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ABSTRACT

With the growing need for augmented reality (AR) technology, understanding
and optimizing study behaviors in AR learning environments has become crucial.
However, one major drawback of AR learning is the absence of effective feedback
mechanisms for students. To overcome this challenge, we introduced metacognitive
monitoring feedback. Additionally, we created a location-based AR learning
environment utilizing a real-time indoor tracking system to further enhance student
learning. This study focuses on the positive impact of metacognitive monitoring
feedback in a location-based AR learning environment. Our hypothesis posits that
regularly providing students with feedback on their metacognitive monitoring within
this new AR learning system positively influences their metacognitive awareness.
The study’s findings confirm that frequent exposure to such feedback significantly
enhances the Metacognitive Awareness Inventory (MAI) scores. Participants who
received continuous feedback demonstrated a significant increase in MAI scores
compared to those who received feedback only once after the lecture. This
improvement is achieved by influencing student calibration and directly enhancing
their metacognitive awareness.
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INTRODUCTION

Metacognitive strategy is a pivotal concept in educational research, with
numerous studies showing that its implementation can significantly enhance
learning outcomes (Dunlosky and Metcalfe, 2008). Metacognition serves
as the comprehensive mechanism enabling individuals to oversee, manage,
and guide their learning through the effective use of declarative, procedural,
and conditional knowledge. Declarative Knowledge refers to the essential
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facts and information a learner must know to engage in critical thinking
about a subject. Such knowledge encompasses understanding the ‘what’ of
a topic, including information about one’s own abilities and resources as
a learner. This type of knowledge can be acquired through methods such
as presentations, demonstrations, and discussions. Procedural Knowledge
involves understanding how to carry out specific tasks or procedures. It not
only requires knowing the steps of a process but also understanding when
these steps should be applied in different contexts. Students often gain
procedural knowledge through activities like discovery learning, cooperative
learning, and engaging in problem-solving tasks (Klang et al., 2021;
Wang and Wu, 2022). Conditional Knowledge relates to recognizing the
appropriate contexts in which to apply certain skills or processes. This
type of knowledge involves understanding the ‘when’ and ‘why’ behind the
use of different learning strategies, effectively combining declarative and
procedural knowledge based on the situation at hand. The conditional form
of knowledge is typically developed through simulations and scenario-based
learning (Battista, 2017).

Metacognition encompasses the learner’s self-regulation of cognitive
functions during the learning process, which involves strategies for
planning, managing information, monitoring comprehension, debugging,
and evaluating. As outlined by Schraw and Dennison (1994), these
components include:

« Planning: The initial phase of learning involves setting goals and allocating
necessary resources before the learning process begins.

. Information Management Strategies: These are techniques and sequences
of actions aimed at enhancing the efficiency of information processing,
such as organizing data, expanding on information (elaborating),
summarizing key points, and focusing selectively on critical elements.

. Comprehension Monitoring: This is the ongoing evaluation of one’s
understanding and the effectiveness of the strategies employed.

. Debugging Strategies: These are methods applied to identify and rectify
errors in understanding or performance.

« Evaluation: This stage involves reflecting on and analyzing the outcomes
of the learning activity and the success of the strategies used once the
learning episode has concluded.

Bransford et al. (2000) indicated that learners who are aware of
metacognition tend to use better strategies and achieve better results than
those who are not aware. This awareness helps them organize, supervise, and
evaluate their learning, improving their performance. Understanding one’s
own thinking processes, using strategies, and knowing when to use them form
the basis of the knowledge, including declarative, procedural, and conditional
knowledge. Additionally, regulating cognition involves understanding how
to plan, use strategies, monitor progress, correct misunderstandings, and
evaluate learning experiences.

Students typically rely on their self-assessed learning confidence when
determining the allocation of study time. Their confidence levels influence the
amount of time they allocate to topics they perceive as less comprehensible
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to enhance their learning performance. In traditional face-to-face engineering
learning, students can gauge the accuracy of their confidence judgments
through interactions with peers and instructors. However, when it comes
to augmented reality (AR)-based learning, students encounter difficulties
developing these monitoring skills due to the limited interaction and
feedback. To address this challenge, we aim to develop an effective
metacognitive feedback mechanism within an AR learning system to
understand and evaluate students’ study behaviors. This study investigates
the impact of feedback on metacognitive monitoring in an AR learning
environment. We hypothesize that consistently providing students with
feedback on their metacognitive processes within an AR learning context will
positively influence their metacognitive state.

In the context of education, feedback is any information given to a student
following their response to evaluate their performance or advancement in
their learning (Turda et al., 2021, Narciss et al., 2014). According to research,
students learn more efficiently when they receive feedback, making it an
essential teaching tool (Guo et al., 2014). Narciss and Sosnvsky (2014)
describe several feedback types that are frequently utilized in computer-
based learning, such as elaborated feedback, answer-until-right, multiple-
try feedback, knowledge of response, and knowledge of correct response.
According to Narciss (2008) and He et al. (2023), elaborated feedback
should provide useful problem-solving techniques and more material to
close comprehension gaps between students’ present understanding and the
intended level. Shute (2008) argues that in addition to the right answer,
extended feedback can also include incorrect comments, further examples,
or general suggestions. Similarly, extended feedback can include extra
background information, offer cognitive or metacognitive cues, or clarify
why an answer is accurate (Golke et al., 2015). Elaborated feedback’s
main goal is to promote students’ deeper cognitive engagement with the
subject matter (Wang et al., 2019). Hence, effective metacognitive feedback
can encourage students to engage in self-regulation, which involves setting
goals, monitoring progress, and adjusting strategies as needed. This active
engagement in their own learning process can lead to a deeper understanding
and retention of the material. Also, it will help them understand how to
improve and create a more personalized learning experience.

In this study, we compared two formats of metacognitive
monitoring  feedback and how this feedback affects student
metacognitive awareness levels (experiments #1 and #2). To measure
metacognitive awareness level, Schraw and Dennison (1994) developed
the Metacognitive Awareness Inventory (MAI), a commonly used tool
for assessing metacognitive awareness. The MAI evaluates cognitive
comprehension and process management, encompassing declarative,
procedural, and conditional knowledge, as well as planning and evaluation
(Harrison and Vallin, 2018). In the MAI, participants traditionally respond
to propositions with true or false answers, employing a true-false format for
their responses.

The comparison between experiments #1 and #2 demonstrated a positive
influence on student learning behavior in AR settings. The findings
underscore the significance of feedback timing and delivery method. It
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indicates that continuous, contextually relevant feedback is crucial for
enhancing learning potential and fostering metacognitive development in AR
learning environments.

DEVELOPING LOCATION-BASED AUGMENTED REALITY LEARNING
SYSTEM

For this study, we developed fifteen 3D scenes using the Unity Game Engine
(see Figure 1), with seven modules in lecture 1, and eight modules in lecture 2.
Lecture 1 covers the introduction to biomechanics and shows students
how to draw force and moment on different body segments (comprised
of an introduction to basic biomechanics knowledge including definitions,
concepts of force and moment, static equilibrium, multiple link examples,
and center of mass); and lecture 2 which is more challenging than lecture 1
(comprised of a review of lecture 1, free body diagrams on hand, upper arm,
lower arm, and trunk segments).
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Figure 1: 3D virtual objects created within AR modules developed using unity (Pulipati
et al., 2024).

The primary distinctions between experiments #1 and #2 are the mode of
question presentation to students and the feedback mechanism. In experiment
#1 (refer to Figure 2), students solved problems presented on printed paper
and received feedback with the results only at the end of each lecture
(Mostowfi et al., 2023).

Experiment #1

Provide overall feedback
at the end of the lecture

Move this way

Q0«00 00O/

Figure 2: Experiment #1 set up.



Enhancing Student Learning: The Impact of Continuous Metacognitive Monitoring 691

However, in experiment #2 (see Figure 3), student confidence levels and
performance are assessed via a monitor screen rather than on paper. Within
the metacognitive monitoring feedback system (Kim, 2018), students receive
real-time performance and confidence level results after each module.

Experiment #2

Providing metacognitive hoe
monitoring feedback at
the end of each module
No overall feedback

Figure 3: Experiment #2 set up.

RESULTS

In the experiment #1, 31 students participated, while 20 individuals took
part in the experiment #2. The experiments were conducted as between-
subject experiments. All participants had no prior knowledge that could have
influenced their metacognitive rating. ANOVA was done between lecture
#1 in both experiments #1 and #2 to see how both lectures were different
based on the experiment. There was a weak significant MAI difference
for Information Management Strategies between experiments #1 and #2 in
lecture #1 (see Table 1).

Table 1. Comparisons between experiments #1 and #2 in lecture #1.

MAI Experiment N Mean SD Error F P-value

Declarative 1 31 77.2194 29411 0.9932  0.3238

Knowledge 2 20 81.9000 3.6616

Procedural 1 31 83.8698 4.0172 1.0682  0.3064

Knowledge 2 20 90.5000  5.0014

Conditional 1 31 79.0323  4.3160 1.9968  0.1639

Knowledge 2 20 86.8550  3.4667

Planning 1 31 68.9429  5.1180 0.5613 0.4573
2 20 62.8200 6.3719

(Continued)



692 Mostowfi et al.

Table 1. Continued

MAI Experiment N Mean SD Error  F P-value

Information 1 31 80.4839  3.9643 4.3273  0.0428

Management 2 20 67.3150 4.9356

Strategies

Comprehension 1 31 72.1385  3.9052 0.2906  0.5923

Monitoring 2 20 75.5000 4.8619

Debugging 1 31 80.6452  3.1248 3.7669  0.0580

Strategies 2 20 90.3300  3.8904

Evaluation 1 31 65.0402  5.0587 0.1463  0.7037
2 20 61.9500 6.2981

Then, experiments #1 and #2 were compared in terms of lecture 2.
Significant differences in MAI scores were noted between experiments #1 and
#2, specifically in the Planning, Comprehension Monitoring, and Debugging
strategies for lecture #2 (see Table 2).

Table 2. Comparisons between experiments #1 and #2 in lecture #2.

MAI Experiment N Mean SD Error F P-value

Declarative 1 31 79.2339  3.0409 0.8650  0.3569

knowledge 2 20 83.7500  3.7858

Procedural 1 31 0.860219 4.0440 0.6554 0.4221

Knowledge 2 20 0.912500 5.0348

Conditional 2 31 0.872581 0.05854 0.3772  0.5419

Knowledge 1 20 0.93000 0.07289

Planning 1 31 0.670552 0.04110 6.3391  0.0151
2 20 0.835800 0.05117

Information 1 31 0.760000 0.03720 2.6795 0.1081

Management 2 20 0.857250 0.04632

Strategies

Comprehension 1 31 0.701184 0.03878 5.6849  0.0210

Monitoring 2 20 0.848850 0.04829

Debugging 1 31 0.801806 0.02660 7.7407  0.0076

Strategies 2 20 0.920000 0.03312

Evaluation 1 31 0.779665 0.038953 1.6661 0.2028
2 20 0.706600 0.04413

DISCUSSION & CONCLUSION

Table 2 indicates that students’ MAI scores significantly improved in
planning, comprehension monitoring, and debugging strategies. This
suggests that metacognitive monitoring feedback can help students set and
achieve specific learning objectives. The planning involves determining
which aspects of the material in each module require focused attention and
identifying the most critical panel for obtaining the necessary information
to respond to the question. For comprehension monitoring, students
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could continuously assess their understanding through the metacognitive
monitoring feedback. This offers guidance on how students may need to
modify their focus on the AR content, particularly if they encounter confusing
concepts or if their retention of information is not meeting expectations. For
debugging strategies, students might pinpoint deficiencies in their knowledge
or abilities through metacognitive monitoring feedback in the AR setting.
This might involve focusing more on the virtual instructor’s movements,
taking notes, or going back to review the AR modules to resolve any
confusion (Kim et al., 2023).

AR immerses students in a rich, yet potentially overwhelming, information
environment. To navigate this effectively, students must adopt efficient
strategies, such as organizing the learning material they will encounter,
note-taking, and summarizing essential details from AR experiences. These
techniques are vital for improving and refining their study strategies.
Our results indicate that feedback on metacognitive monitoring can have
beneficial effects on these techniques for students. Also, it highlights the
clear advantages of assisting students in planning, managing, and distributing
their cognitive resources throughout AR learning. Observations from the AR
lectures reveal that students progressively learned to self-plan and strategize
on addressing questions from the initial module to the last. This process
allows students to engage in metacognition, essentially allowing them to
“think about their learning process.”

According to Zhou et al. (2023), humans are flexible in the allocation
of cognitive resources, which can be allocated to important new stimuli
according to task requirements. In experiment #2, students received
metacognitive monitoring feedback, enabling them to self-monitor and
track their progress through each module independently. This metacognitive
monitoring, a strategy that evaluates learners’ confidence in relation to their
actual performance, has aided students in understanding the rationale behind
their chosen answers. Through reflection on their reasoning, students could
more accurately gauge their confidence levels and gain deeper insights into
their decision-making process.

Previous research has also shown that students exposed to metacognitive
feedback demonstrated increased self-efficacy in the AR learning context,
suggesting that the feedback tool not only heightens their awareness and
attentiveness during learning activities but also promotes self-reflective
practices regarding confidence assessments. Since students assess their study
strategies, students often base their judgment on outcomes rather than
on how well their strategies fulfilled various learning objectives, such as
the ability to interconnect concepts (Sabel and Victor, 2017). By having
metacognitive monitoring feedback, students could reflect on both their
understanding and their metacognition level after each module. They could
personally observe their growth in metacognitive awareness and usage.

In conclusion, the provision of metacognitive monitoring feedback in AR
learning environments significantly enhances students’ ability to effectively
plan, monitor, and adjust their learning strategies, leading to improved
comprehension and metacognitive awareness. This research highlights the
importance of feedback timing and method, suggesting that continuous,
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contextually relevant feedback is essential for maximizing learning potential
and metacognitive development within immersive educational settings.
Regarding the limitations of the current study, it remains unclear why similar
results were not observed in lecture #1. We observed a statistically weak
but significant difference in the MAI related to information management
strategies between experiments #1 and #2 in lecture #1. However, no
significant variances were noted in other aspects. This disparity may be
attributed to the differing complexity levels between lecture #1 and lecture #2.
Lecture #1 was intentionally structured to be less challenging than lecture #2.
This intentional design aimed to provide more declarative knowledge and
less constructive feedback due to the introductory nature of lecture 1.
Consequently, this might have led to a weaker metacognitive monitoring
feedback effect when the lecture content was less demanding.

Another limitation is the sample size. To improve the strength and
applicability of our results, it will be essential to conduct experiments using
a more evenly distributed sample size and a wider range of age groups.
This would provide a more comprehensive understanding of the impact of
metacognitive feedback across different demographics.
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