
Kashihara, A. et al. (Eds.) (2024). Proceedings of the 32nd International Conference on Computers in 

Education. Asia-Pacific Society for Computers in Education 

 

 

Explore the Effect of Metacognitive 
Awareness on University Students’ 

Learning Outcomes in the Metaverse: 
Evidence from Eye-tracking Data 

 
Tinghui WUa, Yanjie SONGb* & Xuesong ZHAIa 

aCollege of Education, Zhejiang University, People's Republic of China 
bDepartment of Mathematics and Information Technology, 

The Education University of Hong Kong, Hong Kong SAR, People's Republic of China 
*ysong@eduhk.hk 

 
Abstract: In the current study, we explored the learning outcomes of five learners with 
different levels of metacognitive awareness in inquiry-based learning activities within 
the metaverse, and used eye-tracking technology to reveal the changes in eye 
movements of different learners during the learning process. The results showed that 
learners with high metacognitive awareness levels dealt with problems more 
comprehensively in general during problem-solving than learners with low 
metacognitive awareness levels. In addition, eye movement data showed that students 
with high metacognitive awareness levels tended to identify the inquiry question first 
and then carry out specific activities during their interactions; at the same time, they 
also had a more reasonable sequence of interactions with the learning materials 
compared to students with low metacognitive awareness levels. The study has practical 
implications for the future design of inquiry-based learning activities in the metaverse. 
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1. Introduction 
 
The development of online learning has encouraged students to learn strategically. The 
metaverse, a virtual environment created through the integration of various technological 
advancements, is widely recognized as a parallel landscape within education (Ning et al., 
2023). However, according to Chen et al. (2022), although the majority of students are 
enthusiastic about the metaverse learning, they may not be able to fully regulate their learning 
process. Learners with high levels of metacognitive awareness can significantly improve their 
regulated abilities (Ramadhanti & Yanda, 2021). Therefore, we aimed to figure out the learning 
outcomes of students with different levels of metacognitive awareness and their eye 
movements patterns by using eye-tracking technology in the metaverse based on inquiry-
based learning. 
 
 

2. Literature Review 
 

2.1 Inquiry-based Learning 
 
Inquiry-based learning is becoming increasingly popular in learning science subject (Pedaste 
et al., 2015). One of the underlying reasons is that the success rate of the inquiry process can 
be greatly improved due to recent technological developments that enable it to be supported 
by electronic learning environments. However, some researchers have suggested that the 
potential of inquiry-based learning is also constrained in online education environments. For 
example, some scientific inquiry that is costly or even impossible to experience in person in 



reality will hinder learners’ conceptual understandings. Song et al. (2023) explored the 
metaverse as an alternative learning environment to provide learners’ opportunities to conduct 
inquiry activities that are impossible to be experienced physically (such as assembling the 
solar system). Thus, it is a promising trend to conduct an empirical study about inquiry-based 
learning in the metaverse. 

 

2.2 Eye-tracking Technology 
 

Eye-tracking technology has been successfully and widely employed in various fields of 
research. According to the eye-mind hypothesis, there is a close relationship between the 
students’ eyes on and the content they process (Schindler & Lilienthal, 2019). For example, 
the temporal scale of eye movement involves areas of interest (AOIs) which provides insights 
into “when” and “how long” they process the specific content. Furthermore, the differences in 
the count and sequences of interactions with specific knowledge points can reveal the 
differences in the processing of students with different metacognitive awareness, and thus 
discover the optimal visual processing. In the light of this, this study aims to explore the eye 
movements patterns of learners with different metacognitive awareness levels. 
 
 

3. Methods 
 

In the current study, the research questions are: (1) Do students with different levels of 
metacognitive awareness have the same inquiry-based learning outcomes in the metaverse? 
(2) What are the differences in their eye movement patterns between students with different 
levels of metacognitive awareness? 

 

3.1 Learning Topic and Instructional Design 
 

Our learning topic focused on atomic theory and models, which not only demonstrates the 
sustainable development goals that the education community currently concerns about, but 
also has a certain degree of difficulty that could highlight the advantages of metaverse 
learning. As noted, learning atomic theory usually involves understanding three-dimensional 
atomic models. In the metaverse, after learning text and video materials, learners were 
allowed to directly switch to the three-dimensional model for observation, which was conducive 
to improving their cognition in the same learning environment. Furthermore, our metaverse 
also provided them with scaffolding the digital human teacher, which assisted inexperienced 
learners to brainstorm solutions to the climate change crisis based on their understanding of 
atomic theory and the immense power contained with atoms. Therefore, this metaverse could 
be a three-dimensional personalised learning space rarely explored in existing online learning. 
Regarding the instructional design, we adopted the five-stage inquiry-based learning 
pedagogy adapted from Song et al. (2022).  

To be specific, stage 1 is “Engage”, which required students to familiarize the metaverse 
platform and identify the inquiry question, and write down “what they know (K)” and “what they 
want to know (W)” regarding the inquiry question. Stage 2 refers to “Explore”, in which students 
were allowed to interact with text, PPTs, and related videos. Stage 3 is “Analyze” which 
required students to present their thoughts using a mind map to address the inquiry question. 
Next stage is “Explain”, students needed to match atomic models with theories and explain 
their mind maps. In the last stage – “Reflect”, students were required to make reflections about 
“what they had learned (L)”. It was worth noting that the platform provided a digital teacher 
with specific prompts to support learners’ behaviors at each stage. 

 

3.2 Participants 
 

The participants recruited in this study were students from a university in Hong Kong. The 
selection of participants was based on the following two criteria: (1) the participants had normal 



eye movements so that the eye tracking software could be correctly calibrated; (2) the 
participants were willing to conduct inquiry-based learning in the metaverse. Finally, 5 students 
(4 females and 1 male) were recruited with age ranging from 20 to 30. Consent was sought 
before the experiment. 

 
3.3 Research Procedure 

 
The experiment was conducted in a soundproof laboratory, and consisted of a 5-minute pre-
survey, 40 minutes of eye-tracking, and a 5-minute post-test. Firstly, a pre-survey was 
conducted to understand the partcipants’ demographics, levels of their metacognitive 
awareness, and their familiarity with the learning topic. A 5-point Likert scale with 30-item was 
adopted from Jaleel (2016) to measure metacognitive awareness. One example is ‘When 

learning something new, I would compare it to what I’ve learned before’. Secondly, Pupil eye-
tracking device was used. This device features high-resolution scene and eye cameras for 
monocular and binocular gaze estimation. Participants were familiarized with the equipment, 
learning procedures, and the purpose of the eye tracking experiment under guidance, and 
then allowed their behavior to be recorded. Lastly, all participants completed a post-test after 
the eye-tracking experiment. 

 

3.4 Coding Scheme 
 

3.4.1 Eye Movement Behaviour Coding 
 

In our study, we primarily focused on participants’ interactions with digital humans (IDH), texts 
(IT), videos (IV), 3D objects (IO), and the time spent on watching self-regulated sheets (ISR) 
and writing on the whiteboard (WW). Firstly, the temporal scale involves measuring the 
interactive time of each event. Secondly, the spatial scale examined the sequences of different 
interactions. Lastly, the count scale tracked the interactive count of each event. 

 
3.4.2 Mind Map Coding 
 
This study referred to previous studies (Abd Karim et al., 2016), and developed a coding 
scheme by two experienced educational technology experts. The final scheme included five 
categories: participants involved, subject domains, applications, promotions, and emotions 
and attitudes (see Table 1). Two experienced coders were asked to code according to the 
coding scheme and resolve disagreements through full discussion and achieve consensus. 
 
Table 1. Coding Scheme of Participants’ Mind Map 

Categories Sub-categories Categories Sub-categories 

1.Participants 
involved 

1.1 Government staff  
1.2 Educators and students 
1.3 Scientists               
1.4 Others 

2.Subject 
domain 

2.1 Science 
2.2 Social science 
2.3 Others 

3.Application 3.1 Industry 
3.2 Agriculture 
3.3 Service industry 
3.4 Others 

4.Promotion 4.1 International cooperation 
4.2 National policy 
4.3 Social initiatives 
4.4 Individual efforts 

5.Emotion 
and attitude 

5.1 Positive 
5.2 Neutral 
5.3 Negative 

  

 



4. Results 
 

4.1 Mind Map Analysis 
 

Based on the self-reported data, researchers obtained the metacognitive awareness scores 
of different participants, dividing those with higher than average scores into the high-scoring 
group and those with lower than average scores into the low-scoring group.Referring to the 
mind map coding scheme in Table 1, the mind maps of the five students were analyzed. A 
total of 36 codes were obtained, including 15 codes for the low-scoring group and 21 codes 
for the high-scoring group. Table 2 showed the item frequency and percentage results of the 
drawings of students with different levels of metacognitive awareness. Overall, the most to 
least categories were participants involved (27.78%), promotions (25.00%), applications 
(19.44%), subject domains (13.89%), and emotions and attitudes (13.89%). 

 
Table 2. Distribution of the elements of mind maps of students with high and low metacognitive 
awareness levels by the categories and subcategories. 

Categories and sub-
categories 

High-scoring group 
N (%=N/3) 

Low-scoring group 
N (%=N/2) 

Total 
N (%= N/5) 

Participants involved 
Government staff 
Educators and students 
Scientists 
Others 

 
2 (66.67%) 
1 (33.33%) 
3 (100.00%) 
0 (0.00%) 

 
2 (100.00%)  
1 (50.00%) 
1 (50.00%) 
0 (0.00%) 

 
4 (80.00%) 
2 (40.00%) 
4 (80.00%) 
0 (0.00%) 

Subject domains 
Science 
Social science 
Others 

 
3 (100.00%) 
0 (0.00%) 
0 (0.00%) 

 
2 (100.00%)  
0 (0.00%) 
0 (0.00%) 

 
5 (100.00%) 
0 (0.00%) 
0 (0.00%) 

Applications 
Industry 
Agriculture 
Service industry 
Others 

 
3 (100.00%) 
0 (0.00%) 
1 (33.33%) 
0 (0.00%) 

 
1 (50.00%) 
1 (50.00%) 
1 (50.00%) 
0 (0.00%) 

 
4 (80.00%) 
1 (20.00%) 
2 (40.00%) 
0 (0.00%) 

Promotions 
International cooperation 
National policy 
Social initiatives 
Individual efforts 

 
2 (66.67%) 
1 (33.33%) 
1 (33.33%) 
1 (33.33%) 

 
1 (50.00%) 
1 (50.00%) 
1 (50.00%) 
1 (50.00%) 

 
3 (60.00%) 
2 (40.00%) 
2 (40.00%) 
2 (40.00%) 

Emotions and attitudes 
Positive 
Neutral 
Negative 

 
3 (100.00%) 
0 (0.00%) 
0 (0.00%) 

 
2 (100.00%)  
0 (0.00%) 
0 (0.00%) 

 
5 (100.00%) 
0 (0.00%) 
0 (0.00%) 

 
4.2 Eye Movement Analysis 
 
In order to further explore the reasons why learning outcomes were different among students 
with different levels of metacognitive awareness, this study conducted an in-depth analysis of 
eye movement behavior. Figure 1 shows the participants’ eye interactions over time. 



 
Figure 1. The interactive events of participants with different levels of metacognitive 
awareness (High-scoring and low-scoring) in the metaverse over time. 

 
 

5. Discussion 
 

This study investigated the mind maps of students with different levels of metacognitive 
awareness based on inquiry-based learning in the metaverse. In addition, we explored their 
eye movement patterns during learning. The results showed that students with high levels of 
metacognitive awareness considered problems more comprehensively when making mind 
maps. It can also be seen from Table 2 that high-scoring students believed that multi-party 
cooperation (participants involved) was more likely to produce results in the issue of nuclear 
energy mitigation of climate change. Furthermore, students who performed well may plan, 
monitor and adjust their learning strategies strategically based on their own cognition in the 
brand-new metaverse environment, especially when faced with unfamiliar topics. 

In order to further explore the learning trajectory of high-scoring students in the 
metaverse, the study also found that they generally stayed longer in the “Engage” stage 
according to eye movement data, showing their planning for inquiry questions. First, in terms 
of time, high-scoring participants generally did not engage in a particular interaction for too 
long, but instead use frequent interactions to constantly adjust and reinforce their learning 
strategies. They may not good at memorizing, but understand knowledge points through the 
connections between learning materials. In the metaverse, recitation is no longer the core 
ability of students, but rather the metacognitive ability to regulate. Thus, participants who had 
high levels of metacognitive awareness were likely to perform better in the metaverse. In 
addition, compared with the low-scoring group, the high-scoring group generally spent more 
time interacting with digital humans than with other learning materials. Interacting with digital 
human were more flexible in the metaverse, which helped learners promptly discover their 
own cognitive deficiencies and cognitive errors. Second, in terms of spatial scale, high-scoring 
participants preferred not to organize answers before interacting with the digital human, but 
instead started inquiries after in-depth communication with the digital human. According to 
information processing theory, learners who have a holistic understanding of the problem 
inside the metaverse can better understand the background and logical structure of it, so as 
to carry out inquiries in a targeted manner (Swanson, 1987). High-scoring participants 
regarded the digital human as a support to understanding the learning topic in advance, which 
was conducive to achieving better performances. Lastly, the high-scoring group generally 



interacted more often than the low-scoring group, because they needed to frequently go back 
and forth between different knowledge points to find connections. 

 
 

6. Research Implications, Limitations and Recommendations 
 

This study explored different effectiveness of students with different levels of metacognitive 
awareness in the metaverse through inquiry-based learning. Moreover, we focused on using 
eye-tracking technology to analyze their eye movement trajectories during inquiry learning in 
the metaverse, which would be a major innovation compared to the majority of previous 
studies focusing only on 2-D learning environments or virtual environments with a headset. 
Furthermore, our research included the digital human teacher that could provide different 
students with corresponding scaffolding based on different stages of inquiry-based learning. 
In addition, using eye-tracking technology could help figure out their interaction times, counts 
and sequences with digital teachers. This could be a practical example of how to apply 
generative AI in the metaverse. Thus, this current study has practical implications for the future 
design of metaverse teaching platforms and how to better intervene and enhance learners’ 
metacognitive awareness as well. 

However, this study also had some limitations. First, the sample of this experiment only 
came from the same university in Hong Kong, and the number of people was relatively limited, 
so the results may only represent some students. Second, the mind map and scale used in 
this study to collect data may have subjective bias. Based on these limitations, this study made 
the following suggestions for future research. Firstly, it was recommended to recruit students 
from different universities or educational levels to participate. Secondly, in addition to mind 
maps and surveys, additional methods such as quiz analysis and interview analysis should be 
added. 
 
 

Acknowledgements 
 
The study was funded by the Centre for Immersive Learning and Metaverse in Education 
(CILME) (Ref. 04A43) (2023-24), The Education University of Hong Kong. 
 
 

References 
 
Abd Karim, R., Abu, A. G., & Khaja, F. N. M. (2016). Brainstorming approach and mind mapping in writing 

activity. Proceedings of EEIC, 1(2), 423-429. 
http://eeic.usk.ac.id/proceedings/index.php/eeic/article/view/83 

Chen, Y., Lin, W., Zheng, Y., Xue, T., Chen, C., & Chen, G. (2022). Application of active learning strategies 
in metaverse to improve student engagement: An immersive blended pedagogy bridging patient care 
and scientific inquiry in pandemic. Available at SSRN 4098179. https://ssrn.com/abstract=4098179 

Ning, H., Wang, H., Lin, Y., Wang, W., Dhelim, S., Farha, F., ... & Daneshmand, M. (2023). A Survey on the 
Metaverse: The State-of-the-Art, Technologies, Applications, and Challenges. IEEE Internet of Things 
Journal. https://doi.org/10.1109/JIOT.2023.3278329 

Pedaste, M., Mäeots, M., Siiman, L. A., De Jong, T., Van Riesen, S. A., Kamp, E. T., ... & Tsourlidaki, E. 
(2015). Phases of inquiry-based learning: Definitions and the inquiry cycle. Educational research 
review, 14, 47-61. https://doi.org/10.1016/j.edurev.2015.02.003 

Ramadhanti, D., & Yanda, D. P. (2021). Students' Metacognitive Awareness and Its Impact on Writing 
Skill. International Journal of Language Education, 5(3), 193-206. 
https://doi.org/10.1080/09571736.2015.1010448 

Schindler, M., & Lilienthal, A. J. (2019). Domain-specific interpretation of eye tracking data: towards a refined 
use of the eye-mind hypothesis for the field of geometry. Educational Studies in Mathematics, 101, 123-
139. https://doi.org/10.1007/s10649-019-9878-z 

Song, Y., Cao, J., Wu, K., Yu, P. L. H., & Lee, J. C. K. (2023). Developing “Learningverse”—A 3-D Metaverse 
Platform to Support Teaching, Social, and Cognitive Presences. IEEE Transactions on Learning 
Technologies, 16(6), 1165-1178. DOI: 10.1109/TLT.2023.3276574 

http://eeic.usk.ac.id/proceedings/index.php/eeic/article/view/83
https://doi.org/10.1109/TLT.2023.3276574


Song, Y., Cao, J., Yang, Y., & Looi, C. K. (2022). Mapping primary students’ mobile collaborative inquiry-
based learning behaviours in science collaborative problem solving via learning analytics. International 
Journal of Educational Research, 114, 101992. https://doi.org/10.1016/j.ijer.2022.101992 

Swanson, H. L. (1987). Information processing theory and learning disabilities: An overview. Journal of 
learning Disabilities, 20(1), 3-7. https://doi.org/10.1177/002221948702000102 

https://doi.org/10.1016/j.ijer.2022.101992
https://doi.org/10.1177/002221948702000102

