short in
duration, in keeping with DG3. Visitors supply water to the biomes by dragging large (5-feet-long) stuffed
“logs” covered in an IR-reflective fabric around the floor of the exhibit (see Figure 14), diverting the flow of
water from the sources. The logs are the only single-user tangible interactives in the exhibit, but manipulating the
positions of these logs can take time, as they need to be moved to different spatial locations. There are 10 logs in
the exhibit, per DG4, and the logs are a bit heavy, which encourages visitors to move them only when needed,
per DG5. We should note that this approach did not decrease visitors’ apparent enjoyment of using the tangibles
— in fact, they seemed to find the difficulty part of the fun, even as it served its purpose of reducing the “repeat
allure.” We propose that after decades of trying to make user interfaces more seamless and more efficient,
interface designers may have something of a blind spot for how strategic friction can be charming, and should
embrace creative approaches for reducing repeat allure when it is demanded by collective usability.
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Figure 14. A visitor selecting which available seed to plant in the Grasslands biome

We did not formally assess the collective access of the final exhibit because the earlier problems with access
were completely resolved — even when used in 15 minute sessions with school groups, no access problems were
observed. Visitors could and did have the opportunity to try all of the different interactives within minutes. As a
whole, the exhibit has been a great success, winning multiple national awards like the 2016 Jackson Hole
Science Media Award and the 2017 American Alliance of Museums MUSE Gold Award.

7. Conclusions and future work

This paper makes the case that shared XR LE design requires attention to the “holistic” configuration of people
and objects in time and space (Wurdel, 2009). It defines the concept of collective usability, which positions a
group of users, rather than an individual user, as the unit of analysis as they make use of an interactive
experience where the human-computer and human-human interactions combine to form a complex system. It
further provides an initial proof-of-concept that ABMs, which can capture the temporal and spatial relationships
in collective use scenarios, can be used as collective usability models to explore the design space for shared XR
experiences. Using ABMs to explore the usability design space is another novel contribution of this work.
Unlike the abstruse formal models used for multi-user system validation, ABMs are easily constructed to be
“deliberately approximate” (John & Kieras, 1996), extending the reach of this approach beyond experts.

This is just a proof-of-concept, so many directions for future work remain. Collective access is just one of many
collective usability metrics that designers may wish to explore. For example, collective awareness, a measure of
the extent to which users have detected a stimuli, may be highly relevant to collaborative XR LEs because shared
visual grounding is known to be critical to supporting collaboration (Gergle, Ros¢, & Kraut, 2007). Architecture
researchers have long known how sight lines can impact how people behave in shared spaces, and have
developed ways to model and simulate sight lines that could be borrowed from to construct models of collective
awareness (Kaynar, 2005).

The highly simplified visitor movements in our collective usability model were adequate for our investigation,
but other problem domains (e.g., studying if an exhibition layout poses challenges for maintaining a 6-foot social
distance) may need more sophisticated models. Fortunately, there is ample literature on how visitors move in
museums, from how different social groups distance themselves (vom Lehn, Heath, & Hindmarsh, 2001) to
Bitgood’s value model of visitor circulation (Bitgood, 2006), to documentation of how different kinds of visitors
move differently — children, especially, are more prone to prioritizing exploration over exploitation (Carlisle,
1985). Creating and validating a movement model that can reproduce the spatial paths of learners may be time
intensive, but once created, it can be reused and shared.

We argue that collective usability models should be thought of as another design tool, like design games (Brandt
& Messeter, 2004), or design cards (Hornecker, 2010), that help designers attend to an aspect of the design space
that might be otherwise overlooked. Our proof-of-concept work demonstrates how these collective usability
design tools can be used. An initial collective usability model is created, either using empirical data from a
prototype tested with representative users, or using theory-grounded models of user behavior. Designers use the
model to generate unanticipated questions about the design space, questions that can be systematically explored
by altering the design parameters embedded in the model. As the trends in outcomes become clear, design
guidelines that speak to the collective usability experience can be generated using bottom-up propagation of
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effects and top-down propagation of design constraints. Collective usability modeling is much more logistically
and financially feasible for exploring the design space for XR experiences than repeated prototyping, and can
help generate design questions (like reducing interactive stickiness and repeat allure) that designers (who are not
accustomed to “detuning” interactives) may not think to explore otherwise.
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ABSTRACT: Embodiment is particularly relevant for learning anatomy as the knowledge to be acquired is
related to the body itself. Several tools using three-dimensional (3D) anatomical structures and avatars (e.g.
augmented reality; virtual reality; immersive anatomy; 3D animations) were developed to enrich students’
experience by including gestures and body movements into learning anatomy. We developed a new interactive
3D tool that allows personal body experience and enhances spatial representation of musculoskeletal functional
anatomy. Students can analyze and recreate a series of movements in real-time 3D interactive settings. This
paper shows our research and development approach. Following the development of our anatomy tool, we
conducted a pilot and one experiment. The pilot study aimed at evaluating users’ experience (UX) of our first
prototype. Experiment I aimed at evaluating the UX of the second version of the tool two times in a pretest-
training-posttest design. Students’ spatial and motor imagery abilities as well as anatomy examination results
were also collected. Our results provided evidence of UX enhancement. Accordingly students appreciated
mainly the tool’s hedonic (enjoyment) qualities. Overall, significant interactions were observed between
students’ UX, anatomy scores and motor imagery abilities. Finally, students’ mental rotation ability predicted the
increase of anatomy score. Cognitive sub-processes underlying functional human anatomy learning as well as
students’ identification through the avatar are discussed.

Keywords: 3D tool, Anatomy, User experience, UX, Spatial ability, Motor imagery

1. Introduction

Computing technologies have transformed anatomical sciences education during the last decade (Trelease,
2016). Numerous programs worldwide have integrated online digital learning tools as supplementary resources:
e.g. eBooks (Pickering, 2015), social media (Pickering and Bickerdike 2016), massive open online courses
(Swinnerton et al., 2017), 3D animations (Hoyek et al. 2014), smartphone and tablet applications (Lewis et al.,
2014), 3D-printed specimens (McMenamin et al., 2014; Lim et al., 2016), augmented, mixed and virtual reality
(Kiigiik et al., 2016; Moro et al., 2017).

The results of the studies that have investigated the impact of such digital resources on learning outcomes have
proven to be variable. For instance, Khalil et al. (2005) did not report significant differences in learning
outcomes when comparing computer-based interactive and paper-based static instructional materials. Several
other studies did not find any beneficial pedagogical effects of 3D stereoscopic models or videos on anatomy
learning outcomes (Saxena et al., 2008; Hopkins et al., 2011; Tan et al., 2012). Conversely, Nicholson et al.
(2006) as well as Abid et al. (2007) reported that 3D-computer-based anatomy graphics enhanced medical
students’ learning outcomes. More recently, Hoyek et al. (2014) demonstrated the effectiveness of 3D digital
animation compared to 2D drawings embedded into PowerPoint® slides in an authentic classroom context.
Regarding X-reality or XR applications (augmented, virtual and mixed reality) there remains a paucity of robust
empirical evidence to justify the efficiency of such resources on learning outcomes (Clunie et al., 2018). While
Moro et al. (2017) found that learning outcomes remained unchanged and that students exhibited blurred vision
headaches and dizziness, Kii¢iik et al. (2016) found a positive effect of augmented reality on learning outcome as
well as a reduction of cognitive load after using the resource.

Several reasons may explain such confounding results: (i) the difficulty and specificity of the anatomical topic to
be studied; (ii) students’ individual differences, notably spatial and motor abilities; and finally, (iii) the
interaction between the learner’s abilities and the instructional tool (Nguyen et al., 2012; Hoyek et al., 2014).
According to the compensating hypothesis, 3D-multimedia resources allow students with low spatial ability to
better build their mental model of the anatomical structures (Mayer, 2002; Hegarty & Kriz, 2008). Conversely,
the enhancer hypothesis (Hegarty & Sims, 1994; Hegarty, 2005) states that high spatial students are better
equipped to process 3D resources as they have enough cognitive capabilities for building efficient mental
models. In line with the above-mentioned hypotheses, researchers have been suggesting that learning requires a
strong interaction with the environment in general and with digital tools in particular (Nguyen et al. 2012). This
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is called embodied cognition and it includes all cognitive processes that are linked to the body’s interaction with
the environment (Jang, 2010).

Embodied cognition is gaining traction and its efficiency in learning has been demonstrated in a wide variety of
sciences (e.g., Barsalou, 2008; Cook et al., 2017). This embodied perspective is particularly relevant for learning
anatomy as the knowledge to acquire is related to the body itself. Augmented reality (Jain et al., 2017) and
virtual reality and immersive anatomy (Weyhe et al., 2018) tools were developed to enrich students’ experience
resulting in a positive feedback (Hoang et al., 2017). Bauer et al. (2017) developed a mirror-like augmented
reality allowing students to move while observing their anatomical structures reaction in real time. Such
educational technologies enable researchers and teachers to include more gestures and body movements into
learning anatomy. Nevertheless, such initiatives remain scarce and their logistics and developments are
expensive.

Triggering embodied cognition during anatomy learning does not necessarily require sophisticated multimedia
tools, e.g.: tracing an arrow on a diagram or pointing a word in a text (Macken & Ginns, 2014), facial
expressions and hand or forearm movements (Cherdieu et al., 2017; Dickson & Stephens, 2015; Oh et al., 2011),
body painting (McMenamin, 2008), drawing on t-shirts (Skinder-Meredith, 2010). All these techniques enhanced
learning outcomes. In the STEM (Science Technology Engineering Mathematics) field, Johnson-Glenberg and
colleagues (Johnson-Glenberg, 2018; Johnson-Glenberg & Megowan-Romanowicz, 2017) proposed a taxonomy
to assess the amount of embodiment in STEM lesson, ergo the amount of sensori-motor engagement, the
congruency between gesture and content, and the amount of immersion experienced by the user.

This embodied perspective is particularly relevant for learning musculo-skeletal functional anatomy as the
knowledge to be acquired is the movement itself. Movement execution (enacted encoding) during learning and
memorizing action sentences results in better performance than simply memorizing the sentences (verbal
encoding) (Macedonia & Mueller, 2016). Understanding musculo-skeletal functional anatomy requires not only
spatial abilities but also motor imagery which is the ability to imagine a human movement without any real
movement execution (Jeannerod, 1994). We used spatial abilities and motor imagery processes to design,
develop and validate the efficiency of hundreds of 3D anatomy animations (Hoyek et al., 2014; Berney et al.,
2015). However, our 3D animations lacked interaction as they are passively visualized by students. Based on all
previous studies and given the place of both movement and interaction in functional anatomy learning we
developed a new interactive 3D tool called Antepulsio®. While there are hundreds of applications that provide
animations of muscle movement, Antepulsio® is the first application that allows student to analyze and recreate
a movement and see feedback on the correctness of the choice. Such manipulation of anatomical structures helps
learners to map structures to their own bodies’ coordinate systems (Amorim et al., 2006). As stated by Jang and
colleagues (2017), “objects that are perceived to be anatomical in nature may prime a more embodied approach
to mental imagery than abstract figures.” (p. 152). In this perspective, Antepulsio® exercises have a strong
potential to trigger embodied cognition. The aim of this paper is to present Antepulsio® instructional design and
its research and development approach. Users’ experience (UX) tests using the Attrakdiff questionnaire
(Hassenzalh, 2003; Lallemand et al., 2015) were conducted. Students’ spatial and motor imagery abilities as well
as their anatomy examination results were collected. Based on our theoretical and literature review, our research
aims to study the relationship between users’ experience, anatomy score and spatial and motor imagery abilities.

It is noteworthy to state that this paper does not study the impact of implementing Antepulsio® or to measure
embodiment as a mediating variable for students’ learning outcomes. Rather, we focus on how improving UX
may impact students’ performance and how it interacts with some embodied cognition-related variables such as
spatial and motor imagery. Hence, the following research questions (RQ) were developed:

RQ1: Does enhancing the application impact the UX?

RQ2: Does the UX have any impact on anatomy scores?

RQ3: Do students’ spatial and motor imagery abilities interact with their UX?

RQ4: Do students’ spatial and motor imagery abilities interact with their anatomy examination results?
Answering these questions will help teachers and developers in their general Research and Development (R&D)
process especially through introducing UX when designing an anatomy 3D tool.
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2. General method

2.1. An iterative design process using UX

We used an evidence-based tool design strategy. This process is at the core of our agile manufacturing.
Following the development of Antepulsio®, we conducted two experiments. The pilot study aimed at collecting
the baseline UX (Baseline 1 — B1) from our first prototype using the Attrakdiff2 (Hassenzalh, 2003; Lallemand
et al., 2015) questionnaire (T0). This first version of the tool was evaluated by students enrolled in our functional
anatomy course (2018-2019 academic year). Students’ official anatomy exam scores were collected before the
UX experiment to verify if previous knowledge yielded any effect on UX. Based on UX evaluation and students’
feedback, we improved the tool during a redesign process.

Experiment I aimed at testing Antepulsio®’s UX enhancement in a pretest-posttest paradigm. A new student
cohort enrolled in our functional anatomy course (2019-2020 academic year) assessed Antepulsio®’s UX (T1:
pre-test). They were then enrolled into a one week-long training session using Antepulsio®. The tool’s UX was
finally tested at (T2 post-test) after the training sessions to verify if any differences with T1 were to be observed.
All participants signed an informed-consent form before starting the study. Our local management and ethics
committee approved the experimental design after the experimenters presented the objectives and procedures to
the scientific board council.

2.2. Anatomical and pedagogical content of Antepulsio® application

The game engine Unity® was used to develop Antepulsio®. A real-time physical simulation model of the human
body allowing realistic motions was used to replicate muscle contraction. The three types of muscular
contraction could be reproduced by the model: eccentric, static and concentric. The following presentation of the
tool is a general description of the four different types of exercises that were developed. More information on the
differences between the first and second version of the tool and design decisions is available in section 3.2 and
6.2.

2.2.1. Exercise 1: Muscle understanding

The aim of this exercise is to associate a muscle to a movement that it produces. The learner has to identify a
muscle on a static position of the 3D model and then to visualize the different muscular insertion points. This
allows for displaying the details of the muscle localization and or users to predict its movement following
contraction. Lastly, the student can observe the muscle action in motion.

2.2.2. Exercise 2: Movement analysis

The learner must observe a movement and its kinematics and then execute the movement. The learner has to
divide the movement into several components by using the appropriate movement terminology and locating the
mobile against the immobile body segment. In the second stage the learner has to analyze the type of muscle
contraction needed for that movement. Finally, the learner needs to identify the agonist responsible muscles.

2.2.3. Exercise 3: Movement reproduction

The knowledge and skills outlined in the two previous exercises (i.e., kinematics, type of contraction, muscles
function, terminology) need to be acquired to complete this exercise. After watching a movement, the learners
have first to execute the movement and then to reproduce it precisely in the application. After choosing all the
appropriate muscles with their respective contraction type the student can launch the 3D simulation in order to
verify whether the movement they reproduced is identical to the original one (see Figure 1).

2.2.4. Exercise 4: Assessment

This summarizing exercise is a multiple-choice questionnaire. It allows the learners to evaluate themselves and
get feedback on their comprehension level.
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Figure 1. Validation step of the exercise 3: Movement reproduction. The student here made a mistake by
choosing the wrong muscles and wrong contraction type while analyzing slow trunk flexion in standing position

3. Pilot study
3.1. Sample and procedure

Forty-five students (7 females; age: 17.89 + 0.83 years) enrolled in our first-year kinesiology program at Lyon 1
University (2018— 2019 academic year) participated on a voluntary basis in this first experience. After following
an entire functional anatomy course (fall 2018) they tested the first version of Antepulsio® in April 2019 (B1).
For more information on the curriculum design and the 3D tools used during the semester see Hoyek et al.
(2014). None of them had previously tested the Antepulsio® tool. They tested the app individually in a quiet
room. Students tested once all four types of exercises and their corresponding steps (see section 2.2). To pass to
the following step/exercise they had to validate the previous one. They had no time constraint. They had an
unlimited number of tries. An average of 20 minutes was needed to complete the exercises. Students’ feedback
on the tool’s properties (ergonomics, usability, ease of use, etc.) was collected during focus groups after the
completion of each exercise and at the end of the session. Finally, the Attrakdiff2 (Hassenzalh, 2003; Lallemand
et al. 2015), UX measurement tool was administered.

3.2. Material
3.2.1. Antepulsio® version I

The first version consisted of the above-mentioned exercises. The learning path was linear and progressive (see
Figure 2). Students could not pass to the following exercise before validating the previous one. Students were
guided in every single step through written instructions. Furthermore, the User Interface contained the following
features: (i) buttons and textual information were positioned in several locations on the screen; (ii) different font
types and sizes were used; (iii) the remaining steps of an exercise were permanently present on the screen.
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Figure 2. Antepulsio® version 1-Exercise 1: Muscle understanding

3.2.2. Students’ feedback

Oral feedback from the students was collected regarding each of the application exercises. The scientific
assistant noted down the feedback given by each subject in a table. At the end of the session they had to answer
the three following questions: (i) What is your general opinion regarding Antepulsio®; (ii) Would you use
Antepulsio® for studying anatomy? (iii) What could be enhanced in the application? The answers/feedback for
each question are used to support our quantitative findings.

3.23.UX

Attrakdiff2 (Hassenzalh, 2003; Lallemand et al. 2015), a quantitative UX measurement tool, evaluates the
hedonic and pragmatic qualities of an interactive system. It is a standardized questionnaire with four subscales of
seven items each, for a total of 28 items. The items are in the form of pairs of contrasting words to be assessed
using 7-point Likert scales, ranging from -3 to +3. The order in which the items are administered is standardized
and the items are mixed. The Attrakdiff subscales are as follows : Pragmatic Quality (PQ) describes the usability,
the usefulness of the product and indicates how well the product enables users to achieve their goal in
completing task ; Hedonic Quality-Stimulation (HQ-S) indicates the extent to which the product can support the
need for stimulation ; Hedonic Quality -Identification (HQ-I) indicates the extent to which the product allows the
user to identify with it; and the Appeal (APP) , or the global attractiveness is a value of the product based on the
perception of pragmatic and hedonic qualities. We measured the average of each subscale for each completed
questionnaire by the students.

3.2.4. Anatomy score
We collected the scores obtained by each participant during their official anatomy exam (fall 2018 session)

which happened before the student’s use of the tool and their UX measurements. It is a standardized 20-item
questionnaire with three possible answers: true, false and “don’t know”. We recorded the correct answers.
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4. Results

4.1. UX properties

Attrakdiff constructs Cronbach’s alphas ranges from .60 to .83. They yielded normal distributions (.086 < Dx.s <
.200; p > .05). Anatomy Score (AS) also yielded a normal distribution: M = 11.59; SD = 3.98; Dg.s=.110; p >
.05. Confirmatory Factorial Analyses to verify models fitness with our data couldn’t be ran as the ratio between
N and the model’s number of parameters (9 in our case) should be from 5 to 10 cases for each parameter (Bentler
& Chou, 1987; Bollen, 1989; cited by Kyriazos, 2018). As our ratios are 5 for B1 and 1.89 for T1 and T2, CFAs
were not calculated. Furthermore, it is generally preferable to conduct CFAs with large samples (Brown, 2015;
Kline, 2016; cited by Kyriazos, 2018). As in Hassenzahl and colleagues’ original tool validation study (2013)
and in Lallemand and colleagues’ French validation study (2015), we found that both hedonic scales are
correlated (r = .422; p < .05), PQ is also correlated with HQ-S (r = .468; p < .05) and HQ-I (r = .439; p <.05)
hedonic scales. On the other hand, a regression analysis confirmed that PQ, HQ-S and HQ-I positively predict
APP: = .465; p <.001; R? = .607. Descriptive results and Kolmogorov-Smirnov normality tests ate shown in
Table 1.

Table 1. Attrakdiff dimensions and Anatomy score descriptive results and Kolmogorov-Smirnov normality tests
at Baseline 1 (B1)

Bl (N=45)
M SD Dks a

PQ 1.02 .61 .086 .60
HQ-S 1.63 79 .092 78
HQ-I 78 74 .095 72
UXx 1.14 .54 .097 .80
APP 1.82 .69 123 .83
Anatomy Score 11.59 3.98 110

UX subdimensions ranged from M = .78; SD = .74 (for HQ-I), to M = 1.63; SD = .79 (for HQ-S). The overall
UX means is: M = 1.14; SD = .54 and the tool’s overall appeal is M = 1.82; SD = .69. All values are above 0,
which indicate a satisfying tool’s UX assessment from the students.

4.2. UX and anatomy score

All correlation tests between the Attrakdiff dimensions (including global UX score) and Anatomy Score display
non-significant results (p > .05). We further investigated for a potential link between anatomy scores and UX by
breaking the sample down into a low-level group and a high-level group using the anatomy score median as a
cutoff point (Md = 11). One-way ANOVA F-tests between group membership and all Attrakdiff dimensions
yielded no significant differences (p > .05).

5. Discussion

Our first results provided evidence that all Attrakdiff subscales are intercorrelated; and pragmatic and hedonic
qualities contribute to the tool’s global appeal. These results are in line with the theoretical model description of
Attrakdiff (Hassenzalh, 2003; Lallemand et al., 2015). Using the Attrakdiff2 is thus appropriate in our R&D
process. Furthermore, our students found this first version attractive. It is noteworthy to point out that students
had already attended a semester during which they learned anatomy using our classical 3D animations (see
Hoyek et al., 2014). Giving the efficiency of our existing 3D animations (Hoyek et al., 2014), this gives more
value to the global attractiveness of Antepulsio®.

Furthermore, students’ verbal feedback was considered in the development of the second version of the
application. The main positive feedback was: the interaction with the avatar enables a better 3D visualization of
movement facilitating motor imagery; the interaction makes the students more active in their learning process; a
good tool for revision and for assessments. The main negative feedback was: too much guidance in order to pass
from an exercise to another; some guidelines were not clear; some exercises were lacking immediate feedback
on the correctness of the response; legends explaining the colors associated to muscle contraction type were
missing; exercises required a lot of time to be completed; small software bugs (see section 6.2).
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Finally, the pilot study does not reveal any correlation between the Attrakdiff dimensions and students’ anatomy
scores. Using a median split, lower and higher knowledge student rated Antepulsio® equally. More complex
interaction between anatomy scores and the enhanced version of Antepulsio® is discussed in Experiment 1.

6. Experiment I
6.1. Sample and procedure

A year later, a second improved version of Antepulsio® was tested by a new cohort of 17 students (6 females;
18.07 £ 0.80 years) in October 2019. Students were enrolled into our functional anatomy course (2019-2020
academic year). They were also exposed to our previous 3D animations and were enrolled into similar
curriculum design (see Hoyek et al. 2014). The experimental protocol consisted of a pre and post-training
paradigm implemented into a semester. Students participated in three training sessions using Antepulsio®. They
tested individually in a quiet room the application. At the beginning of session 1, students completed spatial
ability and motor imagery tests. Session 1 consisted of 7 thematic modules (see 6.2 section below) and lasted 25
minutes and was programmed to stop automatically when time ran out. At the end of Session 1, the Attrakdiff2
questionnaire was administered (T1). Session 2 contained 8 different thematic modules and lasted 20°. Session 3
contained 7 new different thematic modules and lasted 20°. At the end of Session 3, the Attrakdiff2 questionnaire
was administered (T2). Students had up to 3 tries/step to answer each question. One night, at least, separated
each session.

6.2. Material
6.2.1. Antepulsio® version 2

Version 2 consisted of the same above-mentioned exercises (see Figure 3). However several improvements were
made. The learning path was reorganized into thematic modules (e.g., concentric muscle contraction;
abdominals; ball throwing analysis; etc.). However those latter were not always organized from Exercise 1 to 4
in a linear way. Students could navigate by choice, that is they could postpone an exercise, pass to another one
and come back later to complete it. A timer was inserted in the upper right corner. Several modifications were
made to the User Interface: (i) buttons and textual information were positioned in the left part of the screen; (ii)
font types, sizes and colors were better organized and unified across exercises; (iii) only the title of the exercise’s
step was shown along with a percentage of progression giving students more information on the remaining steps
to complete the exercise.

Session 1- Medule 1

— Comprendre le muscle

02 min: 00 sec

Partie 1 - Choisir un muscle

e

©® Consigne

Sélectionner un muscle a l'aide des fleches puis valider

o Muscle o Fd

Valider

Figure 3. Antepulsio® version 2-Exercise 1: Muscle understanding
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6.2.2. UX

The Attrakdiff2 questionnaire was administered to compare scores to the original Baseline scores from version 1.

6.2.3. Spatial ability

Spatial Ability (SA) was measured using the Vandenberg and Kuse Mental Rotation Test (MRT: Vandenberg
and Kuse, 1978). It is a paper-and-pencil test that consists of 24 items of 3D-objects. Each item consists of 5
figures, a 3D model on the left and 4 on the right among which participants must indicate those that are similar
to the model. Participants have to mentally rotate the target figures to find the two correct items that match the
reference. The score can range from 0 to 24. One point is given for an item only if both correct test figures were
identified. The test was to be completed within a 6-minute period. This test was performed before training.

6.2.4. Motor imagery

Motor Imagery (MI) was measured using a laterality judgement test. It consists of a computer-based test that
presents different hand stimuli on the screen: right or left hand, back or palm hand in various orientations (0°,
90°, 180°, 270°). Participants had to find the laterality of a stimulus without any hand or head movements by
pressing on the keyboard’s left or right arrow. The number of correct answers was collected. This test was
carried out before training.

6.2.5. Anatomy Score (AS)
Like the pilot study, the correct answers of 20-items that were randomly selected from the same database were
recorded. The anatomy test was run a second time at T2. The goal was to verify for any significant differences in

anatomy knowledge after the one-week training using the tool, and if the knowledge change interacted
significantly with UX.

7. Results

7.1. Descriptive results

Results at T1 and T2 indicate higher UX means than at B1 (Table 2). The normality assumptions for parametric
tests were met for all constructs (.127 < Dk.s< .897; p > .05), except for MI (Dk.s= .674; p < .05). Moreover,
UX means at T2 are higher than at T1. T-tests will be conducted to verify if these differences are significant.

Table 2. Attrakdiff dimensions, mental imagery abilities, Anatomy score results and Kolmogorov-Smirnov
normality tests at T1 and T2

TI(N=17) T2(N=17)

M SD Dx-s M SD Dxk-s
PQ 1.32 .61 158 1.39 .62 154
HQ-S 1.73 .66 .184 1.85 .70 225
HQ-I 1.64 .68 127 1.85 74 182
UX 1.50 .38 .209 1.62 45 157
APP 1.79 .68 216 1.94 46 198
Spatial Ability 5.47 2.67 924
Mental Imagery 61.47 3.67 674"
Anatomy Score 12.47 2.76 .897 14.41 4.88 935

Note. *p < .05.

7.2. UX scores change between B1 and T1

We conducted independent #-tests between T1 and B1 for Attrakdiff evaluations (i.e., the delta - 4) to verify
significant differences, as samples are independent (see Table 3). Results display significant deltas between B1
and T1 for HQ-I only with a large effect size (t=4.17; p <.001; d = 1.18); as well as for UX (¢t =2.51; p =.015;
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d =.71) for a medium to large effect size. Even if PQ change’s p value is non-significant, it still yields a medium
effect size. Attrakdiff dimensions’ change yield an overall significant and large UX change (4 = .36).

Table 3. Independent ¢-tests between T1 and B1

Y| t p d
PQ 30 1.72 .090 49
HQ-S .10 46 .645 13
HQ-I .86 4.17 .001 1.18
UX 36 2.51 .015 71
APP -.03 -.15 .879 -.04

7.3. UX scores change between B1 and T2

Independent #-tests were also conducted between B1 and T2, for the same reasons as mentioned above (table 4).
In contrast with the T1-B1 comparison, all BI-T1 Attrakdiff dimensions deltas display significant changes
except for HQ-S. In order of descending effect size: HQ-1 (4 = 1.07; t=5.07; p <.001; d = 1.44); APP (4 = .14;
t=3.88; p<.001; d=1.10); PQ (4 =.37;t=2.12; p = .038; d = .60) and HQ-S (4= 22; t=1; p=318;d =
.28). These results lead to a significant overall UX score change: 4 = .48; t = 3.25; p =.002; d = .92; with a large
effect size.

Table 4. Independent #-tests between T2 and Bl

A t p d
PQ 37 2.12 .038 .60
HQ-S 22 1.00 318 28
HQ-I 1.07 5.07 .001 1.44
UX 48 3.25 .002 .92
APP 14 3.88 .001 1.10

7.4. UX scores change between T1 and T2

We ran paired-samples z-tests between T2 and T1 for our test-posttest sample (table 5). The results indicate no
significant change between T1 and T2 for any of the Attrakdiff dimensions, nor for the overall UX dimension
(all p-values are above the .05 confidence interval). Despite a non-significant p value, we can still observe —
small — effect sizes for HQ-I and UX’s deltas (respectively: AM =.20; d= .23 and AM = .11: d = .17).
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Figure 4. UX assessments at B1, T1 and T2
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Table 5. Paired t-tests between T2 and T1

AM t p d
PQ .07 .55 .589 .09
HQ-S 11 55 587 13
HQ-I 20 1.44 168 23
UX 11 1.24 230 17
APP .14 1.00 332 .19
3
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Figure 5. UX change between B1 and T23

Using the UX framework based on Attrakdiff, as proposed by Lallemand et al. (2015) and inspired by
Hassenzahl (2003, p. 37), Figures 4 and 5 show a qualitative enhancement of Antepulsio®’s UX during our
experimental protocol. The most significant enhancement was between pilot study and experiment 1, especially
for the HQ-I dimension. At B1, UX was positioned at the intersection between four zones: The Neutral, the Self-
Oriented, the Task-Oriented and the Desired zones. Then, at T1 and T2, Antepulsio®’s UX assessments yielded
a complete entry into the Desired zone, which indicates a balance between the tool’s hedonic qualities and
pragmatic qualities. In other words, the system provides strong enjoyment qualities, as well as strong
effectiveness.

7.5. Anatomy score change between T1 and T2

The anatomy score’s delta between T1 and T2 (4as) score yielding a normal distribution (Dk.s = .139; p = .200),
we ran a paired-sample #-test with our test-posttest population to verify if the one-week training significantly
improved the anatomy score (AS) . The result indicates a significant and positive change: 4asM = 1.94; A5sSD =
3.03;t=2.64;p=.018;d=.77.

7.6. Anatomy score and UX
To run tests on Anatomy Score (AS), we used Aas to verify if the training-post-training AS difference
significantly interacted with any of the Attrakdiff dimensions. We found that the general Hedonic Quality mean

(HQ) at T2 is negatively correlated with Aas: r = -.500; p = .042. Whereas the pragmatic perception (PQ) yields
no interaction with performance.
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7.7. Motor imagery, spatial ability, UX and performance

Embodiment-linked processes were also verified. Mental Imagery at T1 was found to predict PQ at T2 (i.e. by
the end of the experiment), explaining 20% of PQ’s variance: f = .491; p <.05; R? = .200. Consequently, MI was
also found to predict the overall UX score at T2, explaining 23.50% of UX’s variance: f = .532; p <.05; R? =
235

On the other hand, Spatial Ability was found to predict 4as, explaining 33% of 4as’s variance: = .575; p < .05;
R? = .330. Consequently, we ran regression analyses with 4as as a predicted variable, to investigate predictive
models. We executed Model 1, which comprises only PQ and HQ as UX dimensions predictors at T2. We also
executed Model 2, with PQ and HQ, to which we added SA, as predictors. Results of regression models with
AAS as a predicted variable are shown in Table 6.

Table 6. Regression models with 45 as a predicted variable at T2

Model 1 Model 2

Predictors b p B p
Constant 6.08 .035 7.83 .005
PQ 220 356 236 253
HQ -.547 .033 -.432 .049
Spatial Ability 491 .028
F 2.90 .088 4.68 .012
R? 19.20% 41%

In Model 1, HQ at T2 significantly predicts 4as: f = -.547; p = .033. Whereas PQ (T2) do not yield a significant
effect within the model (p = .356). Total explained variance for Model 1 is R* = 19.20%. In Model 2, HQ at T2
significantly predicts das: f = -.432; p = .049. SA improves the model’s variance by a 4R* = 21.80%, and
significantly predicts 4as: f =.491; p = .028. Consequently, Model 2 explains R? = 41% of 445’ variance. Hence,
results indicate that both HQ and SA predict the change of the anatomy score between T1 and T2.

8. Discussion

The test-posttest design of Experiment I provided a more complete overview of Antepulsio®’s UX. First, our
results provided evidence of a significant and large UX improvement especially for the HQ-I dimension between
the second version of the application (T1 & T2) and the first prototype (B1). Thus, the enhancement made
following Experiment I had a positive impact on students’ experience (UX) and appreciation (RQ1). The
increase of HQ-I may be explained by the guidelines enhancements and the additional legends associated with
colors explaining the type of muscle contraction. This increase might also be explained by the fact that HQ-I had
the lowest score at B1 (M = .78) giving a large space for improvement. These enhancements may have led
students to better identify themselves to the application in general and to the 3D avatar in particular. We assume
that the legends and visual cues have helped students in their 3D visualization of anatomical structures. This is in
line with Roach et al. (2018) study who provided evidence that guiding students where to look improves their
spatial reasoning. The authors suggested that visual guidance may be applied in anatomy to improve student’s
interpretation of visual content such as anatomical structures.

We did not find any significant change for any of the Attrakdiff dimensions between T2 and T1. This result is
mainly explained by the fact that the same application was tested two times by the same students within the same
week. Furthermore, this result suggests that there is no effect of three training sessions on UX. In other words,
learning about the content conveyed by the application and learning how to use the application itself did not
significantly improve Antepulsio®’s UX scores. This result is at odds with previous studies (Bhattacherjee et al.,
2004; Venkatesh et al., 2011; Martin et al., 2016) where interaction with an application significantly decreases
UX after use. The fact that Antepulsio®’s UX did not decrease after use gives more value of its acceptance by
students.

The fact that the HQ-I dimension has been found to evolve in comparison with the other Attrakdiff dimensions
says something about the evoked cognitive processes when using Antepulsio®. We assume that interactions with
a human avatar enables user’s identification. Several cognitive sub-processes may have been called upon in this
very complex self-identification. For instance, individuals express their self through physical objects (Prentice,
1987; Hassenzahl, 2003). We assume that interacting with a human avatar calls upon empathy (Hamilton-
Giachritsis et al., 2018). Mental and motor imagery, action observation and embodiment are part of empathy
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components (Decety & Jackson 2004). One sees others through one’s own embodied cognition (Decety and
Jackson 2004). When using Antepulsio®, students are turning the avatar in 3D, imagining the movement to
study and observing the avatar’s movement, making several clicks to interact with the avatar. All these processes
share similar underlying neurocognitive processes (Decety & Jackson 2004; Vogt et al., 2013) and may be
behind this significant increase of HQ-I.

Unlike the pilot study, we found an interaction between students’ UX and their anatomy scores (RQ2). More
precisely, the hedonic quality mean at T2 was negatively correlated with the anatomy scores. This result
indicates that anatomy scores interact with a decrease of the tool’s hedonic perception, whereas the pragmatic
perception yields no interaction with performance. Learning Antepulsio®’s conveyed content decreased the
general pleasure using the tool. We can speculate that when the learning goal is reached, the hedonic perceived
quality wears out. In other words, the instrumental interest and the enjoyment decreases, whereas the tool’s
pragmatic qualities are equally perceived as it helped participants reach their learning goals. Indeed, as stated by
Hassenzahl (2003, p. 34), “a pragmatic product is primarily instrumental. It is used to fulfil externally given or
internally generated behavioral goals.” Hedonic quality, however, focuses on “the Self, i.e., the question of why
does someone (...) use a particular product” (Hassenzahl, 2010, p. 50). This is in line with two of students
feedbacks. First, they stated that Antepulsio® is a good tool for revision. This gives us clear indication regarding
its future implementation in our curricular design in order to keep the hedonic stimulation as high as possible.
Secondly, students stated that some exercises required a lot of time to be completed. Even though we shortened
the exercise length, perhaps more of the exercises could be shorter and more pleasant.

Finally, motor imagery predicts PQ and overall UX score at T2 (RQ3). To our knowledge, this is the first time
that motor imagery ability is linked to UX in general and to its pragmatic dimension. It is thus difficult to discuss
such a novel finding with regards to previous studies. We can however speculate that good motor imagery ability
is needed to positively estimate the pragmatic dimension of Antepulsio®. Therefore, our learning tool may be
more adequate for high motor imagery students and confirms thus the enhancer hypothesis (Hegarty and Sims,
1994; Hegarty, 2005). This interpretation remains speculative and more research is needed before drawing final
conclusions. On the other hand, mental rotation ability predicts anatomy score improvement (RQ4). These
results are in line with a huge amount of previous studies ascertaining the importance of good spatial abilities in
anatomy knowledge acquisition (e.g. Guillot et al., 2007).

9. Conclusion and implications for design

Fostering embodied learning in functional anatomy is simple because the main knowledge to acquire is the
movement itself and its analysis. It can occur through real movement execution, motor imagery or action
observation. These latter share similar processes and similar neural substrates (Vogt et al., 2013).

An additional way to foster embodied learning in anatomy passes through real movement execution (exercises 2
and 3) and interactions with the avatar. The clicks and manipulations of the avatar, the perspective changes, the
zoom in and out actions are made to better visualize the human body and its movements. According to
Wiedenbauer and Jansen-Osmann (2008) manual rotation training enhances mental rotation performance. We
thus assume that giving the students the ability to interact with the avatar would enhance their spatial ability and
reduce their cognitive load.

Nevertheless, even with such interactions, our results provided evidence that good motor imagery ability is
needed to positively estimate the pragmatic dimension of Antepulsio®. The conception of an anatomy digital
tool should consider such individual differences as well as students’ cognitive load and visual strategies (Mayer,
2002; Hegarty & Kriz, 2008; Hegarty & Sims, 1994; Hegarty, 2005). This would help developers and educators
choose the best visual cues to add into their applications to foster empathy and consequently embodied cognition
during the learning process.

Another notable result of our study is the importance of students UX during tool development. Our user-centered
design method allowed us to improve the app’s interface and the exercises gameplay. The enhancement of the
Attrakdiff2 scores across our study was noteworthy. Studying in detail the change of its dimensions gave us
insight into some of our students’ cognitive and psychological learning processes. The overall hedonic
dimension can give us insight into the enjoyment perceived by the students. Our students’ enjoyment decreased
as soon as the pedagogical goals were attained. This will help us enhance our gameplay in the future for a better
learning motivation. It will also help us better implement our tool into the curriculum. The hedonic identification
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dimension may be linked to students’ empathy with the 3D avatar and could therefore give insight into the
embodied learning process.

Finally, in the absence of a control group, the impact of Antepulsio® on learning outcomes was not studied. The
implementation of the tool within our curriculum followed by a randomized controlled study will thus be
conducted in the future. Furthermore a quantification of embodiment will be conducted. This will help us better
understand the impact of Antepulsio® on complex anatomy concepts understanding.
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ABSTRACT: Digital developments that foreground the sensory body and movement interaction offer new ways
of engaging with mathematical ideas. Theories of embodied cognition argue for the important role of
sensorimotor interaction in underpinning cognition. For visually impaired children this is particularly promising,
since it provides opportunities for grounding mathematical ideas in bodily experience. The use of iVR
technologies for visually impaired children is not immediately evident, given the central role of vision in
immersive virtual worlds. This paper presents an iterative, design-based case study with visually impaired
children to inform the pedagogical design of embodied learning experiences in iVR. Drawing from embodied
pedagogy, it explores the process of implementing a classroom-based non-visual VR experience, designed to
give visually impaired children an embodied experience of position in terms of Cartesian co-ordinates as they
move around a virtual space. Video recordings of interaction combined with feedback from teachers and children
contribute to knowledge of iVR learning applications in formal settings by discerning three types of pedagogical
practices: creation of a performance space introduction of performative actions and action connected diverse
perspectives.

Keywords: Virtual Reality, Visually impaired children, Embodied learning, Cartesian coordinates

1. Introduction

Embodied learning is increasingly important in shaping how to teach mathematics, given evidence suggesting
that mathematical knowledge is embodied (Alibali & Nathan, 2012). Embodied learning has particular potential
for teaching visually impaired (VI) students, since it engages multiple senses including proprioception, bodily
action, touch and hearing, rather than focusing primarily on visual resources. Immersive Virtual Reality (iVR)
has the potential to foster embodied forms of teaching and learning mathematics through whole body
sensorimotor interaction (e.g., Price et al., 2017), yet the benefits for VI children is not immediately evident,
given the central role of vision in immersive virtual worlds. A significant body of work has explored technical
application of tactile and multimodal feedback in VR for VI particularly transforming spatial information to
auditory cues to support navigation (Cobb & Sharkey, 2007). However, the educational application of iVR with
VI children remains under-researched.

Compared to their “seeing” counterparts VI children typically fall behind in science and mathematics by one to
three years (Quek et al.,, 2006). Learning about Cartesian coordinates is important for developing spatial
understanding - a challenging competence in everyday life for VI, and considered a fundamental concept for
mathematics and science (Knuth, 2000). VR applications lend themselves to spatial concepts like Cartesian
coordinates through their potential to support embodied interaction with the learning environment (Johnson-
Glenberg, 2018). Yet little work has examined the use of iVR to support VI children’s embodied learning in
school settings. Embodied learning has important implications not only for the design of digital environments,
but also for the pedagogical design surrounding implementation in the classroom. If the learning of mathematics
is shaped by our embodied physical and sensory experience, then the particular physical and sensory experiences
we design and how they are pedagogically facilitated are significant in shaping mathematical understanding. iVR
has important implications in terms of disrupting existing classroom practices, given different physical space and
set up requirements and pedagogical orchestration. The use of iVR with VI children in a school setting, poses
additional challenges. While studies referring to iVR in education ground their design and implementation in
learning theories like embodied learning (Johnson-Glenberg, 2018) and integrating learning content (Dalgarno &
Lee, 2010; Hanson & Shelton, 2008), less attention is given to implementation in classroom contexts, and
explicit reference to pedagogy is missing (Southgate, 2020). This is of particular importance given that
technology alone does not teach: “it is educational practices that determine how well students learn, and
technology is not a process but a tool through which educational practices are mediated” (Rappaport cited in
Niederhauser, 2013, p. 249).
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Drawing on this perspective our research question asks: What educational practices can support VI children to
engage with embodied exploration of mathematical concepts through the use of iVR in the classroom? Thus, our
study focuses on informing pedagogical practices that frame the use of iVR to support embodied learning
through examining student-facilitator interaction in the iVR environment. We report the iterative development of
a pedagogical design to support VI children’s learning about Cartesian coordinates with a purposely designed
iVR environment (the Cartesian Garden). The Cartesian Garden is made accessible for VI children by focusing
on proprioception and bodily movement in space linked to sound, rather than primarily relying on visuals.
Through qualitative analysis of interaction and interview data we explore the way VI children used multisensory
affordances of the iVR environment for meaning generation to identify pedagogical approaches that enable
children to effectively engage with mathematical ideas without visual feedback. We discuss these findings
drawing on notions of embodied pedagogy (Nguyen & Larson, 2015) to outline key pedagogical strategies for
implementing and supporting a VR embodied learning experience for VI children in the school classroom.

2. Background

2.1. Embodied learning and mathematics

Lakoff and Nunez (2000) assert that mathematical knowledge is understood through the body situated in the
physical environment. Evidence for the embodied basis of mathematics has been shown in research with children
and teachers (e.g., Alibali & Nathan, 2012; Lakoff & Nufiez, 2000), and the critical role of action in
underpinning important sensorimotor representations that can be used later in reasoning (e.g., Abrahamson &
Sanchez-Garcia, 2016; Nemirovsky et al., 2012). Embodied learning has important implications for the design of
technology and the orchestration of the related learning experiences.

Cartesian coordinates have typically been studied with older students who are not visually impaired (e.g., Boyce
& Barnes, 2010; Knuth, 2000). The concept of the Cartesian plane is considered critical for spatial perception,
spatial relations and navigation, and in understanding mathematical concepts like functions (Knuth, 2000).
Cartesian coordinates offer a way of using the environment as reference for navigation and particularly for
undifferentiated and large scale environments (e.g., grids on city maps) (Dokic & Pacherie, 2006). For VI
children in particular, embodied engagement through patterns of movement have been acknowledged as an
instrument for developing spatial perception and integrating spatial information (Jones, 1975). Studies on spatial
perception of the blind offer different theories on the role of vision in spatial understanding. While this debate is
beyond the scope of this paper, these theories show that the different modalities used for the exploration of space
shape the way spatial information is structured. In this paper iVR is designed to support embodied exploration of
Cartesian coordinates through sound and sensorimotor interaction with the learning environment.

2.2. Immersive virtual reality and embodied pedagogy

iVR enables users to interact in worlds that simulate aspects or situations of reality that offer new opportunities
for education. Most educational VR application studies involve adults at university, college or training contexts
(Freina & Ott, 2015). Fewer studies involve middle school students or elementary students, partly due to
insufficient knowledge of potential health (e.g., dizziness) and ethical issues involving young children’s use of
Head Mounted Displays (HMD)), although 5-10 minutes incremental use for young children is reported to be
unproblematic (Aubrey et al., 2018).

For the visually impaired, iVR offers suitable navigation training, as it provides a controlled, customizable and
safe environment for this purpose. Research in this domain is limited, involving mainly teenagers or adults and
focuses on the technical and usability aspects (see Allain et al., 2015). Other research using non-immersive VR
with VI children explores the role of sound in mental structure construction and spatial imagery of VI children
(Lanyi et al., 2006; Sanchez & Lumbreras, 2000). While these studies offer valuable insights into
conceptualizations of space by VI children, non-immersive VR studies do not focus on full-body exploration of
the environment: an important aspect of spatial thinking. Furthermore, little research has explored the use of iVR
in school contexts rather than lab settings with typically developing or VI children. As a result there is lack a
focus on pedagogy (Southgate, 2020). While early attempts looked at ways of integrating content (Dalgarno &
Lee, 2010; Hanson & Shelton, 2008), more recent studies include introducing iVR technologies to learners and
teachers, connection to the curriculum, types of feedback and integration of collaboration problem solving
activities (Southgate, 2020; Johnson-Glenberg, 2018). Johnson-Glenberg (2018) proposes guidelines with
specific reference to how gestures and body metaphor can be integrated into pedagogical design. However,
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challenges of implementing iVR in classroom settings and developing appropriate pedagogical strategies has not
been explored.

iVR technologies vary in terms of equipment and forms of interaction they enable. Deciding on which type of
VR to use has important implications for classroom practice, from cost requirements to physical space, set up,
student involvement and interaction, and teaching strategies. HMDs for iVR isolate the user from the physical
environment and require space of at least 3X3 meters. The disruptive nature of iVR also poses critical
pedagogical implementation challenges in classroom settings, which have not been previously addressed. This
paper explores the pedagogical implementation of iVR into the classroom with VI children, specifically
attending to the embodied nature of interaction to identify key pedagogical requirements drawing on notions of
embodied pedagogy.

Embodied pedagogy focuses on how to engage the body and space in learning (Nguyen & Larson, 2015). It is
defined “as learning that joins body and mind in a physical and mental act of knowledge construction. This
union entails thoughtful awareness of body, space, and social context” (Nguyen & Larson, 2015, p. 332). In
embodied pedagogy, knowledge construction takes place in a performance space which prescribes spatial
arrangements not only of objects but also of body position, orientation, movement and action. The relationship
between body and mind is expanded to include the material situation of the performance space and the human
(i.e., teacher- student, student -student) interdependencies (Southgate & Smith, 2016). Meaning construction in
embodied pedagogy involves a cyclical process of mindful action and reflection which shapes the learner and the
space and spatial arrangements where action takes place. Action is not simply situated in the environment.
Instead people and the environment, transform and shape each other through ongoing transactions (Sund et al.,
2019). While these transactions are instrumental for progress, introducing diverse perspectives in the action—
reflection cycle can instill the physical in the reflective and the reflective in the physical in unexpected ways,
resulting in new modes of learning (Southgate & Smith, 2016). iVR technology foregrounds space and physical
action in the teaching and learning process, thus demanding engagement with embodied pedagogy. Our study
draws on principles of embodied pedagogy to identify particular considerations that can inform the
implementation of iVR in the VI classroom to effectively structure an embodied learning experience.

3. The Cartesian garden environment

The environment uses HTC Vive to create a VR experience space measuring Smx5m, consisting of a floor-based
virtual grid in the form of a virtual garden, with flowers at each of the coordinates. X and y-axes run from 0-5 in
the standard layout for Cartesian coordinates for children. Children walk along the axes to find and collect target
flowers at specified coordinates. For VI children sounds and vibration on the controller provide feedback that
maps movement to coordinates. As the child moves around the grid, they hear sounds from a set of speakers that
indicate their position in relation to the grid lines. A controller attached to the child’s waist using a belt vibrates
when the child encounters a cross point. To find out their exact position (in relation to the coordinates) the child
presses the controller trigger and the position is defined using sound.

Sounds: Sounds convey directional and mathematical properties: movement along the x-axis is indicated by
flute notes and movement along the y-axis is indicated by violin notes. As the child walks along the x-axis they
hear only flute notes, when they walk along the y-axis they hear only violin notes. The directional properties of
the sound involve embodied action: the further the child moves from the origin on one axis the more notes they
hear. In order to hear a combination of notes they need to move within the middle of the garden (within the
quadrant). Thus, position (3, 2) is expressed by three flute notes, followed by two violin notes. Two different
instruments played sequentially and mapped to the two axes aims to demonstrate that coordinates are pairs of
numbers describing distance in orthogonal directions. An ambient sound indicates that the child is on a grid line,
but stops when the child is off the line, a “ding” sounds when they reach a cross point, and white noise is heard
when they are on point 0 (1,0 would be one flute note followed by a white noise).

Screen: A 2D computer screen depicts the garden as a grid of flowers with the child’s position and orientation

indicated by a red triangle (Figure 1). In this study the screen was used by researchers in order to identify
technical problems, like lack of feedback.
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Figure 1. The computer screen shows the garden. The red triangle near (1,0) is the position of the player

VR Headset: When wearing the VR headset children with usable vision are immersed in a garden of flowers.
However, for VI children relying on other modalities the VR headset was not used, position being conveyed by
sound and vibration as described above.

4. Methodological approach

An iterative design-based research approach was taken to develop an effective pedagogical design around the
VR experience with VI children, drawing on researcher and teacher facilitation of child interaction. Design based
research aims to improve educational practice through iterative design, development and deployment of
educational activities in real world settings, developed through researcher-practitioner collaboration, with a view
to generating design guidelines (Wang & Hannafin, 2005). In this paper we report on a two-phase study focusing
on the iterative design of the pedagogical strategies needed to effectively implement a iVR learning experience
for VI children into the school classroom. The study drew on children’s interaction, researcher-teacher
facilitation, teacher and child interviews. Informed consent to participate was obtained from children and their
parents. Methods for each phase are detailed under each study.

5. Phase 1

Phase 1 aimed to identify a set of pedagogical designs to be implemented and evaluated in Phase 2. Phase 1 was
conducted with one blind child aged 8 [C2]. The child interacted with the iVR experience with the help of a
researcher and his teacher for one hour. This was followed by an informal interview with the child about his
experience, and with the teacher about pedagogical feedback. A second researcher video recorded the session
and took notes while a third operated the technology. The child was encouraged to comment on his experience
and was told that this would help us identify if something was not clear or difficult to understand, to then
improve the experience. Data comprised video recording of interaction and observation notes, including the
discussion with teacher and child. Researcher reflection on these data led to identifying key pedagogical design
issues around the VR experience. Three key aspects emerged that informed development of the pedagogical
design for Phase 2: space, body movement and concept/activity framing.

5.1. Space: Physical and virtual

Physical Space: played a critical role as the way children moved in the space was essential for fostering
meaningful embodied engagement with Cartesian coordinates. The research sessions took place in a dedicated
classroom with free space of 5X5 for the VR overlay, within which children could freely move. This room was
unfamiliar to the children: it was the science classroom which children had visited only twice, and the furniture
had to be rearranged to meet requirements for the VR set up. Thus, we needed to orientate them, explain that
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they would only be moving in the free space between the door and the window, and assure them that the
researcher would be next to them to guide and make sure they did not bump into anything during the interaction.

VR Interaction Space: Aligning the VR overlay in the physical space and 2D representation was found to be
critical since the researcher and teacher needed to easily identify where the child was in the virtual garden, to
guide them appropriately and ensure they received feedback on their position. Sticky tape was used to mark key
elements of the Cartesian plane (i.e., axes, origin, and distance between flowers on the x and y axes) on the
physical floor space. Researchers used floor markings to guide the child to refine his movement appropriately.
However, C2 required more support within the central parts of the quadrant to effectively receive sound and
haptic feedback. The floor marking was thus extended to include the cross point positions with an emphasis on
the position of the child’s feet from the VR feed (green cross) and the position of the controller (blue line), which
were not directly aligned because the controller sits fractionally in front of the feet (Figure 2). This alignment
was critical in facilitating the transactional relation between children (moving in space), the researcher-teacher
(supporting children to refine their movement) and the iVR environment (offering feedback).

Figure 2. The physical space marked out to facilitate VI children’s movement in the VR space, aligned to the
grid

5.2. Movement

Phase 1 revealed key difficulties for C2 in mapping their bodily movement to the grid. Moving through the
Cartesian Garden was not only dependent on the child’s understanding of their current position and the position
they were aiming for, but also their bodily orientation with respect to the axes. For VI children there are few
external cues to inform them in which direction they are facing. The iVR experience gives feedback on position
but not orientation. While C2 made a quarter turn with his body every time he changed from moving in the x
direction to moving in the y direction, it was not always clear which direction to turn. In addition, it was not
always easy for him to ‘sense’ when he had achieved a precise 90-degree turn. To avoid disorientation the
researcher had to specifically state the direction the child was facing. As the session progressed C2 adopted a
fixed orientation with his body always facing in the y direction (as if looking at a graph on a piece of paper) and
stepping sideways along the x-axis. In this way, the child used their body as an anchor for orientation. Following
teacher advice, the VI children were led by the hand from the front, guiding them so that the researcher steps into
the unknown first, to help children feel safe, yet allow them to follow at their own pace.

5.3. Concept/activity framing

Phase 1 revealed the need to familiarise VI children with the notion of grids. C2 was not easily able to make
connections between his whole-body experience and the external layout of the garden. During interaction it
became apparent that he was not familiar with the concept of a grid. The teacher intervened and introduced a
tactile grid to help explain the idea to the child:

Now you find those squares, if you follow that line all the way up (she guides his hands) and there’s another line
that goes across (she guides his hands) So when we are talking about the garden, the garden kind of looks like
this. So, this garden that you are walking around on.

Non-VI children using a headset could see the grid and explore ways of moving related to sound and visuals. For
VI children reduced access to the visual representation, demands alternative ways of introducing the key grid
structure and related movement. By combining the tactile grid and the fixed body orientation strategy C2 was
better able to negotiate the space and pay attention to how the sounds related to his location and could guide his
next steps.
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Phase 1 also highlighted challenges in explaining the garden and linking mathematical terminology. Although
we introduced axes as lines following a particular direction and encouraged C2 to explore how the sound
changed as he moved along the axis, he had difficulty identifying the two different sets of sounds mapped. This
highlighted the need to develop a strategy that clearly explained the mapping of sounds to two different paths.

5.4. Adaptations for Phase 2

Based on Phase 1 the following changes were made to the experience structure and pedagogical process:
Awareness of Physical Space: Due to children’s unfamiliarity with the physical space we identified the room
they were in and described the layout to provide the necessary information for children to locate themselves in
space.

VR Interaction Space: The physical space was marked with paper tape to enable researchers to facilitate
interaction with the VR experience reducing the difficulties in finding the exact location where the system
provided positional feedback to the children.

Tactile grid: An improved tactile grid (Figure 3) was included to enable children to explore the layout of the
grid and spatial relations between different positions before they started moving in the garden space.

Figure 3. The tactile grid made from wax string pressed on to an A4 sheet of card, and a playmobile figure

After their interaction in the iVR space, children were presented with a playmobile figure and asked to move it
on the tactile grid to specific coordinates (Figure 3), in order to explore any learning transfer from the physical
VR space to a more abstract 2D space.

Guiding: The researcher guided children by the hand from the front to ensure that they remained within the iVR
experience space. However, to avoid implicitly leading the child to the correct answer the researcher kept some
distance between them, allowing the child to move towards the direction indicated by the child.

Fixed Body Orientation: The children were advised to stand facing towards the y-axis and take a combination
of side-steps and forward or backward steps to navigate the grid, as follows: “In this garden you have to walk in
a specific way: first you have to move sideways as many squares as the flute player tells you, and then you have
to move forward as many squares as the violin player says.”

Violin and Flute Player: To help children link the different sounds to location along the axes we explained that
a flute player was sitting at the end of one path (x-axis) and a violin player at the end of the other (y-axis), and as
they walk towards the musician, they will hear more notes. We renamed the origin to “garden gate” and spoke
about position in terms of number of flute and violin notes, rather than coordinates at this stage.

Magic Flowers: To better integrate the flowers and give a more play-like quality to the experience, we

introduced the idea of a magic flower: two flutes, three violins, which the children had to find. If the children
found the magic- flower they could choose the magic powers it would give them.

6. Phase 2

Phase 2 implemented the changes in the pedagogical design outlined above and explored how these
appropriations fostered embodied engagement with Cartesian coordinates mediated by the iVR experience.
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6.1. Participants

Seven visually impaired children (2 girls and 5 boys) aged between 8 and 11 years took part, including the child
from Phase 1. The teacher classified the children according to their visual ability into two main groups: (a)
children who could see shapes and/or enlarged prints if brought close to their face and could read extremely
large lettering. These children moved around without the need of a cane (1 girl and 4 boys); (b) children who
were blind and needed a cane to move (one boy and one girl). Within these two broad categories there were
differentiations including children who had lost their sight after birth and children who were born blind or with
visual impairment. This differentiation is important since children who are born visually impaired or blind have
very poor or no visual representations, impacting how they understand space and instructions. Given the range of
visual impairments, ages and educational needs, each child took part in the experience individually.

6.2. iVR Interaction sessions

The researchers visited the classroom prior to the research sessions, introduced themselves, explained the
activities and the technology. Children had the opportunity to touch and explore the controllers and belt in order
to familiarise themselves with the equipment, enabling children to demystify the technologies and reduce
potential anxiety with unknown things (people, tasks, technologies). Each session lasted approximately 45-50
minutes. Each child was accompanied by the teacher, who advocated on behalf of the child in case they became
tired or needed to stop. The sessions were structured in three parts: a short informal interview to identify
children’s experience with computer games, and knowledge of grids and coordinates; introduction to the
Cartesian plane through exploration of a tactile grid (Figure 3); a short discussion about their experience and
completion of tactile grid tasks. One researcher took the role of facilitator, a second took notes and a third
operated the technology and video camera. Most participants had not learned about grids before.

6.3. Data collected and analytical approach

Data included video recordings of children’s interaction and pre and post interaction discussions, screen capture
of the 2D representation of children’s movement, and researcher reflective notes of the sessions, including
interactions with the teacher. Video data transcription attended to movement in relation to the physical space, the
virtual grid and technology feedback, and verbal interactions. The analysis follows an inductive (looking for
emerging themes) and deductive (informed by concepts of embodied pedagogy) process to derive key
implications for the development of the pedagogical design towards embodied exploration of the Cartesian
Plane. The following section presents the key findings used as a basis to evaluate our pedagogical design. While
each section offers insights from all participants, key illustrative examples are drawn from four cases.

7. Findings and discussion

Phase 2 enabled explored the role of the implemented pedagogical strategies in supporting VI students’
embodied exploration of mathematics. The findings show how bodily movement and positioning can effectively
foster VI children’s engagement with the Cartesian plane, and the role that sound and researcher facilitation
played in this process. These findings are discussed within the frame of embodied pedagogy (Nguyen & Larson,
2015). The iVR design itself creates a performative space. Our findings illustrate how populating this space with
performative actions and introducing diverse perspectives (Nguyen & Larson, 2015) facilitated mindful action
i.e., embodied action and reflection.

7.1. Performance space

The Cartesian Garden creates a “performance space” through: (a) the physical space allowing for whole body
movement; (b) the virtual overlay that provides a narrative for interaction; and (c) the relationship between body
and physical-virtual space. Phase 1 analysis showed that spatial arrangements enabling children to know the
relative positioning and orientation of their bodies was critical for interaction in the iVR environment. These
spatial arrangements formed the basis of performative actions that supported embodied learning interactions.

The narrative of the magic garden provided meaning to the task and raised students’ interest through the
introduction of make-believe elements (garden of flowers) and set the scene for identifying objects, bodies,
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relations and actions in the specific space (i.e., collecting flowers from a regulated garden layout). The
pedagogical appropriations included the introduction of a set of performative actions which embodied key
aspects of the Cartesian Plane (axes, orientation, order of coordinates), aiming to facilitate embodied interaction
with the mathematical concepts.

7.2. Performative actions

Embodied pedagogy acknowledges performative thinking as an embodied process linked mainly to role play
(Nguyen & Larson, 2015). In our study, performative thinking is connected to specific appropriations of the
learning environment, that allow performative actions or ways of moving in space which embody specific
mathematical ideas. These performative actions took the following forms:

7.2.1. Musical paths: Embodying properties of the Cartesian plane

In the iVR environment, walking along the axes was linked to the sound of different instruments. The task
descriptions introduced a narrative involving two musicians sitting at the end of each path (axis). This added
directional and distance properties to the musical metaphor: the closer the child moved towards the musician the
more notes they could hear. The sounds thus shaped a set of performative actions, which in this case involved
ways of moving in space. It is worth noting that these performative actions, which combine movement with
sound constitute a common practice in the sociocultural context of VI children.

When children were introduced to the garden they began at the origin (0,0 or the garden gate) with their body
oriented to face the y-axis direction. In Phase 2 children were shown the path to the flute player (x-axis) first,
and were told to take side steps along the axis. As they stepped along the x-axis they experienced the flute
sounds at each cross point, the number of flute notes increasing as they went further along the path. They were
then taken back to the “garden gate” and stepped forward along the y axis, experiencing the path to the violinist,
again hearing an increased number of violin notes at each point. Once they reached 4 violin notes (0,4) they were
asked “if I wanted to hear flute notes as well as violin notes which way should I step?” This was a transition
point where they had to go from perceiving flute and violin (x and y coordinates) as describing the paths of each
music player (axes) to perceiving them as locations requiring movement in a direction parallel to one axis. Few
children were able to immediately work out that they needed to step sideways into the middle of the garden to
hear the flute as well as the violin. One child (C3), who was partially sighted, described how she did map this
use of sounds:

“Each path has its own instrument, for example that’s the violin and that’s the flute. So if I'm at the top of the
violin path I just have to go here [she indicates walking parallel to the x axis aty = 4] I don’t have to go back
here to the actual path because the path is invisible on the floor but it’s still the same way as the violin line goes
— the same way as the flute line [correcting herself] - So I just go the same way as the flute line rather than
going back down, otherwise I won't get the flower.”

Children who struggled with this initially only walked along either of the paths they had been shown (x and y
axis), requiring encouragement to explore the middle space. Even after being shown that there were positions in
the middle of the garden, with both flute and violin notes, some did not immediately move into this space. For
example, although C5 had already explored the middle of the garden, he still needed prompting to step off the
axes to find coordinates in the middle of the quadrant.

[C5 is looking for two flutes and four violins. C5 has identified that he needs to move right to get the flutes.]

R1: So we have two flutes, now we need four violins which way do we go?

[C5 moves back towards the origin to start from there up the y axis. C5 gradually moves up the y-axis to (0,4).]
R1: How many violins do we have?

C5: Four

R1: But how many flutes do we need?

C5: Two

R1: Where are we going to get them?

[C5 gestures back to the origin]

R1: If we move along the first path, we will only have the flutes and no violins. But we need 2 flutes and 4 violins
s0...
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C5: This way [gestures towards the middle of the garden]

This movement pattern enabled children to listen to the sounds sequentially: first they heard one sound, moved
back to the origin and then in the other direction to hear the second sound. This pattern of moving towards one
music player, then return to the origin and walk on the other axis towards the second instrument player, served as
an embodied manifestation of children’s thinking, allowing for reflection and teacher intervention. Later when
C5 was asked to take the playmobile figure to position (3,2) on the grid, he also moved the figure to (3,0) first,
back to the origin and then to (0,2). While children were prompted to explore the middle of the garden to hear
both sounds, four were able to do this effectively. This suggests the need for additional strategies to help them
conceptualise the paths that run parallel to the axes.

7.2.2. Orientation and movement: Embodying properties of Cartesian coordinates

Children were guided to adopt a fixed body orientation facing the y-axis, to step sideways to move along the x-
axis and forward to move along the y-axis. This unorthodox way of “walking in space” employs the idea of
congruence between embodied action and concept (Johnson-Glenberg, 2018) to integrate key properties of
Cartesian coordinates involving specific rules for interaction (i.e., X then y), and orientational alignment with
other representations e.g., tactile grid. Children were asked to find a magic flower positionally described as 3
flute 4 violin (coordinates (3,4)). Some children started from the origin (0,0) walking sideways along the x-axis
then moving forward along the y-axis (Figure 4), others adopted the pattern: x, origin, then y, outlined above
(7.2.1). Children used the controllers to get sound feedback about their position. The extract below demonstrates
how C4 applied the sideways first then forward pattern of movement in combination with sound feedback in
order to successfully find the magic flower using coordinates.

R3: Magic flower at three flute, three violin.

[C4 takes small step forwards, hears ding, presses trigger, two flutes.]
R1: How many were there before?
C4: Two

[C4 takes big step to right then little step forward, hears ding, presses trigger, three flutes]
R1: Great, so we’ve got three flute and [want] three violins.
R2: So, where do you go from there to get three violins?

[C4 takes a big step forwards, ding, presses trigger, three flute, one violin. Takes another big step forwards,
ding, presses trigger, three flute two violin. Takes another big step forward, ding, presses trigger, 3 flutes, 3
violins]

In this process C4 used the controller to get sound-based positional feedback and adjusted his movement
accordingly (i.e., calculated the direction to move and how many steps to take). All children used the feedback
offered by the controllers but two out of the seven children waited for researcher feedback rather than
interpreting feedback from the controllers. The researchers prompted them to listen to the feedback carefully,
verbalise what they were hearing, and describe how they should move. In the iVR environment, feedback
facilitates the mindful action—reflection cycle of embodied pedagogy: the sound feedback helps the child to
become aware of their position in the performance space, to reflect on this position and decide their next action.
The combination of feedback with introduction of the specific pattern of movement proved instrumental in
supporting embodied learning for VI in the iVR experience.

7.2.3. Guidance: Embodied instruction

The interaction between the teacher/researcher and student generated a set of performative actions specific to the
iVR space. All 7 children needed guidance to remain within the performative space given the small unbounded
space aligned to VR. The teachers-researchers adopted specific ways of guiding the children, informed by the
sociocultural context of the students and school. This involved leading them by the hand from the front, but
letting the child indicate their chosen direction of movement, or giving directional hints through leading when
necessary. In this way guidance took the form of embodied instruction and intervention.
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7.3. Diverse perspectives: Multisensory experiences

Diverse perspectives were introduced by supporting different and interconnected sensory modalities. Sound
feedback was connected and responsive to movement designed to enable reflection informing mindful action.
Further, different activities on the Cartesian Plane were introduced, placing the body in different points of view
of the same concept, and creating embodied links across representations (Nguyen & Larson, 2015). Specifically,
the iVR environment offered a space where the child’s body became part of the grid, facilitating ego-centric
exploration; the tactile grid used before the activity enabled children to haptically gain an introductory overview
(similar to visually perceiving a paper-based grid) of the Cartesian plane as a space consisting of squares with
intersections as key points for describing position; in the post interaction discussion, the grid offered an
allocentric perspective when children were asked to move a playmobile figure into a position described by
coordinates.

Figure 4. Patterns of movement transferred from the 3D space to the 2D representation of the Cartesian plane

In this study performative actions played a role in transcending different perspectives and supporting transfer of
knowledge from one representation to the other. In the post interaction discussion all children were able to
transfer their knowledge from the physical space to the 2D haptic grid representation, using the same moving
pattern as a common referent between the two spaces. Four children were able to find the correct position in the
Cartesian plane. Three children using on the haptic grid their patterns of movement in space, focused only on the
two axes (x,y) without considering coordinates in the middle of the grid (see section 7.2.1). The powerful role of
patterns of movement is illustrated in the post interaction discussion with C4. The marking of the trajectory on
Figure 4 shows that C4 moved first sideways along the y-axis (rather than sideways along the x-axis), allocating
the first coordinate to the y instead of x-axis. The original orientation of the playmobile figure was changed by
the child - during random play - to face towards the x-axis, thus influencing the direction of movement. This
finding is interesting, if we consider previous research with typically developing children (8-9 years old) which
demonstrated that this transition from enactment in the physical space to using the Cartesian plane on paper was
challenging (Price et al., 2020).

7.4. Child reflections

The post interaction discussion involved the evaluation of learning through the use of the tactile grid, which was
mentioned in the sections above, but also focused on exploring children’s perception of the experience, and their
evaluation of key functionalities (like sound feedback). While all children found the experience interesting and
engaging, this can be attributed to factors like the novelty of technology, deviation from school routine etc.
Further, children reflected on key aspects of the experience like the sound feedback. The majority of the children
mentioned some difficulty in distinguishing the two sounds related to the x and y axes. This technical aspect
having also conceptual implications as shown in the sections above, demonstrated the need for refining the sound
feedback.

8. Conclusion: Pedagogical appropriation of iVR for VI
This paper shows the importance of developing appropriate embodied pedagogical designs to support effective
integration of iVR in school settings for VI children. Through an iterative design process, our study offers

insights into the prerequisites for implementation of iVR in the classroom and embodied pedagogical
appropriations to support VI children to explore the concept of cartesian coordinates.
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8.1. Prerequisites for classroom implementation

iVR disrupts existing school practices, calling for requirement specifications to implement the Cartesian Garden
experience. Firstly, our study revealed the need for specific spatial arrangements and for appropriate physical
space devoted to the iVR activity. Identifying specific space to deploy full tracking iVR systems highlights the
spatial constraints of schools built for an industrial era (Southgate et al., 2019). Secondly, orchestration of the
experience allows one child per session due to space requirements and VR features which foster individual
interaction. In addition, at least one teacher per session is needed to facilitate the activity and provide appropriate
support for the student, and potentially two adults with one to monitor/manage the technology, since iVR
requires constant surveillance (Southgate et al., 2019). While individual sessions with children in VI schools are
not unusual, iVR currently has a considerable financial cost and requires many human resources. These
observations are relevant not only to educational practitioners but also technology designers.

8.2. Pedagogical appropriations of iVR to support embodied learning

Our study, framed by embodied pedagogy, enriches existing recommendations specifically addressing the use of
iVR in classroom settings (Johnson-Glenberg, 2018; Southgate, 2020) by discerning the role of performance
space, diverse perspectives and performative actions as key elements in supporting embodied learning. Table 1
presents a summary of pedagogical appropriations their connection to concepts of embodied pedagogy and their
pedagogical aim.

Table 1. Appropriations of iVR to support embodied pedagogy of mathematics learning

Embodied pedagogy Appropriations Function
Creating a performance Marking the floor to map the physical to Facilitate the transactional relation
space the virtual to support adult facilitation between teacher-researcher, student,
space
Orientation alignment between computer  Facilitate the transactional relation
screen and physical space. between teacher-researcher, student,
space
Introducing narrative or make-believe Make the task meaningful and interesting
elements (magic flower) for the children, introduce performative
thinking
Performative actions Familiarisation with performative space
(verbal descriptions of space); Facilitate the transactional relation
Guidance strategies (from the front); between teacher-researcher, student and
Interaction strategies (moving/ using the environment

the controller to get feedback)
Fixed body orientation mapped to axes
travelling in orthogonal directions.
Specific movement patterns: step
sideways (along x axis) followed by Integration of key mathematical concepts
forwards (along y axis) in embodied actions
Musical paths metaphor to map to axes,
providing information relating to
direction, distance and position

Diverse perspectives Connect different perspectives:
allocentric (haptic grid with playmobil Support students to use performative
figure) & body-centric perspectives actions as an embodied means to
(iVR through enacting position) establish connections between different
connected with the same performative representations.

actions (i.e., fixed orientation and
movement pattern) applied in both.

The appropriations above involve iVR designed for open embodied interactive exploration of mathematics.
Drawing from embodied pedagogy our interventions fall into three key categories: performative space,
performative actions and action connected diverse perspectives. Performance space includes the objects, persons,
relations and their roles. In our intervention we populated the performance space with a narrative giving meaning
to objects, persons and space, and with anchors (marks on the floor or orientation of the screen) that facilitated
interactions between children, teacher-researcher and space. The anchors were implemented to complement the
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feedback provided by the iVR experience, with key additional information. Our study brings the concept of
performative actions into educational practices. These are prescribed actions in the environment (objects,
relations, people, space), which when enacted embody elements of the concepts under exploration (i.e., action
congruence, Johnson-Glenberg, 2018). Student modifications of some of these movements demonstrated how
they embodied the concepts of Cartesian coordinates, sometimes manifesting misunderstandings. Diverse
perspectives implemented through role-play or through the use of different representations is an important aspect
of pedagogy. Our intervention demonstrated how the use of resources, which allow children to implement the
same performative actions across different representations, has the potential to support transfer of knowledge.
While some of these appropriations could be integrated into the iVR design (e.g., movement patterns), a focus on
performative actions, performance space and action connected to diverse perspectives can also inform teacher
interventions and pedagogical design around the use of iVR.
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