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Editorial on the Research Topic
 Advances in multimodal learning: pedagogies, technologies, and analytics




The rapid development of digital technologies and data-driven techniques has led to advances in multimodal learning featured by multimodality in instructional stimuli, learning spaces, behavioral pattern, and data sources (Blikstein and Worsley, 2016; Di Mitri et al., 2018; Chango et al., 2021). The combination of multiple sensory stimuli (e.g., visual, audio, verbal, tactile, and olfactory) in instructional content is known to promote cognitive performance, sense of presence, and learning engagement (Moreno and Mayer, 1999; Marucci et al., 2021). The fusion of traditional and digital learning spaces enabled by online platforms and extended reality has created more personal, accessible, and risk-free learning conditions that may otherwise be unavailable (Garrison and Kanuka, 2004; Allcoat et al., 2021; Luo et al., 2021). Multimodality in learning also emphasizes the multiplicity of mode of behaviors such as communication, interaction, and regulation, leading to increased interests in their impacts on learning achievement and experience (Mangaroska et al., 2020; Cloude et al., 2022; Ninaus and Sailer, 2022). More importantly, Multimodal Learning Analytics (MMLA) allows traces of various cognitive, behavioral, and affective indicators to be extracted from multiple data sources (e.g., eye-tracking, wearable cameras, gesture recognition systems, infrared imaging, biosensors) to assist the measurement and understanding of complex learning processes (Blikstein and Worsley, 2016; Di Mitri et al., 2018; Chango et al., 2021).

Consequently, to capture the unique benefits of multimodal learning, research attention needs to be paid to four key aspects of multimodality, including learning content, learning space, learning process, and learning analytics. This Research Topic is an attempt to address such a research need by illustrating recent research development of multimodal learning in the four aspects. It comprises a total of 15 articles contributed by 63 authors globally, from academic and research institutions in Mainland China, Taiwan, United States, United Kingdom, Austria, Canada, Spain, and Colombia. Based on the four aspects of multimodality in learning, we classified the 15 articles into four themes: design of multimodal stimuli, affordances of multimodal learning space, analysis of multimodal behaviors, and application of multimodal analytics.

The first theme addresses the importance of using multimodal stimuli for creating effective instructional content. Mou et al. describe and evaluate a novel instructional media featuring two modes of stimuli: video and in-video text messages in the forms of bullet comments. While this multiplicity of media content increases parasocial interactions among learners, it also induces greater cognitive load and thus hinders learning performance, revealing a potential caveat of using multimodal stimulus in instruction. Xia et al. take a similar interest in instructional video and its impact on motor skill learning and find that the creation and sharing of video lead to increased intrinsic motivation and motor task perseverance, as compared to self-exercise. Han et al. further investigate two specific stimuli (i.e., text annotations and color changes) as visual signals in immersive virtual reality learning environments, and report empirical evidence supporting their effectiveness on learning for students with low prior knowledge levels. The findings of these three studies contribute to the existing literature of multimodal stimuli by exploring new a design feature, learning domain, and learning environment.

The second theme focuses on the fusion of multiple learning spaces and their unique learning affordances. Sbaffi and Zhao document the design and implementation of an online gamified learning module as a hybrid learning space to teach knowledge of academic integrity for university students. Likewise, Zhang et al. explore in-service teachers' professional development in online learning space by designing and validating an instrument to measure the quality of supporting platforms. Zhao and Xue take a special interest in the transition between online and offline learning spaces in the post-pandemic era, highlighting the transitioning challenges in administration, infrastructure, pedagogy, and finance. In addition to online learning space, two studies focus on extended reality (XR) spaces by synthesizing the existing research findings: Amores-Valencia et al. conduct a systematic review of augmented reality in secondary education, and Chen et al. perform a meta-analysis to determine the effect of XR on language learning. Both studies report positive findings regarding the learning effect of XR learning spaces. Lastly, Schmidthaler et al. introduce a game space (Poly-Universe) absent of digital technologies and prove its effectiveness in teaching computational thinking for children in an interdisciplinary fashion.

The third theme explores the patterns of multimodal behaviors in diverse learning contexts using advanced analysis methods. Tlili et al. use a lag sequential analysis approach to examine the impact of personalities on students' navigational patterns among 12 learning behaviors in an online course, and identify the traits of extraversion, conscientiousness, neuroticism, and openness as potential moderating factors. In a similar online learning context, Luo et al. focus on students' multitasking behaviors in online learning. Using structural equation modeling (SEM), the study reveals predictive path relationships among polychronicity, multitasking behavior, and perceived learning performance. Tao et al. shift their research attention to teachers and employ Partial Least Squares to explore the factors affecting teachers' precision teaching ability with a focus on the mediating effect of data consciousness.

The fourth theme highlights the role of MMLA in assisting people to understand and optimize the learning process and environment with data-driven decisions. Wang et al. conduct an MMLA model enabled by natural language processing and machine learning to predict college students' problem-based learning performance in a blended course, informed by both clickstream data and learner-generated text content. Xiao et al. further integrate physiological data such as brainwaves, eye movements, and facial expressions in their MMLA model to predict in-service teachers' engagement and performance in an online training program. Moreover, Li et al. innovatively utilize heart rate to profile synchronized physiological arousal during collaborative argumentation and explore the potential influencing factors such as types of challenge and social regulation focus. Consistent with the previous literature (Blikstein and Worsley, 2016; Emerson et al., 2020), the three contributions demonstrate the superiority of multimodal data over omni-modal data in predicting learning performance and experience.

In conclusion, the current Research Topic presents recent findings regarding four important aspects of multimodal learning. It is our hope that the contributions of this topic can extend our conceptual, practical, and methodological understanding of learning in the digital era, and lead to a greater breadth of research perspectives in this rapidly evolving field.
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In recent years, there has been increasing use of extended reality (XR) in language learning. Many scholars have conducted empirical research on the relationship between the two, but conclusions have been inconsistent, which calls for an organization and reanalysis of relevant literature. Articles published between 2000 and 2022 on the impact of XR on language learning were retrieved from the Web of Science and Scopus databases, and 17 of them (including 21 independent samples and 993 subjects) were included in this meta-analysis. The findings indicate that XR could promote language learning (effect size = 0.825). The moderating effects of education level, target language, and technology type were also tested, and the results indicate that the target language type significantly moderated the effect of XR technology on language learning (Q = 30.563, p < 0.001). Moreover, based on the subgroup analysis, several research questions worthy of further exploration in this field are discussed. Some suggestions are provided, noting that these technologies should be personally designed for learners and learning objects when applied in order to improve the effects of language learning.

KEYWORDS
 extended reality, virtual reality, augmented reality, language learning, meta-analysis


Introduction

In the context of economic globalization and cultural diversity, language learning is an inevitable subject for all learners; therefore, it has become a popular research topic among scholars. Today, foreign language learning is still considered extremely difficult by a great number of learners. In response, schools have been trying to apply various technologies to foreign language education. Extended reality (XR), which gradually develops and matures, has garnered increasing attention (Chen, 2016; Luo et al., 2021b). This is because XR provides learners with the authentic language environment that language learning requires, thus enabling users to have a real learning experience (Moeller and Catalano, 2015).

XR is an umbrella term encapsulating augmented reality (AR), virtual reality (VR), and everything in between. AR and VR are two related but distinct technologies. VR, as the name suggests, is an immersive technology that simulates reality and provides users with real experiences (Radianti et al., 2020; Luo et al., 2021a), while AR is a technology that subtly integrates virtual information with the real world; that is, through extensive use of various technical means, the virtual information generated by computer, such as text, image, three-dimensional model, music, video, and so on, is simulated and applied to the real world, and these two types of information complement each other to “augment” the real world (Han et al., 2020; Lee, 2020). In contrast to VR, AR technologies are more effective at providing contextualized and socialized learning experiences (Lin et al., 2019). In the field of educational technology research, these technologies have been examined for a long time. The 2017 Horizon Report listed VR as the technology that holds great potential for boosting the development of education (Freeman et al., 2017). Moreover, in the 2020 EDUCAUSE Horizon Report, it was emphasized that the number of XR users had grown in recent years due to the decreasing cost and innovations in technical capabilities and immersive experience; XR had become an important technology to be implemented in the field of educational technology (Brown et al., 2020; Feng et al., 2021). Scores of scholars have noticed the potential applications of XR-related technologies, and there has been growing recognition among them that technological advances could decrease the costs of equipment and contribute to the promotion of technology (Hwang and Hu, 2013; Vapenstad and Buzink, 2013; Parong and Mayer, 2018; Li et al., 2021). Lee (2020) pointed out that in the past two decades, language learning and XR-related technologies have been very closely linked. Therefore, scholars have also begun to pay attention to this emerging topic. Furthermore, studies have verified that XR technology intervention is beneficial to language learning (Holden and Sykes, 2011; Liu et al., 2016; Binhomran and Altalhab, 2021; Nicolaidou et al., 2021; Zhang et al., 2022). The above findings provide the prerequisite for the educational transformation in language learning enabled by technology. At the same time, education researchers are obliged to explain changes in the education mechanism as well as improvement in learning performance that occurred after the integration of nascent technologies into education. By searching authoritative databases, including the Web of Science core collection and Scopus, we found no systematic meta-analysis of XR technology in language learning. Therefore, from the perspective of technological transformation, we adopted a method of comprehensive research (meta-analysis) that is scientific and systematic to evaluate XR’s impact on language learning. This paper reached convincing conclusions by synthesizing various empirical research studies. We mainly explored the following questions:

1. Does XR technology have a significant positive impact on language learning, and if so, what is the effect size?

2. Do education level, target language, technology type, and specific language skills moderate the effect of XR technology on language learning?

3. Based on systematic review and quantitative analysis, what are the potential research questions or research directions that need to be further explored in terms of the effects of XR technology on language learning?



Literature review

XR has been integrated into language learning for a long time. Solak and Erdem (2015) traced research of this kind back to 1995, when they were conducting a content analysis of VR-assisted foreign language learning. However, a careful analysis of some research reveals that what they thought of XR at that time was very different from how it is understood today. For example, the understanding of virtual devices’ applications in learning was comparatively simple in the past, so the use of mobile headset virtual devices was considered an application mode of virtual devices (Tai and Chen, 2021). However, with updated technology, many devices have now become obsolete or are no longer classified as XR.

The integration of XR into language learning has another characteristic: empirical research is mainstream now, and many studies are experimental or quasi-experimental, which constitutes an important basis for the present paper. Experimental or quasi-experimental studies are often characterized by highly standardized procedures, strict control of irrelevant variables, high reliability and validity of measurement tools, and high repeatability of research conclusions. Huang et al. (2020) is an example of typical research on this topic. The team developed a Chinese writing learning system that was based on spherical video-based virtual reality (SVVR), and they carried out experiments in a senior high school writing class. They found that compared with the control group, whose learning was supported by conventional technology, the experimental group that used the SVVR system had better writing performance and self-efficacy. The team took a further step to measure the cognitive loads of the two groups, discovering that technology-supported learning can considerably reduce the cognitive loads of learners and boost their learning performance; Nicolaidou et al. (2021) also applied normative randomized control-group pretest-posttest design, indicating that VR applications can bring better immersion and engagement to learners through between-group comparisons (t-test). Moreover, it was the advantages of the application of technology in language learning that attracted the most attention of the researchers, and studies have revealed that the advantages include enhancing learners’ learning motivation, changing their learning attitude, and improving their academic performance (Wehner et al., 2011; Qiu et al., 2021; Tai and Chen, 2021).

Another prominent characteristic of the application of XR in language learning is its rapid growth in recent decades, which can be understood through a comparison of the following two studies. When Solak and Erdem (2015) were reviewing this research topic, they discovered that from 1995 to 2015, only 40 papers were published on applying XR in foreign language learning and teaching. However, Qiu et al. (2021) found that there had been up to 150 relevant studies published between 2008 and 2019. A systematic review of the literature revealed that the application of XR was mainly conducted in higher education. This seems easy to explain because colleges and universities have easier access to these technologies, and researchers are often university faculty, which facilitates their study of the topic.

Other scholars have conducted meta-analyses in studies relating to this topic. For example, Wang et al. (2020) reviewed and examined relative research on Three-Dimensional Virtual Worlds (3DVWs, a 3D game) in language learning between 2008 and 2019, including 13 articles, and found that the application of 3DVWs dramatically improved students’ attitudes and self-efficacy. Although 3DVWs are not exactly the same as the VR technology explored in this study (3DVWs are not considered VR technology without the use of a wearable VR device), Wang et al. (2020) was the first meta-analysis conducted on emerging technologies intervening in language learning and published in two authoritative indexes of the Web of Science core collection; therefore, it is of great significance for this study. Furthermore, it changes the situation where the only qualitative method was used to describe and summarize the study of XR applications in language learning, and it is another example of a successful meta-analysis conducted on a cutting-edge topic. Based on the above review, we find that there have been a large number of empirical studies on the use of XR in the field of language learning—enough to support a complete and systematic meta-analysis. Although some scholars have also conducted a meta-analysis (Wang et al., 2020), previous studies have not included both VR and AR in the investigation. Meanwhile, we are also concerned that a series of experimental studies closely related to the use of XR technology in language learning emerged from 2020 to 2022 (Chen and Hwang, 2020; Huang et al., 2020; Lee, 2020; Binhomran and Altalhab, 2021; Chen et al., 2021; Lai and Chen, 2021; Nicolaidou et al., 2021; Tai and Chen, 2021; Xie et al., 2021; Tai et al., 2022); therefore, it is necessary to implement a complete and systematic meta-analysis that includes this most recent work. The present study analyzed the research regarding the effectiveness of XR-assisted language learning in a quantitative manner, and confirmed the moderator variables that affect the validity of XR to better guide its future application in language learning.



Materials and methods


Definition and application of meta-analysis

The present study used a meta-analysis to analyze the effect of XR technology on language learning. Meta-analysis belongs to a branch of evidence-based research, and is capable of enhancing credibility by increasing sample size to resolve the inconsistencies of research results (Glass, 1976; Oswald and Plonsky, 2010). As a special method of systematic review, meta-analysis has the following three advantages (Lipsey and Wilson, 2001; Cooper, 2015):

1. Meta-analysis is a systematic review of the existing research, and is able to shed deep insights into the hypothesis, process, and conclusion of the included research.

2. Meta-analysis takes account of the strength of the effect in every case of empirical research, which can better satisfy the requirement for data, therefore offering a more convincing conclusion.

3. Meta-analysis employs a programmed method to deal with the information in a vast literature, enabling it to consider both the depth and the range of the studies’ contents.

Meta-analysis was first applied in clinical medicine and social psychology (Smith and Glass, 1977; Rosenthal and Rubin, 1978), and was then introduced in the field of education (Glass and Smith, 1979). Today, meta-analysis is widely applied to language learning. For example, Lin (2014) used it to study the impact of computer-mediated communication (CMC) on language learning; Plonsky and Ziegler (2016) used second-order analysis to explore the relationship between computer-assisted language learning (CALL) and second language acquisition (SLA). These successful cases demonstrated the application value of meta-analysis in education as well as in language learning. Thus, in this study, we sought to further develop educational technology by employing a meta-analysis to identify the impact of XR on language learning outcomes.

The software we used to carry out the meta-analysis was Comprehensive Meta-Analysis (CMA, version 3.0, developed by Wilson et al. in the United States and United Kingdom). To ensure that the research is scientific and precise, the present study followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Moher et al., 2009), which include a literature search, literature screening, and data coding.



Search strategy

According to the objective of this study, our team retrieved articles on the impact of XR on language learning outcomes from the Web of Science core collection (to ensure the research quality, only SCIE and SSCI indexes were selected from the Web of Science database) and Scopus databases between 2000 and 2022. After reviewing several relevant studies (Luo et al., 2021a; Villena-Taranilla et al., 2022) and several attempts, the final retrieval strategy was determined as follows:

TS = ((“VR” OR “virtual reality” OR “AR” OR “augmented reality” OR “MR” OR “mixed reality” OR “XR” OR “extended reality”) AND (“language learning”)).

As some articles were duplicated in the two databases, our research team deleted them when incorporating the data. Ultimately, 470 articles were procured before proceeding to the next stage.



Inclusion criteria and assessment of quality

Meta-analysis should follow strict criteria when screening the included literature (Moher et al., 2009; Xu et al., 2022). First, the articles must involve quantitative empirical research, and literature that does not meet the requirements, such as review research, narrative studies, and qualitative research, should be excluded. Second, the research topic needs to be closely related to both XR technology and language learning. Third, the research method should be a rigorous and scientific experimental method. Finally, studies need to report the statistics necessary to calculate the overall effect size. The details of these research criteria can be found in Table 1.



TABLE 1 Inclusion criteria for articles.
[image: Table1]

When implementing the inclusion criteria, the present study referred to the execution process of Luo et al. (2021a), and combined it with the process of PRISMA to complete this step. First, three research team members examined the titles and abstracts of articles independently, and excluded 376 articles that were irrelevant to the research topic. When there was any disagreement during this stage of the process, the three researchers would discuss it and vote. Then, we carefully read the remaining articles and discarded 77 articles that did not fulfill the inclusion criteria in terms of the research methods used and data provided. This process was jointly completed by three research team members to ensure the reliability of the data screening process. In the above two rounds of screening, the consistency of the three team members was higher than 95%. After completing the above screening process, 17 articles were included in the meta-analysis (Figure 1).
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FIGURE 1
 Flowchart for the article screening process.


After selecting the articles, the quality of the published research needed to be carefully evaluated. Since the 17 articles were published in academic journals or conference collections, they had undergone rigorous double-blind peer review, which ensured the quality of the research. To further ensure the quality of the study, we invited three professors who are experts in meta-analysis to review the 17 articles, mainly focusing on the rationality of the experimental design and the adequacy of data reporting. Finally, all three professors agreed on the quality of the studies, indicating that they met the requirements of a meta-analysis.



Data coding and descriptive statistics

To facilitate statistical analysis and the calculation of effect size, we needed to code the features of the literature. The present study takes the following features into account:

• Characteristics of the article (title, year of publication)

• Population characteristics (age, educational level)

• Experimental design (number of subjects, technology type, target language, language skill)

• Experimental results (mean, standard deviation, value of p).

The above features were independently extracted and coded by two authors. According to the coding standard proposed by Lipsey and Wilson (2001), the coding of a meta-analysis should take independent samples as the coding unit; that is, if there are multiple independent samples in a study, we code them separately and yield multiple independent effect sizes. Next, the 17 articles consisting of 21 sets of independent samples were studied. Any problem encountered was solved by discussion and voting by the three team members. The consistency of coding was higher than 98%, indicating that the coding results had good reliability and validity.

After the coding, the research team found that the final 17 articles, with a total of 993 subjects included in the meta-analysis, were mainly concentrated in terms of publication year: they were mostly published after 2010, especially in the most recent 5 years (2017–2021). As for the type of XR used, VR was applied in 11 studies, and AR was examined in six studies. Studies before 2016 all used VR, and since then, AR was gradually adopted in the research. The educational level of subjects covered a wide range, from kindergarten to university. Among them, subjects in primary schools and universities were most frequently studied by researchers, appearing in seven and six studies, respectively. There were 13 studies that selected English as the target learning language, which may be explained by the fact that English is the most widely used language in the world.




Results and discussion

After the preliminary literature reorganization and data coding work, the CMA software was used to perform detailed analyses in sequence: the effect value calculation, heterogeneity test, sensitivity analysis, publication bias analysis, and subgroup analysis.


Effect size calculation

Effect size is an important indicator that estimates the magnitude of the effect or association between two or more variables (Snyder and Lawson, 1993). We used Hedges’ g (1981) because, compared with the method of calculating effect size brought up by Cohen (1969) and Glass (1976), this method is more suitable for small sample sizes. Based on Cohen’s d (1969), the effect sizes of 0.2, 0.5, and 0.8, respectively, corresponded to a small effect, medium effect, and large effect.



Heterogeneity test

As the experimental designs and characteristics of research subjects differed across the included articles, the findings on VR’s impact on language learning would be affected, thus there was likely to be heterogeneity in the measured effect sizes. A heterogeneity test was conducted to determine whether to perform a moderator analysis to examine the source of heterogeneity, on the one hand, and to decide whether to adopt a fixed-effects model or a random-effects model, on the other hand. Heterogeneity was tested using Q-tests. The results showed that Q = 177.356 (p < 0.001) and I2 = 88.723%; the latter indicated that 88.723% of heterogeneity came from the differences in effect sizes. According to the standard set by Higgins et al. (2003), when I2 is greater than 75%, this suggests a high degree of heterogeneity. Therefore, we adopted a random-effects model, and the summary effect size obtained was 0.825 (p < 0.001), indicating a large effect (Cohen, 1969). Figure 2 presents the forest plot of the study. The results suggest that the application of XR has a considerable effect on language learning. Figure 2 also shows that the 95% confidence interval is far higher than zero, which suggests that a large effect resulted from the message reflected in the research data itself, but not from random error.
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FIGURE 2
 Forest plot for the impacts of XR on language learning.


Based on the above analyses, we can conclude that XR can significantly boost the learning effect, a finding that is consistent with the conclusions of much comprehensive research (Solak and Erdem, 2015; Qiu et al., 2021). Many scholars gave reasonable explanations for this. For example, as XR assumes the characteristics of deep immersive interaction and high involvement in learning, it is able to break the limitations of the traditional media applied in education to provide language learners with a realistic simulated language learning environment, and to effectively support their language learning (Pinho et al., 2008; Nicolaidou et al., 2021).



Sensitivity analysis

Sensitivity analysis can help the meta-analysis practitioner assess the confidence of their results (Elvik, 2005). The sensitivity analysis was performed using the One Study Removed method in CMA 3.0. After removing each included study, one by one, the effect size was merged to observe whether it deviated. The results are shown in Figure 3. No matter which study was excluded, the offset of the effect size was relatively stable [in the interval of (0.686, 0.906)], which ensured the robustness and reliability of the meta-analysis.

[image: Figure 3]

FIGURE 3
 Results of the sensitivity analysis.




Publication bias analysis

Amid a systematic review, the presence of publication bias means that the published articles cannot fully represent the overall study results in a field (Rothstein et al., 2006). To examine publication bias in this study, we used the funnel plot and the fail-safe N. As shown in Figure 4, the effect sizes are evenly distributed on the two sides of the aggregating effect size, preliminarily indicating that there is no serious publication bias in the selected studies. Because the funnel plot is only an initial and subjective test, the fail-safe N is needed to perform a further analysis. Rosenthal (1991) proposed that if N > 5 k + 10, publication bias is not likely to affect the results of a meta-analysis. The N of this study is 882, which is much larger than 115 (5 × 21 + 10), and is within the average range. Based on the analysis above, there is no significant publication bias in this study, which means that the results of the meta-analysis are robust and reliable.

[image: Figure 4]

FIGURE 4
 Funnel plot with effect sizes.




Subgroup analysis

Due to the high degree of heterogeneity in the samples, there is likely to be significant moderator variables. Thus, a subgroup analysis was conducted to determine the source of the heterogeneity, and to study the moderation effects of the sample characteristics (i.e., educational level, target language, technology type, language skill) on effect size.


Educational level

As shown in Table 2, according to the Q-statistics, the educational level of learners and XR does not have a significant impact on language learning achievement (Q = 4.096, p = 0.129). Apart from that, it is clear that, supported by XR, primary school learners achieved strong learning effects (g = 1.131, p < 0.001), as did middle school learners (g = 0.646, p < 0.001). When it comes to college learners, however, XR did not emerge as a significant booster of learning (g = 0.238, p = 0.658).



TABLE 2 Impacts of XR on the learning effects, by education level.
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To figure out the reason why college learners were not significantly influenced, we scrutinized a number of studies of this population. The analysis found that many learners were quite interested in XR, which received more attention than the learning material itself (Vázquez et al., 2018). In experimental studies, this phenomenon is similar to the Hawthorne effect. Vázquez et al. (2018) confirmed the above analysis: after a week spent familiarizing themselves with the XR device, the participants again conducted the experiment, with the experimental group using the VR; their learning effect began to grow significantly higher than that of the control group, who used the traditional learning method. Such a conclusion suggests that the cognitive cost, which resulted from learners’ unfamiliarity with the VR interface, can possibly account for the poor learning effect at the start. Similar explanations are mentioned in another study (Cheng et al., 2017). Meanwhile, Vázquez et al. (2018) also found that college freshmen were more accustomed to the traditional mode of learning (because they are used to using traditional education approaches in K–12 schooling), so in the face of the new technology being used as a new teaching mode, these individuals may be unable to adapt to the new technology, resulting in a poor learning effect.

Lee (2020) provide a different explanation. Their team discovered that merely applying emerging technologies would not necessarily promote students’ engagement and academic performance, and that innovative instructional design and new teaching principles were the right paths to foster language learning development. Their work offers a new perspective on technology-based study of language learning, reminds us to adopt a rational and objective attitude toward technology, and calls for a reexamination of language teaching that is integrated with technologies today (Luo et al., 2021a).

Xie et al. (2021) also analyzed and explained this problem. They argued that the plasticity of learners’ language learning ability would be greatly reduced after they become adults, especially in terms of pronunciation and fluency, and it was difficult for adult college students to make significant progress in language learning in a short period of time with the intervention of XR technology. Solak and Cakır (2016) confirmed this, suggesting that the application of AR technology can significantly improve the satisfaction and enthusiasm of young learners. Another explanation mentioned by Xie et al. (2021) was that learners in primary school and middle school had higher self-consciousness compared with college learners; in some studies that lasted for a long time, learners in primary and middle school would continue to learn after class, which swayed the results to indicate that learners who did not use the XR technology were more likely to have significant differences than those who used the XR technology in primary and middle school.

In fact, as explained by Vázquez et al. (2018) and Lee (2020), we can improve the experimental design to obtain some more stable and practically instructive studies. To eliminate participants’ inattention due to technical novelty, the learners can be exposed to the new technology environment for a period of time, helping them adapt to the equipment and the intervention learning mode (Gavgani et al., 2018). On this basis, we can eliminate some unnecessary interference factors, or we can use the Latin square design to exclude the above interference factors to reduce the influence of endogenous factors generated by the research design (Richardson, 2018). Undoubtedly, the research on this issue needs to be supplemented by more empirical studies.



Target language

It can be seen from the Q-statistics that there is a notable influence of the moderating effect of different target languages on the learning effect (Q = 16.128, p < 0.001; Table 3). When the target language is English, the application of XR could considerably promote the learning effect (g = 0.904, p < 0.001). There is no significant result for the learning of Chinese or for two other languages (Italian and Spanish) (g = 1.499, p = 0.209 and g = −0.657, p = 0.065, respectively).



TABLE 3 Impact of XR on the learning effects, by target language.
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XR can effectively promote English language learning, a conclusion that was supported by many studies (Khatoony, 2019; Chen and Hwang, 2020; Lee, 2020; Tai and Chen, 2021). The technical forms supporting English language learning were also very plentiful. In addition, the research on XR in English language learning started earlier and lasted a long time. In the long accumulation and practice, many teaching models and methods suitable for English teaching were formed, which undoubtedly improved the effect of English language learning after the technology intervention.

When reviewing studies of Chinese and Italian learners, we discovered that the research had a more detailed classification of language learning compared to work on English learners. For example, Xie et al. (2021) divided the language learning effect into five dimensions: content, fluency, vocabulary, pronunciation, and grammar. The results turned out to be vastly different. On content and vocabulary, the experimental group that used VR technology obtained notable greater learning performance than the control group, but there was no marked significance between the two groups in terms of fluency, pronunciation, or grammar. After synthesizing various studies using a meta-analysis, we found that VR does not exert a great impact on learning in general. Still, we cannot arbitrarily assume that XR will not play a prominent role in the learning of Chinese or Italian in all respects. It is important that we carefully consider the question: On which language skills does XR have an impact? Further discussion and analysis of this is provided in section “language skill”.

In fact, as all the included studies target the learning of a single language, it is hard to tell the difference in learning effects between languages and how different languages impact technology-integrated learning from the conclusions of these studies. However, we suppose that the features of diverse languages would, to some degree, moderate the impact of XR on language learning; in addition, the differences in the learning effects of different target languages may also come from the maturity of XR in the language learning field. More empirical research should analyze and explain the reason and mechanism behind this observation.



Technology type

The samples of this study contained VR and AR technologies, which both significantly contribute to language learning outcomes (Table 4). Yet, it is noteworthy that they differ in terms of the degree of their impact on learning. VR has a huge impact on language learning (g = 1.101, p = 0.001), while AR’s impact is above average (g = 0.709, p < 0.01). Meanwhile, the different technologies do not show a significant difference in the moderating effect of language learning (Q = 0.878, p = 0.349).



TABLE 4 Impacts of XR on the learning effects, by technology type.
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Based on analyses of several typical studies (Solak and Cakır, 2016; Binhomran and Altalhab, 2021; Lai and Chen, 2021), we may assume that the difference in the impact on learning between VR and AR, to a large extent, originates from the characteristics of the technology itself. Compared with VR, AR emphasizes a real sense of presence and is therefore believed to help facilitate learning and visualization of abstract concepts in the mind (Gün, 2014). But it is a pity that only one XR technology was applied in all included studies, and there is a dearth of research on the difference between VR and AR, which makes it impossible for us to accurately determine the exact characteristic of the technology that leads to the different impacts on learning. The answer to this problem awaits further explanation from future empirical research.

Although the analysis in this present study cannot evaluate the differences between VR and AR when applied to language learning, some common factors of the two can be analyzed. Lee (2020) not only proved that XR would have better effects on language learning through experimental research, but also further analyzed the internal mechanism through interviews. In this setting, a student said that XR made him interested in exploratory learning, while in the traditional learning mode, information can only be learned and obtained by reading. In other words, the realistic situations provided by XR were the key for learners to achieve better learning outcomes. Of course, some studies found that the advantages of XR also consisted of improving students’ understanding and enthusiasm for learning (Binhomran and Altalhab, 2021). In addition, previous studies have demonstrated that XR techniques can significantly improve memory retention time compared with traditional research methods (Pérez-López and Contero, 2013). As language learning was a learning activity requiring memory, this feature of XR matched the properties of language learning activities, which gave the application of XR in language learning extraordinary advantages and unique value.

Finally, it is worth noting that any technology intervention requires an adaptation period for the learners, especially for some complex technologies, and some even require corresponding training before use (Binhomran and Altalhab, 2021). To our relief, however, almost all articles included in the present research have considered this in the design of their experiments. In addition, teachers must pay attention to this point so that students’ knowledge and skills can benefit from the new technology and some of the adverse effects caused by technical barriers can be reduced.



Language skill

Language skills were classified into five categories (vocabulary, speaking, grammar, reading, listening) according to the descriptions in the articles. The Q-statistics revealed no significant differences in the moderating effects of different language skills on language learning (Q = 5.346, p = 0.375; Table 5). Moreover, the learning of the five language skills is noticeably influenced by XR. Among them, speaking is most significantly promoted (g = 2.100, p < 0.01), and vocabulary shows a high degree of impact (g = 0.762, p < 0.01). The remaining three skills (grammar, listening, reading) are moderately impacted (g = 0.590, p < 0.001; g = 0.495, p < 0.05; g = 0.457, p < 0.01). The influence of XR on the five language skills occurred from the largest to the smallest as follows: speaking, vocabulary, grammar, listening, and reading.



TABLE 5 Impacts of XR on the learning effects, by language skill.
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Speaking has been noted by a number of studies (Khatoony, 2019; Chen et al., 2021; Xie et al., 2021) to have been aided by the integration of XR into language learning. This phenomenon is not difficult to understand given the fact that XR is famous for its authenticity and immersion, and that the realistic experience provides an excellent practice environment for speaking. Vocabulary is also greatly enhanced by XR technology, as expected; Pérez-López and Contero (2013) demonstrated that the intervention of XR can significantly improve learners’ memory retention ability, so it is undoubtedly a great benefit to vocabulary memorization skills.

To learn more about the differences in the learning effects of diverse language skills, Xie et al. (2021) carried out systematic qualitative research based on experimental studies, and gave insightful explanations of their conclusions in the form of interviews. Quantitative research informs the relationship between research variables, while qualitative research provides insights into the causal logic behind relationships via case-by-case in-deep analysis. Through the interviews, Xie et al. (2021) found that, for some language skills, such as grammar and reading, it is difficult to make considerable improvement in a short time when a certain stage is reached; moreover, a large amount of input from a native speaker is needed to enhance these skills. Vocabulary, by contrast, is a kind of language skill that can be enhanced rapidly with the help of technology. This explains why the learning effects of grammar, listening, and reading were lower than that of speaking and vocabulary. The above conclusion is also supported by other studies (e.g., Bongaerts et al., 1997).

Examining the differences in language skills after technology intervention can provide learners and teachers with occasions to apply extended realistic technology and to avoid some adverse effects caused by the abuse of technology (such as blindly pursuing technology, but not paying attention to learning methods and teaching methods). Many scholars have pointed out that the greatest value of XR for language learning is to provide immersive realistic situations so that learners can conduct language learning as if they were in a foreign language community (Chung, 2011, 2012; Xie et al., 2021). XR is of great value in improving speaking, but this study also reminds us that we should not rely too much on XR in the practice of reading and other skills. We should also maintain a rational attitude toward emerging technologies, and actively explore alternative models that are conducive to improving learners’ reading and other skills (Luo et al., 2021a).





Conclusion and prospects for future research


Conclusion and implications

The present study uses a systematic meta-analysis to review the application of XR in language learning over the past 20 years, reveals the learning effects of technology intervention in language learning, and answers the three questions raised in the introduction. First, through the comprehensive calculation of the effect size of the included articles, XR is confirmed to have a large positive effect on learning (effect size = 0.856, p < 0.001). Second, adjusting the analysis of the variables, such as education level, this study finds that the target language is an important adjustment variable affecting the results of the study, and different techniques have different benefits for language learning. This demonstrates that different languages and technologies have different features, and we need to select technologies according to the features of the language itself to make them match. Some researchers also point out that technology and its derivative products need to be designed according to language characteristics (Xie et al., 2021). This suggestion is undoubtedly of great significance. Finally, the present study also points out some meaningful research concerns, including:

1. How does the difference between VR and AR influence the learning effect of language learning, which helps us to choose which technology to use? There is a lack of comparative study of VR and AR in the existing research on language learning.

2. The relationship between the language learning effects presented by different language types and the characteristics of the language itself needs to be further analyzed. Existing studies are all focused on a single language, which is valuable but insufficient. If necessary, the mother language can also be included as an influencing factor.

3. The relationship between the differences in language learning effects and the characteristics of education levels has not been explored. Existing studies only examine a single learning stage, and further empirical studies are needed.

The present study highlights some practical implications for the use of XR in language learning. First, based on the discussion of the results, blind application of these emerging technologies may not necessarily bring about the desired results (Xie et al., 2021). We need to understand how these technologies improve learners’ performance after they are involved in language learning, and mastering these mechanisms can help these technologies to play a better auxiliary role. For example, XR has remarkable advantages in improving speaking, which is closely related to the sense of presence and immersion provided by XR (Radianti et al., 2020). Second, educators should evaluate the maturity of relevant technologies in the application field and take it as a condition for whether to apply relevant technologies. In the subgroup analysis of language types, experimental studies with English as the target language often have better learning effects, although there are factors of language characteristics, it is also closely related to whether the technology is mature in terms of product design in other language teaching fields. The bold application of immature technology in language learning may bring adverse effects. In addition, some scholars have emphasized some principles of the use of emerging technologies in empirical studies, pointing out that what really matters is not the use of these technologies, but the use of innovative teaching principles in language teaching (Lee, 2020), which is of great practical significance for front-line teaching staff. It is necessary for educators to examine the existing technology rationally and objectively and to introduce it into teaching activities scientifically and reasonably. Finally, XR technologies still face some user experience issues (Luo et al., 2021a), such as physical discomfort of learners, security risks, and low technical stability. These factors need to be considered when the application of XR is extended.



Limitations and prospects for future research

Although the effects of systematic error and random error on the conclusion have been accounted for as much as possible, there are still some design flaws and other factors that affect the reliability of this research. First, the present study only takes learning outcomes into consideration, without paying attention to the emotions, attitudes, and psychological state of learners. In addition, as the included studies did not explore the development of higher-order thinking in language acquisition, the present study did not conduct a detailed analysis of this topic.

Second, as analyzed in the present study, the design of the experiment may affect its conclusions, and the nature of the experimental design (i.e., that it is conducted over a short period of time) may influence the learning effects because students are not very familiar with the XR equipment. Among the included literature, some studies were long experimental studies, lasting up to 5 or 6 weeks (e.g., Chen and Hwang, 2020; Binhomran and Altalhab, 2021), and some were as short as 1–2 h (e.g., Huang et al., 2020). Future work might account for this difference.

Third, during the study, a series of reliability tests, which include the heterogeneity test, sensitivity analysis, and publication bias analysis, were undertaken, and the effect of publication bias has been proven non-significant on a technical level. Even so, since the study focused on published literature, if the primary researcher gave up publishing a paper due to the non-significance of the findings, or an editor thought that it was meaningless to publish an insignificant study, publication bias as such would noticeably impact the reliability of a meta-analysis’s conclusions (Coursol and Wagner, 1986).

In spite of the above unavoidable problems, we have reason to believe that the integration of XR into language learning will continue; thus, related studies require constant evaluation and updates, which has also been recognized by many researchers (Chen and Hwang, 2020; Luo et al., 2021a,b). The limitations pointed out above need to be addressed in the future. For example, we can expand the data source, perhaps by including ERIC and other highly related databases, or we can include in the search databases that are highly relevant to pedagogy (e.g., ERIC). By doing so, empirical research on more languages could be accessed to make the subgroup analysis of language types more reliable. In terms of publication bias, over recent years this kind of cognitive bias has been reduced dramatically with the efforts of some scholars who have conducted meta-analyses (Halpern et al., 2005). Therefore, with the improvement of methodology and research design, scholars will be able to reach more accurate conclusions on this topic.
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Academic integrity is at the heart of excellent education. However, resources explaining the concept tend to be definition-driven, while using complex language and sometimes even an austere tone designed to discourage students from breaches. This study aims to design and evaluate an online module at a UK University across 2 years, designed to improve students’ understanding of concepts of academic integrity and practice. The module includes a range of interactive resources (e.g., gamified quizzes and e-booklets) and was made available to a large cohort of postgraduate students (448). The study adopts a mixed-methods approach composed of three sequential phases involving first collecting students’ views on existing academic integrity resources (7 students participating in a focus group and 39 competing a questionnaire), then developing a range of new ones based on students’ feedback to form the content of the module, and finally gathering students’ evaluation on the newly created resources (sample size: 361 students). Results illustrate a clear improvement in relation to the accessibility, usefulness and understandability of new resources. Results also highlight a remarkable increase in student confidence levels regarding academic integrity. Students also considered the new module as more appealing and informative. This manuscript offers a good example of a pedagogical approach aimed at promoting academic integrity in an innovative and engaging fashion.
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Introduction

Academic integrity is at the heart of excellent teaching and learning and can be defined as a commitment and demonstration of honest and moral behaviour in an academic setting and it is applicable to both students and academic staff. The lack of such commitment can lead to academic dishonesty, which is “related to the deterioration of educational goals, specifically ideas that impact learners’ intellectual, civic, and psychosocial development” (Eshet and Margaliot, 2022, p. 2). Macfarlane et al. (2014) conducted a systematic literature review showing that research into academic integrity is often centred on unethical student behaviours, which may be either accidental or intentional (Walker and White, 2014). For example, Greenberger et al. (2016) argued that one of the most common breaches of academic integrity is plagiarism, caused by poor paraphrasing practices and incorrect referencing formats. At the other end of the spectrum is the deliberate attempts at cheating, which range from buying, selling, or trading essays, to arranging for someone else to take an exam (Bretag et al., 2019; Awdry et al., 2021). However, research suggests that the definition of academic integrity is not universally understood and is open to different interpretations; this may cause misunderstanding among staff and students (Waltzer and Dahl, 2022), and ultimately lead to unethical academic behaviours (Gullifer and Tyson, 2014).

Upholding academic integrity in higher education is vital for all stakeholders. Nevertheless, universities face numerous challenges related to breaches in student academic integrity, whether unintentional or deliberate (Mahmud and Ali, 2021). A key issue appears to be centred on aligning concepts of academic integrity, policies and processes, with teaching and learning practices. This study aims to design, implement and evaluate an online academic integrity module with resources tailored to students’ needs. This manuscript presents results of qualitative and quantitative evaluation data, aiming to inform current teaching practice related to academic integrity in higher education.


The challenges of student academic integrity development in higher education

Existing literature highlights many barriers to the teaching of academic integrity within the higher education sector. One significant barrier appears to be the complex terminology and unclear processes associated with breaches in academic integrity (Wong et al., 2016; Ransome and Newton, 2018; Bretag et al., 2019). Consequently, students may be left vulnerable to penalties due to inadequate understanding of academic integrity (Palmer et al., 2019). Another barrier is often caused by competing views across cultures of what constitutes academic integrity and unethical academic conduct (Zhang et al., 2014; Chien, 2017; Palmer et al., 2017; Kam et al., 2018; Khanal and Gaulee, 2019; Błachnio et al., 2021), or even across academic institutions within a single national culture (Bretag et al., 2014; Walker and White, 2014). This may result in mixed messages to students who enter a new university with misaligned prior knowledge of these concepts in relation to institutional requirements (Bertram Gallant, 2017). Other barriers that have been frequently mentioned in the literature include language (e.g., unfamiliarity with academic writing style) (Newton, 2016) and cultural barriers (Bista, 2011), which are often experienced by students whose first language is not English (Fass-Holmes, 2017; Jian et al., 2019). For example, Mahmud et al. (2019) highlighted significant differences in student perceptions of academic integrity in relation to the UK and Eastern European countries, advocating that academic integrity policies should be considerate of national cultures. Clough et al. (2015) interviewed 30 Unfair Means officers, finding that unfair means, or breaches of academic integrity in essay-based assignments, are more common among non-native English speakers. Other research highlighted a danger in the over-simplistic view that international students cheat due to culturally diverse values (Bretag et al., 2019), potentially leading to staff being biased towards them (Zhao and Kung, 2021).



Promoting academic integrity in higher education

Recent research developments heightened the requirement for a holistic approach in promoting academic integrity, including the establishment of clearly defined academic integrity principles and terminologies. Löfström et al. (2015) observed that there are mismatches in the perspectives of teachers and students regarding responsibility for upholding academic integrity standards in universities. Bealle (2017) argued that students, as those most affected by academic integrity policies, tend to become passive recipients rather than active upholders. In the same vein, Bretag et al. (2014) called for universities to move beyond mere information provision on academic integrity to engage students by integrating education and support into their academic curriculum.

Existing research recognises two dominant approaches to preventing student academic integrity breaches: punitive and educative. Richards et al. (2016, p. 243) suggested that a punitive approach aims to “deter students from committing breaches through the threat of penalties,” whereas an educative approach aims to “reduce the likelihood of students committing breaches by providing them with relevant skills and knowledge.” Conversely, Walker and White (2014) proposed two plagiarism prevention models, the “ethical” model, emphasising students’ active role in adhering to the academic integrity code of conduct, and the “pedagogical model,” focused on equipping students with appropriate academic skills. Although a punitive approach can communicate to students that plagiarism has serious consequences, research indicates that this approach alone is not sufficient to reduce cheating (Miller et al., 2011; Sun and Hu, 2020). Zhao and Kung (2021) highlighted the importance for universities to adopt an educative (pedagogical) approach to provide consistent and continuous teaching for students related to academic integrity before applying a more severe punitive or judicial approach as more serious cases, such as contract cheating, are found. Similarly, Palmer et al. (2019) warned that overly punitive measures may not be effective at reducing academic integrity breaches at universities.

Following a pedagogical approach, a number of researchers have highlighted the value of an early intervention strategy that is positive, proactive, engaging and continuous to help students’ academic integrity development when entering a new department (Belter and Du Pré, 2009; Bista, 2011; Bretag et al., 2014; Walker and White, 2014; Newton, 2016). For example, Bertram Gallant (2017, p. 89) suggested that universities should shift the focus from enforcing rules and policies to ensuring students learn about academic integrity, fostering “a learning-oriented environment, improving instruction, and enhancing institutional support for teaching and learning.” Pàmies et al. (2020) argued that universities need to take more responsibility for educating their students about plagiarism and explaining how to properly cite sources.

Research suggests that there has been improvement in university commitment to addressing academic integrity issues (Burbidge and Hamer, 2020); however, the implementation process within teaching remains unsatisfactory (Bretag et al., 2014; Gottardello and Karabag, 2020). Christie et al. (2013) reported a disparity between academic integrity promotion and actual teaching practice which assimilates academic integrity in the classroom. Particularly, postgraduate students are less informed of academic integrity policies (Fatemi and Saito, 2020), and often left underprepared for research-based academic assignments (Mahmud and Bretag, 2013). Therefore, it is of vital importance to help students develop a clear understanding of academic integrity (Tatum and Schwartz, 2017).

A number of educative strategies have proven effective. For example, researchers have demonstrated that educational initiatives, such as online modules that focus on academic integrity, can positively impact students’ attitudes, reducing potentially unethical behaviours (Belter and Du Pré, 2009; Ballard, 2013; Bealle, 2017; Palmer et al., 2019; Sefcik et al., 2019; Du, 2020). Stephens et al. (2021) argued, however, that online courses are only partially useful for students, but they can become much more effective within a comprehensive approach to promoting academic integrity. Boehm et al. (2009) suggested that providing clear definitions with specific examples of what constitutes unethical behaviours can effectively prevent academic integrity breaches. Bretag et al. (2014) argued that education resources on academic integrity should be engaging and creative, for example by using storytelling and narrations. Furthermore, they suggested that regular email reminders should be incorporated, providing ongoing support for students. Macfarlane et al. (2014) proposed that the provision of educative resources, and design of student-centred activities, should be informed by student feedback and tailored towards student needs. However, relatively less empirical studies directly addressed the topic of academic integrity through the design and evaluation of interventional strategies, such as academic integrity courses (Elander et al., 2010; Cronan et al., 2017; Stoesz and Yudintseva, 2018; Perkins et al., 2020; Sotiriadou et al., 2020).



Research aim and objectives

This research aims to design and evaluate a newly created module enhancing students’ understanding of academic integrity concepts, policies and practices. The module is designed to include a suite of interactive activities and engaging materials which are based on student feedback and suggestions.

The objectives of this research are:


•To explore students’ needs for academic integrity related activities and resources.

•To design and implement an online module with interactive activities and learning resources to support students’ academic integrity development based on student feedback.

•To examine the effectiveness of the online module in enhancing students’ awareness and knowledge of academic integrity.






Materials and methods


Research design

This study adopted a mixed-methods inductive approach and was conducted in a post-graduate school at a research-intensive university in the UK. Both quantitative and qualitative data were gathered across the course of a sequential study composed of three main phases (Figure 1).
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FIGURE 1
Phases of the study.


In phase 1 (January-February 2020), a focus group interview and an online survey were conducted with postgraduate students within the Social Science faculty at a UK university to explore their views and understanding of academic integrity. In the focus group, in-depth discussions were carried out with a sample of seven students from different postgraduate programmes of study and genders. Students were asked questions around three main areas: their general understanding of the principles and concepts of academic integrity, the support received to date with respect to academic integrity, and their views on the existing academic integrity resources. The focus group interview questions had been previously piloted with two independent students to assess the clarity and relevance of the questions. Analysis of focus group discussions informed the design of an online questionnaire covering aspects related to student understanding of academic integrity, approaches to searching for academic integrity-related resources, their perception and needs in terms of content and style of the academic integrity resources available, and suggestions to make them more relevant and accessible. Furthermore, it listed eight aspects of existing academic integrity resources (reliable, comprehensive, easy to use, useful, credible, convenient and accessible, easy to understand and trustworthy) which students were asked to rate on a Likert scale from 1 (completely disagree) to 5 (completely agree). Cronbach’s Alpha (0.941) was used to measure the internal consistency of the eight aspects. The questionnaire was pre-tested for content validity by two expert colleagues in the field of Information Science. It was then piloted with three independent students for readability and coherence of questions and was distributed to postgraduate students within the Faculty of Social Science using the university volunteer student list.

In phase 2 (April-September 2020), the authors developed a range of resources based on student feedback from phase 1, aimed at enhancing accessibility, with more detailed content and support regarding academic integrity education within the department. These resources, collated under the term “Academic Integrity Activities,” were hosted in an online Blackboard module accessible to students. The package included an interactive video recording with embedded questions on academic integrity and other key information for students; a gamified academic integrity quiz with 20 scenario questions; a FAQ document related to common academic integrity-related queries; an electronic booklet (e-booklet) containing detailed examples of commonly occurring academic integrity problems and their solutions (see Figure 2 for screenshots examples of some of the resources). Students were asked to access and familiarise themselves with the resources and undertake the quiz as part of induction activities at the beginning of the academic year. Additionally, a series of four online, synchronous online sessions were offered to students, spread throughout the Autumn Semester; the sessions were student-led, covering topics suggested by students via online polls which informed the design and content of the next session.
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FIGURE 2
Pictured left is a representative example of a question included in the 20-question quiz; on the right is a screenshot of a page from the e-booklet.


In phase 3 (September-November 2020), a new online questionnaire was distributed to obtain students’ feedback regarding the newly created academic integrity resources. The questionnaire included, similarly to that of phase 1, the rating of eight key aspects of academic integrity and questions regarding the timeliness of support in the academic year, and in what ways the new resources could be further improved and promoted to students. Furthermore, respondents were asked about their confidence in relation to academic integrity-related concepts before and after use of the new resources. Phases 1 and 3 sought and received ethical approval from the University Research Ethics Committee.



Participants

In phase 1, both focus group and online survey participants were postgraduate students from the Faculty of Social Science at a UK university. The reason for adopting this approach was twofold: first, to gain a deep understanding of the issues specifically faced by the students enrolled in the department under study (which is part of the Faculty of Social Science) and second, to acquire a wider appreciation of academic integrity perceptions at institutional level. The integration of the two perspectives would aid the formulation of truly comprehensive resources. Research was advertised via email; only volunteer students participated and no incentives were offered. The students participating in the focus group were four females and three males (mean age: 23 years), all holding international student status. The questionnaire from phase 1 was completed by 39 students. It was not possible to establish a response rate as the questionnaire was sent via the university volunteering mailing list. In this sample 2/3 of the students were female (66.7%) and almost half (46.2%), domestic students (Table 1) and had a mean age of 25 years. Participants in phase 3 were postgraduate students enrolled in varied programmes of study, but working within one department of the Faculty of Social Science; all accessed the induction module containing phase 2 induction activities. The students in these programmes learn in a hybrid environment offering a combination of online and face-to-face activities. Historically, however, academic integrity aspects are covered in an online format as they involve the whole student cohort and would be impractical to manage in other ways.


TABLE 1    Demographic characteristics of the students participating in the research.
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The questionnaire was included as the last task for completion in the induction activities of the online module. The rationale behind the inclusion of only postgraduate students from an academic department was based on the fact all resources created in phase 2 were designed specifically for this cohort (e.g., examples and quizzes were designed with the specific academic writing requirements of the department). 130 students out of 448 returned the phase 3 feedback questionnaire (response rate 29%, mean age: 26 years). Similar to phase 1, the majority of respondents were female (60.8%). However, this time a higher proportion of overseas students (69.2%) completed the survey compared to phase 1.



Research ethics

The project has received ethics approval (ID: 032172) from The University of Sheffield Ethics Committee. The approval letter has been uploaded as part of Supplementary material. An information sheet was provided to participants prior to data collection. Inform consent was collected prior to the survey and interviews. All data were anonymised by using a number system. Participants were reminded about the right to withdraw freely from the project.



Data analysis

Descriptive statistics, independent sample t-tests and comparison of means, were used to analyse quantitative data derived from the two questionnaires using IBM SPSS 26. Qualitative data from the focus group, and open-ended questions from the two questionnaires, were manually transcribed and analysed using the six-step approach to thematic analysis established by Braun and Clarke (2006). Thematic analysis was adopted to support a deeper understanding of participants’ individual circumstances and experiences of academic integrity.




Results


Focus group

In phase 1, seven students participated in a focus group which highlighted three areas for improvements: academic integrity-related terminology, delivery formats, and tone of communication. Students found that the terminology around academic integrity tended to be complex and less engaging; they recommended that academic integrity information should include “real examples” with analysis, and “scenario questions” that are easy to follow and appear relatable:







	

	
“The definitions are ok, but I would have liked more examples, practical scenarios so that it’s easier to know what to avoid” (Focus group participant 1, China, Female)






They also recommended that the content of academic integrity should be delivered in a more engaging manner, suggesting interactive videos, humorous print/online brochures, and drop-in sessions for Q&A:







	

	
“Maybe print brochures and include them in the welcome pack, or draw some comics/make short videos (better if humorous)” (Focus group participant 5, China, Female)






Additionally, students found that the tone of academic integrity related communications tended to be “scary.” They expressed a preference towards a more neutral or supportive tone:







	

	
“I hope there could be a better way to approach this issue, such as the officer should hold a neutral ground and try to guide and explain to students of their mistakes and not try to make them feel ashamed of what happened” (Focus group participant 3, Singapore, Male)








Pre and post-intervention quantitative data analysis

Two thirds of the students who completed the phase 1 questionnaire were aware of academic integrity concepts prior to their arrival at university. However, the remaining ones did not, or were unsure. In phase 3, 361 postgraduate students from one academic department completed academic integrity activities, representing a completion rate of 81%. Of those students, 130 completed the feedback questionnaire (Table 1). In terms of initial awareness of concepts of academic integrity, 76.2% reported a clear understanding prior to joining the department. Of those reporting no awareness of academic integrity, 74% were non-domestic students.

As described in the Section “Materials and methods,” for comparative purposes, students participating in phases 1 and 3 were asked to rate the same eight aspects of academic integrity resources (see Section “Research design”) on a Likert scale from 1 (completely disagree) to 5 (completely agree). Such aspects and their ratings before (phase 1) and after (phase 3) the design of the suite of new academic integrity resources are summarised in Table 2 and Figure 3. Because of the time of data collection, participants in phases 1 and 3 were from two different cohorts of students, i.e., different academic years. This is because postgraduate programmes in the UK only last for 1 year. Nevertheless, a steady improvement in all aspects has been observed from the January 2020 (phase 1) to November 2020 questionnaire (phase 3), demonstrating an overall positive reception of the new academic integrity material developed in phase 2.


TABLE 2    Mean values of the eight aspects of academic integrity resources before (phase 1) and after (phase 3) implementation of the new academic integrity module.
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FIGURE 3
Mean values of key aspects of academic integrity resources before (phase 1) and after (phase 3) implementation of induction tasks.


All eight aspects scored higher ratings in phase 3. Independent sample t-tests with Bonferroni correction performed on the eight aspects showed a statistically significant improvement of the perceived usefulness of the resources (from M = 3.79 in phase 1, to M = 4.27 in phase 3, p = 0.028; t = 2.210) and their understandability (from M = 3.62 in phase 1 to M = 4.09 in phase 3, p = 0.031; t = 2.168). Aspects of trustworthiness and credibility increased from a M = 4.10 to M = 4.20 for trustworthiness and M = 4.10 to M = 4.14 for credibility in phase 1 and phase 3 respectively. Although their increases in phase 3 were not statistically significant, they had been the two highest ranked aspects in phase 1, so the margin for improvement was relatively smaller.

The exploration of changes in perceived usefulness and understandability of the resources from phase 1 to phase 3 in terms of proportion of students rating them 4 (agree) and 5 (completely agree), also showed striking results; in phase 3, in fact, 17.1% more students agreed that the new resources were useful, and 28.5% more students agreed that they were easy to understand.

The vast majority of students (85%) also found the new module adequate in supporting their learning; the remaining 12% of students answered “maybe” and a very small percentage of students (3%) considered the module inadequate. It is notable that this feedback was received from postgraduate students who attend 1-year programmes, and therefore do not have access to previous years’ resources or modules. Furthermore, the study was conducted prior to students’ first assessed submissions, hence, it was not possible to gauge their actual understanding of academic integrity principles.

In the phase 3 questionnaire, students were asked to rate their confidence regarding academic integrity concepts prior to and following the use of the new resources on a Likert scale from 1 (very worried) to 5 (very confident). Results show that only 26% of respondents were confident (rated 4 and 5) before using resources. However, this percentage increased to 60.6% after use. Nevertheless, despite the considerable increase in positive perceptions recorded in phase 3, around 28.3% of respondents still believed resources have the potential to be improved further.

In the phase 3 questionnaire, students were asked to indicate which of the new academic integrity resources they found most useful; they could select more than one option when answering this question (Figure 4).
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FIGURE 4
New academic integrity resources as ranked by perceived usefulness (according to student feedback).


All resources were well-received; however, the e-booklet scored particularly highly (41.1%), perhaps due to the attractiveness of its innovative format, one not normally used to deliver academic integrity content; this was followed by the scenario-based 20-question quiz (36.7%) and the FAQ document (35.2%). A small percentage of students (6.3%) reported none of the resources as useful. However, this could be due to the poor familiarity, at such an early stage of their studies, with the platform (Blackboard) in which they are embedded. Live online sessions were not included in the list, as the questionnaire was distributed before the sessions took place. Nevertheless, their usefulness was demonstrated by the consistently high number of students (about half of the full cohort in each one) attending them.



Analysis of open-text data from phase 3 questionnaire

Open-text questions were included in the phase 3 questionnaire, allowing students to elaborate on their view of the new resources and provide suggestions for future improvement. Qualitative data suggests that students highly valued the resources provided to them, which helped them develop an enhanced understanding of academic integrity concepts and varied types of breaches in academic integrity:







	

	
“I didn’t expect to get such a detailed (and not boring) introduction on this subject.” (Participant 28, Switzerland, Male)












	

	
“I have attended lectures of [anonymised], their experience with students who used unfair means (knowingly or unknowingly) helped me a lot. Before that, I know just the theory behind unfair means but after examples, I realised that I do not know much about unfair means in practice.” (Participant 114, India, Male)








Structured and accessible academic integrity materials

Two main themes were identified in qualitative data, corresponding to the Academic Integrity Model (Bretag et al., 2014): aspects of access and support of academic integrity resources. Students reported that having all resources in one virtual space was very helpful. For example, having a single online module covering academic integrity throughout their study allowed them to learn about these concepts at the beginning of their studies, as well as throughout the academic year and at critical times, such as before coursework submission periods:







	

	
“Everything I need to establish what falls or doesn’t under Academic Integrity can be found in the folders; which has been helpful.” (Participant 31, Netherlands, Female)












	

	
“I appreciated the introductory material, and know where to go for more information/guidance when I need it.” (Participant 37, UK, Male)






However, students also expressed a preference towards a structure of the resources that avoids information repetition or cognitive overload. Most suggestions for improvement related to making resources organised in a clear fashion on Blackboard. Many students who had not used Blackboard prior to joining the university found it challenging to navigate and struggled to follow material, particularly at the beginning of the academic year. Student recommendations included walkthrough videos, explaining the overall structure of resources, brief videos with clearly labelled topics, and a navigation side panel in the online space:







	

	
“The Blackboard software can be overwhelming as a new user. Clearer signposting to resources in general may improve access to learning materials.” (Participant 8, UK, Male)












	

	
“They are fine, though I think it needs to be streamlined a bit. There is a lot of content, and some of it is a bit repetitive. There should just be an explanatory video and then the quiz.” (Participant 23, UK, Male)












	

	
“I guess creating the whole information in form of some movie, while sticking only to the topic, would be more beneficial. And keeping the length of the videos small or making different videos for each topic would make it easy to search in hour of need. E.g., a student might suddenly get confused about something and search for an answer, but for that he’ll have to go through the whole video.” (Participant 29, India, Female)






These recommendations will be taken into consideration in future modifications of the resources.



Engaging contents and mixed resources formats

When considering the format of academic integrity resources and support, students welcomed the variety in means of delivery (videos, e-booklets, gamified quizzes with cartoons, FAQ, and online drop-ins) finding them particularly engaging. Students made very positive comments regarding the online quizzes, which contain cartoon scenarios stories based on real cases. According to students, real examples support comprehension of academic integrity concepts better, connecting them with practices and the creative use of cartoons enhanced student engagement:







	

	
“Gave overview of what unfair means (academic integrity) are the quiz to test our understanding–made it more fun, and meant it wasn’t just documents that we had to read.” (Participant 27, UK, Female)












	

	
“I particularly liked the quiz as it made me reread things in depth to get the right answer and it was real life examples rather than just pages of theory.” (Participant 44, UK, Female)












	

	
“I liked the idea of presenting doodles in each question. I never felt bored because of them and I think I can use this idea of creating doodles.” (Participant 25, India, Male)






Physical copies and printable versions were also frequently mentioned by students in comments. Although students preferred the mixed format provided by online resources, they suggested that physical copies, or downloadable materials, should be made available for students as an additional option:







	

	
“Email some of the documentation out because for the first couple of weeks I was still trying to get the hang of Blackboard and its multiple folders/files.” (Participant 31, Netherlands, Female)












	

	
“The booklet of plagiarism is only available online, it’s better if we can download it.” (Participant 28, China, Female)






This goal could be easily achieved by sending regular email reminders to students with links to online resources and PDF attachments.




Discussion

This manuscript adopted a pedagogical approach to promoting academic integrity to students in higher education (Walker and White, 2014; Richards et al., 2016). The study aimed to showcase the design process and evaluate the effectiveness of a newly created academic integrity module in relation to enhancing student understanding of academic integrity concepts, policies, and practices. Tailored to students’ needs (Macfarlane et al., 2014), a sequential three-phase study was undertaken, collecting initial student feedback (phase 1), implementing an online academic integrity module (phase 2), and conducting a post-launch evaluation survey (phase 3). The project showed strong potential in supporting the development of students’ academic integrity.

Consistent with existing literature, this research found that, compared with home students, international students are less likely to be informed about academic integrity policies before their arrival in academic departments (Bista, 2011; Fatemi and Saito, 2020). However, both home and international students participating in the study expressed a desire for academic departments to improve academic integrity resources, rather than using punishment and threats to prevent breaches. The results of this study provide supporting evidence for the arguments of previous studies, which argue that an educative approach to academic integrity is more effective than punitive measures (Miller et al., 2011; Palmer et al., 2019; Sun and Hu, 2020).

This study also highlights the importance of an early educative intervention to support the academic integrity of students, particularly with programmes with diverse student cohorts. The findings of this research revealed that a main barrier to student understanding of academic integrity is definition-driven terminologies that lack concrete examples. This finding is consistent with the literature, suggesting that universities should avoid complex language related to academic integrity (Bretag et al., 2019) and go beyond providing statements and definitions of academic misconduct (Risquez et al., 2013).

Another barrier reported by participants is a lack of creative resources and an absence of supportive tone from academic departments; this discourages student engagement and understanding of academic integrity; this broadly corresponds to findings of Bertram Gallant (2008), who stressed the importance of creating a supportive learning-oriented environment which fosters development in students’ academic integrity.

According to the findings of this research, an online academic integrity module has proven to be an effective intervention strategy for increasing student awareness and understanding of academic integrity related concepts, procedures, and policies. This is consistent with the literature suggesting that academic integrity education programmes can positively influence student attitudes and reduce breaches of academic integrity (Greer et al., 2012; Obeid and Hill, 2017; Levine and Pazdernik, 2018; Sefcik et al., 2019). As previously reported, there are relatively few empirical studies directly addressing academic integrity through both the design and evaluation of intervention strategies. This manuscript fills this important gap in the literature, showing both the design and evaluation of the online module, such as how the design of the module was informed by student feedback and how the module promoted academic integrity among students (Stoesz and Yudintseva, 2018; Perkins et al., 2020). Student participants in the research reported a strong preference towards academic integrity resources and support that are structured and easy to access at different stages of their study. Comparative data analysis revealed the online academic integrity module significantly enhanced various aspects of academic integrity resources, particularly aspects of usefulness and comprehension of student perspectives. Results also revealed a remarkable increase in students’ confidence regarding their knowledge of concepts of academic integrity. This evidences the importance of establishing early intervention, and a continuously accessible online course that promotes academic integrity in higher education.

Findings also highlight the importance of the use of a variety of media when delivering academic integrity resources to enhance student engagement and understanding. Students showed a preference towards online academic integrity booklets with examples of detailed analysis of good and poor practice; this allowed them to learn about different types of breaches. This concords with the findings of Boehm et al. (2009), who showed clear examples of what constitutes unethical academic behaviour are able to help prevent academic integrity breaches. Furthermore, students appreciated cartooned scenarios, entailing storytelling, and praised the entertaining and relatable nature of these materials. Results here reflect those of Macfarlane et al. (2014), who highlighted the need to use engaging techniques, such as storytelling and narration, to teach academic integrity related topics.


Limitations and future directions

The results of this study have important implications for higher education with respect to the design of academic integrity resources to support students’ academic transition. As participants to this research were postgraduate students with essay-based assignments of social science subjects, generalisability of the results is limited. A second limitation regards the possibility of response bias in research and the associated implications. Participating students knew that the authors sought their feedback to evaluate a newly developed module, and they may have wished to please them and give them what they thought they expected (i.e., positive perceptions of the new materials). The authors attempted to minimise this issue by asking a research assistant to moderate the focus group. However, it would have been impossible to minimise this possibility. A further limitation regards the small sample size of the phase 1 study, which may also contribute to reducing the generalisability of the results. Future research may seek to focus on different subject disciplines, and compare results with the current study. Additionally, further studies may also explore the impact of the new module on students’ long-term engagement with academic integrity practices.
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To help optimize online learning platforms for in-service teachers’ professional development, this study aims to develop an instrument to assess the quality of this type of platforms on teacher satisfaction. After reliability and validity tests and expert empowerment, the 27-item instrument was formed. Based on the information systems (IS) success model, this instrument was designed to measure teacher perceptions of the quality of online learning platforms from three dimensions, namely, content quality, technical quality, and service quality. Moreover, the developed instrument was used to analyze the effects of the National Teacher Training Platform amid the COVID-19 outbreak in China. The findings revealed that the improvement of the platform’s style, tool function, operating efficiency, and teaching methods could enhance teachers’ experience of online training.
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Introduction

Over the years, education reform and teacher training initiatives have worked hard to build and promote scalable, sustainable online communities for education professionals (Schlager and Fusco, 2003). One of these types of communities, online learning platforms for teacher professional development (TPD), has garnered widespread attention and has been growing rapidly for its capacity and flexibility to support teachers to continuously reflect, learn, and act to augment their practice throughout their teaching careers. Online learning platforms make teacher training and self-development feasible and more convenient in terms of time and space. A quality online teacher learning platform is an essential guarantee for positive teacher learning effects (Pengxi and Guili, 2018). Online technology can help supply high-quality TPD when it is suitably integrated into the learning platform. However, using online technology as a “quick fix” or integrating it into a platform without a clear purpose will not result in the desired changes in teaching and learning outcomes (Cobo Romani et al., 2022). Schlager and Fusco (2003) contended that focusing solely on online technology as a means of delivering training and/or creating online networks puts the cart before the horse by ignoring the Internet’s even greater potential to support and strengthen local communities of practice in which teachers work. The design and delivery of high-quality TPD warrant an understanding of the applicable technology, resources required, and teachers’ needs. Previous research suggested that to exert the greatest impact, professional development must be designed, implemented, and evaluated to satisfy the needs of particular teachers in particular settings (Guskey, 1994). Thus, the teachers’ perceptions of online learning platforms for TPD have become an issue of great importance, especially with regard to the quality of these platforms. Obtaining and analyzing teachers’ perceptions can help trainers, administrators, platform designers, and technologists better use and improve online learning platforms for TPD, thereby helping teachers acquire knowledge and skills more effectively. As Greenberg (2009, p. 2) pointed, “without a programmatic understanding of best practices and methods of anticipating potential roadblocks, far too many initiatives may falter or fail.”

So far, despite the availability of some instruments to measure users’ perception of online platforms or websites in general, there are few instruments specifically for teachers’ perception of the quality of online training platforms. Without appropriate measurement, some online learning platforms might not be used effectively to support TPD. To address this significant issue and research gap, this study aims to: (i) develop a teacher perception scale of the quality of online learning platforms for TPD; and (ii) apply the developed scale to evaluate the National Online Teacher Training Platform in Central China.



Study design

Overall, this study contained two parts, instrument development and application study. As shown in Figure 1, the first part included four steps of the instrument development: conceptual framework and related works, initial scale, preliminary test, and expert evaluation empowerment. Then, the developed instrument was used to validate and evaluate the optimization effect of the online learning platform for teachers. The second part of this study included the following steps: pre-analysis of data, platform quality comparison, and benefit analysis of platform optimization.


[image: image]

FIGURE 1
Study design.




Instrument development


Conceptual framework and related works

One of the leading models for measuring information systems (IS) is the IS success model, which aims to provide a thorough understanding of IS success by elucidating the relationships among the critical success factors frequently considered when assessing IS. The IS success model was initially developed and later revised by DeLone and McLean, 1992, 2002, 2003 in response to input from other researchers. As shown in Figure 2, in the IS success model, the three dimensions of quality (information or content quality, system quality, and service quality) directly affect usage intentions and user satisfaction, and, consequently, net system benefits. Information quality, also known as content quality, denotes the quality of the information or content that a system can store, deliver, or produce in terms of completeness, relevance, and consistency. System quality, also known as technical quality, denotes the quality of the system in terms of functionality, usability, efficiency, and portability. Service quality usually denotes the quality of support provided to the users, including reliability, responsiveness, assurance, and empathy. So far, the IS success model has been adopted widely by existing studies to measure different types of information systems, including online learning systems and websites (Lin, 2007). Table 1 presents some main relevant instruments based on one or all of the quality dimensions. Based on the IS success model and previous related research, this study develops an instrument specifically on online platforms for teachers’ professional development. Specifically, this study attempts to identify key indicators from technical quality, content quality, and service quality to measure the effectiveness of online learning platforms for teachers’ professional development on teachers’ experience.
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FIGURE 2
Information systems (IS) success model.



TABLE 1    Main instruments of online learning platforms and websites.
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Content quality

Content is the core of online learning platforms, including information and resources for learning and practice. Yang and Chan (2008) focused on the content quality in the evaluation of English learning websites and prepared a differentiated evaluation of the general content, professional learning content, and exclusive training content of each website, highlighting the authority and practicality of content. In addition, Devi and Verma (2018) investigated libraries in general, as well as service information and different types of professional books, stating that attention should also be paid to the design of learning methods and strategies besides the quality of the content itself. Desjardins and Bullock (2019) claimed that only when teachers experience the problem-based learning mode in online training, their learning stays at the theoretical level with no conflicts and contradictions. Fuentes and Martínez (2018) analyzed different evaluation frameworks for English learning platforms and proposed an assessment list, including multimedia, interactive and educational content, and communication items, covering the assessment of teaching content, teaching methods, and strategies.

With the progress of teachers’ online activity, many online learning platforms are promoting both teacher tuition and practice, providing teachers with curriculum research, materials, and resources for their teaching practice. Thus, the content quality of this study denotes the quality of online learning courses and teaching-related professional resources. Regarding specific sub-dimension design, we integrated previous research on evaluating the teaching content and method strategies with the teaching effect suggested by experts. Then, content quality indicators were constructed from three aspects: resource, method, and effectiveness. Of note, resource evaluation highlights the authority and practicality of the content. Method evaluation focuses on diversity and individual motivation. Teaching effect evaluation emphasizes the impact of learning on Teachers’ teaching practices.



Technical quality

Regarding evaluating the platform’s technical quality, most studies evaluated the two general aspects of the functional effectiveness and technical aesthetics of online platforms or websites and then proposed enhancement in operation technology and interface design. Reportedly, improving online platforms helps to increase user satisfaction and user application continuity (Ng, 2014; Laperuta et al., 2017; Liu et al., 2017; Manzoor et al., 2018; Mousavilou and Oskouei, 2018). Santos et al. (2016, 2019) followed the five principles, namely, multimedia quality, content, navigation, access speed, and interaction in graphic design, to measure user satisfaction in online learning websites. They revealed that usability and navigation were the two evaluation subindicators most preferred by users.

Besides the basic usability aspect, the technical quality of the online platform is the operation’s efficiency and the users’ stickiness in the application process. For example, ÖZkan et al. (2020) aimed at the rapid upsurge of resource retrieval, assessing the retrieval quality of academic online learning platforms from the standpoint of performance, design content, meta-tags, backlinks, and other indicators. Pant (2015) examined the quality of the central science library’s websites primarily from the aspects of efficiency, satisfaction, and accessibility. The evaluation items included the smooth and fast operation of web pages, the ease of use of functions, and the reliance and trust of website services after application. Hassanzadeh et al. (2012) investigated the success factors of digital learning systems and proposed that user loyalty is a factor affecting the system’s success. Loyalty signifies users’ dependence on the platform and the willingness to recommend the platform. This study considered that teachers are different in sensitivity to technical efficiency, interface design, and overall design. Thus, in terms of assessing the rationality and effectiveness of online technology, we combined users’ perception of the development speed of the platform and users’ willingness to recommend the platform. Overall, the evaluation of online teacher learning platforms is conducted from the aspects of effectiveness, style, and development in terms of technical quality.



Service quality

Service quality is one of the key factors influencing learner satisfaction. Examining the quality of digital learning services, user satisfaction, and loyalty, reported that organizational management and learning support, as well as course quality, could affect learners’ satisfaction. Online learning services included similar human services, resources, and tool services. Velasquez and Evans (2018) focused on the public library website staff’s response time to users in terms of service quality and revealed that user satisfaction with the website could be increased by refining the staff’s service. Devi and Verma (2018) included webpage emergency response and tools as one of the quality evaluation items when assessing library websites. Fuentes and Martínez (2018) involved learning support tools and learning resources in assessing website quality when evaluating English learning websites. Moreover, the evaluation of learning services should reflect life-oriented characteristics. Using a design-based research method to propose an evaluation of English learning websites, Liu et al. (2011) analyzed those websites from the aspects of network availability and learning materials, as well as functions that assist language learning, technology integration, and learner preferences. The evaluation indicator system not only accentuates the platform that provides the systematic learning of course content for teachers but also focuses on providing extensive resources and functional applications. Regarding the evaluation of resources and functions, the indicator focuses on the platform’s richness and diversity, while it focuses on personalization in terms of learning services.

With the diversification of online learning methods for teachers and personalized online learning trends in data analysis, the formulation of service quality indicators comprehensively considers manual services, such as answering questions and providing guidance. In addition, developing data analysis and diagnosis services is included, as well as supporting teachers’ teaching, function modules, and apps for behaviors like research, discussion, and reflection. Regarding the evaluation of service items, this study focused on the effectiveness of individualized assistance, as well as the relevance and availability of related tool functions and services.




Initial scale

We constructed the teacher perception scale of the quality of online learning platforms for TPD (TPS-Online-TPD), including 27 question items (Table 2). Moreover, the scheme provided the meaning described by each indicator.


TABLE 2    The dimensions and indicators of TPS-Online-TPD.
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Technical quality measured the platform performance and the rationality of the functional interface design. The technical quality evaluation included the evaluation of users’ dependence on the platform and the development of perception, including the following: efficacy (3 items), style (4 items), and development (4 items). An example is “I think the overall layout of the platform is reasonable.”

Content quality measured the quality of all content, including online courses and teaching resources. The evaluation involved not only the authority, rationality, and reliability of the resource itself but also the learning process and results, including resources (4 items), effectiveness (2 items), and method (3 items). An example is that “The teaching content and resources provided on the platform are authoritative.”

Service quality measured the rationality and effectiveness of platform support services. It focused on the service quality that a platform is able to deliver, including: help (2 items), functional tools (3 items), and guidance (2 items). An example: “The analysis of learning data provided by the platform is very good for my learning.”



Preliminary test

A preliminary test TPS-Online-TPD containing 27 items was developed and distributed for online participation. The target population was primary and secondary school in-service teachers who had just completed a period of online training. They were required to complete evaluations of the learning platform they had used, based on their real experience. An exploratory factor analysis was performed on the recovered questionnaire with SPSS22, and the reliability and validity of the results were verified.


Participants

Participants were in-service teachers who completed their professional development training on different online learning platforms hosted by the National Teacher Training Center at Central China Normal University in 2018. A total of 567 questionnaires that contained items of TPS-Online-TPD were collected online. After excluding the high rate of identical answers and incomplete or blank answers, 504 valid questionnaires were obtained, with the efficiency of the questionnaire at 88.89%. Of 504 participants, 77.4% were teachers in primary schools, and 22.6% were teachers in middle schools. In addition, 41.2% of teachers held senior titles in total. Regarding gender, 71.2% are women, while 28.8% are men. For the length of their teaching careers, 3.9% of respondents had been teaching for >3 years, 16.3% from 3 to 10 years, and 73.8% for >10 years. The age information range of participants was as follows: 14.3% aged <30 years, 43.3% aged 30–39 years, 34.9% aged 40–49 years, and 7.5% aged >50 years. Finally, 11.3% of the responding teachers had no experience in online training.



Validity and reliability

First, the questionnaires were classified to some extent using exploratory factor analysis. We used the principal factor analysis, and Varimax performed factor rotation in the factor analysis process. The cumulative variance explanation rate was the proportion of the variance due to all factors to the total variance, suggesting the total influence of all factors on the dependent variable. Typically, the cumulative variance explanation rate should at least be >50%; while >70% is better, >85% is excellent. According to the cumulative variance interpretation rate, three factors with eigenvalues >1 were extracted. Table 3 shows that three common factors have eigenvalues >1; the total variance interpretation rate for the three factors is 71.523%. Hence, most of the factors were considered to have been covered. Thus, the original three-dimensionality is retained as a common factor.


TABLE 3    Eigenvalue and accumulative rate of factor analysis.
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The load factor was the load of a variable on a common factor, which, in turn, reflected the relative importance of the variable on the common factor. Typically, the load factor after rotation must be >0.71 to be excellent, >0.63 to be very good, and >0.55 to be good. As shown in Table 3, the load factor of only one question in this questionnaire was <0.63, while that of all questions was >0.55, indicating that the questionnaire had a high degree of correspondence with the dimensions, and all 27 questions could be reserved. Supplementary Appendix 1 lists all questions.

Then, we tested the reliability of the questionnaire using the Cronbach coefficient for the 27 selected items. Usually, a Cronbach coefficient of 0.70 is credible, while 0.70–0.98 indicates high reliability. Table 4 demonstrates that the reliability coefficients of the three dimensions are all >0.70, with some even >0.95; the overall reliability coefficient of the questionnaire reached 0.98, indicating that the questionnaire had excellent internal consistency. Next, the KMO test statistic of the screened questionnaire was analyzed. Of note, the KMO test statistic is an index used to compare the simple correlation coefficient and the partial correlation coefficient between variables. The closer the KMO value is to 1, the stronger is the correlation between variables, and the more suitable the original variables are for factor analysis. Of note, a KMO value of 0.90 indicates excellent (marvelous), while 0.8 indicates good (meritorious), and 0.70 indicates middling. The KMO value of this questionnaire was 0.98, indicating that the questionnaire was highly suitable for factor analysis. Finally, we performed a factor analysis on the screened questionnaire. The factor loading coefficients of each question are in the table, and the corresponding factors were 0.61–0.80, indicating that the questionnaire had excellent structural validity.


TABLE 4    Analysis of the final questionnaire’s validity and reliability.

[image: Table 4]




Expert evaluation empowerment

As indicators are of different importance, we used the expert assessment method to empower the indicators at all levels. The data were collected through an online questionnaire and calculated with an equal weight evaluation method. First, we obtained the weights assigned to the indicators by experts through a questionnaire survey. Thus, the average overall score of each indicator item was calculated per the ranking of all the fill-in options, reflecting the overall ranking of the indicator. The calculation method is:
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where Si is an average overall score of option i; Fij denotes the times of option i in position j; Wij denotes the weight of option i in position j; F denotes the times fill in this question.

The option average overall score was further processed to obtain the platform indicator weight value. The calculation formula is as follows:

[image: image]

where ki denotes the weight of option i; Si denotes the average overall score of option i; Sn denotes the sum of the average overall scores of all options in the dimension.

The ranking questionnaires were distributed to 14 experts, including teachers and subject supervisors from primary and secondary schools and eight instructors and advisors from universities, all of whom specialized in teacher mentorship, teacher preparation, and online learning programs. They have about an average of 23 years working experience. Supplementary Appendix 2 provides the experts’ primary background information. According to the formula above, the weights of the indicators at all levels of the platform were calculated, as shown in Table 5.


TABLE 5    Indicator weights.
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Application study


Data analysis


Study process

To validate the practicability of TPS-Online-TPD, we applied it to the annual evaluation of the National Online Teacher Training Platform in Central China in November 2019 and July 2020, respectively, which was before and after the lockdown of Wuhan. The Pearson correlation test and independent-sample t-test were conducted to ensure the data from two different groups of teachers were available for comparison before conducting a comparative analysis. Of note, the difference between the two evaluations could represent platform improvement. To further investigate the efficiency of each part of the improvement work, we further calculated the ratio between quality improvement and workload, to comprehend which improvement work could attain the fastest improvement of user satisfaction with the least workload.



Participants

We commissioned the development agency of the training platform; they invited 200 teachers (100 in November 2019 and 100 in July 2020) to fill in the questionnaires carefully in the form of a formal invitation letter through the administrative personnel of the school. All invited in-teachers were from primary and secondary schools in urban areas who had online learning experience before. We checked the collected questionnaires and found that all questionnaires were available in terms of time spent answering questions and repetition rates of the same answers.



Data preprocessing

We performed the following analyses to ensure that the data collected from the two evaluation surveys were effective for comparative analysis. First, the Pearson correlation test was conducted on the correlation between scores measured in 2019 and 2020 and the background factors of samples. The significance coefficient P-value obtained was >0.05, as shown in Table 6, suggesting that the correlation was not significant; thus, the personnel background factors would not affect the scoring results, and the data were usable. Then, we conducted an independent-sample t-test. In addition, Levene’s test for equality of variances was not significant, and the corresponding P-value was <0.05, as shown in Table 7, indicating a significant difference between the two measurement results and that the results could be compared.


TABLE 6    Correlation between the total platform score and variables.
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TABLE 7    Independent-sample t-test of the two versions of the platform.
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Results

Table 8 presents the results of the two weighted measurements. The scores of all indicator items were higher in 2020 than those in 2019, showing that optimizing online teacher learning platforms amid COVID-19 improved user experience in various aspects. According to the data collected during the COVID-19 pandemic, online learning was teachers’ only professional development method. Thus, the influence of other forms of professional learning for teachers can be excluded from the study based on the data collected during this period.


TABLE 8    Comparison of workload, improvement, and improved efficiency.
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The more significant the difference measured, the higher the improvement. We observed that the improvement in technical and service quality were the most significant, followed by the improvement in content quality. Overall, the improvement in webpage operation efficiency was the most significant in technical quality. The improvement in the resource quality in terms of content quality was relatively high, and so was the improvement in assistance and guidance in service quality, which were more significant than the improvement in functional tools.

After comparing the weighted average scores of the two measurements, we further combined the National Online Teacher Training Platform Operation Company’s annual improvement efforts in each module to elucidate the benefits and effects of platform improvement. The calculation formula is shown in Eq. 3, and Table 7 presents the calculation results. The bigger the input–output ratio, the higher the benefit of the improvement.
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where Pn denotes efficiency improvement in dimension n; An denotes the weighted average score of dimension n this year; Anm denotes the weighted average score of dimension n last year; Ln is the workload of dimension n; C denotes the fixed rounding factor with a value of 10,000.

As shown in Table 8, it is apparent that the degrees of improvement and improved efficiency in technical quality were higher than those of the quality of service and content. Among the key indicators, the improvement in the interface style was the most efficient. Regarding the optimization in content quality, improvement in the teaching method could lead to high efficiency. The improvement of each dimension of service quality was relatively balanced, and the improvement of the platform function tools was the most efficient.



Discussion and conclusion

Based on the IS success model and previous relevant research, this study developed TPS-Online-TPD, which provides a set of key indicators for assessing the quality of online learning platforms for teacher professional development from three aspects: technical quality, content quality, and service quality. TPS-Online TPD is further used to analyze the optimization of the National Teacher Training Platform amid the COVID-19 outbreak in China. By comparing the quality evaluation of the platform before and after the lockdown of Wuhan. The findings revealed two main points. First, the optimization of the platform’s technical quality and service quality can better improve teachers’ learning experience, compared with the optimization of the platform’s content. Second, more significant improvements in the teacher learning experience can be generated when the design style, tool functions, operation efficiency, and teaching methods of the platforms are optimized. These findings corroborate the previous studies that examined key factors on continuance intention in technology-assisted learning (Yang et al., 2022) and technological barriers to learning outcomes (He and Yang, 2021).

The findings of this study have crucial practical implications for developing online learning platforms for teacher professional development; however, these have some limitations in terms of generalizability. Notably, TPS-Online TPD is designed and developed primarily based on and focused on the circumstance of primary and secondary school teachers in China, which does not include other cultural backgrounds and college instructors. In addition, technology integration in teacher professional development is a long and dynamic process (Cai et al., 2019; Zhou et al., 2022). This study only measured the current teacher perceptions of the quality of online learning platforms. Thus, we suggest that future research should consider other cultures and college instructors, and periodically assess the quality of online learning platforms for teacher professional development to obtain additional accurate information and improve the use of the platform.
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The recent technologies rise today as a tool of significant importance today, especially in the educational context. In this sense, Augmented Reality (AR) is a technology that is achieving a greater presence in educational centers in the last decade. However, Augmented Reality has not been explored in depth at the Secondary Education stage. Due to this, it is essential to analyze and concentrate the scientific research developed around this educational technology at that stage. Therefore, the aim of this research is to describe the influence that Augmented Reality shows on the motivation and academic performance of students in the Secondary Education stage. In relation to the methodology, a systematic review of the literature has been conducted using the Kitchenham protocol, where several factors have been analyzed, such as subjects, activities, and electronic implementation devices, together with the effects on motivation and student's academic performance. The Scopus and Web of Science (WoS) databases have been used to search for scientific papers, with a total of 344 investigations being analyzed between 2012 and 2022. The methodological stages considered were the formulation of research questions, the choice of data sources, search strategies, inclusion and exclusion criteria and quality assessment, and finally, data extraction and synthesis. The results obtained have shown that the use of AR in the classroom provides higher levels of motivation, reflected by factors such as attention, relevance, confidence, and satisfaction, and reflects better results in the tests carried out on the experimental groups compared to the control groups, which means an improvement in the academic performance of students. These results supply a fundamental theoretical basis, where the different teachers should be supported for the incorporation of AR in the classroom, since how this educational technology has been shown offers great opportunities. Likewise, the development of research in areas not so addressed can further clarify the generality of AR based on its influence on learning. In addition, the fields of natural sciences and logical-mathematical have been the most addressed, managing to implement their contents through object modeling. In short, this research highlights the importance of incorporating Augmented Reality into all areas and educational stages, since it is a significant improvement in the teaching and learning process.
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 Augmented Reality, motivation, academic performance, high school, systematic review


Introduction

Today, the use of technological devices is present in most of the activities that people conduct daily. This is largely due to the introduction of technology in the development and implementation process in many fields (Huang and Liao, 2017; Juan, 2019; McLean and Wilson, 2019; Schaffernak et al., 2020; Rezaee et al., 2021). In this sense, education cannot be relegated to the background, much less leave aside the new devices and existing technological tools (Macías-González and Manresa-Yee, 2013). For this reason, the teaching and learning process must adapt to today's society, to work in parallel with the demands of an increasingly changing market.

Under this premise, Information and Communication Technologies (ICT) are the tools that have brought about a great transformation of daily life, whatever the aspect that may be glimpsed. This fact, together with the creation of new jobs, requires the obligation of continuous training, which produces people fully prepared for the future changes that lie ahead (Cabero-Almenara, 2015). In addition, the introduction of educational technology supposes an enhancement of student motivation, which translates into better academic performance (Area-Moreira et al., 2018).

On the other hand, the little or no use of technological tools in the classroom shows very worrying levels of motivation, especially in Secondary Education, so teachers must reconsider their position in search of a more appropriate environment for the reality of their needs students (Amores-Valencia and De-Casas-Moreno, 2019). According to Hernandez (2017) the lack of motivation of the students is not only an obstacle for the learning of concepts, but also a problem in the daily teaching work of the teachers, because the students are inattentive, and it often generates disorder. In this negative environment, educational technologies play a significant role because they can be seen as a powerful motivational tool (Vedadi et al., 2017). In addition, it is essential to train students in critical thinking, emphasizing the reflective part, as well as giving greater efforts in the face of motivational and emotional difficulties such as low expectations, disinterest and high pressure from students (Barroso-Osuna and Cabero-Almenara, 2013).

One of the most attractive, dynamic and interactive proposals is the integration of Augmented Reality in the classroom, as shown by numerous studies in recent years. In reference to the origin of the concept, it was Azuma (1997) who defined it as a technology that enhances the sensory uptake of people since it can combine real and virtual elements in an interactive scenario in real time. In this sense, the implementation of Augmented Reality requires working with technological devices such as tablets, smartphones, and computers that generate interaction between users, producing empathic experiences (Cabero-Almenara and Barroso-Osuna, 2016b). In addition, with the introduction of new active methodologies that will affect students in quite diverse ways in face-to-face, online and blended learning and teaching contexts (Buchner, 2021).

This work is organized as follows. The first section shows the research related to this work, specifically those that bring together Augmented Reality with motivation and academic performance in Secondary Education. The second section presents the method developed where each of the phases is broken down. The third section shows the results obtained through an exhaustive analysis of the information. In the fourth section, the research questions are discussed and answered. Finally, the relevant conclusions are developed based on the contrast of the aims set, and the results obtained.


Theoretical framework

In this sense, Augmented Reality (AR) is the technology with the greatest effect on education in recent years, enabling the coordination of the real and the virtual at the same time (Cabero-Almenara and Barroso-Osuna, 2016a). In addition, it helps to create more motivating and attractive teaching and learning scenarios that, in turn, would be impossible to conduct in the real world (Duh and Klopher, 2013; Wojciechowski and Cellary, 2013; Huang et al., 2016). Likewise, the use of this educational technology can contribute positively to the interest, motivation and performance of students (Di Serio et al., 2013 Redondo-Domínguez et al., 2014; Sommerauer and Müller, 2014; Reinoso-Peinado, 2016).

In this way, many investigations highlight the effect and influence that Augmented Reality has and will have on teaching and learning processes (Yuen et al., 2013; Bower et al., 2014; Ibáñez et al., 2014; Jerábek et al., 2014; Coimbra et al., 2015; Solak and Cakir, 2015; Fonseca-Escudero et al., 2016; Marín-Díaz, 2016; Sánchez-Bolado, 2017; Cabero-Almenara and Marín-Díaz, 2018). In addition, some scientific works are related to games, applications and illustrated books, which use AR to show new ways of learning, incorporating animations of images and videos to the illustration of the texts (Lin et al., 2017; Álvarez-Marín et al., 2020).

On the other hand, most research has considered university students, where extra motivation is predisposed as it is a non-compulsory educational stage (Fernández-Robles, 2017; Barroso-Osuna et al., 2018; Marín-Díaz et al., 2018; Gómez-García et al., 2020). Another profile of the student body studied has been primary school students where performance and motivation tend to have high values (Toledo-Morales and Sánchez-García, 2017; Wang, 2017; Kirikkaya and Başgül, 2019; Lai et al., 2019; López-Belmonte et al., 2019).

Other fundamental aspects related to motivation are consciousness and emotions. According to Collazos et al. (2021) teachers must know when and how to participate, in such a way that they adapt to the situation of each group of students, and in the opposite case, the students must be aware of what is happening in their environment with the purpose of achieve proper interaction between all members. Along the same lines, Mestre-Navas et al. (2017) shows that emotional intelligence is closely related to motivation, since it supplies the necessary skills to control one's own and others' emotions, which produces better learning. For this, it is essential that emotions are perceived, found, valued and expressed adequately and precisely. In this sense, assimilating emotions is a vital step to achieve a good understanding of knowledge. Likewise, the organization of emotions brings with it a cognitive effort, which, guided by the teacher, produces an adequate management of emotions in real-life situations.

Finally, the integration of Augmented Reality in the educational field is a fact confirmed in the multiple investigations previously developed, however, it is essential to know the influence of the gender of the students in the results obtained when this educational technology is used (Abad-Segura et al., 2020; Álvarez-Marín et al., 2020). In this sense, there is a multitude of investigations that try to find out the repercussion that gender shows according to motivation and interest, the acceptance of the use of Augmented Reality as an educational tool and the acquisition of knowledge or performance (Hsu, 2019; López-García et al., 2019). For this reason, this first section will specify the results and conclusions that have been described by the different investigations on the influence that the gender of the students shows in motivation, in the acceptance and use of learning objects and in the acquisition of knowledge, and before the use of Augmented Reality in the different educational stages.

To know what other authors have investigated about how Augmented Reality influences the motivation and performance of students in the various learning and teaching contexts mentioned, a systematic review of the literature has been carried out, based on studies that include different techniques to show this technology. Specifically, it has focused on Secondary Education, since it shows the worst rates of motivation and academic performance of students (Amores-Valencia and De-Casas-Moreno, 2019). The studies included in this systematic review have been obtained from the Scopus and Web of Science (WoS) databases, where a series of keywords have been introduced, to later discard repeated documents and keep those that met the criteria of inclusion. Inclusion and exclusion detailed in the method.



Augmented Reality in education

Regarding the contributions made by Augmented Reality to the educational field, the considerable number of applications developed to work with this educational technology in the classroom in the different subjects stand out. However, the use of this educational technology is still very restricted due to the lack of teacher training, since teachers who wish to integrate Augmented Reality in their classrooms must get the knowledge in a self-taught way, during non-school hours and on many occasions without adequate resources (González-Segredo and Hernández-Cabrera, 2022).

On the other hand, said technology presents a series of fundamental characteristics for the new educational paradigm, since it provides interaction with resources, visualization of information or creation of scenarios that enhance the understanding of concepts, which has repercussions on the learning process (Aguilar-Acevedo et al., 2022). Another characteristic that Augmented Reality grants is the choice of applying active methodologies, where the teacher plays the role of guide and the students take an active role, managing their own learning. In addition, the student imposes his own rhythm, which eases the process of understanding and getting knowledge. All of this provides autonomous learning, where the student usually shows more interest than with traditional methodologies (Amores-Valencia, 2020).

According to Cabero-Almenara and Barroso-Osuna (2016b), the relevance of Augmented Reality in the future will be especially important since it combines reality with virtuality at the same time and place. In this sense, Castro-Marcos (2022) points out that this educational technology gives the possibility of creating learning scenarios that would be impossible to develop in the real world. According to this author, these more attractive scenarios enhance the interest and motivation of the student, an aspect that undoubtedly affects their academic performance.

In this way, many investigations highlight the impact that Augmented Reality will have on teaching and learning processes (Fonseca-Escudero et al., 2016; Marín-Díaz, 2016; Sánchez-Bolado, 2017). In addition, some scientific works are related to games, applications and illustrated books, which use Augmented Reality to show new forms of learning, incorporating animations of images and videos to the illustration of the texts (De-Paiva-Guimarães and Farinazzo-Martins, 2014; Lin et al., 2017; Álvarez-Marín et al., 2020).

Other applications of Augmented Reality are focused on the professional field since virtual scenarios can be created and implemented that do not pose a danger or physical harm to people. Thus, a safe and at the same time adequate training can be conducted, where the student's skills are experienced in virtual situations (Akçayir et al., 2016). This feature gives companies a fantastic opportunity to train their employees, guaranteeing their health (Carlton, 2017). Likewise, with the rise of e-learning training, Augmented Reality has made it possible to work on practical content, enabling the acquisition of knowledge that would only have been possible in face-to-face training (Reinoso-Peinado, 2016).

In reference to the acceptance and use of Augmented Reality learning objects, the authors Wang et al. (2017) and Bursztyn et al. (2020) state that no significant difference is observed between male and female students. These investigations show that factors such as perceived enjoyment, perceived usefulness and perceived ease of use show practically identical values in men and women. Although it is true that one cannot speak of the absolute non-existence of gender disparity, since some research has highlighted that said difference exists, emphasizing the real and palpable difference in the perception that students present in the use of Augmented Reality based on gender (Dirin et al., 2019; Park et al., 2019). This fact indicates that the digital divide between genders continues to exist, although fortunately over the years it is being reduced (Cabero-Almenara et al., 2019b). Thanks to the effort of educational centers to equate all students in an identical way, their digital competence is not related to gender (Hohlfeld et al., 2013).

In conclusion, Cabero-Almenara and Marín-Díaz (2018) show a series of educational possibilities of Augmented Reality:

• It improves the real contents easing its understanding.

• Develop multimedia training environments.

• Promotes online learning.

• Cut non-relevant information that hinders the acquisition of knowledge.

• Create safe learning scenarios.

• Helps active and productive learning of Augmented Reality resources.

• Incorporate extra information in the form of illustrations, videos, or audios.

• Design more attractive simulators for learning.

• It eases the visualization of contents from various perspectives.

• It promotes the use of active strategies or methodologies.



Motivation and academic performance

For many years, cognitive variables have been the most analyzed in the learning process, but in the 1990's there was an increase in the number of studies seeking the influence of the motivational aspect in the design of congruent models that explain academic performance (Pressley et al., 1992; Pintrich et al., 1993; Borkowski, 1994; García and Pintrich, 1994; Pintrich, 1994; Schunk and Zimmennan, 1994; García, 1995; Boekaerts, 1996). However, for these authors, there must be a relationship between the cognitive and the motivational to obtain an improvement in academic performance.

Motivation tries to activate student behavior aimed at achievements and goals if there is an effort behind it during the process. For this reason, motivation encompasses many variables such as expectations of achievement, relative attributions, self-value, self-esteem and self-concept (González-Pienda, 2003). In this sense, Weiner (1986) states that motivated behavior is obtained based on the possibilities of achieving goals and their value. These two components manage the success or failure of a student and are set up by the relative attributions that the student has of himself. Therefore, Weiner (1985, 1986) defines attributions as the greatest determinant of motivation in terms of the results and academic performance of the student.

In reference to self-concept, the research conducted focused on the student's academic behavior, due to the importance of knowing how academic goals are obtained and in what context they are achieved (González-Pienda et al., 1997). These studies confirmed the relationship between self-concept and the academic performance of students, however, there are still doubts between the processes that make this relationship possible and its directionality. In such a way that there is research that corroborates the reciprocity between self-concept and academic performance (Marsh and Yeung, 1997) and others that expose the unidirectionality of performance on the self-concept of students (Helmke and van Aken, 1995).

According to Núñez (2009), the skills and competencies of a student are not enough to improve their academic performance, but it is necessary to consider their motivation. This statement comes to extol the importance of motivation in a student's performance, since it does not depend exclusively on the knowledge and skills that he has. Similarly, Garrido-Macías et al. (2013) states that the effect of motivation on a student's academic performance grows the higher their self-esteem and their assessment of tasks.

For all that has happened, the motivational variables that are subject to the types of motivation are directly related to academic performance and are decisive in the educational process (Mascarenhas et al., 2005; Alonso-Tapia and Ruiz-Díaz, 2007; Martín et al., 2008; Miñano-Pérez and Castejón-Costa, 2011; Barca-Lozano et al., 2012). On this occasion, it can be affirmed that intrinsic and extrinsic motivation can be addressed jointly or separately, since they are not opposed based on the academic performance presented by students (Usán-Supervía and Salavera-Bordás, 2018). Therefore, it is vital to continue analyzing the relationship between motivation and academic performance, to learn more about the interrelated factors and thus improve the teaching and learning process (Jerez-Carrillo, 2021).

Finally, the motivation that students present in relation to their gender is reflected in the different investigations carried out by Hanafi et al. (2017) and Buchner (2021), where it is stated that the behavior that students present is different from that the students present and, therefore, a significant difference in motivation is appreciated before the use of Augmented Reality. However, other authors indicate that the difference shown is negligible to be considered (Bursztyn et al., 2017; López-Belmonte et al., 2019). Regarding academic performance, Del-Rio-Guerra et al. (2019) and Gómez-Tone et al. (2020) state that students and students show the same results when Augmented Reality is applied in classrooms. This means that the academic performance of students is invariant based on their gender. This information is valuable since it gives teachers the possibility of implementing this educational technology without the need to take this feature into account. However, one must always be aware of the disparity that exists in each of the classrooms, since sometimes a differentiation can be found between male and female students in the acquisition of knowledge (Chen et al., 2021).

The bibliographical reviews on the use of AR in Secondary Education reported up to now have almost never brought together two of the great educational factors, such as motivation and academic performance (Martín-Gutiérrez and Meneses-Fernández, 2014; Liu et al., 2019). For this reason, this research aims to analyze the influence that Augmented Reality shows on the motivation and academic performance of students in the Secondary Education stage.




Methods


General guidelines

This research has been developed through the systematic review of the literature (RSL) process, based on the proposal of Kitchenham and Charters (2007). According to the authors, this protocol requires an exhaustive, objective, and reliable general description, which is governed by defined and strict steps. Specifically, the steps followed for the development of the systematic review were the following:

1. Planning the review

• Identification of the need for a review

• Specifying the research questions

2. Conducting the review

• Identification of data sources

• Selection of search strategies

• Inclusion and exclusion criteria

• Study quality assessment

• Data extraction

• Data synthesis

3. Results report

• Included and Excluded Studies

• Interpretation of results

• Formatting the report

In this way, the analysis of the literature has been developed under the recommendations of the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA; Urrútia and Bonfill, 2010; Moher et al., 2015).



Planning the review

Given the research studies analyzed, where the factors of motivation and academic performance have been worked on individually, it is necessary to develop a work where these factors are grouped and detailed, particularizing in the Secondary Education stage, since it is about a stage where the lowest levels are shown (Picó-Lozano, 2014; González-Valenzuela and Martín Ruiz, 2019; Jerez-Carrillo, 2021). For this reason, the investigations that combine these two dimensions have been brought together, in such a way that the following research question can be answered:

What is the status of the use of Augmented Reality through markers in terms of population, interventions, comparators, results and study designs, considering studies between 2012 and 2022 included in two interdisciplinary databases: Scopus and Web of Science, in order to know the impact on motivation and academic performance in students of the Secondary Education stage?

According to this main research question, a series of research sub-questions were defined:

RQ1: What subjects and groups are the recipients of educational activities with AR?

RQ2: What technological devices have been used to generate and/or run AR applications?

RQ3: How are educational activities implemented with AR in the classroom?

RQ4: What motivational impact do students have based on the use of AR?

RQ5: How does the use of AR influence the academic performance of students?



Conducting the review
 
Identification of data sources

The search for jobs was conducted using the Scopus and Web of Science (WoS) databases, relevant scientific content platforms, since they bring together a multitude of scientific publications from various areas of knowledge. Specifically, they host a multitude of works related to Augmented Reality in secondary education.

On the other hand, these two databases allow searching in advanced structures thanks to the use of logical operators, which fit perfectly to the particularities of the systematic review proposed in this research. In addition, the use of filtering tools and bibliometric analysis provide excellent information to the work presented.



Selection of search strategies

The search strategies are one of the high points of the research, since the information available in the databases must be filtered, in such a way that the selected works allow answering the research questions posed and, consequently, fulfilling the marked target. According to Kitchenham et al. (2009) search strategies make it possible to assess the integrity of the information search.

In reference to this premise, the search strings were defined in such a way that the defined keywords could be reached, and in turn answer the research questions raised.

The structured search used to search for jobs was conducted on July 14, 2022, and followed the following format according to each database:

The search string adapted to the syntax required by the Scientific Information Institute-Scopus database was as follows: (TITLE-ABS-KEY (“Augmented Reality” OR “augmenting reality” OR “AR”) AND TITLE-ABS -KEY ((“motivation” OR “performance)) AND TITLE-ABS-KEY (“education”)) AND DOCTYPE (ar OR cp) AND PUBYEAR > 2011 AND PUBYEAR < 2022 AND (LIMIT-TO (LANGUAGE, “English”)).

On the other hand, the search string adapted to the syntax required by the Institute for Scientific Information-Web of Science database was as follows: TOPIC: ((“Augmented Reality” OR “Augmenting reality” OR “AR”)) AND TOPIC ((motivation OR “academic performance”)) AND TOPIC: ((“education”)) AND YEAR PUBLISHED (2012–2021). Refined by: LANGUAGES: (ENGLISH) AND TYPES OF DOCUMENTS: (ARTICLE).



Inclusion and exclusion criteria

In the selection of studies, those works that meet the conditions to be considered in the RSL are chosen, under the premise of the inclusion and exclusion criteria. In the study selection process, works were included in which the areas of application, target groups, technological tools used, motivation and academic performance could be identified. In addition, the duplication of references and their subsequent elimination was conducted using Microsoft Excel software.

According to Kitchenham and Charters (2007), studies can be selected by title and abstract, obtaining a complete copy of them. Based on these suggestions, the study selection criteria were detailed, which in turn included the keywords and search strings defined from the research questions:

• In the title and abstract, the sequence of words “Augmented Reality” or “augmenting reality” or “AR” should be included.

• The abstract must contain the sequence of words “high school.”

• And in the summary the term “motivation” or “academic performance” should appear, or both words at the same time.

The eligibility criterion taken to include and exclude studies was if the word appeared, it was marked with the number 1, otherwise, it was indicated with the number 0. However, in cases where the title and abstract were not enough to determine its inclusion or exclusion, the authors evaluated all the content of the work.

To clarify the selection criteria, the following function was detailed in the Microsoft Excel software:

IF(AND(TITLE=1;ABSTRACT=1; COUNT.IF(ABSTRACT:ABSTRACT;1)≥1);”candidate article;” “no”).



Study quality assessment

One of the most relevant sections of the systematic review is the evaluation of the quality of the study, since it involves determining those works that allow an adequate response to the research questions and, therefore, fulfill the stated objective. For this reason, it is necessary to analyse the results without any type of interference and mistake, counting on the appropriate studies for the proposal (Carrizo and Moller, 2018).

According to the authors Kitchenham and Charters (2007), quality verification questions must be defined. Therefore, a questionnaire was designed based on seven items that outline the quality of the study, in such a way that they were scored to know a general measure of the quality of the selected works. In this sense, the questions were adapted to the present study, and determined the relevance of these works around the deepening toward a complete reading and subsequent analysis.

The quality questions that are developed below allowed minimizing the bias of the study and maximizing both external and internal validity.

• Are application areas and target groups established in Secondary Education?

• Does the document describe the electronic devices and technological applications used for educational activities with AR?

• Does the document indicate the form of RA application conducted?

• Were the users who participated in the creation of content fully defined?

• Is the contribution of AR to student motivation clearly described and defined?

• Is achievement included as one of the main contributions of AR in Secondary Education?

• Are all research questions answered?

The quality assessment checklist describes the score based on the quality level of the article. Each of the questions was evaluated using the following information (Table 1).


TABLE 1 Quality assessment checklist.

[image: Table 1]

Articles were included and classified as “full reading article” in the following stages if the sum of the criteria was >4 points.



Data extraction

The software used to manage the data and analyse the information of the selected works were Mendeley and Microsoft Excel.

In the case of Microsoft Excel, it was used to manage the articles resulting from the search in the scientific databases, eliminate duplicate references and classify the information of each article. The workbook is made up of several sheets, where each of the phases is documented.

With respect to Mendeley, it was used to bring together the candidate articles, and highlight the highlighted information, underlining with a different color depending on the category.

The data extraction process was developed in three stages.

• Information analysis: the analysis and classification of the article information was conducted from the bottom up. The text fragments that answer the research questions were highlighted with different colors, using the Mendeley tool. This action allowed further reading and detailed analysis and classification.

• Information classification: label codes to assign a representative meaning to the highlighted elements. The information was defined synchronously with the Information Analysis stage. Table 2 shows the codes considered for each of the research questions.

• Information extraction: Each text segment highlighted in the information analysis stage is classified according to the code established in the classification stage. A spreadsheet is needed to process the information generated at this stage https://alumnosunir-my.sharepoint.com/:x:/g/personal/antoniojesus_amores916_comunidadunir_net/EY58lmoHHVpMvxPUV5FVKj8BB-NvKu_65vT66VQ6G5Cuvg?rtime=udITTMSg2kg.


TABLE 2 Acronyms to classify information.

[image: Table 2]



Data synthesis

The data was tabulated and displayed to represent:

• The different areas or subjects of application and target groups that participated in the articles.

• Directions of Augmented Reality in educational activities.

• Electronic devices, applications and software used in the different investigations.

• The creation of educational activities using Augmented Reality.

• Level of motivation observed in the articles.

• Degree of performance obtained thanks to the use of Augmented Reality.





Results

This section is structured in response to the research questions, after going through the analysis process developed in the previous section. For this, the protocol chosen during data extraction has been considered. Further, data extracted from the review protocol are consolidated in the spreadsheet: https://bit.ly/3znd49h.


Included and excluded studies

This first section breaks down the results obtained thanks to the search strings entered and the inclusion and exclusion criteria developed.

The first step was to introduce specific search strings based on each of the scientific databases used. This process resulted in a multitude of investigations, Table 3 shows the records obtained:


TABLE 3 Records obtained.

[image: Table 3]

It should be noted that 344 results were obtained between both databases, and the search in them occurred on July 14, 2022.

The second step was to eliminate the duplication of investigations that could be seen in both databases. For this, the Microsoft Excel tool was used, where the number of scientific articles was reduced to a total of 258 works. Next, the eligibility criteria based on incorrect titles and abstracts were considered, excluding a total of 215 investigations based on this criterion.

The investigations selected once the eligibility criteria of the systematic review were addressed are described in Table 4.


TABLE 4 Number of investigations chosen.
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The investigations selected once the quality assessment of the systematic review was addressed are described in Table 5.


TABLE 5 Full reading articles included.
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Figure 1 presents the phases and results of the number of scientific works that have been carried out in the process of systematic review of the literature, following a process of identification, review, eligibility, and inclusion (Moher et al., 2009).


[image: Figure 1]
FIGURE 1
 Selection process of the studies.




Interpretation of results

In the first place, the number of published articles, based on the characteristics that are worked on in this systematic review, has obtained rapid growth in the years 2019, 2020, and 2021. Another of the fields that has been analyzed has been the origin of the scientific articles, where six (6) countries of origin have been found, of which Taiwan stands out with seven (7) publications. Finally, the works analyzed are concentrated in nine (9) journals and four (4) conference proceedings, which is 69 and 31%, respectively.

Next, the results obtained around the designed research questions are detailed, considering the evaluation of the articles together with the information analysis process.


Target areas and groups

Since the systematic review is developed in the educational stage of Secondary Education, the areas that appear are relevant in that phase. In this way, Figure 2 shows the different subjects where Augmented Reality has been implemented in the classroom.


[image: Figure 2]
FIGURE 2
 Application areas or subjects in Augmented Reality.


Regarding the target groups of the activities with Augmented Reality, they are concentrated in the courses included in Secondary Education, that is, from 7 to 12th grade. In this sense, the students included in the 10 and 11th courses, whose ages range between 15 and 17 years, have accounted for 32.5% each. On the contrary, the 8 and 9th grades, whose ages vary between 13 and 15 years, have occupied 17.5% each. In short, students in the last years of Secondary Education have been exposed to investigations with Augmented Reality in 65% of the total cases investigated.



Technological devices and applications

The use of electronic devices for the implementation of educational activities based on Augmented Reality is a mandatory measure for this type of research. Based on this, the results obtained are shown in Figure 3.


[image: Figure 3]
FIGURE 3
 Electronic devices used.


As for the different technologies that have been used to create applications or software for Augmented Reality, Vuforia stands out. This development kit has been used by 54% of all developers, being its multiplatform engine Unity. The rest of the investigations have used other tools equally, which has meant 7.6% each. These applications are the following: Lighting Studios, ARDehaes toolkit, Aurasma, RAVVAR, and Metaverse Studio.



Design and forms of AR application

In reference to the design of educational activities based on Augmented Reality, it has been entirely developed by people outside the teaching staff or students who have been part of the research. In all cases, 100% of the researchers have overseen creating the content that was later applied in the different classrooms. Therefore, the role that teachers have developed has been that of guide or facilitator of the information necessary to conduct research practices. In this sense, they have had to deepen or conduct training tasks around the different Augmented Reality applications that have been implemented, in order to take them to the classroom.

On the other hand, the implementation of these contents has been conducted through different forms of application of Augmented Reality. In this sense, object modeling has been present in most of the investigations, accounting for 45.45% of the total. This was followed by AR books with 18.18% of the total, although closely followed by gamification of educational games and skills training with 13.63% of the total each. Finally, discovery-based learning techniques have been applied, accounting for 9.11% of the total.



Motivation and academic performance

Before presenting the results obtained in each of the categories, it is necessary to mention that these variables have been analyzed globally, leaving aside the subject of application, the target group, the methodology implemented, and the technological devices and applications used.

The first category represents the motivation shown by students during the process of implementation and evaluation of educational activities based on Augmented Reality. On this occasion, the different works have been analyzed to find out what levels of motivation or interest have been shown by the students who have used this educational technology compared to the students who have not used it. To do this, the Instructional Materials for Motivation (IMMS) instrument has been used to determine the indicators of attention, relevance, trust, and satisfaction on which Keller's ARCS model (1987, 2010) is based. The data obtained from this systematic review of the literature reflect that motivation levels have grown ostensibly. Specifically, 83.33% of the investigations grant an increase in the degree of interest and motivation in the students. Likewise, the works investigated have indicated through interviews or questionnaires that Augmented Reality has increased the predisposition and interest in the teaching and learning process.

The second category indicates the impact that the use of Augmented Reality has had on students in the acquisition of knowledge and therefore in their qualifications. On this occasion, it was about evaluating the knowledge acquired by the students, once this technology has been implemented in the classrooms, by means of tests or tests. In this way, the qualifications of the students have been contrasted with the purpose of obtaining an assessment of the importance of the use of this educational technology. In this sense, 77% of the works analyzed have refuted that the use of Augmented Reality has improved the grades of the students. In addition, no research work has stated that the use of this technology in the teaching and learning process has led to a drop in grades.





Discussion

In this section, the results analyzed are discussed, the research questions are answered based on the findings, and finally the conclusions drawn from this systematic review of the literature are presented.

RQ1: What subjects and groups are the recipients of educational activities with AR?

At first, it is sought that Augmented Reality has been applied only to the Secondary Education stage. This fact requires that the subjects that appear in the investigations be worked on in the curriculum of said educational stage. However, the spectrum of areas in this stage is very broad, however, the data obtained reflect that the predominant subjects are grouped in natural sciences and logical-mathematical (Chen and Liao, 2015; Lin et al., 2015; Wang et al., 2017; Chen and Chen, 2018; Hsieh and Chen, 2019; Cen et al., 2020; Tarng et al., 2021). Proof of this are the subjects of Chemistry, Biology and Mathematics, which make up more than 50% of the studies analyzed. In these investigations, the contribution of Augmented Reality is highlighted based on the visualization, understanding and acquisition of content about these subjects, which brings with it an increase in student attention during the teaching and learning process (Wang et al., 2017; Chen et al., 2021). In this sense, subjects such as Chemistry and Biology, where abstract concepts are addressed, obtain extremely low grades from students, one of the main reasons being the lack of attention produced by little or no assimilation of their contents (Chen and Liao, 2015; Chen and Chen, 2018; Tarng et al., 2021).

On the other hand, the target groups resulting from the systematic review have been the 10 and 11th grade courses, which form the ages of 15–17 years (Paredes-Velastegui et al., 2018; Cen et al., 2020; Moreno-Guerrero et al., 2020; Koç et al., 2021; Lin et al., 2021). This shows that researchers seek to work with students who have the highest ages within the stage, the main reason being the high degree of disinterest that is reflected in that age group (Amores-Valencia and De-Casas-Moreno, 2019; González-Valenzuela and Martín Ruiz, 2019).

RQ2: What technological devices have been used to generate and/or execute AR applications?

Knowing the technological devices used during the execution of educational activities with Augmented Reality is essential, since it directly affects the possibilities and inconveniences that this type of scientific work can present. In this sense, it is necessary to have an electronic device, be it a tablet, computer or mobile phone to carry out the implementation of the investigations. Therefore, the results of this systematic review reflect that almost half of the investigations have used smartphones as a technological device. The main reason is that the students were in possession of one, giving them the opportunity to develop the activities designed individually, without the need to share devices (Paredes-Velastegui et al., 2018; Hsieh and Chen, 2019; Cen et al., 2020; Moreno-Guerrero et al., 2020; Koç et al., 2021; Tarng et al., 2021). This great inconvenience has been duly notified together with the problems of time availability in the Computer Classrooms and the Internet connection (Lin et al., 2015; Wang et al., 2017; Chen and Chen, 2018).

Regarding the software or applications used for the implementation of Augmented Reality, it can be seen how the applications created through the Vuforia platform, where the developers have been able to adapt the applications to the maximum, have been the most used, occupying the half of the research papers. In this sense, the development of own applications has prevailed, where it has been particularized according to the students who were going to develop each investigation. In this way, several aspects have been considered, such as their age, language and cognitive and sensory capacity (Wei et al., 2015; Paredes-Velastegui et al., 2018; Hsieh and Chen, 2019; Cen et al., 2020). It is important to highlight that the rest of the investigations, even having used a commercial application, have prepared the educational activities based on their own students.

RQ3: How are educational activities implemented with AR in the classroom?

All the researchers have designed or adapted the content for the different scientific works. This event shows that no teacher where these educational activities with Augmented Reality have been incorporated has been part of the process or design of the applications or software used. However, teachers have been immersed in some activities design processes, corroborating the inclusion of skills and learning standards appropriate to the subject and the educational context. Therefore, the professors who work day by day with the students who have undergone this research have played the role of guide and content designer, taking into account parameters of creativity and innovation (Wei et al., 2015; Wang et al., 2017; Chen and Chen, 2018; Paredes-Velastegui et al., 2018; Chen et al., 2020; Moreno-Guerrero et al., 2020). Likewise, the students have not been involved in the design process of the activities, however, they have developed an active, participatory and collaborative attitude. In research conducted by Fernández-Robles (2017) and Gallego-Pérez (2018) in university environments, it has been confirmed that the involvement of students in the creation of content favors motivation, since they have obtained better values in attention, relevance, confidence and satisfaction present in the ARCS model of Keller (1987, 2010).

Regarding the form of application of Augmented Reality, it has been based on the five dimensions exposed by Yuen et al. (2011), where the relevance of the context of the students when implementing said technology is showed. In this matter, object modeling is considered the form of application par excellence since it has been involved in practically half of the investigations. However, Augmented Reality books, gamification or skills training cannot be ruled out. This last process is used more in very advanced and specialized educational stages, since it supplies the means to acquire skills without harming any material or human damage (Rio-Guerra et al., 2019; Gómez-Tone et al., 2020).

RQ4: What motivational impact do students have based on the use of AR?

The research analyzed showed a comparative study between experimental groups and control groups. In such a way, that the control groups developed methodologies where Augmented Reality is not implemented as an educational resource, in contrast to the experimental groups. Based on the results obtained, it can be affirmed that the students of these experimental groups have ostensibly increased their motivation or interest during the educational activities with Augmented Reality. This assertion is determined by the results obtained, where specifically 83% of the studies analyzed have determined that the levels of motivation evaluated through questionnaires based on the parameters of attention, relevance, confidence and satisfaction established in the ARCS model of Keller (1987, 2010) have grown abruptly (Chen and Liao, 2015; Lin et al., 2015, 2021; Wei et al., 2015; Chen and Chen, 2018; Paredes-Velastegui et al., 2018; Cen et al., 2020; Chen et al., 2020; Moreno-Guerrero et al., 2020; Tarng et al., 2021).

On the other hand, the data obtained in the interviews or satisfaction questionnaires conducted a posteriori in the different investigations have endorsed the previous information, since most students have confirmed that the use of educational activities with Augmented Reality has fostered their predisposition learning, capturing their attention throughout the project. Therefore, this systematic review shows that the use of Augmented Reality in the classroom generates higher levels of motivation in students, and therefore they are of immense help for teaching. These results are like those achieved by Di Serio et al. (2013), Cabero-Almenara et al. (2017), and Gallego-Pérez (2018) in other educational stages.

RQ5: How does the use of AR influence the academic performance of students?

Based on the results obtained, it can be said that students show better grades when educational activities with Augmented Reality are implemented in the classroom. This assertion is preceded by the data extracted in the investigations, where a comparison between control groups and experimental groups has been conducted. For this, different tests or tests have been conducted, before and after the implementation of this educational technology, with the purpose of contrasting the results and refuting whether the academic performance in terms of qualifications has been increased thanks to the use of Augmented Reality. During the teaching-learning process. In this sense, it has been confirmed that two out of three students have seen their grades increase very significantly (Chen and Liao, 2015; Wei et al., 2015; Wang et al., 2017; Chen and Chen, 2018; Paredes-Velastegui et al., 2018; Cen et al., 2020; Moreno-Guerrero et al., 2020; Tarng et al., 2021).

Likewise, no research has emphasized that the use of Augmented Reality in the classroom has led to a decrease in the academic grades of students, so it is a sure bet of success (Lin et al., 2015, 2021; Hsieh and Chen, 2019; Chen et al., 2020; Koç et al., 2021). These results are like those obtained by Quintero et al. (2019) where it is showed that the use of Augmented Reality improved the performance of students with visual, motor, cognitive and auditory difficulties. It is necessary to point out that other research related to the field of medicine has confirmed that the use of Augmented Reality has ostensibly improved performance in terms of navigation screen control (Cagiltay et al., 2019; Jacobsen et al., 2019).



Conclusion

This systematic review tries to value the relevance of ICT, specifically the use of Augmented Reality in the Secondary Education stage. According to (Unesco (2004), p. 30) “ICTs are a decisive tool to help students access vast resources of knowledge, collaborate with other classmates, consult experts, share knowledge, and solve complex problems using tools cognitive.” The use of ICT tools such as Augmented Reality that integrate open educational resources (OER) in an organic and transversal way in face-to-face, online and blended educational contexts, is a challenge for education, including Secondary Education (Unesco, 2019).

This educational stage, so problematic due to the low or null motivation that students present, together with poor academic results, is a great challenge for teachers (Picó-Lozano, 2014; Amores-Valencia and De-Casas-Moreno, 2019; González-Valenzuela and Martín Ruiz, 2019; Jerez-Carrillo, 2021). The first of the important aspects to know are the subject's where Augmented Reality has been introduced as an educational technology. In this sense, it has been found that the studies carried out by Chen and Liao (2015), Lin et al. (2015), Wang et al. (2017), Chen and Chen (2018), Hsieh and Chen (2019), Cen et al. (2020), Tarng et al. (2021), and have been developed in the areas of natural sciences and logical-mathematical. This shows that the use of Augmented Reality is more widespread in this field, as opposed to the areas of languages, arts or social sciences. Although the results analyzed in said investigations have confirmed that there is no significant difference regardless of the educational subject where it is implanted, the use of this educational technology must be addressed in the most and least attractive fields for the students, in this way could do a comparative study, and thus know the true potential and scope (Abad-Segura et al., 2020).

Regarding the target groups where this educational technology has been used, it has been an important turning point, since the ages where the greatest signs of disinterest and motivation appear are those between 12 and 18 years old (Amores-Valencia and De-Casas-Moreno, 2019; González-Valenzuela and Martín Ruiz, 2019). For this reason, this study has been conducted entirely dedicated to Secondary Education, since older students would give results conditioned by a more mature, more concentrated and motivated behavior, which would mean better academic performance (Cabero-Almenara et al., 2019a). Similarly, Primary Education students have elevated levels of attention and motivation, so their academic results tend to have high values (Toledo-Morales and Sánchez-García, 2017; Wang, 2017; Kirikkaya and Başgül, 2019; Lai et al., 2019; López-Belmonte et al., 2019). Within the Secondary Education stage itself, almost all the articles analyzed have been developed between the ages of 15 and 17, this range being the most conflictive in terms of lack of interest, motivation and low grades (Picó-Lozano, 2014; Jerez-Carrillo, 2021). For this reason, the investigations conducted by Cen et al. (2020), Koç et al. (2021), Lin et al. (2021), Moreno-Guerrero et al. (2020), and Paredes-Velastegui et al. (2018) have opted to analyze this age range.

In reference to the use of technological devices to bring the implementation of Augmented Reality to the classroom, the smartphone has been confirmed as the tool par excellence. This fact is due to the great limitations that educational centers present due to the unavailability of computers or tablets for each student, without forgetting the complicated situation of combining the use of these devices with other activities conducted in these centers (Vedadi et al., 2017). Thus, the availability of Computer Classrooms is extremely limited for many teachers due to the great demand received. In addition, it is acceptable to highlight the Internet connection problems present in educational centers. This translates into great concern for many teachers, since it shows that it is not exactly easy to integrate this educational technology in schools (Akçayir and Akçayir, 2017).

Once the technological devices have been addressed, software applications designed for the implementation of Augmented Reality should be looked for. In this aspect, two clearly found versions have been seen. The first refers to the applications created through the Vuforia platform, which have been duly studied and designed to fit perfectly in the students, taking into account aspects such as age, language, cognitive and sensory capacity of these (Wei et al., 2015; Paredes-Velastegui et al., 2018; Hsieh and Chen, 2019; Cen et al., 2020). About the second version, the materials created must largely adhere to the possibilities and limitations inherent in applications or software previously developed by other users. Based on this aspect, it can be affirmed that the contents developed and created by the researcher himself in full are more predisposed to success than the others (López-García et al., 2019).

The purpose of this research was to know the impact of the use of Augmented Reality in the Secondary Education stage based on motivation factors and academic performance. As for the data obtained from the different investigations addressed, they show an abrupt growth in the motivation levels of the students compared to the students who have not used this educational technology. This information has been reflected in the parameters of attention, relevance, trust and satisfaction analyzed following Keller's ARCS model (1987, 2010), which is a profound reason for the formation of teaching and learning practices that are based on the use of Augmented Reality (Chen and Liao, 2015; Lin et al., 2015, 2021; Wei et al., 2015; Wang et al., 2017; Chen and Chen, 2018; Paredes-Velastegui et al., 2018; Cen et al., 2020; Chen et al., 2020; Moreno-Guerrero et al., 2020; Tarng et al., 2021). In addition, the interviews conducted in several research works show a relationship between the use of this technology in the educational context and the increase in student motivation. This fact leads to highlight the importance of relying on the use of technologies, such as Augmented Reality, which enhance the interest of students (Keller, 2012).

Regarding the influence of this educational technology on the academic performance of the students reflected in their grades, the comparative results of the questionnaires or tests conducted show a significant difference between the students who made use of Augmented Reality in the teaching process and learning and those who tackled the activities without this technology. In this sense, the scores of the experimental groups were higher, which translates into an important reason to introduce Augmented Reality at these ages (Chen and Liao, 2015; Lin et al., 2015; Wei et al., 2015; Wang et al., 2017; Chen and Chen, 2018; Paredes-Velastegui et al., 2018; Cen et al., 2020; Chen et al., 2020; Moreno-Guerrero et al., 2020; Tarng et al., 2021). Likewise, a close relationship between motivation and academic performance is seen, since students with important levels of motivation obtain better grades (Hsieh and Chen, 2019; Koç et al., 2021; Lin et al., 2021). This information is valuable, since it is a great proposal for all teachers who want to see how the academic results of their students improve (Deigmann et al., 2015).

In relation to the limitations that have been seen, it should be noted that most of the research on Augmented Reality is not conducted in the Secondary Education stage, which has made it difficult to choose more research works. Likewise, most of these works do not jointly address the motivation and academic performance of students, and in turn, are studied from different perspectives. On the other hand, the works analyzed have not used a high number of students, due to the need to use technological devices. Regarding the possible lines of future research, it would be interesting to propose research where the teachers themselves are the designers and developers of software applications. However, this process is extremely complicated, since most teachers lack the knowledge and skills necessary to develop and apply this type of educational technology in the classroom (López-Belmonte et al., 2019). However, it can be said that students who have been immersed in the creation of Augmented Reality learning objects have shown much more satisfactory results, in terms of motivation and qualifications, than those who have only been consumers of this educational technology (Fernández-Robles, 2017; Quintero et al., 2019).

The present work aims to expand the current state of research in the field of Augmented Reality in the Secondary Education stage, grouping not only curricular aspects such as subjects, activities, method, but also two other major factors such as motivation and academic performance, with the purpose of capturing the repercussion of this educational technology for future studies.
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Parallel to the tremendous growth and expansion of video technology, it is easy and enjoyable for students to create a video as a learning activity. However, most previous studies primarily focused on declarative knowledge learning (e.g., language learning, science learning) rather than motor skill learning. The current study aimed to investigate whether creating and sharing a video with classmates would be more effective than merely creating a video and self-exercise to learn a motor skill in terms of intrinsic motivation, perseverance in learning, learning satisfaction, and roller-skating skill. Partially consistent with our hypothesis, we found that creating and sharing a video with classmates increased students’ intrinsic motivation, perseverance in motor tasks, and learning satisfaction, but not roller-skating skill, followed by merely creating a video and then self-exercise. The findings have an important implication for motor skills learning: during teaching motor skills, teachers can use encourage students to create and share a video with classmates as a homework activity to increase students’ intrinsic motivation, perseverance in motor tasks, and learning satisfaction.
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Introduction

Technology has developed significantly, and its impacts are inevitable on education in multiple disciplines (e.g., language learning, science learning, motor skills; Aguilar and Pifarre Turmo, 2019; Chang et al., 2020; Zainuddin and Che’ Lah, 2022). As the nature of dynamic and multichannel presenting learning content, learning from a video is immensely popular and an essential ingredient of many contemporary instructional approaches, such as massive open online courses, flipped classrooms, and even traditional classrooms (Noetel et al., 2021; Rekik et al., 2021). However, previous studies primarily consider videos to deliver learning content to students (Pi et al., 2021, 2022).

Parallel to the tremendous growth and expansion of video technology, it is easy and enjoyable for students to create a video as a learning activity (Greene and Crespi, 2012; Hoogerheide et al., 2019). Some emerging studies are interested in the effects of creating videos by students (Sari et al., 2020; Zainuddin and Che’ Lah, 2022). Creating a video offers students a chance to exercise and self-assessment. During creating a video, students can develop their interpretation, capture, review, and evaluate their performance on their own or by seeking their peers’ views (Huang, 2015; Zainuddin and Che’ Lah, 2022).

Recent research on learning strategies has shown that creating a video can be an effective strategy for learning (Hoogerheide et al., 2019; Erlangga, 2021; Zainuddin and Che’ Lah, 2022). For example, the study by Zainuddin and Che’ Lah (2022) tested the effects of video creation in English classrooms. They found that video creation increased students’ confidence and eventually improved their speaking skills. Similar results were obtained by Hoogerheide et al. (2019) with different learning content (i.e., biology). Again, students creating a video consistently experienced more enjoyment, which may stimulate engagement factors such as perseverance in learning, and showed higher learning satisfaction and better learning performance compared to restudy (Garland, 1982). Perseverance in learning refers to persistence at a learning task, which is evidenced to can be promoted by task enjoyment (Leonard and Weitz, 1971). The benefits of video creation have since been replicated in other studies (Huang, 2015; Sari et al., 2020; Erlangga, 2021; Jung, 2021).

However, most previous studies primarily focused on declarative knowledge learning (e.g., language learning, science learning) rather than motor skill learning. There are some differences between declarative knowledge and motor skill learning (Anderson, 1982). Specifically, declarative knowledge is ‘know-what’ knowledge (e.g., facts, concepts, and theory); motor skill is ‘know-how’ knowledge (e.g., roller-skating, playing ping-pong, and swimming). Therefore, motor skill learning includes learning declarative knowledge and mastering how to enact the skill via exercise (van Abswoude et al., 2019). Physical educators struggle with the challenges of creating opportunities for all students to engage in exercise and self-assessment daily, such as roller-skating (Finkenberg et al., 2005). Creating a video as a learning activity can address these challenges by encouraging students to show motor skills, develop their interpretation, capture, review, and evaluate their performance on their own (Huang, 2015; Zainuddin and Che’ Lah, 2022).

Researchers have proposed several potential mechanisms for the effects of creating video. First, the exercise effect postulates that exercise has beneficiary effects on motor skill consolidation (Chen et al., 2019; Khan et al., 2022). Exercise helps students acquire motor memory, which is stored in the form of cortical spine plasticity (Yang et al., 2009; Hayashi-Takagi et al., 2015). During creating a video to show the learned motor skill, students engage in exercise that is effective for motor skill learning (Chen et al., 2019; Khan et al., 2022).

Second, the self-assessment effect builds on empirical studies and suggests that creating a video enables students to self-assess related to their learning and performance by viewing a created video (Paul et al., 1998; Huang, 2015; Ritchie, 2016; Zainuddin and Che’ Lah, 2022). Consequently, self-assessment enhances their self-reflection and adjustment. Some studies have shown that creating video raise students’ awareness of self-assessment by viewing a created video and improves learning performance in the oral presentation (Ritchie, 2016; Tailab and Marsh, 2020).

Third, the social facilitation effect in motor tasks argues that the mere presence of others increases students’ arousal level, intrinsic motivation, and elicits the perception of evaluation by others, and thus influences their performance in motor tasks (Cottrell, 1968; Strauss, 2002). Intrinsic motivation is an essential component of learning, which refers to motivation that originates from within students and consists of spontaneous interest and mastery (Ryan and Deci, 2000). It is a common phenomenon for students to create videos and share them with their classmates later (Huang, 2015, 2021). Therefore, students are aware of the potential audience (i.e., peers) while creating videos. Research has shown that merely believing that someone else is watching you (i.e., a fictitious audience) can evoke arousal (Somerville et al., 2013; Hoogerheide et al., 2018). Based on empirical studies on the social facilitation hypothesis in motor tasks, the mere presence of others facilitates motor skills that have been formulated (Zajonc, 1965; Strauss, 2002).

Although accumulative studies confirmed the benefits of creating a video on students’ intrinsic motivation, engagement, and learning performance (Huang, 2015; Hoogerheide et al., 2018; Erlangga, 2021), it is yet unclear whether creating a video is an effective strategy in motor skills and which working mechanism is responsible for such effects. Specifically, it is unclear whether the benefits of creating a video result from engaging in exercise, self-assessment, or others presence.

The present study tested whether creating and sharing a video with classmates or not would improve students’ motor skill learning (i.e., roller-skating) compared to the self-exercise condition. To control time on task, students created videos or did self-exercise in a physical class. Merely creating a video and self-exercise were used as control conditions, which also encourages exercise and self-assessment by viewing the created video but lacks others presence. Furthermore, compared to creating and sharing a video with classmates, self-exercise lacks self-assessment and others presence. We examined effects on intrinsic motivation, perseverance in motor tasks, learning satisfaction, and roller-skating skill. Based on previous studies and theories, we proposed the following hypotheses.


H1: Students who create and share a video with classmates will show higher intrinsic motivation, followed by those who merely create a video and, finally, those who do self-exercise.

H2: Students who create and share a video with classmates will show higher perseverance in motor tasks, followed by those who merely create a video and, finally, those who do self-exercise.

H3: Students who create and share a video with classmates will show better motor skills, followed by those who merely create a video and, finally, those who do self-exercise.
 



Materials and methods


Participants and design

A total of 160 students (79 females and 81 males, mean age = 20.08, SD = 1.28, Range: 18–22 years) from six classes in one Chinese university participated in the study. None of their majors are physics or physics related. We adopted a between-subjects design and thus randomly assigned two classes of students one of three conditions to learn roller-skating. In the creating and sharing a video with classmates condition, there were 53 students (27 females and 26 males, mean age = 20.04 years, SD = 1.26, range: 18–22); In the merely creating a video condition, there were 53 students (27 females and 26 males, mean age = 20.32 years, SD = 1.33, range: 19–22); In the self-exercise condition, there were 54 students (25 females and 29 males, mean age = 19.87 years, SD = 1.23, range: 18–22). All the students were informed of the learning tasks and volunteered to participate in the study.



Martials


Physical fitness tests

Physical fitness tests included squatting against the wall, standing on one leg with eyes closed, sitting and bending forward, 50 m running, standing long jump, and sit-ups. Each test is related to roller skating learning. Specifically, squatting against the wall tests the basic strength of the legs; standing on one leg with eyes closed tests the balance, sitting and bending forward tests the flexibility of the body; 50 m running tests the displacement speed of the body; standing long jump tests the lower limb explosive force; and sit-ups test the waist strength and core control ability. These tests are from the National Student Physical Health Standards in China (Zhang, 2019).



Intrinsic motivation scale

The intrinsic motivation scale was developed by Lin et al. (2020). The scale contains 12 items and includes four dimensions: interest (e.g., “I find this learning activity very interesting”), competence (e.g., “I think I am good at this learning activity”), pressure (e.g., “I’m not nervous at all when doing this study activity”), and value (e.g., “I think this class is very useful to me”). Participants indicated their endorsement of each item on a 7-point scale (e.g., 1 = strongly disagree, 7 = strongly agree). High scores indicated high levels of learning motivation. The Cronbach’s alpha coefficients for the four dimensions in the current study were.54, 0.94, 0.94, and.74, respectively.



Perseverance in motor tasks questionnaire

The perseverance in motor tasks questionnaire was adapted from Zhou (1991). The questionnaire measures the degree of students’ persistence when encountering learning difficulties, learning disabilities, or external stimuli in motor skills learning. It includes 14 items, such as “When you find a problem that you could not solve in the past during practice, you will try to solve it again within two or 3 days.” The participants answered each item based on their actual situation using a five-point Likert scale (1 = completely inconsistent; 5 = completely consistent). The higher the score, the higher the persistence of the participants. The Cronbach’s alpha coefficient of the questionnaire in the current study was 0.91.



Learning satisfaction scale

The learning satisfaction scale was adapted from Wang (2014). The scale contains 17 items and four dimensions: Teaching, course content, teacher-student interaction, and learning environment and equipment. Teaching contains six items, such as “Teachers’ professional knowledge is very rich, and I have learned new knowledge and skills”; course content contains five items, such as “The task in learning is challenging”; teacher-student interaction contains three items, such as “Through mutual learning, I can fully participate in the learning process”; learning environment and equipment contains three items, such as “Satisfied with the normal operation of teaching.” The students needed to evaluate every item according to their feelings using a five-point Likert scale (1 = completely disagree; 5 = completely agree). The higher the score, the more satisfied students are with teaching. The Cronbach’s alpha coefficients for the four dimensions in the current study were 0.95, 0.96, 0.97, and 0.98, respectively.



Roller-skating test

Students completed a total of 26 m roller skating in a roller-skating test. The test included three parts. In part one, students slid forward 10 m from the starting point. In part two, students turned left and slid forward for 6 m. In part three, students turned left and slid forward for 10 m to get the ending point. An instructor at the ending point recorded time. The finish time of 26 m was the roller-skating achievement for students. Shorter the finish time, the better the roller-skating achievement. The test map can be seen in Figure 1.

[image: Figure 1]

FIGURE 1
 Sliding route of the roller-skating test.





Procedure

Figure 2 shows the procedure. First, participants completed physical fitness tests. After that, each class was randomly assigned to one experimental condition, and a male instructor taught the exact content of roller-skating, including standing and sliding. Participants did exercises following the instructor. Then, in the creating and sharing a video condition, the instructor asked the students to create an explaining video in a physical class and share it with their classmates in the WeChat group (i.e., a popular social media in China). In the merely creating a video condition, the instructor asked the students to create an explaining video in a physical class. In the self-exercise condition, students watched the explaining video created by the instructor rather than creating their videos and did exercises themselves in a physical class. At last, all students completed the roller-skating test. These steps were repeated three times. Finally, after the third class, all students finished the questionnaires.

[image: Figure 2]

FIGURE 2
 The procedure of the current study.




Data analysis

We first tested whether there were differences in the physical fitness tests among the three conditions. We conducted between-group comparisons to test H1, H2 and H3: intrinsic motivation, perseverance in motor tasks, and performance on the roller-skating test. If there were differences in the physical fitness tests among the three conditions, to eliminate the potential influence of the participants’ physical fitness on the results, we conducted these comparisons with the analysis of covariance (ANCOVA), in which we used the scores on the physical fitness tests as covariates in our models. All analyses were carried out on SPSS 26.




Result

Table 1 shows the means and standard deviations (SD) of all variables in the current study.



TABLE 1 Means and standard deviations (SD) of all variables.
[image: Table1]


Physical fitness tests

We first tested the differences in physical fitness tests among the three conditions. The results of one-way ANOVAs showed significant differences in squatting against the wall, F(2,157) = 5.27, p = 0.006, ηp2 = 0.06. Post hoc comparison (LSD) showed that participants’ time in the creating and sharing a video condition was significantly shorter than those in the self-exercise condition (MD = −33.38, p = 0.002, 95% CI [−53.83, −12.92]).

There were significant differences in standing on one leg with eyes closed, F(2,157) = 4.36, p = 0.014, ηp2 = 0.05. Post hoc comparison showed that participants’ time in the creating and sharing a video condition was significantly shorter than those in the self-exercise condition (MD = −35.41, p = 0.004, 95% CI [−59.13, −11.68]).

There were marginally significant differences in sitting and bending forward, F(2,157) = 2.41, p = 0.094, ηp2 = 0.03. Post hoc comparison showed that participants’ distance in the creating and sharing a video condition was significantly longer than those in the merely creating a video condition (MD = 2.813, p = 0.032, 95% CI [0.26, 5.37]);

There were significant differences in 50 m running, F(2,157) = 5.39, p = 0.005, ηp2 = 0.06. Post hoc comparison showed that participants’ time in the creating and sharing a video condition was significantly longer than those in the self-exercise condition (MD = 0.62, p = 0.001, 95% CI [0.25, 1.00]).

There were significant differences in standing long jump, F(2,157) = 5.34, p = 0.006, ηp2 = 0.06. Post hoc comparison showed that participants’ distance in the creating and sharing a video condition was significantly shorter than those in the merely creating a video condition (MD = −14.81, p = 0.038, 95% CI [−28.75, −0.86]), and was significantly shorter than those in the self-exercise condition (MD = −22.64, p = 0.002, 95% CI [−36.52, −8.75]);

There were significant differences in sit-ups, F(2,157) = 5.59, p = 0.004, ηp2 = 0.07, and post hoc comparison showed that participants’ number in the creating and sharing a video condition was significantly more than those in the merely creating a video condition (MD = 4.26, p = 0.020, 95% CI [0.67, 7.86]), and was significantly more than those in the self-exercise condition (MD = 5.87, p = 0.001, 95% CI [2.29, 9.44]).

In sum, the above results indicated that participants in the three conditions were different in physical fitness. Therefore, we conducted ANCOVAs to test the effects of creating video on motor skill learning, the scores on the physical fitness tests as covariates.



Intrinsic motivation

For the interest, competence, and pressure dimensions, there was no significant difference between the three conditions, F(2,151) = 0.59, p = 0.556, ηp2 = 0.01; F(2,151) = 0.63, p = 0.536, ηp2 = 0.01; F (2,151) = 0.50, p = 0.607, ηp2 = 0.01.

For the value dimension, there were significant differences between the three conditions, F(2,151) = 3.15, p = 0.046, ηp2 = 0.04. The post hoc tests showed that participants in the creating and sharing a video condition reported a significantly higher score than those in the merely creating a video condition (MD = 0.60, p = 0.016, 95% CI [0.11, 1.10]) and a higher score, in a marginally significant level, than those in the self-exercise condition (MD = 0.50, p = 0.060, 95% CI [−0.02, 1.03]). See Figure 3.
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FIGURE 3
 The bar chart for the value dimension.




Perseverance in learning

The ANCOVA showed that there were significant differences in the score of the perseverance in motor tasks questionnaire between the three conditions, F(2,151) = 6.42, p = 0.002, ηp2 = 0.08. The post hoc tests showed that participants in the creating and sharing a video condition reported a significantly higher score than those in the merely creating a video condition (MD = 0.49, p < 0.001, 95% CI [0.22, 0.76]) and the self-exercise condition (MD = 0.35, p = 0.017, 95% CI [0.06, 0.64]). See Figure 4.

[image: Figure 4]

FIGURE 4
 The bar chart for perseverance in motor tasks.




Learning satisfaction

For the teaching dimension, there were differences in a marginally significant level between the three conditions, F(2,151) = 2.60, p = 0.078, ηp2 = 0.03. The post hoc test showed that participants in the creating and sharing a video condition reported a significantly higher score than those in the self-exercise condition (MD = 0.41, p = 0.027, 95% CI [0.05, 0.77]). See Figure 5.

[image: Figure 5]

FIGURE 5
 The bar chart for the teaching dimension.


For the teacher-student interaction dimension, there were a difference in a marginally significant level between the three conditions, F (2,151) = 2.65, p = 0.074, ηp2 = 0.03. The post hoc test showed that participants in the creating and sharing a video condition reported a significantly higher score than those in the merely creating a video condition (MD = 0.40, p = 0.028, 95% CI [0.04, 0.75]), and a higher score, in a marginally significant level, than those in the self-exercise condition (MD = 0.34, p = 0.08, 95% CI [−0.04, 0.71]). See Figure 6.

[image: Figure 6]

FIGURE 6
 The bar chart for the teacher-student interaction dimension.


For the course content and the learning environment and equipment dimensions, there was no significant difference between the three conditions, F(2,151) = 2.23, p = 0.111, ηp2 = 0.03; F(2,151) = 1.95, p = 0.146, ηp2 = 0.03.



Roller-skating test

We calculated the average time of three roller-skating tests as the final scores. The result showed no significant difference between the three conditions, F(2,151) = 0.68, p = 0.508, ηp2 = 0.01.




Discussion

The current study aimed to investigate whether creating and sharing a video with classmates would be more effective than merely creating a video and self-exercise to learn a motor skill in terms of intrinsic motivation, perseverance in learning, learning satisfaction, and roller-skating skill. Partially consistent with our hypothesis, we found that creating and sharing a video with classmates increased students’ intrinsic motivation, perseverance in motor tasks, and learning satisfaction, but not roller-skating skill, followed by merely creating a video and then self-exercise. The results broadened our understanding of the effects of creating a video on motor skills learning.

In line with our first and second hypotheses that creating a video improved intrinsic motivation and perseverance in motor tasks compared with self-exercise, we confirmed the benefits of creating a video on students’ intrinsic motivation (i.e., the value dimension) and perseverance in motor tasks compared to self-exercise. The results were consistent with previous studies, showing creating a video increases students’ intrinsic motivation (i.e., value) and learning satisfaction (Greene and Crespi, 2012; Yang and Wu, 2012; Huang, 2015; Zainuddin and Che’ Lah, 2022). Previous studies have shown that creating a video encourages students’ engagement and supports support authentic learning (Kearney and Schuck, 2003; Schuck and Kearney, 2004; Greene and Crespi, 2012). Some researchers defined behavioral engagement as effort and perseverance in learning (Lee, 2014). Furthermore, intrinsic motivation is positively associated with enhanced perseverance in learning (Larson and Rusk, 2011). Students may have been more inclined to persevere with the difficult material due to intrinsic motivation (Logan et al., 2011).

In contrast to our third hypothesis that creating and sharing a video with classmates facilitated roller-skating skills most, we did not observe differences in the roller-skating skills among the three conditions. The results suggested that self-exercise was enough to lead to good performance in the roller-skating test. Hoogerheide et al. (2019) found that creating videos did not outperform the summarizing condition, like the self-exercise condition in the present study. Additionally, the study by Sari et al. (2020) also did not observe students’ English skills/proficiency was improved by creating video sharing on YouTube. Therefore, exercise, self-assessment, or other presence seem to not contribute to the mechanisms underlying the benefits of creating video. In contrast, teaching expectancy might play an essential role in the benefits of creating videos observed in previous studies (Hoogerheide et al., 2018, 2019). The studies on teaching by creating videos have shown that students in the teaching on video condition consistently outperform and report more engagement (Hoogerheide et al., 2016, 2018, 2019; van Brussel et al., 2021). Future work should test whether a teaching expectancy enhances the benefits of creating a video on learning motor skills.

This study has the following limitations. First, this study did not test the long-term effect of creating and sharing a video with classmates. We observed that creating and sharing a video increased students’ intrinsic motivation and perseverance in motor tasks. Intrinsic motivation is a powerful “engine” of learning (Larson and Rusk, 2011). Intrinsic motivation is associated with enhanced engagement and perseverance in learning but with greater use of meta-cognitive strategies and deeper information processing (Larson and Rusk, 2011). Therefore, the benefits of creating and sharing a video with classmates might be exhibited over time. Future studies should test the long-term effect of creating and sharing a video with classmates. Second, we did not analyze the videos created by students. Previous studies on generative learning have shown that the quantity and quality of generative learning activities mediate the effect of generative learning strategies (e.g., self-explaining) on learning performance (Baars et al., 2018; Hefter, 2021; Bichler et al., 2022). Future research should further investigate the mediating role of the quantity and quality of the videos created by students.

Although there were some limitations, the present study advances our understanding of the various effects of two types of creating video compared to self-exercise. With the rapid development of video technology, it is easy for students to create a video as an enjoyable activity (Greene and Crespi, 2012; Hoogerheide et al., 2019). The present study tested the various effects of video creation by including three conditions: creating and sharing a video with classmates, merely creating a video, and self-exercise. Additionally, we measured students’ subjective perceptions and their objective performance on the roller-skating test. Our results suggest that video creation enhances students’ intrinsic motivation, perseverance in motor tasks, and learning satisfaction compared to self-exercise; sharing with classmates can further enhance their intrinsic motivation, perseverance in motor tasks, and learning satisfaction; self-exercise guarantees good performance on motor skill.

In conclusion, the main finding of the present study was that students who created and shared a video with classmates reported higher intrinsic motivation, perseverance in motor tasks, and learning satisfaction, but not the roller-skating skill, followed by those who merely creating a video and then those who self-exercise. With the easy availability of video production software, the findings have an important implication for motor skills learning: during teaching motor skills, teachers can use encourage students to create and share a video with classmates as a homework activity to increase students’ intrinsic motivation, perseverance in motor tasks, and learning satisfaction.
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With the development of smart education, teachers' precision teaching ability has increasingly become an important component of their professional ability. Based on the Socialization, Externalization, Combination, Internalization (SECI) model of knowledge management, this research constructs a theoretical model of data knowledge transformation, data consciousness, and teachers' precision teaching ability, and uses Partial Least Squares to analyze the interaction and influence among the elements. The empirical results show that the transformation of internal knowledge related to data has a significant positive impact on the improvement of teachers' precision teaching ability and data consciousness; the transformation of external knowledge related to teaching has a positive effect on the teaching management ability of teachers' precision teaching ability, but the effect is not significant. Data consciousness plays a partial mediating effect between internal knowledge transformation and teachers' precision teaching ability, and a complete mediating effect between external knowledge transformation and teaching management ability.
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Introduction

Precision teaching is a representative of technology-enabled education in the era of big data, and is a major structural change in the field of teaching and learning, which brings many new challenges to the academia (Ministry of Education of the People's Republic of China, 2021). The incongruity and mismatch between teachers' previous teaching experience and data knowledge transformation is one of the challenges teachers face in promoting precision teaching (Cui and Zhang, 2022). Some studies have reported that teachers' data knowledge transformation implies teachers' ability to recognize, use, and evaluate data technology (Mandinach and Gummer, 2013). Teachers who have better data knowledge transformation skills are more successful in implementing precision teaching (Cabero et al., 2022). It can be argued that teachers' lack of attention to or misconceptions about the development of data knowledge transformation skills can directly affect the improvement of teachers' precision teaching skills. To examine exactly how data knowledge transformation affects teachers' precision teaching ability, we first need to understand what teachers' precision teaching ability is.

Research on teachers' precision teaching ability reveals that scholars have affirmed the importance of precision teaching, while also raising a series of questions during the inquiry. Hayes et al. (2018) noted that precision teaching realizes the automation of teaching but weakens the pedagogical significance of teachers' experience. Fletcher et al. (2013) take the smart campus as the context and reveal the current increased workload of teachers in precision teaching, such as the diversification of roles and the refinement of division of functions. Kubina and Yurich (2009) verified that the practice of precision teaching is positively related to teachers' personal ability to use data through precision teaching research. Moreover, some scholars investigated the definition of teachers' precision teaching ability. For example, Peng and Zhu (2018) proposed that teachers' precision teaching ability allows them to use learning data to enhance teaching, propose teaching strategies based on evidence, and implement teaching practice. Pierce et al. (2014) argued that to achieve precision teaching, teachers should have professional (statistics) and situational (data generation) knowledge. Theall (2001) argued that teachers' precision teaching ability is a high-level ability to gather practical teaching experience and data analysis skills, and to learn scientific theories. However, Mandinach (2012) posited that teachers' precision teaching ability is basically consistent with their data literacy; Mandinach proposes that teachers' precision teaching ability is a comprehensive ability that can transform data into teaching strategies to meet students' specific needs. Scholars have differing views on the definition of teachers' precision teaching ability.

Data consciousness is a concept at the cognitive level, which requires teachers to know that data is meaningful and valuable, and be aware of the possible harm caused by poor data management. From the existing studies, there seems to be a lack of empirical research on the relationship between data knowledge transformation, teachers' precision teaching ability and data consciousness. Therefore, this study aims to verify the mediating effect model of teachers' data knowledge transformation, data consciousness, and precision teaching ability through questionnaire data under the framework of knowledge management theory, and provide evidence to clarify the mechanism of action among the three. The research questions of this study are as follows:

• (RQ1)Does teachers' data knowledge learning and transformation have an effect on the improvement of their precision teaching ability? How does it affect?

• (RQ2)What is the role of teachers' data consciousness in the relationship between data knowledge transformation and teachers' precision teaching ability?



Literature review and theoretical assumptions

Analyzed from the perspective of pedagogy, the teaching practice mainly contains four dimensions: learning situation analysis, teaching management, teaching decision, and teaching evaluation (Srikoom et al., 2018). Therefore, teachers' precision teaching ability can be seen as a comprehensive ability of teachers to use data to advance the four dimensions of learning analysis, teaching management, teaching decision making, and teaching evaluation. From the perspective of the socialization, externalization, combination, internalization (SECI) model of knowledge management, the improvement of teachers' precision teaching ability mainly includes explicit knowledge and implicit knowledge, explicit knowledge is directly related to data and can be shared in a standardized and systematic language, implicit knowledge mainly includes data applications, understanding, data-driven teaching and learning, and other knowledge related to beliefs, metaphors, and thinking patterns (Revuelta-Domínguez et al., 2022). These elements have interacted and changed together during the transformation of explicit and implicit knowledge to create a whole knowledge innovation. This process of the externalization, integration, internalization, and socialization of knowledge ultimately points to the improvement of teachers' precision teaching ability (Weinberger and Green, 2022).


The relationship between data knowledge transformation and teachers' precision teaching ability

The transformation of data knowledge corresponds to teachers' precision teaching ability. Based on the SECI model, teachers' data knowledge can be divided into two categories. One is internal knowledge transformation, which focuses on teachers' learning of data-related technologies and resources; the other is external knowledge transformation, which focuses on the combination of teacher experience and data knowledge, and runs through the processes of teaching management, evaluation, decision-making, and others.


Internal knowledge transformation and teachers' precision teaching ability

Explicit knowledge of data mainly includes development and settings of the platform, reading and calculation of the data, use and processing of software, and data security (Duraiswami and Krishnamurthy, 2020), The absorption of internal knowledge mainly comes from thematic learning. Before teachers use technical means to carry out precision teaching, they need to learn a lot of relevant data knowledge, especially dealing with technology. Research has found that the effects of precision teaching are often limited by teachers' mastery of platforms, software, and other data tools (Lyons, 1984). The accumulation of teachers' internal knowledge can effectively improve their understanding of precision teaching, reduce the costs of trial and error, and play an important role in teachers' active precision teaching changes (Wang et al., 2011). Therefore, this paper asserts that the transformation of internal knowledge can effectively promote the improvement of teachers' precision teaching ability, and we propose the following hypotheses:

H1: There is a positive correlation between internal knowledge transformation and teachers' precision teaching ability.

H1a: There is a positive correlation between internal knowledge transformation and student analysis ability.

H1b: There is a positive correlation between internal knowledge transformation and teaching management ability.

H1c: There is a positive correlation between internal knowledge transformation and educational decision-making ability.

H1d: There is a positive correlation between internal knowledge transformation and instructional evaluation ability.



External knowledge transformation and teachers' precision teaching ability

Tacit data knowledge mainly includes data analysis and evaluation, educational decision-making and integration, and conclusion dissemination, among others (Kabir and Carayannis, 2013). In the process of introducing external knowledge, teachers actively participate in data processing, which can improve their ability to engage in data-driven teaching. While absorbing external knowledge, teachers can improve their own educational and teaching experience through creation, exchange, integration, and other activities. In the application stage of external knowledge, teachers promote the sharing of new knowledge generated by precision teaching practice to recreate new knowledge and promote the personalized reform of education. This process is the ultimate goal of precision teaching (Haigh, 2008). Therefore, this paper posits that the transformation of external knowledge has a positive impact on improving teachers' precision teaching ability and promoting precision teaching practice. We offer the following hypotheses:

H2: There is a positive correlation between external knowledge transformation and teachers' precision teaching ability.

H2a: There is a positive correlation between external knowledge transformation and student analysis ability.

H2b: There is a positive correlation between external knowledge transformation and teaching management ability.

H2c: There is a positive correlation between external knowledge transformation and educational decision-making ability.

H2d: There is a positive correlation between external knowledge transformation and instructional evaluation ability.




The relationship between data knowledge transformation and data consciousness
 
Internal knowledge transformation and data consciousness

According to existing research, teachers can have clear conflicts with the data generated in teaching (Du and Su, 2021). There are three main reasons for such conflicts. First, it is difficult to correctly interpret different forms of measurement data; second, it is difficult to convert existing information into appropriate teaching strategies to solve the problem of data representation; and third, it is difficult to interpret large data sets, resulting in a certain sense of powerlessness and fear. This sense of teaching burden generated by the data is one of the major challenges to the in-depth practice of precision teaching at this stage. Internal knowledge related to data can be learned through centralized learning, communication, text training, and other explicit tasks (Friedman et al., 1979). Therefore, this paper asserts that through the study of internal knowledge, such as data, teachers' fears of data can be effectively alleviated to deepen their knowledge and understanding of data, which has a positive impact on the cultivation of teachers' data consciousness. Therefore, the following hypothesis is proposed:

H3: There is a positive correlation between internal knowledge transformation and data consciousness.



External knowledge transformation and data consciousness

For teachers, learning about knowledge related to educational data is meaningless if it is separated from the educational context. However, the results of our survey show that at this stage, the internal knowledge learning of relevant data is mainly controlled by administrative departments, such as education authorities and schools, which characterized by policy and compulsion. We also note that after learning about these topics, teachers hardly use data knowledge; the reason for this is that teachers lack understanding of the value of data (Williamson, 2012). Training for precision teaching focuses on the internal knowledge level, and teachers equate this with technology learning, without paying much attention to it. In the learning and transformation of external knowledge, strengthening deduction skills, exchange, data sharing, and data-driven education practice can help teachers realize the advantages of data-driven precision teaching. Therefore, this paper argues that the transformation of external knowledge also has a positive impact on improving teachers' data consciousness. The following hypothesis is proposed:

H4: There is a positive correlation between external knowledge transformation and data consciousness.




The relationship between data consciousness and teachers' precision teaching ability

From the research on the professional quality of pedagogical students' education and teachers' post-service education, data-related knowledge is not the focus of training, according to the Professional Standards for Teachers in Kindergartens, Primary Schools, and Middle Schools, which were customized by the Ministry of Education in 2012. Rather, the professional quality of teachers in China mainly includes three aspects: teacher ethics, professional knowledge, and professional ability (Ministry of Education of the People's Republic of China, 2012). Based on the current general trend of smart education development, data-driven decision-making has gradually been integrated into all aspects of teachers' ethics, professional knowledge, and professional ability requirements. Teachers often face difficulties in learning and transforming data-related knowledge before applying this knowledge in precision teaching practice. In the current training program, although teachers have learned new data knowledge through professional development, they still know little about data comprehension, technology, and new content (McDowall et al., 2021). From the learning of data knowledge to learning how to apply data in teaching and learning, teachers need to awaken their personal interest in data learning. Therefore, this paper suggests that the cultivation of teachers' data consciousness has a positive impact on improving teachers' precision teaching ability, and the following hypotheses are proposed:

H5: There is a positive correlation between data consciousness and teachers' precision teaching ability.

H5a: There is a positive correlation between data consciousness and student analysis ability.

H5b: There is a positive correlation between data consciousness and teaching management ability.

H5c: There is a positive correlation between data consciousness and educational decision-making ability.

H5d: There is a positive correlation between data consciousness and instructional evaluation ability.



The mediating role of data consciousness

As internal and external knowledge are transformed, teachers have changed focus from the learning of explicit statistical knowledge to the implicit formation of an individual understanding of data. The latter has in turn transformed into information through internalization and been applied to teaching practice to guide the processes of student analysis, teaching management, educational decision-making, and instructional evaluation. The transformation of explicit and implicit knowledge is a two-way, cyclical accumulation process (Wieser, 2016). Individual teachers acquire the ability and teaching experience working with data and statistics through learning or practice, guided by data consciousness; the educational significance of the raw data is identified through the process of connection and the internalization of explicit knowledge. The teacher's movement from understanding data to summarizing information and decision-making in teaching practice is the process of discovering practical problems, creating new knowledge, assimilating existing implicit knowledge, and innovating and integrating to generate new explicit knowledge under the impetus of data consciousness. Whether it is the transformation of internal knowledge or the transformation of external knowledge, this process ultimately points to the improvement of teachers' precision teaching ability.

Knowledge is a component of data consciousness (Filderman et al., 2022), and data consciousness is the cornerstone of cultivating teachers' precision teaching ability. Therefore, this paper argues that data consciousness plays a mediating role between internal and external knowledge transformation and teachers' precision teaching ability. We propose the following hypotheses:

H6: Data consciousness plays a mediating role between data knowledge and teachers' precision teaching ability.

H6a: Data consciousness plays a mediating role between internal knowledge and student analysis ability.

H6b: Data consciousness plays a mediating role between internal knowledge and teaching management ability.

H6c: Data consciousness plays a mediating role between internal knowledge and educational decision-making ability.

H6d: Data consciousness plays a mediating role between internal knowledge and instructional evaluation ability.

H6e: Data consciousness plays a mediating role between external knowledge and student analysis ability.

H6f: Data consciousness plays a mediating role between external knowledge and teaching management ability.

H6g: Data consciousness plays a mediating role between external knowledge and educational decision-making ability.

H6h: Data consciousness plays a mediating role between external knowledge and instructional evaluation ability.

On the basis of related research and the above theoretical discussion, we propose the following theoretical model (Figure 1).


[image: Figure 1]
FIGURE 1
 A theoretical model of data knowledge transformation, data awareness, and teachers' precision teaching ability.





Research method


The survey instrument

The scales that measure data consciousness were developed by the research team based on a series of publications by Chinese scholars. The scales comprise three dimensions, which were informed by the theoretical assumptions and research results of the extant literature. Moreover, on the basis of the existing research dimensions, the measures provide response options on a five-point Likert scale, as shown in Table 1.


TABLE 1 Reference source and items of measuring scale.

[image: Table 1]

After developing the scale, the measures were repeatedly revised and discussed to ensure understanding, accuracy, and the representativeness of specific items. Ten front-line teachers who have participated in the knowledge training for the precision teaching system were invited to conduct a pre-test of the questionnaire to check question wording and the order of specific items. Case descriptions were added to the questions about the dimensions of teachers' precision teaching ability to help respondents understand the specific aspects of their ability. In addition, before the questionnaire was administered, we confirmed that the teachers participating in the survey understood the differences between internal knowledge transformation and external knowledge transformation. We also added instructions to the questionnaire guidelines.



Participants

The participants in this study are front-line teachers who have participated in smart education, precision teaching projects, competitions, training, and other activities. Respondents are from Shanghai, Anhui, Zhejiang, Jiangsu, Guangdong, and other provinces. The survey was administered from June 2021 to August 2021. First, 98 questionnaires were distributed (and all were recovered; recovery and effective rates were both 100%) with the help of the characteristics of the school and its major, and with the help of the interpersonal and working relationships of graduates and teachers. Second, we entrusted the principals of certain cooperative schools to distribute 150 questionnaires (of which 147 were recovered); the recovery rate is 98% and the effective rate is 96.7%. In total, 243 valid questionnaires were collected from teachers at 45 schools, including 6-year primary schools, 3-year junior high schools, 3-year high schools, 9-year consistent schools, and 6-year full middle schools. Among them, more than 60% of the respondents had more than 10 years of work experience, and 73% of the respondents had participated in the training and carried out precision teaching practice.



Analysis on reliability and validity of the survey instrument

We used IBM SPSS version 25 to analyze the reliability and validity of the questionnaire to ensure its accuracy.


Reliability analysis

To test the reliability of the generated items and the scale, Cronbach's α is used for detection; the test results are shown in Table 2. When values are >0.8, the scale is considered acceptable. The questionnaire is divided into four categories: internal knowledge transformation, external knowledge transformation, teachers' precision teaching ability, and data consciousness. The reliability of each sub-scale is 0.918, 0.926, 0.964, and 0.872, respectively. Because these values are higher than 0.8, the reliability is considered high. Therefore, reliability analysis can be conducted.


TABLE 2 Scales and Cronbach's α values.

[image: Table 2]

To ensure that the data obtained from the questionnaire are suitable for a factor analysis, the KMO (Kaiser-Meyer-Olkin) and Bartlett tests were conducted on the sub-scales and the total scale. When KMO values are larger than 0.7 and approach 1, the partial correlation between variables is strong, and factor analysis is more accurate. When the significance level of Bartlett's sphericity test is <0.05 and the correlation between variables is strong, factor analysis can be conducted. The test results are shown in Table 3. The KMO values of the sub-scales and the total scale were >0.7, and the p-values of the Bartlett test was <0.05; thus, this questionnaire is suitable for factor analysis (Liang et al., 2020).


TABLE 3 KMO and Bartlett test.

[image: Table 3]



Validity analysis

The study conducted a CFA (Confirmatory Factor Analysis) on seven factors and 24 analysis items. The effective sample capacity was 243, or 10 times more than the number of analysis items. This level is moderate, so the data can undergo convergence validity and discriminant validity analyses. The factor loading of items reflects the correlations between the factors and analysis items. When the standard load coefficient is >0.7, there is a strong correlation between factors and analysis items. As shown in Table 4, the factor loading coefficients of items are >0.7. The composite reliability (CR) and average variance extracted (AVE), can comprehensively characterize the convergent validity of the scale. Generally, when the CR value is >0.7 and the AVE is >0.5, the convergence validity of the scale is high. As shown in Table 4, the AVE values corresponding to the seven factors are all >0.5, and the CR values are all higher than 0.7, indicating that the analysis and data have good convergence validity.


TABLE 4 Results of confirmatory factor analysis.

[image: Table 4]

CFA can be used to distinguish validity results. The diagonal lines in Table 4 are AVE square root values, and the other cells are correlation coefficients. The value of the square root of the AVE represents the convergence of factors, and the correlation coefficient represents the correlation between items. If the factor has strong convergence (i.e., obviously stronger than the absolute value of the correlation coefficient with other factors), it can indicate that it has discriminant validity. The results are shown in Table 5. The square root of the AVE of each factor is greater than the absolute value of the correlation coefficient of this factor and other factors; therefore, all factors have good discriminant validity.


TABLE 5 Distinguishing validity: Pearson correlations and AVE square root.
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Data analysis

We selected SmartPLS 3 as the test tool for the research model to verify its collinearity, path relationships, model interpretation ability, and prediction ability of the structural equation model, and to improve and modify the model according to the verification results.

Collinearity means that there is a high correlation between independent variables, which leads to unreliable prediction results of the model. When the model has serious collinearity, it will lead to a deviation in the statistical significance of the results. Generally, if the variance inflation factor (VIF) value of each variable is <10, then the variables of the model do not exhibit collinearity. The results of this test are shown in Table 6. The VIF of each variable is <10, which eliminates the possibility of multicollinearity.


TABLE 6 Collinearity diagnostics.

[image: Table 6]


Path analysis

Path analysis is a statistical method used to verify the causal relationship between multiple variables and its strength to obtain the accuracy and reliability of the causal model (Bernacki et al., 2015). The path analysis results for the variables obtained through the PLS Algorithm in SmartPLS 3 are shown in Figure 2. In the figure, IK refers to internal knowledge transformation, EK refers to external knowledge transformation, and DC refers to data consciousness. Teachers' precision teaching ability includes four potential variables: student analysis ability (SA), teaching management ability (TM), educational decision-making ability (ED), and instructional evaluation ability (IE).


[image: Figure 2]
FIGURE 2
 Path coefficient diagram.


The direct effects between factors are shown in Table 7. We find that H2b [External knowledge transformation has a positive impact on teaching management ability (EK → TM)] is not supported, while the other hypotheses are supported. The transformation of internal knowledge related to data has a significant positive impact on teachers' precision teaching ability and data consciousness, while the transformation of external knowledge related to teaching has no such impact on teachers' teaching management ability in precision teaching. Both internal knowledge transformation and external knowledge transformation have a significant positive impact on data consciousness, and data consciousness has a positive impact on the improvement of teachers' precision teaching ability.


TABLE 7 Verification of direct effect path relationships.

[image: Table 7]

The results of the indirect effect path relationship are shown in Table 8, which indicates that the indirect path relationship decisions of the factors are valid. Specifically, there is an indirect relationship between internal knowledge transformation, external knowledge transformation, data consciousness, and teachers' precision teaching ability. To illustrate the mediating effect of data consciousness, this effect is evaluated based on the indirect path relationship established in Table 8. The overall effect between the factors is calculated by the sum of the path coefficients of the direct effect and the indirect effect. However, the significance of the indirect path relationship cannot directly reflect the intermediary effect of the factors, and the variant allele fraction (VAF) of factors should be considered. Generally, if the VAF is <20%, the factor has no intermediary effect; if it is between 20 and 80%, it has some intermediate effect; and if it is >80%, it has a complete mediating effect. The results for the overall effect and VAF are shown in Table 9.


TABLE 8 Verification of the indirect path relationships.
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TABLE 9 Evaluation of the mediation effect.
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Evaluation of model detection and prediction ability

Table 10 displays the results for the model's interpretation and prediction ability; the explanatory power of the model includes the explanatory effect of the exogenous variables and endogenous variables of the model. Among them, the interpretation of the effect of the exogenous variables on the endogenous variables is determined by f2, and the effect of the endogenous variables is determined by the coefficient R2. When f2 is <0.15, the explanatory power of the exogenous variables is weak; when it is >0.15 and <0.35, it is moderate; when it is >0.35, it is strong. As shown in Table 10, the explanatory effect of the exogenous variables in this model is mainly between 0.15 and 0.35, with moderate explanatory power. In this study, the coefficient of determination is around 0.75; thus, the explanatory power of the endogenous variables is relatively strong.


TABLE 10 Verification of the explanatory and predictive abilities of the model.

[image: Table 10]

Finally, the predictive ability of the model is measured by the value of Q2 obtained by blind-folding. If the values of Q2 are >0, the model has the ability to predict the endogenous variables; the larger the value, the stronger the predictive ability of the model. The values of Q2 in this model are high, so the predictive ability is significant.

Based on the comprehensive analysis, the interpretation and prediction capabilities of this model are relatively significant.



Model updating

To verify the path relationship, the direct effect assumes that EK → TM fails the significance test, so it is deleted from the model. The modified model is shown in Figure 3.


[image: Figure 3]
FIGURE 3
 Revised theoretical model and path coefficient.


In testing the intermediary effects, we assume that data consciousness is not an intermediary variable in the path: EK → DC → ED, EK → DC → SA, EK → DC → IE. On this basis, the mediating effects of the modified theoretical model were checked, as shown in Table 11.


TABLE 11 Revised mediation effect verification.

[image: Table 11]





Discussion

Most of the existing studies have concentrated on analyzing the definition of teachers' precision teaching ability or strategies to enhance them. However, the different roles that explicit and invisible data knowledge learning and transformation can play in enhancing teachers' precision teaching ability and the interrelationships between them remain to be clarified. Therefore, this study constructs a mediating effect model between data knowledge transformation and teachers' precision teaching competencies based on knowledge management theory.

The results of this study suggest that data knowledge learning and transformation play an important role in the improvement of teachers' precision teaching ability, and also reveal some important differences.

Regarding the impact of teachers' learning and transformation of data knowledge on improving their teachers' precision teaching ability (RQ1), our findings add to the literature. The learning and transformation of data knowledge can be divided into two categories: internal knowledge (related to data) and external knowledge (related to teaching). Among them, the former has a positive impact on teachers' precision teaching ability. While the latter has a positive effect on student analysis ability (SA), educational decision-making ability (ED), and instructional evaluation ability (IE), and has no significant positive correlation with the ability to manage teaching (TM).

The results of this study show that data consciousness plays a specific mediating effect between data knowledge transformation and teachers' precision teaching ability (RQ2). Among them, data consciousness partially mediates the effect between internal knowledge transformation (data-related) and teachers' precision teaching competencies. Between external knowledge transformation (teaching-related) and teachers' ability to teach accurately, data consciousness only fully mediated the effect between external knowledge transformation and instructional management ability.

In detail, the study found the following points. First, teachers' increased data consciousness relies on systematic learning of data knowledge. Teachers prefer activities such as smart education and precision teaching that revolve around knowledge of data collection, statistics, and analysis.

Second, teachers have a high level of recognition of data-related knowledge. For teachers, the learning and transformation of internal knowledge can effectively enhance their data consciousness, thus improving teachers' precision teaching ability.

Third, teachers pay less attention to training on teaching-related knowledge. Teachers generally believe that learning analysis, instructional decision making and instructional evaluation in data-driven teaching process are mainly influenced by educational experience, while data consciousness cannot be used as a mediating factor.

Finally, the group of instructional managers among teachers perceived data consciousness as having a significant mediating effect. They believe that both learning related to internal knowledge (data-related) and external knowledge (teaching-related) are needed at the instructional management level. Both of them work together to effectively enhance data consciousness and ultimately improve precision instructional management skills.



Conclusion and implications

The findings of this study are of significant practical value as it provides indications for future targeted training of teachers in precision teaching competencies.

We need to understand the data confusion of teachers and focus on the development of teachers' precision teaching ability. At this stage, teachers' data confusion remains an important issue limiting the development of teachers' precision teaching ability. The research results show that teachers' confusion about the intrinsic knowledge of data (related to data) is much greater than the applied knowledge confusion of extrinsic knowledge (related to teaching). Teachers have many problems with the knowledge of data acquisition, statistics, organization, and analysis.

In this way, the activities focusing on the development of teachers' precision teaching ability should slow down the process of the activities. Before the activity is carried out, we should effectively understand the data confusion of the learning targets, focus on solving teachers' data problems first, and improve teachers' understanding of data value, data consciousness, and precision teaching. Learning about data as a way to enhance teachers' data confidence and reduce their sense of burden in precision teaching. Whether the learning activities related to precision teaching are organized by education departments or schools, the learning topics should be tailored to teachers' actual data confusion and provide appropriate learning materials.

At this stage, teachers' data confusion remains an important issue that restricts the development of teachers' precision teaching ability. Teachers as the executors of precision teaching, the implementation effect of precision teaching mainly depends on teachers' ability to understand, analyze and apply data. Whether the learning activities related to precision teaching are organized by education departments or schools, the learning topics should be tailored to teachers' actual data confusion and provide appropriate learning materials.

We must emphasize the development of data consciousness and optimize data-related knowledge translation mechanisms. The results of the study found that most teachers believe that data-related knowledge transformation can promote the development of data consciousness, which can ultimately enhance their own data literacy. The results of the study found that most teachers believe that data-related knowledge transformation can promote the development of data consciousness, which can ultimately enhance teachers' precision teaching ability.

Training activities should enhance the process of developing from technology to consciousness as teachers engage in internal knowledge of data-related platform development and setup, reading and computing, software use and processing, and data security. It should not be limited to text-based learning, but should focus on teachers' operational learning. Teachers should have a practical experience of data reliability, ease of operation, and its importance to teaching and learning during the training activities.

The learning of data technology knowledge can deepen teachers' understanding of data, reduce their sense of powerlessness and rejection of data, and promote the development of teachers' data consciousness. It allows teachers to understand the goal, process, and meaning of precision teaching at the cognitive level, thus enhancing their initiative to learn and apply data knowledge and optimize their transformation process.

In the training, we want to create realistic scenarios for application and focus on knowledge transformation mechanisms for data-driven teaching and learning processes. A large number of real teaching cases should be provided for the participants in the teachers' participation in data knowledge training, and virtual courses for accurate teaching and learning. To cope with the transformation of external knowledge (related to teaching), teachers not only need to be familiar with mastering data-related knowledge, but also need a lot of teaching and learning knowledge and experience in order to complete the transfer and transformation of knowledge. Create real scenario application, guide teachers to experience the process of data collection, collation, analysis, evaluation and prediction in a real environment, and feel the process and meaning of application in the process of learning. This is very essential.

Finally, we need to develop strategies for the development of group roles. Because different group roles require different focuses on teachers' precision teaching ability. Training should be designed and implemented to respond to different needs.



Limitations and future research

Of course, there are still some shortcomings in this study, such as the limited sample size, insufficient diversity in the samples, the influence of subjective factors in the questionnaire design process, and the lack of qualitative data, such as observations and interviews. In subsequent research, we should increase the proportion of qualitative data collected and expand the sample size appropriately.

In addition, it is important to suggest future research directions for those interested in the unifying theme of this study. In the course of our research, we found that there are multiple groups of teachers, including teaching, management, and administration, and that the needs and perceptions of different groups differ significantly in terms of precision teaching competencies. It would be helpful if future research could delve into this study with specific categories of teacher groups.
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Introduction: The instructional video is considered to be one of the most distinct and effective virtual learning tools. However, one of its biggest drawbacks is the lack of social interaction that occurs. This study tested the impact of participants sending zero danmaku (sending messages on the screen), three danmaku sending, and unlimited danmaku as an instructional video plays on learning performance.

Methods: We assessed learners’ retention and transfer scores, as well as self-report scores for cognitive load and parasocial interaction. This study sample comprised 104 participants who were randomly assigned to learn from one of three instructional videos on the topic of the heart.

Results: The results showed that sending danmaku improved learners’ parasocial interaction, while significantly increasing their cognitive load and also hindering learning performance. The observed increase in cognitive load reported by learners was also caused by increased levels of parasocial interaction.

Discussion: Our findings suggest that by sending danmaku, learners can promote interactive learning, but that this has a negative impact on learning performance and the process of video learning.

KEYWORDS
instructional video, danmaku, learning performance, cognitive load, parasocial interaction


Introduction

The instructional video is considered to be one of the most distinct and effective virtual learning tools as it provides a sensory learning environment that has been shown to support learners to understand more and help them better recall knowledge (Palaigeorgiou and Papadopoulou, 2019). Furthermore, instructional videos also appear to have a significant effect on improving learners’ learning performance, engagement, interest, motivation to learn new subjects, and autonomy (Giannakos et al., 2015). However, instructional videos are not a panacea. Linear instructional videos run the risk of becoming a passive, television-like experience for learners. This type of experience can lead to superficial learning or inadequacy of the overall learning performance, also known as the “couch-potato” phenomenon (Van den Bulck, 2000; Palaigeorgiou and Papadopoulou, 2019). One of the most notable weaknesses of instructional videos is that learners cannot interact with it, so instructional videos often lack cognitive appeal and challenges (Palaigeorgiou and Papadopoulou, 2019). This interaction has been considered to be an important factor in improving social presence and learners’ attention (Rice and Redcay, 2016; Yang et al., 2019). In recent years, the production technology of instructional videos has grown rapidly, enabling more interactive functions, such as online forums or real-time in-video text messages, known as danmaku. Danmaku, as an emerging video interaction technology, allows users’ comments to be posted and displayed instantly (anonymously) on the video screen, thus becoming an integral part of the video; every time the video is played, it also plays all past comments (Zhou and Zhou, 2022). Danmaku were initially popular in China, Japan, and other Asian countries, and became sought after and loved by the majority of video-based learners (Teng and Chan, 2022). Especially in China, when learners are viewing a video, the playback platform typically has the “danmaku display” function turned on by default, allowing people to interact with other users while watching in text form (Bai et al., 2021). While such interactions are commonplace, little is known about the effects of seeing others’ danmaku in such videos on users’ attention and experience.

Most existing research on danmaku has been from the perspective of “learners seeing danmaku sent by others on the screen” (e.g., Pi et al., 2020), focusing on the potential value of the danmaku itself and their impact on learners’ attention as they watch the video lectures (Bai et al., 2019; Pi et al., 2020). For instance, learners’ interaction with danmaku-enabled videos can not only provide immediate feedback to video creators on how they might improve the quality of the video, but they also greatly enhance the viewing experience of online learners (Bai et al., 2021). Zhang et al. (2019) discussed the potential of danmaku and proposed to include them in their instructional videos, whether the content is synchronous or asynchronous. With danmaku, even an asynchronous experience can seem like a synchronous experience. It is a potentially useful tool for use in online learning as learners feel they are learning alongside peers and teachers (Zhang et al., 2019). However, Pi et al. (2020) showed through empirical research that seeing others’ danmaku during instructional videos had a negative impact on learners’ attention and learning.

Compared to seeing others’ danmaku onscreen, the biggest difference for learners in sending their own danmaku is interactivity (Ma and Cao, 2017; Pi et al., 2020). Learners communicate synchronously or asynchronously with others by sending danmaku. Thus, learners can have a “pseudo-synchronic” communication and viewing experience by replying to others’ danmaku comments, creating a sense of a “live” experience through the sense of shared virtual time between learners and learners, as well as between learners and instructors (Johnson, 2013). This “pseudo-synchronicity” not only changes the way learners experience instructional videos from a passive and isolated experience to a more active and social experience, but it also provides them with a sense of a shared and synchronous experience. Research has shown that this type of interaction appears to give learners an instant experience of immersion, similar to if they were having a conversation directly with other learners, experiencing a “mental sensation of engagement,” also known as parasocial interaction (Shin, 2019; Lim et al., 2020; Yang et al., 2022). To our knowledge, few studies have explored how learners actively sending danmaku affects their learning process and performance. Theoretically, the benefits of sending danmaku during the learning experience are consistent with the theory of social constructivism (Vygotsky and Cole, 1978). This theory proposes that learners are not only passive receivers of knowledge and information, but also active generators and constructors of knowledge. The creation of knowledge requires active interaction in a social environment. Social interaction must then exist prior to the process of learners internalizing knowledge, and as such, social interaction is essential for the creation of new knowledge, and interaction with others is conducive to learners’ learning in the zone of proximal development (Vygotsky and Cole, 1978). Specifically, as a tool to reflect social interaction in the learning process, danmaku-sending provides scaffolding for learners and helps them to reach their potential level of development. The basis of social interaction is the exchange of messages (Vygotsky and Cole, 1978; Pi et al., 2019). Numerous studies on instructional video-based learning have shown that learners benefit from exchanging messages regarding the information shared through the videos (Li et al., 2014; Hung and Chen, 2018). Real-time exchange of messages in the classroom when learners are able to pause videos has been shown to have a positive impact on attention and learning performance (Weisz et al., 2007; Li et al., 2014). When learners send danmaku, they also exchange messages within the videos, which we infer would promote deeper processing and internalization of knowledge.

Although the benefit of exchanging messages has been demonstrated under particular conditions, not all instructional video formats have yet been tested (Pi et al., 2020). In previous studies, learners sent messages after learning from instructional videos, rather than exchanging messages simultaneously during learning (i.e., seeing and sending danmaku; Weisz et al., 2007; Li et al., 2014). Unfortunately, in a danmaku-enabled video, the real-time exchange of messages does appear to negatively impact learning (e.g., Pi et al., 2020). Several reasons have been suggested for this. First, learners must pay attention to danmaku content while also following and understanding the learning content. This phenomenon tends to make learners lose themselves in receiving and responding to danmaku comments, thus neglecting to absorb and process the learning content itself, resulting in excessive cognitive load (Yang et al., 2019). This situation is likely to trigger a split-attention effect, in which the learner must mentally integrate information from multiple sources simultaneously (Ayres and Sweller, 2005). Second, the danmaku sent by fellow learners may also have nothing to do with video learning knowledge, and may also be negative. This also increases learners’ cognitive load and is not conducive to learning (Yang et al., 2019). Furthermore, an earlier study showed that creativity is inhibited if learners must pay attention to constant interactions with others (Diehl and Stroebe, 1987). In the case of instructional videos, this would apply to learners sending danmaku (Herrmann et al., 2013; Pi et al., 2020).

To sum up, in previous studies, learners have generally only played the role of a “bystander” in the exploration of the effects of danmaku during learning. Existing research has suggested that danmaku can be helpful in instructional videos (Yang et al., 2019), but it is important to understand how to further improve the quality of instructional video learning. Therefore, the current study investigated whether the sending and not sending of danmaku brings about differences in learning from instructional videos, and whether differences in the number of danmaku sent might optimize the effectiveness of video learning in terms of learning performance (i.e., retention and transfer), self-reported cognitive load (i.e., intrinsic, extraneous, and germane cognitive loads), and parasocial interaction after the instructional video is over.

Participants were asked to watch instructional videos on the subject of the heart. In the control condition, learners only watched the instructional videos and were not able to send danmaku (No Danmaku-Sending group; NDS). Under the experimental conditions, learners viewed the instructional video, with the difference between the experimental conditions being only the number of danmaku sent by the learners themselves, specifically: (1) the number of danmaku sent during the video was set at three (Three Danmaku Sent group; TDS), and (2) the number of danmaku sent was unlimited, whereby the learner was required to send more than three danmaku during the video (Unlimited Danmaku Sent group; UDS). For the TDS group, we found through the pre-experiment test, when the number of danmaku learners could send was allowed to be unlimited, that participants would send an average of three danmaku during the process of learning from a video. In the actual experiment, each participant in the TDS group sent the same number of danmaku (i.e., three), which facilitated scientific observation and analysis by fixing the experimental conditions.

We wanted to verify whether learning was affected by the number of danmaku sent. Therefore, based on the above literature review, this study proposed the following hypotheses:







	

	Hypothesis 1: Among the three instructional video conditions, learners in the NDS group will have the best retention and transfer scores, followed by the TDS group, and finally by the UDS group.










	

	Hypothesis 2: In the UDS condition, learners will report having the highest cognitive load (including intrinsic, extraneous, and germane cognitive load), followed by those in the TDS condition, and finally by those in the NDS condition.










	

	Hypothesis 3: Learning from instructional video under the UDS condition, learners will report the highest level of parasocial interaction, followed by learners in the TDS condition, and finally by learners in the NDS condition.










	

	Hypothesis 4: The number of danmaku sent by learners will be negatively associated with learning performance, and this relationship is mediated by parasocial interaction and cognitive load.






Materials and methods


Participants and design

The participants in the current study were 104 grade 10 high school students (64 females; age: M = 15.45, SD = 0.54) recruited from one high school in Chengdu, Sichuan, China, and were selected randomly from four classes. None of the participants had been taught in the school setting about the heart. The students were informed about the purpose and safeguards of the experiment and written informed consent was obtained prior to participation. All participants were native Chinese and naive to this study. The study was approved by the ethics committee of the school where the study was conducted, and the study followed ethical standards of care for human subjects.

A one-factor between-subjects design was adopted in the present study with students assigned randomly to one of the three groups: 35 students (22 females; age: M = 15.43, SD = 0.56) to the NDS group, 35 students (24 females; age: M = 15.46, SD = 0.56) to the TDS group, and 34 students (18 females; age: M = 15.47, SD = 0.51) to the UDS group. There were no significant differences between these three groups in mean age [F(2,101) = 0.05, p = 0.947], their mean pre-test scores [F(2,101) = 0.15, p = 0.858], or on the proportion of males and females, χ2(2) = 1.82, p = 0.403.



Materials

The instructional video ran for 6 min and 18 s, and the content was on “Heart and blood circulation.” We used PowerPoint and Adobe Premiere to create the video. The instructional video consisted of three parts: danmaku, learning content, and voice. Regarding the danmaku, when we were making the video, we use the “four classes of communicative approach” to design four kinds of questions (Scott et al., 2006). These questions were used to create the pseudo-danmaku that would be used to answer the questions. In this experiment, we designed a total of 30 pseudo-danmaku. These danmaku ran from the right of the screen to the left at a consistent speed, positioned in the top fifth of the screen above the video and scrolling past until they disappeared. The questions were also intended to guide learners to send their own danmaku in response to the questions raised in the videos. Some of the questions used are shown in Table 1. Regarding the learning content, the instructional video was made up of 12 pages of slides, with the key instructing content presented in the form of text, accompanied by an illustration to help learners understand the content. Finally, regarding the voice, the audio content was recorded by a male instructor with a neutral Chinese accent. All materials went through multiple rounds of screening and revision by two master students before they were combined to create the final instructional video.


TABLE 1    Specific questions used to encourage social interaction: four classes of communicative approach.

[image: Table 1]

The video was shown using software called “Dandan Play.”1 This software allows learners to send danmaku in the instructional videos over a local area network without having to register and account. The software also supports changing the color, size, and screen location of the danmaku. Using intelligent identification of video content, past danmaku saved on the server can be synchronized to appear in the video on the local computer to enhance the viewing experience. The danmaku are shown in the top fifth of the screen, while the rest of the screen is taken up by the video content (see Figure 1).
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FIGURE 1
Danmaku and video content positioning on instructional video screen in Dandan Play player.




Measurements


Pre-questionnaire

The pre-questionnaire consisted of three parts: first, demographic information (e.g., gender and age) was collected. Second, contextualizing danmaku in learners’ experience, both viewing (e.g., “If there are danmaku in the instructional video, do you think the danmaku will improve or interfere with your learning ability? Why?”) and sending (e.g., “If you send danmaku while learning from the instructional video, do you think this behavior will improve or interfere with your learning? Why?”). Finally, learners’ general knowledge about the heart was also tested, using seven multiple-choice items. An example item was: “Which of the following is not part of the blood circulatory system? A. Blood; B. Blood vessel; C. Heart; D. Lung; E. I don’t know.” Each item had five choices, and only one was the correct answer. The fifth option was “I don’t know” to avoid participants simply guessing the answer (Pi et al., 2022). Two points were awarded for each correct answer. The total score could range from 0 to 14. As there were relatively fewer items used in this study than in previous studies, the reliability analysis was measured using Spearman–Brown reliability (Kelley, 1925). The prior knowledge test showed moderate internal consistency: rkk = 0.63 (LeBreton and Senter, 2008). The learners’ age, gender, and prior knowledge scores were used to determine whether the groups differed in their basic characteristics. These variables did not have any significant differences among the three groups.



Learning performance

Tests were created to assess learning performance, in terms of both knowledge retention and transfer. The knowledge retention test evaluated learners’ direct memory of knowledge after they had finished watching the learning instructional video. The retention test showed moderate internal consistency: rkk = 0.60 (LeBreton and Senter, 2008). It contained 12 items with a possible total of 30 points. There were eight multiple-choice items with only one correct response (e.g., “Which of the following statements about the function of the human heart is false? A. The heart provides adequate blood flow to the body’s organs and tissues; B. The heart supplies oxygen to the body; C. The heart provides various nutrients to the body; D. The heart can bring carbon dioxide, urea, and so on to the cells; E. I don’t know.”), two multiple-choice items with several correct responses (e.g., “Which of the following statements about the heart are correct? A. The heart is positioned with the lungs on both sides; B. Above the heart is the diaphragm and below the heart are the large blood vessels that enter and exit the heart; C. The heart is located inside the middle mediastinum; D. The heart is located inside the posterior mediastinum; E. I don’t know.”), and two short-answer items regarding the coronary artery. Respondents received two points for each correct answer for the single-correct-choice items, three for the several-correct-choice items, and four points for short-answer items. The short-answer responses were scored separately by two raters and showed appropriate rater agreement (rs > 0.60, ps < 0.001, based on Pearson’s correlation).

The knowledge transfer test evaluated learners’ ability to use the presented material in novel situations after learning from the instructional videos. The transfer test had moderate internal consistency: rkk = 0.59 (LeBreton and Senter, 2008). It contained eight multiple-choice items with one single correct response (e.g., “What happens when the coronary arteries in the human body harden? A. People get coronary heart disease; B. There is an embolism in the coronary arteries; C. There is a spasm in the coronary arteries; D. The cardiac muscle cannot get nutrients and oxygen; E. I don’t know.”), two multiple-choice items with several correct responses (e.g., “Which of the following symptoms of myocardial infarction are correct? A. Insufficient blood supply to the venous blood vessels; B. Decreased elasticity of the walls of the large arteries; C. A blockage in the terminal arteries of the heart; D. Necrosis in the area of coronary arteries; E. I don’t know.”), and a short-answer item about heart disease. The points for each item were set the same as those of the knowledge retention test (with eight points for the short-answer item) for a possible maximum of 30 points. Short-answer responses were scored separately by two raters and showed appropriate rater agreement (r = 0.67, p < 0.001, based on Pearson’s correlation).



Cognitive load

The cognitive load questionnaire asked learners to rate three subjective items intended to measure their perceptions concerning their intrinsic cognitive load (i.e., “How much effort was required to learn the material?”), extraneous cognitive load (i.e., “How difficult was the material?”), and germane cognitive load (i.e., “Did you think the material was easy to learn?”) during learning. The cognitive load items have been shown to be reliable and valid indications of cognitive load in previous studies (Moreno et al., 2001; Yung and Paas, 2015). The first two items were adapted from Craig and Schroeder (2017) and translated into Chinese by Yang (2014). The last item was adapted from Gerjets et al. (2009) and translated into Chinese by Zhao (2014). Learners rated each item on a nine-point scale ranging from 1 (very little) to 9 (very much).



Parasocial interaction

The parasocial interaction questionnaire was developed by Beege et al. (2017) and is used to test learners’ perception of the conversational “give and take” with the instructor. It consists of seven items (e.g., “I feel like the instructor is giving me a lesson”) and each item is rated using a seven-point Likert scale ranging from 1 (I do not agree at all) to 7 (I totally agree). The final score is the average of all item scores. To adapt the questionnaire for use in a Chinese context, all items were translated into Chinese and revised by a professional college English instructor (Pi et al., 2021). Cronbach’s alpha for the questionnaire in the current study was 0.94.




Procedure

This study was conducted in a computer room and took approximately 45 min to complete. Before starting the experiment, each computer was checked to ensure that the headphones were plugged and the volume was adjusted to avoid interference from external conditions. The make and model of all computers and monitor screen sizes were identical. All computers were uniformly controlled by the researcher’s aide, and the learners wore headphones to avoid interfering with one another. When the experiment began, learners were first assigned randomly to the NDS, TDS, or UDS group, and each individual was told they would perform the tasks individually. The learners were then asked to sit in front of the computer and to complete the pre-questionnaire at their own pace. Next, the learners watched the instructional video for their specific group, and afterward completed the retention and transfer tests without having to adhere to a time limit. Finally, they were asked to complete a post-questionnaire to measure their perception of the learning process. After the experiment, all learners were compensated in the form of small gifts (i.e., facial tissue and pen) for their participation to thank them for their time and effort.




Results

Figure 2 depicts the learners’ screen setup when seeing danmaku in the instructional videos. As shown in Figure 2A, 82.69% of the learners indicated that they had paid attention to the danmaku sent by other learners while viewing the instructional video. This percentage was significantly higher than those who reported “not paying attention” (17.31%). Figure 2B shows that more than half of the learners (54.81%) reported that they would open the danmaku while the instructional video played, which was slightly higher than those who reported “closed the danmaku” (38.46%), and only 6.73% of the learners reported not paying any attention to the danmaku. Figure 2C shows that nearly half of the learners (45.19%) believed that the danmaku had no influence on their learning, while the proportion of learners who believed that the danmaku would improve their learning (31.73%) or that they would interfere with their learning (23.08%) were similar. The reasons suggested as to why the danmaku might improve their learning ability were that danmaku can supplement knowledge points, they present an opportunity for communication and discussion with others, and danmaku would expand the learner’s own thinking abilities. However, the reasons why danmaku might interfere with learning were that the danmaku would block the screen and distract them.
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FIGURE 2
Learner expectations regarding the impact of viewing danmaku during instructional videos. (A) Differences in intrinsic cognitive load across experimental conditions; (B) differences in extraneous cognitive load across experimental conditions; and (C) differences in cognitive load across experimental condition.


Figure 3 presents the preference of learners sending danmaku in the instructional videos. Figure 3A showed that most learners (57.69%) did not like sending danmaku during the learning process; a small number of learners (29.81%) did not have any preference about sending danmaku; while only 12.50% of learners enjoyed sending danmaku. Only a very small percentage of learners (8.65%) believed that sending danmaku would improve their learning, reporting that sending danmaku would be a way to communicate with others, which would help them participate more actively in class interactions, enabling them to understand the problems and solve them quicker. In contrast, a significant number of the learners (38.46%) believed that sending danmaku would hinder their learning (see Figure 3B), thinking that it would be a waste of time or that it would distract them. Finally, 52.88% of the learners thought that sending danmaku would have no impact on their learning.
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FIGURE 3
Learner expectations regarding the impact of sending danmaku during instructional videos. (A) Differences in retention across experimental conditions and (B) differences in transfer across experimental conditions.


Descriptive statistics for all variables in the three groups are reported in Table 2. To test the differences across the different groups, one-way ANOVA was conducted for all variables using SPSS 24.0. Mplus 8.3 was used to analyze the mediating effect [bootstrap analysis, repeat sampling, 2,000 times following recommendations by DiCiccio and Efron (1996)]. In the current research, statistical significance was set at p < 0.05. In ANOVA, the effect size was represented by [image: image]; an [image: image] of 0.01 indicated a small effect size, an [image: image] of 0.06 indicated a moderate effect size, and an [image: image] of 0.14 indicated a large effect size (Cohen, 2013).


TABLE 2    Means and standard deviations of all variables by group.
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Learning performance

ANOVA showed that there was a significant difference across the three experimental conditions in retention [F(2,101) = 19.37, p < 0.001, [image: image] = 0.28; see Figure 4A]. Post hoc tests (least significant difference; LSD) showed that the retention level of learners in the NDS group was significantly different from those in the TDS and UDS groups (MD = 3.06, p = 0.001, 95% CI [1.36, 4.75]; MD = 5.34, p < 0.001, 95% CI [3.63, 7.05]; respectively). The learners in the TDS group also showed better retention than the learners in the UDS group (MD = 2.29, p = 0.009, 95% CI [0.58, 4.00]). The results showed that the number of danmaku sent by learners while viewing the instructional video affected their learning retention.


[image: image]

FIGURE 4
Differences in retention and transfer across experimental conditions. (A) Differences in retention across experimental conditions and (B) differences in transfer across experimental conditions. *p < 0.05, **p < 0.001, ***p < 0.001.


ANOVA also revealed a significant difference across the three experimental conditions in transfer [F(2,101) = 6.75, p < 0.001, [image: image] = 0.12; see Figure 4B]. Post hoc tests (LSD) showed that students in the NDS group had a better transfer level than those in the TDS and UDS groups (MD = 2.14, p = 0.037, 95% CI [0.13, 4.15]; MD = 3.73, p < 0.001, 95% CI [1.71, 5.76]; respectively). There was no significant difference between the TDS and UDS groups (p > 0.05). The results indicated that learners who did not send danmaku on the screen during video learning had the best transfer. Therefore, Hypothesis 1 was supported.



Cognitive load

First, ANOVA found a significant difference in intrinsic cognitive load across the three experimental conditions [F(2,101) = 9.81, p < 0.001, [image: image] = 0.16; see Figure 5A]. Post hoc tests (LSD) revealed that the intrinsic cognitive load of the UDS group was significantly different from that of both the TDS and NDS groups (MD = 1.09, p = 0.004, 95% CI [0.35, 1.83]; MD = 1.63 p < 0.001, 95% CI [0.89, 2.38]; respectively). Second, ANOVA showed that there was a significant difference in extraneous cognitive load across the experimental conditions [F(2,101) = 8.60, p < 0.001, [image: image] = 0.15; see Figure 5B]. Post hoc tests (LSD) showed that the self-reported extraneous cognitive load of learners in the UDS group was significantly different from that in the TDS and NDS groups (MD = 1.52, p = 0.002, 95% CI [0.59, 2.44]; MD = 1.66, p = 0.001, 95% CI [0.73, 2.59]; respectively). However, no statistically significant difference was found compared to the ANOVA test on learners’ self-reported germane cognitive load. Finally, ANOVA also revealed a significant difference in cognitive load across the three experimental conditions [F(2,101) = 8.60, p < 0.001, [image: image] = 0.15; see Figure 5C]. Post hoc tests (LSD) demonstrated that learners in the UDS group reported higher cognitive load than both the TDS and NDS groups (MD = 0.89, p = 0.004, 95% CI [0.30, 1.49]; MD = 1.21, p < 0.001, 95% CI [0.61, 1.81]; respectively). These self-report results suggest that sending danmaku onto the screen can influence learners’ cognitive load, as evidenced by the fact that learners in the UDS group had a higher cognitive load (including intrinsic and extraneous cognitive load) than reported by the learners in the other two groups. Thus, Hypothesis 2 was partially supported.


[image: image]

FIGURE 5
Differences in cognitive load across the experimental conditions. (A) Differences in intrinsic cognitive load across experimental conditions; (B) differences in extraneous cognitive load across experimental conditions; and (C) differences in cognitive load across experimental conditions. **p < 0.01, ***p < 0.001.




Parasocial interaction

ANOVA showed that there was a significant difference in learners’ parasocial interaction across the three experimental conditions [F(2,101) = 5.14, p = 0.007, [image: image] = 0.09; see Figure 6]. Post hoc tests (LSD) revealed a statistically significant difference in the UDS group relative to the TDS (MD = 0.64, p = 0.036, 95% CI [0.04, 1.25]) and NDS (MD = 0.95, p = 0.002, 95% CI [0.35, 1.56]) groups. It was concluded that learners who sent danmaku on the screen with no limit to how many they could send had higher parasocial interaction scores compared to those of the learners in the other two groups. Thus, Hypothesis 3 was supported.


[image: image]

FIGURE 6
Differences in parasocial interaction across the experimental conditions. *p < 0.05, **p < 0.01.




Regression analysis and mediating effect


Intercorrelations among research variables

The Pearson correlation coefficients between the research variables and their significance levels are shown in Table 3. In terms of learning performance, learners’ knowledge retention scores were significantly negatively linked with conditions and parasocial interaction (rs = −0.53, −0.21, ps < 0.05). Knowledge transfer scores were significantly positively linked with retention scores (r = 0.54, p < 0.001), but significantly negatively linked with conditions (r = −0.34, p < 0.001). In terms of learning process experience, cognitive load was significantly positively linked with conditions, parasocial interaction, intrinsic, extraneous, and germane cognitive loads (0.37 < rs < 0.72, ps < 0.01). Extraneous cognitive load was significantly positively linked with conditions and intrinsic cognitive load (rs = 0.29, 0.33, ps < 0.01). Intrinsic cognitive load was significantly positively linked with conditions (r = 0.40, p < 0.001). Parasocial interaction was also significantly positively linked with conditions (r = 0.30, p = 0.002). There were no significant links among the remaining variables.


TABLE 3    Pearson correlations for research variables.
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Mediating effect analysis

The results of ANOVA showed that the retention and transfer scores of learners under different conditions were opposite to their self-reported cognitive load and parasocial interaction, and Pearson correlation analysis also found similar results. Therefore, this study constructed a mediation model (see Figure 7) to test whether the effects of the conditions on retention and transfer could be explained by parasocial interaction and cognitive load. The mediating effects were analyzed by standardizing all scores (Z-score) and performing structural equation modeling. To ensure conciseness in the model, all insignificant path coefficients and confidence intervals were deleted from the initial model. This model demonstrated a good data fit (χ2/df = 1.44, comparative fit index = 0.96; Tucker-Lewis index = 0.95, root mean square error of approximation = 0.07, standardized residual mean root = 0.08). Figure 7 shows the hypothesis testing results of the direct and indirect path coefficients of the mediation model. The results showed that all conditions had a significant direct effect on retention and transfer (β = −0.56, p < 0.001; β = −0.39, p < 0.001; respectively). Conditions not only significantly positively influenced parasocial interaction (β = 0.31, p < 0.001), but parasocial interaction also significantly positively influenced cognitive load (β = 0.31, p = 0.021). However, parasocial interaction and cognitive load did not influence retention and transfer (ps > 0.05). Therefore, Hypothesis 4 was not supported.


[image: image]

FIGURE 7
Mediation analysis with path coefficients. CI, confidence interval. *p < 0.05, ***p < 0.001.






Discussion

The primary result of this study was that learners in the NDS group scored higher on both retention and transfer than those in the TDS and UDS groups. However, learners’ self-reported cognitive load and parasocial interaction scores contradicted the finding on learning performance. There was also evidence that the more danmaku sent, the higher the learners’ level of parasocial interaction, which leads to a higher cognitive load. However, excessive parasocial interaction and cognitive load were not factors in the poor learning performance of learners. In the remainder of this discussion, we consider some of the differences between our findings and previous work on social interaction in learning, and then discuss some of the limitations of this evidence.

Our findings contrast with some reports in the existing literature that learners who participated in real-time exchange of messages in the classroom performed better in their learning (Weisz et al., 2007; Li et al., 2014). This study found that the more danmaku were sent, the less attentional impact they had on the learners. The survey data also indicated that only a small minority of learners preferred to send danmaku while learning. Indeed, a considerable number of learners believed that sending danmaku would hinder their learning ability. In their opinion, there were two main reasons for this expected negative impact: distraction and wasting time, both of which would greatly reduce their efficiency in learning. Learners did waste a lot of time on sending danmaku, ignoring the learning content itself, particularly the learners in the UDS group. The content of danmaku sent by the learners in the UDS group may have been random, too frequent, or dense, and may have also interfered with learners’ attention (Yang et al., 2019). Therefore, the more danmaku were sent, the easier it was to induce the split-attention effect (Ayres and Sweller, 2005). However, when learners interacted with others in the process of video learning, they had to be paying constant attention to and replying to the danmaku information scrolling along the top of the screen while also processing the learning content information. The learners had to integrate both the learning content and the danmaku information with their existing relevant knowledge, which led to the UDS group reporting a higher cognitive load in the process of video learning. In theory, higher cognitive load could lead to a lower learning performance (Ayres and Sweller, 2005; Yang et al., 2019). However, the mediation model constructed in this study did not support this assumption. Instead, it suggested that cognitive load was not an indirect cause of poor learning performance. Future research should further clarify the impact mechanism at play from the aspect of attentional impact. Furthermore, regarding the type of danmaku sent, some of the danmaku sent were social or novelty danmaku, which may have had little impact on the cognitive process of the learners. Regarding the learning content, the learning material was information about the heart. Learners needed to learn a great deal of knowledge in a short period of time, which may have been too challenging or difficult for the learners, making it easy to create a “floor effect” (Yang et al., 2019). Moreover, most of the learners in the UDS group continued to interact with each other in the form of danmaku. This phenomenon may have inhibited their creativity, as it has already been established that it is not conducive to the retention and transfer of new knowledge (Diehl and Stroebe, 1987).

Why did the UDS condition improve parasocial interaction? The purpose of learners sending danmaku was to cause them to interact more effectively with the others in their group, changing them from passive recipients to active participants in learning. One of the biggest drawbacks of video learning is its lack of social interaction, especially between fellow learners (Palaigeorgiou and Papadopoulou, 2019). By sending danmaku, the learners were given the illusion of being connected in a digital world, as if they were communicating in real-time with others. In addition, the interactivity of sending danmaku is related to the cognitive process of learners (Zhang et al., 2019). Looking at the level or degree of learner interaction from the group with the lowest (NDS) to the highest (UDS) amount of communication reflected the learners’ degree of mental engagement and the fact that the learners are guided into being more active participants (Patwardhan and Murthy, 2015). Vorderer et al. (2004) viewed parasocial interaction as a core precondition for media enjoyment and stated that this phenomenon facilitates learners’ subsequent engagement with their respective content. Thus, stronger parasocial interaction seem to promote better learning performance in an instructional video settings (Beege et al., 2017). Parasocial interactions did not appear to be directly linked to learning performance in the present findings. Future work should therefore also investigate other variables such as arousal, affective, or motivational variables to gain insight into the underlying variables influencing learning performance (Beege et al., 2017). Interestingly, the mediation model constructed in this study showed that parasocial interaction increased cognitive load, making it clear that parasocial interaction has an impact on cognitive processes. Therefore, future studies should also provide more empirical evidence of this. Cognitive load theory and cognitive theory of multimedia learning have both been introduced as ways to expand the understanding of parasocial interaction (Ayres and Sweller, 2005; Mayer, 2005).

More generally, what stood out in the current study was that sending danmaku while learning from instructional videos not only hindered learners’ learning performance, but also, the more danmaku sent, the greater the negative impact on learning. Although this type of social interaction can effectively improve learners’ level of parasocial interaction, it can also increase their cognitive load.

The findings of the current study lead to some practical advice for instructional video designers, specifically, that danmaku have the characteristics of timely feedback and strong interaction, and it can meet the personalized learning needs of learners and improve their learning experience (Yang et al., 2019). However, if instructors want their learners to achieve better learning performance, they should not ask learners to send danmaku while the instructional videos are in progress. Therefore, if instructors want learners to have an interactive learning experience, we suggest that these interactions should take place after students are finished learning from the instructional videos (Pi et al., 2020).

Three features of this work limit the conclusions we can draw about the effects of learners sending danmaku in the process of their learning. First, this study only measured behavioral data which reflected the learning process of learners, and it is unclear whether other more objective and reasonable measurement techniques would produce comparable results. Future research may consider introducing eye-tracking and fMRI techniques to further reveal the cognitive and neural mechanisms of the impact of sending danmaku on learners’ learning from an interdisciplinary perspective. Specifically, portable eye-tracking technology has been used to explore whether variables such as learners’ preference for danmaku sending or danmaku style would have a moderating effect. fMRI and physiological polygraph have been used to measure blood flow changes caused by learners’ neuron activity and the changes they experience in academic emotions at the physiological level, to seek out reasons that can be explained from a neurological and physiological perspective (Guo et al., 2019). Second, the findings of this study should not be generalized beyond the high school student population or other populations with similar demographic characteristics. In future studies, a wider range of data from across different disciplines should be collected from more participants from different schools and at different age levels (Wu et al., 2021). Finally, knowledge type may be an important moderator variable in the learning experience. In terms of declarative knowledge, danmaku did not play a role in improving this. However, for procedural knowledge, danmaku can in fact improve knowledge transfer (Yang et al., 2019). Therefore, future work can start from an understanding of different knowledge types in order to conduct further experiments.
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Teachers’ engagement in online learning is a key factor in improving the effectiveness of online teacher training. This paper introduces a multimodal learning analytics approach that uses data on brain waves, eye movements and facial expressions to predict in-service teachers’ engagement and learning outcomes in online synchronous training. This study analyzed to what extent the unimodal and multimodal data obtained from the in-service teachers (n = 53) predict their learning outcomes and engagement. The results show that models using facial expressions and eye movements data had the best predictive performance on learning outcomes. The performance varied on teachers’ engagement: the multimodal model (integrating eye movements, facial expressions, and brain wave data) was best at predicting cognitive engagement and emotional engagement, while the one (integrating eye movements and facial expressions data) performed best at predicting behavioral engagement. At last, we applied the models to the four stages of online synchronous training and discussed changes in the level of teacher engagement. The work helps understand the value of multimodal data for predicting teachers’ online learning process and promoting online teacher professional development.
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Introduction

The COVID-19 pandemic has strongly boosted the development of online learning, which, however, does not prove very effective because the students are poorly motivated and engaged due to untimely feedback, lax supervision, and other factors (Nasir and Ngah, 2022). At the same time, teachers are facing great challenges in their professional development as the transition from traditional education to online learning will cause in them mental changes in relation to their identity as educators and their ideas about education (Wang et al., 2010; Teräs, 2014; Richardson and Alsup, 2015). As teachers must get prepared for online teaching in a short period and quickly grasp the methods and skills needed, providing effective training on professional development for them is of great importance. Advances in educational technology and online learning platforms and changes in educational modes (from offline to online) have made online teacher professional development (OTPD) possible and popular (Parsons et al., 2019; Nami, 2021). OTPD is defined as a format of teacher professional development (TPD) that provides teachers with continuous learning through ICT media (e.g., asynchronous, synchronous, blended or other forms of courses, seminars or learning modules provided online), without having to meet in person with their trainers/instructors and peers each time (Rogers, 2001; Ansyari et al., 2022). It offers a more flexible and personalized way of learning for teachers that overcomes geographical barriers (Chen et al., 2009; Ross, 2011; Powell and Bodur, 2019). Besides, it was found no differences between in-person TPD and OTPD in terms of teacher perceptions and learning outcomes (Ansyari et al., 2022).

Previous studies on OTPD usually focus on online learning efficiency from the perspective of technology application and management (Wang et al., 2010). But as a matter of fact, technology per se cannot promote TPD – that can only be realized by further clarifying the relation between technology and TPD. Engagement is an effective predictive indicator of long-term learning performance (Camacho et al., 2020). There is a growing body of research that demonstrates the importance of engagement for learning and achievement. In the field of teacher professional development, engagement is a key dimension in ensuring that teachers receive a complete training program, and some studies have shown that high levels of engagement in training help teachers apply the knowledge and skills they have learned to their practice after the training is complete (Holmes et al., 2021). According to Fredricks et al. (2004), the integration of behavior, emotion, and cognition under the concept of engagement is valuable because it can provide a richer characterization of learning than single-component studies. With the growing importance of online teacher training in recent years, researchers have turned to focus on teachers’ engagement in the online learning environment. For instance, Liu and Zhang (2021) found that teachers generally think online learning is not interactive enough, giving it an average score of only 2.36 out of 5 on the interactive level, i.e., interaction with peers and instructors. Philipsen et al. (2019) found that timely support and feedback can help teachers specify their learning needs and improve training efficiency. In other words, compared with asynchronous learning, synchronous and blended learning methods can better stimulate the teachers’ enthusiasm and engagement in the online training program.

There are three ways to measure engagement – self-report questionnaire, data mining based on learning logs, and sensor-based technology (Appleton et al., 2006; Sinatra et al., 2015; Camacho et al., 2020). In the past, the research on learning engagement is generally focused on the measurement of single dimensions. This includes evaluating only behavioral engagement based on postures such as hand raising, note-taking, and head propping (Liao et al., 2019; Vanneste et al., 2021), or evaluating emotional and cognitive engagement in a VR environment (Dubovi, 2022) while ignoring behavioral engagement. But in fact, engagement should not be evaluated by separate dimensions (Sharma and Giannakos, 2020). In addition, as Cleary and Zimmerman (2012) pointed out, engagement is essentially a continuous process that fluctuates in time as students become immersed in learning, so it’s necessary to measure the learners’ engagement in a dynamic way. In this respect, some researchers noted that the grain size of engagement measures can range from the micro level (e.g., individual engagement in the present moment, task, or learning activity) to the macro level (e.g., a group of learners in a class, course, school, or community) and suggested that at the micro level, engagement can be measured using physiological and psychological indicators such as brain imaging, eye tracking, response time, or attention allocation (Broughton et al., 2010; Sinatra et al., 2015; Dubovi, 2022). In the field of teacher professional development, we found that more and more research is focusing on teachers’ learning processes, especially incorporating physiological and psychological data. For example, Chang et al. (2018) explored teachers’ emotional experiences by coding the nonverbal expressions of their recorded videos. Wolff et al. (2016) investigated differences in how expert and novice teachers perceive problematic classroom scenes with eye-tracking technology. In addition, some researchers have also focused on using data such as facial expressions to evaluate the quality of teachers’ teaching for their professional development (Zheng et al., 2020). It can be seen that currently in the field of TPD, while objective data channels are receiving increasing attention from researchers, multimodal data are less explored.

These days more researchers have come to analyze multimodal data because they, compared with unimodal data, can integrate subjective (e.g., self-report questionnaire) and objective data, and enable the capturing of the cognitive, emotional and behavioral learning process (Sinatra et al., 2015) from multiple perspectives. Cognitive engagement reflects the use of deep learning strategies, involving the integration of new information and existing knowledge. In measuring cognitive engagement, electroencephalogram (EEG), a neuroimaging technology, can capture the total activities of all nerve cells simultaneously oscillating in the learning process (Niedermeyer and da Silva, 2005). Studies have shown that the four patterns of EEG frequency are strongly related to emotional and cognitive states (Hassib et al., 2017). Baceviciute et al. (2020) used EEG to capture the learners’ cognitive process in VR learning and found that VR learners displayed a higher level of Theta activities in the parietal lobe, which implied the possible use of long-term memory coding, searching, and other cognitive approaches. The visual attention data channel is another objective means of identifying fluctuations in cognitive engagement during learning. Bixler and D’Mello (2016) used eye-tracking sensors to record general eye gaze indicators, such as the number of fixations, fixation durations, variability in fixation durations, and saccade lengths, to measure wandering during computerized reading. Moreover, galvanic skin response (GSR), heart rate (HR) are also used to measure cognitive load (Cranford et al., 2014; Larmuseau et al., 2020) and concentration (Cooper et al., 2006; Sharma et al., 2020).

Regarding emotional engagement, it refers to the learner’s emotion-related states during learning activities, such as happiness, enjoyment, boredom and frustration (D’Mello et al., 2017). Facial expressions are mostly used to measure and predict emotional engagement, for instance, when learners interacted with a game-based learning environment, Taub et al. (2019) captured seven facial expressions (i.e., joy, sadness, disgust, contempt, surprise, fear, anger) of learners and combined them with a traditional self-report questionnaire to portray the dynamics of learners’ emotional engagement. Behavioral engagement refers to a person’s behaviors of efforts and contributions during a learning activity (Fredricks et al., 2004). Since the mind–body connection suggests that observable physical responses can be used to infer unobservable mental states (D'Mello et al., 2017), some researchers have collected data such as human-computer interactions based on gamified learning environments to measure behavioral engagement (Psaltis et al., 2018). In a synchronous learning environment, non-verbal cues such as facial expressions, gestures and body postures captured from video image frames of classroom data can be used to effectively identify unobtrusive behavioral engagement (Whitehill et al., 2014; Ashwin and Guddeti, 2019).

According to Ning and Downing (2011) and Liu and Zhang (2021), learning experience can be interpreted as the learner’s interaction with the teaching and learning environment, leading to the acquisition of subject-related knowledge or the development of personal/professional skills. The previous studies of learning prediction focused on identifying risk learners by using online learning data to predict dropout rate (Costa et al., 2017; Moreno-Marcos et al., 2020) and paid little attention to the learning experience. Nowadays, more researchers and scholars are paying attention to learners’ interests, motivation, engagement, and other indicators, the development of which is greatly beneficial for improving self-directed learning in the learners and improving the teaching process (Wang et al., 2022). It is equally important because it helps improve the learning experience. Furthermore, it is possible to precisely predict a series of learning indicators with sensor-captured data, including data on emotions, eye movements, brain waves, GSR, or various combinations of them (Emerson et al., 2020; Olsen et al., 2020; Sharma et al., 2020). However, these studies are mostly focused on human-computer interaction learning environments, such as gamification environments (Giannakos et al., 2019; Emerson et al., 2020) and human-robot interaction (Cui et al., 2022) with little attention to computer-assisted collaborative learning scenarios. Olsen et al. (2020) divided the students into groups of two and used multimodal data to predict collaborative learning outcomes. This is an innovative study that broadens the scope of the application of Multimodal Learning Analytics (MMLA) in collaborative learning. As a matter of fact, a key element of OTPD is collaborative and interactive learning among teachers, which also holds the key to adult learning (Powell and Bodur, 2019).

Generating data on teachers’ behavioral patterns, cognitive processes, as well as emotional experiences, has the potential to help develop and refine more effective pedagogy and support tools for use in informal and formal teacher professional development opportunities. At present, although researchers have explored many data stream combinations, few studies in the field of OTPD have ever examined the relation between unimodal and multimodal data to understand their synergetic effects and ability to explain the teachers’ performance in the test and other critical indicators (e.g., engagement). But that is what’s vitally important because as adult learners, the teachers’ online learning outcomes are also affected by multiple factors. For instance, “time sequence” plays an important role in interactions and communication during online synchronous learning, and it has been used to analyze interactions among fellow learners (Chen et al., 2009). This is to say that when online course designers guide the trainee teachers to study by themselves, discuss or make reports, the sequence of doing all that will affect the learners’ degree of concentration and other aspects. Therefore, predictive analytics can help the designers understand the teachers’ engagement and other experiences in online learning, which is of great importance for promoting self-regulated learning (SRL; Sharma et al., 2020). Although multimodal data has shown great potential in the field of education, its ability to serve as a means of understanding and improving teachers’ learning processes remain largely unexplored. To better leverage the design capabilities of multimodal data, we need to evaluate the effectiveness of multimodal data. This paper systematically assesses how different data streams can benefit predictive analytics. Our findings quantify the expected benefits of using various multimodal data from physiological sensing and help advance research in the area of learning technologies.


Research objectives and research questions

In this paper, we build predictive models on the learners’ eye gaze, facial expressions of emotions, brain waves, self-report engagement, and test of knowledge points in an effort to make up for the scarcity of literature in OTPD.

We aim to (a) build predictive models of different modal combinations and examine the precision of unimodal and multimodal models, including data acquisition, data preprocessing and model training. Specifically, data acquisition refers to the acquisition of learner brainwave timing data, eye movement timing data, and facial timing data. The data acquisition and pre-processing module are used to acquire the temporal data of brainwave, emotion, and eye movement over time as well as the questionnaire data. The preprocessing part completes the process of data cleaning, data purification, and time calibration to obtain the unified standard online learning temporal data under multimodality. The training model refers to the multimodal analysis system, which takes raw brainwave, eye movement and expression data as multimodal input data and questionnaire data as indicators to extract the features of multimodal input data and trains them to generate prediction models of different indicators. Among them, the feature engineering module adopts the form of automatic machine mining to realize dynamic feature extraction, feature filtering, feature correlation analysis with questionnaire big data, and feature principal component analysis for online learning temporal data.

(b) use the models to predict in-service teachers’ changing engagement in the learning process. The feature engineering segments the temporal data according to the teaching design, and further feature extraction is performed for each segment of data. The data modeling and analytical inference module models the time-series data according to its features with participation and knowledge tests, which can be used to infer the indicators within each period. The stage prediction refers to using the indicator model to make predictions for the input data in different periods to get each indicator within different periods. This includes metrics for groups and metrics for individuals.

For these goals, we have three research questions.

1. Does multimodal data provide more precise predictions than those gained by unimodal data for engagement?

2. How well do combinations of brain waves, facial expressions and eye gaze predict the engagement of in-service teachers?

3. What are the features of learner engagement according to the prediction model?




Materials and methods


Participants, experimental design, and procedure

The participants in this study included 56 in-service teachers who were enrolled in a teacher training program in Shanghai, China. Participants had not previously attended a training program related to ClassIn. During the experiment, data about three teachers were invalid because of falling headbands or other reasons, which gave us valid data on 53 teachers for further analysis. There were 28 males and 25 females; 80.4% of them were aged 20–40 and 19.6% were 40–50. The participant’s personal information will be kept confidential, and only their ID, testing score, and the captured data will be maintained. They will be notified of the data collection and asked to sign the Informed Consent Form (ICF).

The training course – Online teaching based on ClassIn – is selected for this experiment. ClassIn is a useful online class system that has been used in the schools of many localities across China. It has a rich pool of functions, but many teachers do not know how to use it to facilitate or improve their instruction, which is why the researchers decide to provide training on this subject. This course is focused on how to do online teaching through ClassIn and contains four main aspects:

(1) Critical view of online teaching, (2) Instruction on online teaching and ClassIn, (3) Experience with ClassIn, (4) Feedback and Reflection.

In light of the features of adult learning (Ke and Xie, 2009; Abedini et al., 2021), the course centers on collaborative tasks and involves four stages (Figure 1). The first stage is an introduction, in which the instructor, by sharing real cases, introduces what will be taught and urges the teachers to think and share their views on online teaching during the pandemic. In the second stage, the instructor will introduce the functions of ClassIn, such as the Group Discussion Function. The third stage features collaborative learning, in which teachers are divided into several groups to practice with ClassIn, e.g., preparation before class, interaction and feedback during class. The fourth stage is for feedback and reflection, in which the instructor takes the teachers to review and reflect on what they have learned.
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FIGURE 1
 The procedure of the training program.


The research design of our study is a single-group time series design that involves repeated measurement of a group (Ross and Morrison, 2004). The experimental protocol consists of three sessions and took a total of 75 min. 10 min before the experiment started help participants calibrate an eye tracker, EEG device, and facial expressions of emotions software. This study used BrainCo headbands called Focus 1 (Focus, BrainCo, 2022), a wearable EEG device with 3 hydrogel electrodes, to collect and analyze the EEG data at 160 Hz via Wi-Fi (Kosmyna and Maes, 2019). As to facial expressions, we first turned on cameras to record the facial expressions, then Facereader software was used to analyze the data (Terzis et al., 2013). Eye tracker (Tobii T120) was used to capture gaze data. Once calibration was completed, participants began the training course session which took 40 min. After the course, participants filled in a questionnaire and knowledge test that took 25 min.



Measures

The questionnaire, adapted from the ones developed by Deng et al. (2020) and Liu et al. (2010), concerns engagement – cognitive, emotional and behavioral (Fredricks et al., 2004). A Cronbach’s alpha of 0.801 indicates good reliability of the questionnaire. Of the three indicators, cognitive engagement includes seven items (e.g., “I think about the relation among different knowledge during online learning”) (0.833), emotional engagement includes six items (e.g., “I enjoy the atmosphere of online synchronous training” and “I like online synchronous training”), and behavioral engagement includes seven items (e.g., “When I have a question, I’d ask the instructor and fellow teachers through the chat box of the live streaming platform”). The questionnaire uses a five-point Likert scale, from “strongly agree” to “strongly disagree,” a higher score indicates a higher level of reported engagement.

The knowledge test is designed by the research team (research members have long years of experience in teacher training) according to the contents of the course to understand how well the teachers have grasped what they are taught. There are single-choice questions (six items, 36 points), and multi-choice questions (eight items, 64 points) with a total score of 100. The test measured retention and also the comprehension and transfer of knowledge. For example, one of the questions asked the basic functions of ClassIn “What are the forms of assignments that can be submitted online in ClassIn.” Another example is about the deep understanding of online teaching “What principles to keep in mind when students study in groups online.” Analysis of the knowledge results indicated a good internal consistency score, with a Cronbach’s alpha of 0.76.



Multimodal data collection and pre-processing

During the study, we captured participants’ knowledge test scores. In addition, we collected sensor data from three different sources: EEG, facial expression, and eye-tracking.


EEG

To study brain wave values, we based our research on prior research that reported using consumer EEG headbands with 1–6 channels (Andujar and Gilbert, 2013). This study used the Focus band (Focus 1, BrainCo, 2022), co-developed by scientists from Harvard’s center of brain science, to collect EEG features from the participants, which has also been used to detect engagement in previous studies (Kosmyna and Maes, 2019). According to the International 10–20 electrode placement system, one electrode is located at the FPz position, as well as the reference and ground electrodes of TP9. Neural oscillations α (7–11 Hz), β (11–20 Hz), and θ (4–7 Hz) were collected and normalized to EEG values between 0 and 100, and a higher value indicates higher attention. We use one data extracted every 10 s for analysis. After pre-processing, the EEG data of each learner was output with Time and EEG values.



Facial expression

To study the participants’ facial expressions, we used FaceReader, a video-based facial expression tracking system (Noldus, 2019), to analyze the facial expressions of the teachers or learners. The analytical system is a reliable, professional software used for automatic facial expression analysis that can tell seven basic emotions: neutral, delight, surprise, sorrow, anger, fear, and disgust. Its working principles are as follows:

(a) Face finding: an algorithm based on deep learning is used to find human faces;

(b) Face modeling: nearly 500 key points are used to produce precise artificial face models;

(c) Face classification: an artificial neural network is used to classify the expressions.

Seven expressions are identified every time, each scored with a floating-point number ranging from −1 to 1. First, we removed empty or failed results. Second, we screened off those not obtained during the experiment (according to the official start and finish time). Then we selected the highest of the seven numbers as the facial expression of that very moment and classified it with a number from one to seven. The results of facial expression identification came out every 0.2 s, and we sampled them every second considering the huge amounts of data. We also noticed that the software did not export anything when the expression remained unchanged, and only exported a record with a corresponding time when it changed. Therefore, after we sampled the expressions by second, we filled up the lost values to make sure there was a facial expression score for every second. The expression data of all teachers (n = 53) put together constituted 3,901 pieces of time-sequenced records. Then we used tsfresh, a Python package for systematic feature engineering from time series and other sequential data, to extract 779 static features, which were imported into the models for training.



Eye tracking

To capture the trajectory of eye movements for analysis, we used Tobii T120 eye tracker to record where every participant looked on the screen during the course and how far their eyes were from the screen. Before the training, each participant was required to make adjustments for sitting position and distance. First, the researcher will turn on the eye-tracking test function of the eye-tracking device, and two dots will appear on the screen to indicate the gaze points of the left and right eyes. By micro-adjusting the seat distance to ensure that each participant’s gaze point is at a close uniform level, the gaze range is just the entire learning material. The software recorded the position and distance-to-screen of both the left and right eyes and formed six-dimensioned data (Table 1).



TABLE 1 Set of GAZE features.
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We compared the time-sequenced data of eye movement trajectory with videos of the online course to match where the eyes gazed at and the duration of gaze with each frame. Then we designed polygonal interested areas that involved about four to six interested targets, and determined whether the captured eye movement trajectory (only horizontal and vertical position was considered) was in that area as a high-level description of the teachers’ eye gaze. The proportion of how long they gazed at each interested area was recorded as an important indicator of interest or engagement.

At the same time, the six-dimensioned data were imported into tsfresh as representing the eye movement trajectory to extract features, and altogether 779 static features were obtained, which, when applied to follow-up model training, led to six major features. The six major features were then combined with features describing the gaze at the interested areas, which gave us a collection of features reflecting the eye movement trajectory, and that was used for the next step of multimodal model training.




Multimodal predictive modeling

To study how well the multimodal data can predict the teachers’ learning feedback, we developed a multimodal learning prediction model based on brain waves, facial expressions, and eye-gaze trajectory, and designed the questionnaire surrounding four analytical targets: cognitive engagement, emotional engagement, behavioral engagement, and learning outcomes. For constructing the model, this study uses an analysis method based on time series data features (Emerson et al., 2020; Olsen et al., 2020), by extracting features of time series data, filtering features, and analyzing the main features to obtain multiple sets of features. These feature values can be used as the input sample independent variables X of the model, i.e., brain wave feature, emotion feature, eye move feature. The dependent variables are derived from the questionnaire. Specifically, reported cognitive engagement, affective engagement, behavioral engagement, and test-based learning outcomes were used as the target Y for the study analysis, and a model from X to Y was constructed and trained to predict the target value Y for each stage of analysis (Figure 2). Facial expressions were labeled in seven different categories to create a time-sequenced series, from which we extracted 779 general features. The movement trajectory of the left and right eye (X, Y, Z) went through feature engineering to generate 779 general features too, so did the time-sequenced brain wave data. The three sets of features – totaling 2,337 – were imported into the decision tree as independent variables, while the scores of every target in the questionnaire were the dependent variables. To prevent over-fitting, they were imported into the training model, with 70% as the training set and 30% as the test set (Kang and Oh, 2020). The allocation ratio was set after several tests based on the best training fit. Each analytical target corresponded with a model, so four targets, and four multimodal predictive models. At that time, all data on the entire course were divided according to the four stages, and the four models were used to, respectively, predict each of the four targets in each stage.
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FIGURE 2
 Multimodal data streams and predictive modeling approach.


During the experiment, we made the hypothesis that there must be some major features among the general ones that were strongly relevant to brain waves, facial expressions, and eye movement trajectory. So we extracted major features related to the predictive targets during model training, and imported them, as descriptive of brain waves, facial expressions, and eye movement trajectory, into the models for training again, which produced multimodal predictive models based on major features. Different multimodal experiments generated different multimodal major features (about 4–10 of them), which meant the latter was data-sensitive.




Results

We use tsfresh to extract the features of temporal data, and import the obtained features to Decision Tree Classifier for training, Decision Tree Classifier comes from sklearn (an open source python language-based machine learning library), then sklearn’s classification report function was used to automatically calculate precision, recall, F1. Precision is a measure of result relevancy while recall is a measure of how many truly relevant results are returned. The F1 score is reported as an agglomerative measure between precision and recall. The focus of this study is on the precision of the prediction model, so we choose it as the key indicator (Sharma et al., 2020).

To answer research question 1 and 2, we investigated how well unimodal and multimodal models (e.g., EGG, facial expression, and eye gaze) could predict the teachers’ engagement. As shown in Table 2, the predictive model integrating data on eye movements, facial expressions and brain waves is the most precise (0.65) in predicting cognitive engagement, with the highest Recall (0.67) and F1 score (0.64) as well. That is higher than the scores of unimodal prediction and bimodal prediction.



TABLE 2 Cognitive engagement prediction results.
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The researchers also found that the multimodal predictive model integrating data on eye movements, facial expressions and brain waves had the highest precision (0.61), Recall (0.67) and F1 score (0.52) in predicting emotional engagement too, but that does not mean more modal data would naturally lead to higher predictive precision. For instance, the unimodal model using only brain wave data has a precision of 0.47, higher than any bimodal data combinations (see Table 3).



TABLE 3 Emotional engagement prediction results.
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Table 4 shows that multimodal predictive models are more precise than unimodal models in predicting behavioral engagement, with the model combining data on facial expressions of emotions and eye-gaze being most predictive with a precision of 0.75. Of unimodal models, the one using facial expressions data is most predictive with a precision of 0.43, while that using EEG data performs worst with a precision of only 0.17.



TABLE 4 Behavioral engagement prediction results.
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Table 5 shows that as far as learning outcomes are concerned, the predictive model combining data on eye movements and facial expressions has the highest precision of 0.66 – higher than the model integrating data on eye movements, facial expressions, and brain waves. We also found that of unimodal models, the one using eye movements data has the highest precision of 0.52 whereas that using brain wave data has the lowest precision of 0.29.



TABLE 5 Learning outcomes prediction results.
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To answer question 3, we exported the scores of the learners’ emotional, cognitive and behavioral engagement in the four learning stages. As shown in Figure 3, a thermal distribution map of multi-modal fusion characteristic data was used to evaluate the engagement of each stage, a darker color means a predicted score higher and closer to 5, and a lighter color means a score lower and closer to 0. Generally speaking, learners have the highest score on behavioral engagement and the lowest on emotional engagement. As to the change of engagement through four stages, cognitive engagement wanes first and waxes later. In the first stage, for example, the instructor aroused the teachers’ interests by presenting a research report on the current status of online teaching and sharing real cases, and urged them to reflect and contemplate on the common problems occurring in their classes. Behavioral engagement waxes first and wanes later. In the second and third stages, the teachers discussed specific topics and solved problems collaboratively, including research, sharing of views, and group report, which stimulated their learning enthusiasm. Emotional engagement wanes first and waxes later. The highest score in the third stage indicates the highest emotional engagement during collaboration and interaction, which is consistent with the questionnaire results – teachers are generally more interested in collaborative learning.
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FIGURE 3
 Thermal distribution map of multi-modal fusion characteristic data.


As shown in Figure 4, researchers have developed 3D coordinates for engagement based on the predictive models. The X axis represents the learners’ serial number, Y axis the four learning stages, and Z axis the predictions on cognitive, emotional and behavioral engagement. The coordinates can reflect how each learner’s engagement changes through the four stages. We found that most learners maintain a high level of behavioral engagement through the stages with little change. Predictions on their emotional engagement show that most of them have a low level of emotional engagement at first, but some see it increasing over time. Their cognitive engagement changes rather drastically, and it drops significantly in the third and fourth stage for a few learners.
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FIGURE 4
 Spatial and temporal distribution coordinates of engagement.




Discussion

Improved quality of instruction contributes to better student learning achievement (Ansyari et al., 2022). Teachers, as adult learners, must seek self-improvement constantly to promote professional development and embrace changes. That’s why designing and planning high-quality teaching training for teachers is highly important (Creemers et al., 2012; Carrillo and Flores, 2020). Learning analytics is a key approach to refining the teaching process. Although the teachers’ learning indicators can be explained with different data streams, one important question is how to merge the data obtained from various channels to provide a better, more comprehensive picture of the learning process (Chango et al., 2021). With the rapid development of artificial intelligence such as sensor technology and machine learning, it is possible to capture the participants’ subconscious emotions (Vanneste et al., 2021) and use multimodal data to predict online learning process. In this paper, we extracted the features of multimodal data for training and generated predictive models for different indicators. To be specific, using an analytic method suited to the features of time-sequenced data, we extracted and filtered the features of time-sequenced data on brain waves, facial expressions, and eye movements analyzed the major features, and obtained multiple feature sets, which can be imported into the models as sample X. We took the indicators in the engagement questionnaire and knowledge test as target Y, and developed models matching X with Y for training to predict the target value of Y at each time period.

Addressing RQ1 (Does multimodal data provide more precise predictions from those gained by unimodal data for engagement?), we see that multimodal models are generally more precise than unimodal models on predicting engagement and learning outcomes. However, there are some differences in the predictive results for the three sub-dimensions of engagement. On the one hand, we found that the trimodal prediction model integrating data on facial expressions, eye movements, and brain wave is most precise regarding cognitive engagement and emotional engagement, while the bimodal prediction model that combines facial expression and eye movement data has the best predictive performance in terms of behavioral engagement and learning outcomes. On the other hand, we found that the predictive model integrating Omni-modal data does not always produce the best predictions, which is consistent with the conclusions of previous studies (Emerson et al., 2020). One possible reason is that the excessive noises have undermined the model’s robustness.

That brings us to our second research question, RQ2 (How well do combinations of brain waves, facial expressions and eye gaze predict the engagement of in-service teachers?). First, from the predictive results of cognitive engagement, we found that multimodal predictive models perform better than any unimodal model in prediction, and specifically, we found that the model using EEG data alone is least satisfactory. Cognitive engagement includes psychological positioning, cognitive efforts, and the thinking or attention aroused during the learning activity (Greene et al., 2015). In fact, an imbalance in cognitive understanding, if not properly addressed, may lead to emotional frustration. This may explain why the unimodal model using facial expression data does better than that using eye movement data or using EEG data in predicting cognitive engagement. Second, in terms of emotional engagement, although the most frequently used method to measure emotional engagement without disrupting the learners is analyzing their facial expressions, which helps capture their subconsciously fast-changing emotions (Taub et al., 2019; Vanneste et al., 2021), this study found that the predictive model using only data on facial expressions does not perform well, whereas the trimodal model has the best predictive performance. We also found that the unimodal model using EEG data only is the second most precise in predicting emotional engagement, better than other bimodal or unimodal models, which is inconsistent with a previous study by Soleymani et al. (2016), whose data results demonstrated that facial expression performs better than EEG data. The possible reason may be that our study was based on a real online learning environment. We did not provide learners with videos specifically selected as emotional arousal stimuli to cover the entire emotional range as previous studies have done. Third, this paper found that the model combining data on eye movements and facial expressions is the most precise in predicting behavioral engagement, but adding EEG data into the model would lower its precision. The facial expressions gave better prediction performance, which supports the findings of previous studies (Ashwin and Guddeti, 2019). In sum, the results add to a gap in the field of related research in the past, where many studies have confirmed that facial expression and gaze contribute to identifying, monitoring, and classifying behavioral engagement (D’Mello et al., 2017; Alkabbany et al., 2019), but few studies have focused on how well the predictions work in the combined model.

Addressing RQ3 (What are the features of learner engagement according to the prediction model?), this study showed that the highest score of teachers’ cognitive engagement in the third learning stage. This consists with previous researchers’ conclusions that cognitive engagement is essentially a process of continuous fluctuation that occurs when the person interacts with a specific scenario. When teachers interact with specific learning tasks or environments, cognitive engagement happens (Li and Lajoie, 2021). Helme and Clarke (2001) identified three interacting factors that influence cognitive engagement: the individual, the learning environment, and the task. In the third stage, the online synchronous training environment provides a platform for cognitive engagement where teachers work in small groups to collaborate around specific tasks, which helps stimulate deeper strategies and efforts. However, it is noteworthy that a few learners in this study had significantly decreased cognitive engagement in the third and fourth learning stage. The third stage of training in this study is the collaborative learning stage, where the learners’ emotional and cognitive processes become more complex in an online collaborative learning environment because each group member’s reaction affects the overall emotional climate and learning process (Törmänen et al., 2021; Ye and Zhou, 2022). One possible reason for this is that in this study, we allowed teachers to choose their topics for collaborative inquiry, but lacked scaffolding to facilitate deep reflection and cognitive processing and due to time constraints, some teachers exhibited relatively more low-level cognitive processes (e.g., understand; Lin et al., 2014). In other words, instructors can also appropriately clarify collaboration requirements and evaluation criteria to help learners with self-regulation and self-control (Dabbagh and Kitsantas, 2004).

As to emotional engagement, the predictions also show that of the three dimensions of engagement, the score of teachers’ emotional engagement is the lowest but it increases gradually. This means as the learning activity proceeds, especially after the teachers are divided into groups, they get a stronger sense of belonging and consequently display a higher emotional engagement (Ulmanen et al., 2016). However, the overall score on this dimension remains low may because they are not familiar with each other or may not all be interested in the training theme. Previous research has found a significant relationship between the perceived value of feedback and the emotional engagement with feedback during online learning. Therefore it is not enough to provide feedback during an activity, it is also important to understand how teachers perceive the feedback they receive (Mayordomo et al., 2022).

The results also show that of the three dimensions of engagement, teachers’ behavioral engagement has the highest score as well as the highest prediction in the second and third stages. The Expectancy-Value-Cost Model of Motivation suggests that perceived task value directly influences choice, persistence, and performance, and that engagement translates motivation into action (Barron and Hulleman, 2015), therefore, it is important to support teachers in finding value and relevance in their training (Wigfield et al., 2015). This implies that collaborative learning may be an important way of raising their behavioral engagement in online learning, as teachers may display various interactive behaviors with the contents, materials, and fellow teachers, such as research, communication, and division of work. In addition, we found that higher behavioral engagement does not necessarily represent a higher cognitive process. In other words, higher behavioral engagement may be predominantly low-level cognitive processes (e.g., memorization and comprehension; Ye and Zhou, 2022).

The findings of the study may contribute to the empirical and theoretical development of online teacher professional development. First, many studies have emphasized that online teacher training is beneficial to promote teachers’ professional development. Our study quantifies the predictive and explanatory ability of multimodal data on teachers’ online learning process, which can help advance online learning platforms to design and optimize online courses in the future. Second, this study focuses on an important indicator of teachers’ online learning, namely engagement. In particular, our findings reaffirm that engagement is a fluctuating variable, and we find large differences in teachers’ engagement in training across cognitive, emotional, and behavioral dimensions, as revealed by multimodal data, rather than the traditional use of questionnaires at the post-test. Third, the fact that this study found differences in the variation of teachers’ engagement across instructional activity designs promotes our thinking about how to design sequences of instructional activities to improve the effectiveness of teacher training, especially regarding collaborative learning among teachers.

There are some limitations to this research which also can be considered for future research. First of all, the questionnaire is designed in such a way that the participants, out of habit, would prefer moderate answers to radical ones such as “strongly agree” or “strongly disagree.” As a result, the models have no access to fringe scenarios and are therefore not good at predicting them. Wider samples should be considered in the future to enrich our findings, and the “think aloud” approach can also be adopted to examine and improve the validity of inferring data on the behavioral trajectory. Secondly, to not disturb the teachers during learning, we mainly used the usual data on brain waves, eye movements, and facial expressions for this experiment, but data on more dimensions can be incorporated in the future to expand and enrich the predictive models. Thirdly, as our findings indicate an inclination among the teachers to choose longer-term TPD (Philipsen et al., 2019), follow-up studies can be conducted going forward at greater depth by, for instance, collecting multimodal data on the teachers when they sign up for weeks-long, months-long or even year-long online training. Finally, this study found differences in sub-dimensions of engagement through a predictive perspective, the next step is to conduct a more in-depth analysis of the interplay between cognitive process, emotion, and behavioral engagement in conjunction with the predictive model. Besides, It is critical to help improve teacher training programs based on predicted effects, so that in the future, training course content and processes can be optimized in conjunction with design-based research methods.



Conclusion

The development of artificial intelligence, including sensor technology, has provided the means to collect and analyze learning data from various channels and to make the predictive models on learners’ engagement and test performance more precise. This information has shed light on how to improve the approach to online teacher training and develop self-adaptive tools. Previous studies have shown the prospects of multimodal data in predicting learners’ learning performance in human-computer interaction, but in the field of OTPD, hardly any researcher has ever noticed the synergizing potential of multimodal data for online synchronous learning.

It is against such a background that this paper created predictive models using various data combinations to examine and evaluate how precise the predictions on learners’ engagement and test performance are. Unlike previous studies that only focused on one or two dimensions of engagement, we developed predictive models for all three dimensions – cognitive engagement, emotional engagement, and behavioral engagement – separately. The results show that by and large, models using bimodal or multimodal data are more precise in predicting engagement, but more modal data does not necessarily result in higher predictive precision. This study tries to make a predictive analysis of the learners’ learning process based on the predictive models, which can reflect the real-time change of their engagement, as we found that the learners’ cognitive engagement, emotional engagement, and behavioral engagement all displayed different features in different learning stages.
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Combining physiological measures with observational data (e.g., video or self-reports) to further capture and understand the temporal and cyclical process of social regulation has become a trend in the field. Synchronized physiological arousal is a particularly meaningful situation in collaboration. However, little attention has been given to synchronized physiological arousal episodes and their relationship with the social regulatory process. In addition, only a few research utilized heart rate (HR) as a physiological measure in the current collaboration literature. More research is necessary to reveal the potential of HR to expand the diversity of physiological indicators in the field. Therefore, the current study aimed to explore what synchronized physiological arousal can further reveal about the social regulatory process. To achieve this goal, this study designed a collaborative argumentation (CA) activity for undergraduates (mean age 20.3). It developed an arousal-regulation analysis platform, which could automatically detect synchronized physiological arousal in HR and align them with coding challenges and social regulation based on the timeline. In total, 14 four-member groups were recruited. After analyzing both videos and HR data, several findings were obtained. First, only one-third of episodes were synchronized physiological arousal episodes, and the situations where four members were all in arousal states were rare during CA. Second, synchronized physiological arousal was more sensitive to socio-emotional aspects of collaboration as the shared physiological arousal more frequently co-occurred with socio-emotional challenges and socio-emotional regulation, while it happened the least under motivational challenges. Third, synchronized physiological arousal has also been found to be associated with the challenges being regulated. Finally, pedagogical implications were suggested.
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1. Introduction

While the expected collaborative learning is a prolific form of learning, it is often the case that learning teams encounter diverse cognitive, socio-emotional, and motivational challenges and function poorly (O’Donnell and Hmelo-Silver, 2013). To succeed in collaboration, there is a need for group members to jointly engage in a quantity of social regulation, which refers to a group deliberately and strategically taking control of tasks through shared and negotiated regulation of cognitive, behavioral, motivational, and emotional conditions (Hadwin et al., 2018a). Understanding how social regulation occurs is meaningful for conducting high-quality collaboration. Existing investigations have been successful in identifying the important patterns of social regulation from single-channel data, for example, videos (Järvenoja et al., 2019) and chat logs (Su et al., 2018). While considering the multidimensional and complex nature of social regulation, there is an increased focus on combining physiological measures with observational data (e.g., video or self-reports) to further capture and understand the temporal and cyclical process of social regulation (Järvelä et al., 2019a; Malmberg et al., 2019a).

Recent studies utilized physiological synchrony (PS) to explore how group members’ similar simultaneous changes in physiological signals [e.g., electrodermal activity (EDA), heart rate (HR)] are related to the social regulatory process (Järvelä et al., 2019a). For example, Dindar et al. (2020) unpacked that the groups’ PS index derived from EDA is only positively related to their self-report cognitive regulation rather than behavioral, motivation, and emotional regulation. Haataja et al. (2018) indicated that the high values of PS (derived from EDA) co-occurred with frequent monitoring behavior (coded from videos). From that, these investigations attempted to reveal the sharedness and the invisible social process reflected by physiological measures during the social regulatory process (Palumbo et al., 2017; Dindar et al., 2022). However, the prominent PS measures in these studies combined the correspondence between the signals of interacting individuals during both physiological arousal and non-arousal episodes (Dindar et al., 2022). As proposed by many researchers, physiological arousal is a particularly desirable goal in learning as it accounts for learners’ cognitive and/or affective activation and is more associated with active participation (Pijeira-Díaz et al., 2018). The PS measures that do not distinguish between physiological arousal and non-arousal episodes may conceal the more meaningful moments of collaboration (Haataja et al., 2018; Malmberg et al., 2019b). Therefore, researchers call for more attention to synchronized physiological arousal episodes and their relationship with social regulation (Malmberg et al., 2019a; Pijeira-Díaz et al., 2019; Dindar et al., 2022). In addition, only a few research utilized HR to profile PS in the current literature. More research is necessary to reveal the potential of HR to measure interpersonal physiology so as to expand the diversity of physiological indicators in the field (Järvelä et al., 2019a).

The current study attempts to fill in the gaps by utilizing HR to profile the synchronized physiological arousal and exploring how the synchronized physiological arousal is related to the social regulatory process in a collaborative argumentation (CA) activity. As for studying the social regulatory process, prior research has identified two important perspectives that can be drawn upon for this study, that is, encountering challenges and social regulation focuses (Su et al., 2018; Järvenoja et al., 2019; Li et al., 2022). Social regulation is multidimensional, including the regulation of cognitive, behavioral, motivational, and emotional conditions (Dindar et al., 2020), and encountering challenges are critical moments to provoke social regulation (Järvenoja et al., 2019). Preliminary research has indicated that PS is positively related to cognitive regulation (Dindar et al., 2020) and monitoring behavior (Haataja et al., 2018). Little is still known about the relationship between interpersonal physiology and encountering challenges. Further investigation combining physiological measures with observational data on the encountering challenges and social regulation focuses could shed light on this multifaced process. Therefore, this study uses HR to profile synchronized physiological arousal and explores the differences in synchronized physiological arousal when groups (a) face different types of challenges (e.g., cognitive, socio-emotional, and motivational challenges) and (b) engage in different social regulation focuses (e.g., metacognitive vs. socio-emotional regulation). In addition, the association between the challenge being regulated and synchronized physiological arousal is also investigated. From that, the study aims to unpack what synchronized physiological arousal can reveal about the social regulatory process. To achieve the goal, this study designed a CA activity titled “is the fast diet a healthy way to lose weight?” for undergraduates and developed an arousal-regulation analysis platform in which synchronized physiological arousal is detected through HR and is aligned with challenge and social regulation behavior coding from videos based on the timeline.



2. Literature review


2.1. Encountering challenges and social regulation focus on collaborative learning

High-quality collaborative learning is hard to achieve for the reason that learning teams could encounter diverse cognitive, socio-emotional, and motivational challenges (Näykki et al., 2014). Researchers have strived to uncover what challenges students encounter during the collaboration for better understanding and supporting this process (Järvenoja et al., 2019). For example, Koivuniemi et al. (2017) interviewed 107 first-year higher education students about their challenge experience in collaborative learning situations. They found that students encountered diverse challenges in collaboration, for example, concentration (motivational challenge), lacking prior knowledge (cognitive challenge), tiredness (wellbeing challenge), and frustration (emotion challenge). Recently, encountering challenges has become an important perspective in studying the social regulatory process because they are regarded as critical moments to provoke social regulation behavior (Järvelä et al., 2019b). Researchers focus on what social regulation is triggered by encountering challenges. Järvenoja et al. (2019) videotaped a 6-week mathematics course for 62 higher education students and explored how students activate group-level socio-emotional regulation in the face of diverse challenges. Through building a process model, they found that socio-emotional regulation only occurred after emotional and motivational or social context challenges. In a 2-month multimedia course for 103 teacher education students, Malmberg et al. (2015) collected the self-report data from a Virtual Collaborative Research Institute (VCRI) learning environment. They investigated how groups’ social regulatory processes progressed as collaboration developed. In the process model, they revealed that the strategies adopted by high-performing groups to regulate challenges shifted from cognitive regulation to emotional regulation, while the low-performing groups stagnated at cognitive regulation.

Apart from encountering challenges, the social regulation focus is another prominent perspective to examine the social regulatory process. Some investigations trace the process according to social regulation focus, such as cognitive, emotional and motivational regulation, and unpack important patterns contributing to a successful collaboration (Järvelä et al., 2019b). Su et al. (2018) analyzed the chat logs from Tencent QQ generated in a semester-long online collaborative language learning course. They conducted sequential analysis and found that the high-performing undergraduate groups demonstrated more significant sequential links between socio-emotional regulations than the low-performing groups. In Ucan and Webb’s (2015) investigation, they examined primary students’ utterances from a 7-week science course, and by comparing the frequency, they indicated that students not only engaged in metacognitive regulation but can also actively regulate emotional and motivational states to maintain effective group functioning. Overall, the two important perspectives identified in previous studies, encountering challenges and social regulation focus, provide the basis for this study to explore the social regulatory process.



2.2. Physiological synchrony and physiological arousal in the social regulatory process

Although, as shown in previous studies, data from one channel (e.g., video or chat logs) can provide valuable information about the social regulatory process in terms of strategic adaptation in the face of challenges and social regulation focus, the advances in technology and new data-capturing devices offer novel ways to examine and understand the role of these processes across learning contexts, age groups, and tasks (Järvelä et al., 2019a). Studies indicate that in interactive and collaborative learning, an individual learners’ physiological activity could be dependent upon group members (Dindar et al., 2020). This interpersonal physiology, which is defined as any interdependent or associated activity identified in the physiological processes of two or more individuals (Palumbo et al., 2017), can reflect invisible social processes co-occurring with observable interactions (Malmberg et al., 2019a). Therefore, researchers have explored how PS, one prominent indicator of interpersonal physiology, is related to the social regulatory process, and preliminary findings were obtained. For example, Dindar et al. (2019) investigated the relationship between monitoring behavior and PS between the collaborating group members. They found that the relationship between PS and shared monitoring might be dependent on task type. That is, a significant relationship was observed in one session, whereas no significant relationship was observed in the other session. In Sobocinski et al.’s (2020) research, they explored the group-level physiological state transitions during collaboration. They found that the group-level physiological state transitions were positively correlated with on-track sequences.

However, some researchers proposed that these PS measures that do not distinguish between physiological arousal and non-arousal episodes may hide more meaningful moments of collaboration (Malmberg et al., 2019a; Pijeira-Díaz et al., 2019; Dindar et al., 2022). In general, arousal can be described as a state of physiological wakefulness with emotional reactivity, enhanced cognitive processing, and increased motor activation (De Lecea et al., 2012; Critchley et al., 2013). Previous empirical research has proven that physiological arousal is positively related to a learner’s achievement (Pijeira-Díaz et al., 2018) and increased mental effort (Malmberg et al., 2019b). Therefore, the synchronized arousal of two or more collaborating members, referring to synchronized physiological arousal, is a particularly meaningful situation and is informative of collaboration (Malmberg et al., 2019a; Pijeira-Díaz et al., 2019; Dindar et al., 2022). The scant research that has been conducted only recently has begun to explore synchronized physiological arousal during the social regulatory process. In Malmberg et al.’s (2019a) exploratory research, they investigated how the simultaneous arousal between two or more group members revealed social regulation. Their findings were that most of the collaborative interaction during simultaneous arousal was low level, and social regulation was not observed. However, when the interaction was high level, and social regulation was present; when the interaction was confused, it included monitoring behavior. This investigation provides preliminary insight into the meaningfulness of synchronized physiological arousal in social regulation. More explorations are still needed to reveal what additional valuable information the synchronized physiological arousal can provide about the social regulatory process. Furthermore, previous research mainly utilized EDA to profile learners’ PS, and only a few research adopted HR (e.g., Sobocinski et al., 2020, 2022). More research is necessary to reveal the potential of HR to measure interpersonal physiology so as to expand the diversity of physiological indicators in the field (Järvelä et al., 2019a).



2.3. Using heart rate to profile synchronized physiological arousal

Although previous research has successfully utilized HR to profile PS in collaborative learning (e.g., Sobocinski et al., 2020, 2022), little study has adopted HR to profile synchronized physiological arousal in a collaborative learning context. A major approach to detecting physiological arousal is measuring responses of the autonomic nervous system (ANS), which consists of sympathetic and parasympathetic branches, and primarily serves a regulatory function by helping the body adapt to internal and environmental demands (Kreibig, 2010; Roos et al., 2021). Heart rate (HR) and electrodermal activity (EDA) are popular measures derived from the ANS (American Psychiatric Association, 2000). Several advantages of using ANS response in educational settings have been established. First, it is difficult for individuals to mask or control the ANS reactions, thereby creating the possibility of more objectively gauging learner’s arousal compared to self-reports (Pijeira-Díaz et al., 2019). In addition, the continuous data resulting from ANS response allow for temporal and dynamic analysis of emotional and cognitive processes of learning, some of which are even executed outside of learners’ awareness (Mendes, 2009).

Heart rate (HR) is a primary indicator of ANS response (Kreibig, 2010; Roos et al., 2021). Research in the psychophysiology field has confirmed that increases in HR reactivity may reflect arousal and have been used as popular measures for detecting psychological alertness in facing stimulus (Kreibig, 2010; Kreibig et al., 2012; Critchley et al., 2013). Mason et al. (2018) traced learners’ HRs when they read web pages about the health risks of mobile phone use with different reliability, for example, personal blog, online magazine, and academic journal (all including 420 words). They treated the increased HR as a state of arousal. Then they explored how learners’ arousal in the HR, while reading was correlated with post-reading comprehension scores. Likewise, in the investigation of Shalom et al. (2015), they attempted to explore differences in physiological arousal between high- and low-social anxiety participants when they engaged in different communication situations (computer-mediated vs. face-to-face communication). Participants’ HRs under the two conditions were collected. Arousal was identified when participants’ HR was higher than baseline, and Shalom et al. (2015) found that participants with different levels of social anxiety experienced different arousals in two situations. Previous studies that use HR to profile physiological arousal at the individual level hereby provide a basis for further exploring synchronized arousal in groups.

Therefore, the current research attempts to fill in the gaps by utilizing HR to profile the synchronized physiological arousal and exploring how the synchronized physiological arousal is related to the social regulatory process in terms of two important perspectives identified in previous research, encountering challenges and social regulation focus. The following four specific research questions (RQs) guide this study:

RQ1: How often do group member’s synchronized physiological arousal happen during the CA?

RQ2: What are the differences in synchronized physiological arousal episodes when groups face different types of challenges (e.g., cognitive, socio-emotional, and motivational challenges)?

RQ3: What are the differences in synchronized physiological arousal episodes when groups engage in different social regulation focuses (e.g., metacognitive vs. socio-emotional regulation)?

RQ4: How does synchronized physiological arousal relate to the challenge being regulated?




3. Materials and methods


3.1. Participants

A total of 56 (mean age 20.3 years, 51 females) undergraduates from a normal university in Beijing, China were recruited to involve in a CA activity titled “Is the fast diet a healthy way to lose weight?” To recruit the participants, the researchers posted announcements on the school’s online forum and offered a free lunch ticket for participation. Participants primarily majored in education and foreign language, and their standpoints on the fast diet (whether the fast diet is a healthy way to lose weight? Yes or no) were investigated through an online questionnaire before the activity. Then, the participants were randomly assigned into 14 four-member groups according to their standpoints, which consisted of two supporters and two opponents of the fast diet in each. All participants signed the Ethical Consent Form before the activity, representing that they were informed of the research purpose, confidentiality, and right to withdraw from the study.



3.2. Collaborative argumentation activity

This study was carried out in CA context. CA is a productive form of collaborative learning, which has been proven to deepen students’ understanding of complex subject concepts (Wecker and Fischer, 2014) and improve critical thinking (Ngajie et al., 2020) through a set of interactions to convince others of their arguments’ validity (Krummheuer, 1995). As the task required, students with contrary standpoints on the fast diet participated in the activity titled “Is the fast diet a healthy way to lose weight?,” aiming to reach a consensus through CA and complete a group argument diagram (Figure 1), which includes claim (final claim, supporting claim, and counterclaim), evidence, and rebuttal elements (Toulmin, 1958). This face-to-face activity was supported by an online collaborative diagramming platform.1 Group member used their computers to log in to the platform and synchronously edited the shared group argument diagram. Before CA, participants were trained in drawing argument diagrams and given 15 min to draw an individual argument diagram based on their existing standpoints in which students could read providing material about the nutrients and prepare for CA. Afterward, a 45-min CA was conducted in which students persuaded opponents, reached a consensus, and finished the group argument diagram (for the procedure, see Figure 2).


[image: image]

FIGURE 1
Group argument diagram.



[image: image]

FIGURE 2
Experimental procedure.




3.3. Data collection

Videos and participants’ HRs were collected in this study. The activity took place in a classroom-like research space with 360-degree cameras; therefore, the process of CA was videotaped for each group. Scosche Rhythm + armband HR monitor (Valencell, Inc., Raleigh, NC, USA) was used to record each participant’s HR continuously and unobtrusively during the whole activity. The Scosche Rhythm + is a precision biometrics apparatus to monitor HR and has a dual-mode processor in which the HR data can simultaneously transmit to multiple ANT + displays or Bluetooth-enabled devices. The former was chosen as more stable for offline processing, given our exploratory intentions. Before the activity, the Scosche Rhythm + armband HR monitor has installed on each participant’s non-dominant arm, and the sampling frequency of the sensor is 1 Hz (one sample per second). After excluding the groups with incomplete HR data, nine groups with 36 participants were finally included in this study. The total duration of valid CA was approximately 7.2 h (mean 48.6 min, SD 4.1 min).



3.4. Data analysis


3.4.1. Video analysis

The purpose of video analysis was to identify the challenges and social regulatory behavior during CA. Videos of nine groups were analyzed by Nvivo 12 software, and the analysis unit was 30-s episodes. This time-based segmentation allowed a temporally unfolding overview of the group situations and provided a manageable and consistent unit of analysis (Järvenoja et al., 2019). There were two steps in coding the videos. The first step was to code the challenges and social regulatory behavior separately. In the second step, if a challenge is regulated by certain social regulatory behavior, an additional code as “challenge being regulated” will be given to the challenge; otherwise, a code as “challenge not being regulated” will be given.

Specifically, two coding schemes were utilized to code challenges and social regulatory behavior. For challenges, the coding scheme was adopted from Hadwin et al. (2018b), in which they identify five broad types of challenges that students encounter in various collaboration settings, namely, motivational, socio-emotional, cognitive, metacognitive, and environmental challenges. The current study integrated the metacognitive challenge into the cognitive one because it occurred less frequently (Table 1). For social regulation, the coding scheme referred to previous research by Ucan and Webb (2015), in which they have defined and conceptualized two main social regulation categories as metacognitive regulation and emotional and motivational regulation. The current study combined emotional and motivational regulation into socio-emotional regulation for the reason that they served a similar function in maintaining a productive socio-emotional climate in this investigation (Table 2). Notably, 25% of data from the CA videos were randomly chosen for inter-coding. Two researchers of this study coded the video independently, and Cohen’s kappa coefficient was calculated to judge the inter-rater reliability of the coded variables. The kappa values of challenges, social regulation, and challenges whether being regulated were 0.931, 0.864, and 0.917, respectively.


TABLE 1    Coding scheme for challenges.

[image: Table 1]


TABLE 2    Coding scheme for social regulation.

[image: Table 2]



3.4.2. Heart rate analysis

To analyze HR data and align it with video data on the timeline, the current study developed an arousal-regulation analysis platform with two main functions, namely, identifying synchronized physiological arousal episodes in HR and aligning it with coding challenge or social regulation based on the timeline. Using the platform, two types of files needed to be prepared, separate HR files (downloaded from the HR receiver) of each member in a group and the group’s video coding file. The timeline of the two types of files should be aligned. After uploading the two types of files, the platform can automatically identify the synchronized physiological arousal episodes within a group and correspond them with the group’s coding challenge or social regulation based on the timeline. While providing visual presentations, this platform can also output result files for further statistical analysis. The realization of the key steps in the platform will be elaborated on next.


3.4.2.1. Identifying synchronized physiological arousal episodes

Before acquiring synchronized physiological arousal episodes in a group, each student’s arousal episodes needed to be identified first. Based on previous research in the psychophysiology field (Mendes, 2009; Shalom et al., 2015; Mason et al., 2018), the key point to identifying individuals’ arousal was to define baseline HR and find the episodes in which the HR was higher than baseline during the CA. Therefore, to automatically obtain an individual’s baseline HR, this study regarded the first stage of activity, that is, 15 min of reading material and drawing an individual argument diagram, as the data set for finding baseline HR because participants completed the task calmly and independently without any interference at this stage. The HR data were calculated using a moving window approach, with a window width of 1 min and a moving step of 1 s, the sampling interval of the sensor, to find the segment with the smallest standard deviation and longest duration, which represented a more stable HR and was closer to the resting HR. The average HR within the selected segment was regarded as the baseline HR. One-third of the participants were randomly chosen to verify the selected baseline HR with their actual resting HR, and the accuracy rate was 93.8% (Figure 3).
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FIGURE 3
Computing individual student’s baseline heart rate (HR) [from 19:10:57 to 19:36:52 p.m., one student in group 4 was at the first stage as reading material and drawing the individual argument diagram, and from 19:36:52 to 20:23:22 p.m., she engaged in collaborative argumentation (CA). The baseline HR is 78, the average score of the selected baseline HR segment].


After determining the baseline HR, the next step was to find the individual arousal episodes during CA in which the HR was higher than the baseline. Since the study design included events that unfolded over time and there were specific time-locked events of interest, that is, coding challenges or social regulation in each 30-s episode (Mendes, 2009; Malmberg et al., 2019a), the platform also divided the individual HR data during CA into 30-s segments corresponding to the video. If the average HR within 30-s segments was higher than baseline, segments were identified as arousal episodes. Each participant’s arousal episodes were thus obtained. After aligning all members’ arousal episodes according to the timeline, the synchronized physiological arousal episodes of a group were acquired in which two or more members were synchronously in an arousal state (Figure 4).
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FIGURE 4
Identifying synchronized physiological arousal episodes within a group based on timeline [group 4 had four members and engaged in collaborative argumentation (CA) from 19:36:52 to 20:23:22 p.m. The x-axis represents time, and the y-axis represents the number of members who are synchronously in an arousal state. The episodes with superimposed color blocks are the synchronized physiological arousal episodes].




3.4.2.2. Aligning it with coding challenges or social regulation

Since the segmented episodes of HR were consistent with the video, the last key step was to further align the group’s arousal episodes with coding challenges or social regulation to reveal how group members’ physiological arousal in HR synchronized under different conditions in terms of facing diverse challenges (cognitive, socio-emotional, motivational, and environmental challenges) (Figure 5) as well as engaging in different social regulation focuses (metacognitive vs. socio-emotional regulation) (Figure 6).
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FIGURE 5
How group members’ physiological arousal synchronized under different challenges (example of group 4. The episodes where two or more arousal color blocks and event color blocks are superimposed are synchronized physiological arousal episodes under challenges).
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FIGURE 6
How group members’ physiological arousal synchronized under different social regulations (example of group 4. The episodes where two or more arousal color blocks and event color blocks are superimposed are synchronized physiological arousal episodes under social regulation).


Following previous research, this study regarded episodes in which two or more members were in the arousal state as synchronized physiological arousal episodes (Palumbo et al., 2017; Malmberg et al., 2019a). Although the visualization in the platform could provide an intuitive representation of a group, the platform also outputted the result file to answer the research question. The resulting file included information about what challenge or social regulation was coded as well as the number of members who are synchronously in an arousal state in each 30-s episode during CA. To answer RQ1, the descriptive statistics of frequency and percentage of episodes with different arousal numbers (from none to four members) during the CA were presented. For RQ2 and RQ3, the frequency and percentage of episodes with different arousal numbers under different challenges and social regulations were first given. Then, the chi-square test was utilized to analyze the differences in the frequency of synchronized physiological arousal episodes when faced with different challenges and engaged in different social regulation focuses. Similarly, the RQ4 chi-square test was utilized to examine how does synchronize physiological arousal relates to the challenge being regulated. To ensure the accuracy of the results in RQ2–RQ4, episodes containing multiple challenges or social regulation codes were excluded.






4. Results


4.1. How often does group members’ synchronized physiological arousal happen during collaborative argumentation?

Since the overall valid data were approximately 7.2 h, there were in total 867 30-s episodes calculated during CA of nine groups. Table 3 presents the frequency and percentage of episodes with different arousal numbers (from none to four members). It provides an overall picture of how group members’ physiological arousal synchronized during collaborative argumentation. As shown in Table 3, the majority of episodes (609, 70.24%) were non-synchronized physiological arousal episodes (none or 1), and only one-third of episodes (258, 29.76%) were synchronized physiological arousal episodes (two or more). Episodes with four members who were all in arousal states were extremely rare (2, 0.23%).


TABLE 3    Frequency and percentage of episodes with different arousal numbers (from none to four members) during collaborative argumentation (CA) activity.
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4.2. What are the differences in synchronized physiological arousal episodes when groups face different types of challenges (e.g., cognitive, socio-emotional, and motivational challenges)?

Table 4 shows the frequency and percentage of challenge episodes with different arousal numbers. During collaborative argumentation, there were 114 challenge episodes, with the cognitive challenge (CC, 48, 42.1%), socio-emotional challenge (SC, 42, 36.8%), and motivational challenge (MC, 22, 19.3) occurring more frequently, while environmental challenges were rare (EC, 2, 1.8%). Therefore, environmental challenges were excluded in the following analysis.


TABLE 4    Frequency and percentage of challenges episodes with different arousal numbers (from none to four members).
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The chi-square test further indicates that there was a significant difference in synchronized physiological arousal episodes frequency when faced with diverse challenges (χ2 = 10.560, df = 2, p = 0.005). That is, when faced with socio-emotional challenges, the synchronized physiological arousal situations occurred the most (19, 45.24%), followed by cognitive challenges (11, 22.92%), and finally motivational challenges (2, 9.09%) (Table 5).


TABLE 5    Differences in synchronized physiological arousal episodes frequency under different challenges.
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4.3. What are the differences in synchronized physiological arousal episodes when groups engage in different social regulation focuses (e.g., metacognitive vs. socio-emotional regulation)?

Table 6 shows the frequency and percentage of social regulation episodes with different arousal numbers. Overall, there were 444 social regulation episodes during CA, and the distribution of socio-emotional regulation (SR, 212, 47.7%) and metacognitive regulation (MR, 232, 52.3%) was relatively balanced.


TABLE 6    Frequency and percentage of social regulation episodes with different arousal numbers (from none to four members).
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The chi-square test further indicates that there was a significant difference in synchronized physiological arousal episodes frequency when engaged in different social regulation focuses (χ2 = 7.250, df = 2, p = 0.007) as the synchronized physiological arousal happened more frequently when engaged in socio-emotional regulation (78, 36.79%) rather than in metacognitive regulation (58, 25%) (Table 7).


TABLE 7    Differences in synchronized physiological arousal episodes frequency under different social regulations.
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4.4. How does synchronized physiological arousal relate to the challenge being regulated?

Of 112 challenges, more than half challenges were regulated (63, 56.3%). The chi-square test further indicates that there was a significant difference in synchronized physiological arousal episodes frequency between the challenge being regulated and not being regulated (χ2 = 4.444, df = 2, p = 0.035). This is, in challenges being regulated episodes, more synchronized physiological arousal situations occurred (23, 35.48%) rather than in challenges not being regulated episodes (9, 18.37%) (Table 8).


TABLE 8    Differences in synchronized physiological arousal episodes frequency between the challenge being regulated and the challenge not being regulated.
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5. Discussion

The current research aims to utilize HR to profile the synchronized physiological arousal and further explore how the synchronized physiological arousal is related to the social regulatory process in terms of two important perspectives identified in previous research, encountering challenges and social regulation focus. Toward that end, this study developed an arousal-regulation analysis platform, which could automatically detect synchronized physiological arousal episodes in HR and align them with coding challenges and social regulation based on the timeline. After applying it in a CA activity, several findings were obtained.

First, during the CA, only one-third of the episodes were synchronized physiological arousal episodes, and the situations where four members were all in arousal states were rare. Similar findings can be found in Pijeira-Díaz et al.’s (2019) study, in which the arousal was manifested by the EDA signal. They found that only in a small part of the time (≈5–40% of the lesson), the triad members were at the same arousal levels, and the time triad members were simultaneously in high arousal was rare. Similar findings not only verify that synchronized physiological arousal is hard to achieve in collaboration (Pijeira-Díaz et al., 2018) but also prove that the methods using HR to profile arousal in this study can also be an effective approach to detecting synchronized physiological arousal.

Second, the synchronized physiological arousal occurred differently under diverse challenges. Both cognitive and socio-emotional challenges were dominant challenges encountered by students, and when faced socio-emotional challenges, synchronized physiological arousal happened more often. Some recent studies highlighted the importance of socio-emotional challenges in collaboration for the reason that, unlike cognitive challenges, socio-emotional challenges could affect the group climate (Bakhtiar et al., 2018) and, if not appropriately regulated, they may lead to a negative climate, which is harmful and unworkable for accomplishing the shared goal (Isohätälä et al., 2018). This study further signifies the importance of socio-emotional challenges by providing more objective evidence from physiological measures as collaborating members expressed more synchronized physiological responses to socio-emotional challenges (Järvelä et al., 2019a). On the contrary, synchronized physiological arousal occurred the least under motivational challenges. This result could be explained by previous findings that the unequal participation of team members is often overlooked because students are more concerned with completing tasks rather than other members’ engagement (Li et al., 2021). This finding extends previous research by further indicating that this disregard can also be reflected in students’ physiological signals as members showed the least synchronized physiological response to motivational challenges.

Third, although students exhibited balanced socio-emotional and metacognitive regulation behavior, synchronized physiological arousal more frequently co-occurred with socio-emotional regulation. This finding contradicted Dindar et al.’s (2020) investigation, which found that the overall physiological synchrony index of a team was only related to students’ self-report cognitive regulation, with no relationships found with emotional regulation. This inconsistency may be due to the different methods of data collection and processing. As suggested by previous research, utilizing physiological data to provide temporal information about collaboration in this study allowed for a more fine-grained analysis of temporal dynamics and patterns of social regulatory processes, thereby revealing more nuanced discoveries (Järvelä et al., 2019a; Dindar et al., 2022). Furthermore, combining video and physiological measures may more objectively reflect learners’ emotional and cognitive states in contrast to subjective self-reporting data (Roos et al., 2021). In addition, linking the findings of research questions 2 and 3, it can be unearthed that the shared physiological responses of collaborating members are more sensitive to the socio-emotional aspects of collaboration as the shared physiological arousal more frequently co-occurred with socio-emotional challenges and socio-emotional regulation. This result is also an improved answer to reflect the importance of socio-emotional aspects in collaboration. As revealed in previous investigations, students show an inability to regulate increasing tension (Sohr et al., 2018) and view the negative socio-emotional climate as a more difficult factor to control (Rogat and Linnenbrink-Garcia, 2011). The findings of this study not only reinforce the stance that relations matter in collaboration with physiological data (Järvelä and Rosé, 2022) but also suggests that shared physiological responses can be a signal of involvement in socio-emotional aspects of collaboration (Järvelä et al., 2019a).

The last significant finding is that the challenge being regulated episodes more frequently co-occurred with synchronized physiological arousal, which indicates a correlation between synchronized physiological responses with the challenges being regulated. Encountering challenges are a meaningful moment in collaborative learning because, if not appropriately regulated, the challenges could be detrimental to collaboration (Hadwin et al., 2018b). Although previous research has argued that the lack of regulation in responding to challenges is normally due to students’ unawareness of challenges (Järvelä et al., 2019b), there is little evidence, possibly because data on this underlying process are hard to capture. The preliminary finding of the current study can be a piece of evidence by revealing that students showed less synchronized physiological responses to the challenges not being regulated.



6. Conclusion and pedagogical implications

The current study developed an automatic arousal-regulation analysis platform, which contributes to the existing methods of studying the social regulatory processes by successfully utilizing HR to profile synchronized physiological arousal. After applying it in a CA activity, some important characteristics were revealed, which could provide a better understanding and facilitate superior scaffolding of the social regulatory process. For example, only one-third of episodes were synchronized physiological arousal episodes, and they were more associated with the challenges being regulated. Therefore, scripts or awareness tools are needed to help students better identify challenges and become more aware of their occurrence to respond to and regulate them promptly. In addition, the least synchronized physiological arousal under the motivation challenge should attract educators’ notice for the reason that this disregard for equal participation could lead to poor group performance in the long term (Li et al., 2021). Instructional intervention, such as directly emphasizing the value of equal participation, should be implemented to guide students to pay more attention to group members’ engagement. Finally, synchronized physiological arousal is more sensitive to socio-emotional challenges as well as socio-emotional regulation. This finding not only reinforces the importance of socio-emotional aspects in collaboration but also calls for support to help students cope with socio-emotional challenges and facilitate socio-emotional regulation, thereby maintaining a favorable socio-emotional atmosphere.



7. Limitations and future work

The main limitation of this study is the sample size, uneven gender ratio, and the unitary learning context. As physiological measures can be affected by contextual changes (Järvelä et al., 2019a), the preliminary findings, as well as the function of the arousal-regulation analysis platform, need to be further validated in a larger, more gender-balanced sample and applied in more contexts. Furthermore, to answer the research question, the present study used 30 s as the analysis unit of HR to align with the videos and explore synchronized physiological arousal under different events. Future research can first identify the synchronized physiological arousal episodes without considering the video and then analyze the behavioral characteristics under these episodes in reverse. Finally, while arousal has been shown to be positively related to an individual learners’ performance (Pijeira-Díaz et al., 2018), and there is also a consensus on the value of synchronized physiological arousal in collaboration (Dindar et al., 2022), empirical research on the relationship between synchronized physiological arousal and group performance is still scarce.
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Background: After 2 years of anti-pandemic struggles, universities in the United Kingdom have started to witness a reverse transition, a shift from online to offline education. This includes encouraging students to begin face-to-face programmes and allowing flexibility for remote learners, but later requiring all students to return to campus by a certain date.

Objectives: This paper aims to explore the challenges and impacts brought about by this new transition and provide recommendations for universities to enhance student experience for future adversity.

Method: This qualitative study conducted semi-structured interviews with 24 international students from a British university to explore their experiences during the transition. The results were analysed using thematic analysis.

Results: Our data revealed both internal and external challenges to students during the online-to-offline shift, which lead to a general resistance to said shift. Specifically, policy challenges (e.g., policy conflicts) imposed the most significant impacts on international students, resulting in psychological anxiety, financial losses, and negative learning experiences. The reduction of digital tools and learning materials during the shift also presented challenges to students who developed a reliance on digital resources while learning remotely. Other challenges have also been identified, including academic barriers and social engagement issues.

Conclusion: By highlighting these challenges, this paper has practical implications for university policy decisions and provides recommendations for supporting students’ transition back to traditional offline learning.

KEYWORDS
 online-offline transition, international student experience, post-pandemic, student transition, learning experience


1. Introduction

Worldwide educational institutions have been affected by the outbreak of the COVID-19 pandemic. According to a report from the United Nations Educational, Scientific and Cultural Organization (UNESCO, 2021), over 220 million students were impacted by this unprecedented incident. The impact included social-distancing measures, lecture cancellations and teaching facility closures (Marinoni et al., 2020). Consequently, campus-based education activities were moved to online or hybrid environments, creating various challenges for students (Lemay et al., 2021). After over 2 years of anti-pandemic struggles, many countries have implemented less severe public health and social measures (WHO, 2022). Since the summer of 2021, the UK government announced its anti-COVID strategy, ‘Living with COVID-19’ (Cabinet Office, 2022). Following this national policy, the Department of Education of the United Kingdom started to encourage higher education institutions to return to delivering face-to-face teaching (Department of Education, 2022). As a result, most universities in the United Kingdom switched to face-to-face teaching, making students readjust to a reverse transition from online to offline learning, causing new challenges for students, especially those with international backgrounds. However, most research on student transitions related to the pandemic and post-pandemic education has focused on challenges during online transitions (Saikat et al., 2021; Gupta et al., 2022; Szopiński and Bachnik, 2022). A limited amount of research has been conducted on the reverse transition, in which students switched from online to offline learning.

This research aims to examine the experiences of Chinese international students during the post-pandemic transition from online to offline learning and asks the following questions:

• What challenges and constraints do Chinese international students face during the online-offline transition?

• What suggestions and improvements can be made to enhance the student experience for future adversity?

The project used a research university (S University) in the United Kingdom as an example before exploring the impact of the online-to-offline transition on a group of Chinese international students (n = 24). During the first half of the academic term, S University adopted a hybrid teaching approach, encouraging students to return to campus for face-to-face teaching while providing online alternatives for those temporarily based outside of the United Kingdom. Once students arrived on campus, they were required to attend face-to-face classes. During the second half of the academic term, S University cancelled all online teaching and completely shifted their courses offline. Students who could not reach the campus on time were required to take a Leave of Absence (LOA) and postpone their studies for a year. Depending on when these students arrive on campus, they may face different challenges during this reverse transition. Accordingly, this research defines the following student groups:

• Campus Starter (CS): Students who arrived at the university before the term started and attended the face-to-face courses (as encouraged).

• Remote Starter (RS): Students who arrived at the university after a period of distance learning and attended face-to-face courses before the start of the second half of the academic term.

• Leave of Absence Students (LOA): Students who completed the first half of the academic term remotely, but could not arrive at the university in time for the second half of the academic year for in-person teaching. They were placed on ‘leave of absence’ and had to postpone their studies for a year.



2. Literature review


2.1. Issues associated with online teaching during the pandemic

As a preventive measure to curb the spread of the coronavirus, strict social restrictions have been adopted by many countries, such as keeping in place social distancing, remote work, and regional lockdowns (Kaur et al., 2021). As a result, educational institutions around the world have been heavily impacted and forced to adopt a distance-learning approach (Gillis and Krull, 2020; Lederman, 2020; Zhao et al., 2020). However, research suggests that there are many concerns associated with the sudden shift to online teaching, such as technical issues, student disengagement, and time zone differences, which may cause social and technical challenges for both teachers and students (Fatoni et al., 2020; Lemay et al., 2021; Naddeo et al., 2021). For example, Daniel (2020) argues that instructors were unprepared for online teaching, due to a lack of training and support from universities. Naddeo et al. (2021) found that students’ negativity is related to Internet connectivity and the performance of learning management systems (LMS). Similarly, Song et al. (2004) found that, in addition to connectivity issues, the students’ experience can be negatively influenced by their unfamiliarity with the learning system. Research also reports a lack of peer interaction and student-teacher interaction online, which are both crucial for learning (Kamble et al., 2021). Furthermore, distance learning can also be a challenge for students who study academic subjects that require lab work (Dhawan, 2020; Radha et al., 2020). These issues may influence students’ academic outcomes and overall experiences (Omar et al., 2021).



2.2. Opportunities for online teaching

Despite the challenges, the remote-learning environment has also brought about new educational opportunities (Hoss et al., 2022; Li et al., 2022). For example, Azorín (2020) argues that the crisis provides scarce opportunities to trial, improve, and rethink the role, content, and innovative delivery methods of education. Meanwhile, Aguilera-Hermida (2020) believes that the remote-learning experience also promoted the development of digital literacy among students. Daniel (2020) argues that asynchronous learning, particularly suitable in digital formats, provides both teachers and students with flexibility and enables them to achieve a better balance between work and study. Moreover, online teaching also promotes flexibility while reducing expenses (Xhaferi and Xhaferi, 2020; Weldon et al., 2021). In addition to flexibility, researchers argue that online platforms and technology applications provide students with additional resources (Pokhrel and Chhetri, 2021; Sbaffi and Zhao, 2022) and enhance student academic achievements (Younas et al., 2022). Similarly, Fatoni et al. (2020) found that students can benefit from asynchronous materials (e.g., lecture recordings) to enhance their knowledge. There has also been an increase in the use of social media for sharing learning resources with students (Nasution et al., 2022). As Huang et al. (2021) point out, COVID-19 has created opportunities for universities and brings out innovative pedagogy and digital resources. However, it is uncertain how sustainable these benefits could be when universities start to transition back to ‘ordinariness’ and offer only face-to-face courses to students (Daniel, 2020).



2.3. Online to offline transition

Although COVID-19 is still spreading, coexistence with the virus has become an option for many countries, including the United Kingdom (Cabinet Office, 2022). Scholars, such as Hargreaves (2020), believe that temporary online education will move back towards the traditional campus-based model or a hybrid method. Meanwhile, Rashid and Yadav (2020) suggest that online teaching should remain an essential part of future teaching even when universities return to offline teaching.

In 2022, we have witnessed a shift to offline learning in the United Kingdom, as predicted by scholars (Daniel, 2020). As this is a new trend, there has been little research about the issues and challenges faced by students during this reverse transition. Among all university students, international learners suffer more challenges caused by external and transnational obstacles, such as border control, travel restrictions, flight cancellations, extra financial difficulties, and career issues (Hari et al., 2023). Therefore, this project will focus on the experience of a group of Chinese international students to explore their experiences during this transition.




3. Materials and methods

This research follows an interpretive paradigm and adopts qualitative research with an exploratory nature (Stebbins, 2001; Rudestam and Newton, 2014). It focuses on the experiences of Chinese international students during the online-offline transition to explore their perceptions and attitudes as well as the challenges they faced during this transition. Using a snowball sampling strategy, 24 semi-structured interviews were conducted with various cohorts of students, Campus Starters (n = 8), Remote Starters (n = 8), and Leave of Absence (LOA) students (n = 8). CS students began their on-campus life at the beginning of the first semester, which means they participated in more face-to-face courses than the other participant groups. While RS students travelled to the United Kingdom successively between Sep 2021 and Feb 2022, they engaged with both online and offline learning. Meanwhile, LOA students only experienced online learning and had to postpone their studies for a year. See Table 1 for detailed participant information.



TABLE 1 Participant information.
[image: Table1]

The interviews were conducted online with the help of meeting tools (Google Meet and Tencent Meeting) that enabled Chinese international students outside of the United Kingdom to participate in the interview. Due to the nature of this study, the research was conducted in two languages: English and Chinese (Mandarin). A pilot study was conducted prior to data collection to refine and revise interview questions and enhance the reliability of the research. The interview questions were divided into two sections. As part of the first section, we asked questions about student programmes, study durations, and previous transitional experiences. Depending on students’ learning modes (e.g., CS, RS or LOA), the second section contains different questions. Common questions focused on students’ decision-making when choosing different learning modes, their overall feeling towards the university’s online to offline transition, barriers they faced, specific events or activities that impacted their learning experiences, and their recommendations to the university. A design of the interview questions was submitted as Supplementary material.

The data from the semi-structured interview was then transcribed, translated, and analysed using a thematic analysis approach, which included becoming familiar with the data, generating initial codes, searching for themes, reviewing themes, defining themes, and producing a write-up (Braun and Clarke, 2006). This method is particularly suitable when analysing human experiences and perceptions, which also fits well with the objectives of this article. Specifically, informed by Kiger and Varpio (2020), our data analysis process involved the following steps: (1) familiarise all the interview transcripts and generate a general understanding of the dataset, (2) analyse each transcript in detail and note the initial codes according to the research questions, (3) examine all the initial codes and search for core themes, (4) reviewing the themes, interpreting their interrelationships, and answering the research questions, (5) defining and naming all the themes, identifying the issues, and making suggestions and (6) producing the report based on the themes.

The study received ethics approval from the university of [anonymised]. Informed consent was collected prior to the interviews. In addition, participants were informed of their right to withdraw from the study. The names of all participants have been anonymised. An ethics approval letter can be found in the Supplementary materials.



4. Results

Our interview data revealed a number of challenges that students faced during the online to offline transition at the university, namely policy, infrastructure, academic and financial challenges.


4.1. Policy-related challenges

Policy issues create enormous difficulties for all types of students (CS, RS and LOA). The identified policy challenges consist of two sub-themes: policy constraints and policy conflicts.


4.1.1. Policy constraints

In the context of the COVID pandemic, policy constraints come from national-level travel restrictions and institutional-level teaching guidelines. Travel restrictions were enormous challenges for international students. During the transition, the RS and LOA students suffered from local lockdowns and strict flight controls, which forced them to be separated from the offline-learning environment. These issues were often unpredictable and left students with limited time to respond. One RS student said that:


After my flight was suspended, I couldn’t come in time and had to buy a new ticket. This was a bit troublesome. The travel procedures are quite complicated. If I didn’t do it in advance, I couldn’t arrive at the expected time. (Participant 6, RS, PGT)
 

The travel restrictions imposed a significant influence on students’ choices of teaching approaches. Students were unable to shorten their physical distance from campus. Therefore, students had to choose from the available options. In other words, policy constraints deprived them of the opportunity for campus learning. One LOA student complained that:


I was faced with various quarantine policies, […] according to the domestic policy, there was no way for me to take public transportation, let alone apply for a visa to study abroad. (Participant 7, LOA, PGT)
 

Similarly, when asked about the reason for making the online choice, an RS student answered by saying that:


My flight was suspended at that time. But actually, I wanted to come over. (Participant 6, RS, PGT)
 

In addition, some students expressed concerns about the challenges they may face after their studies in the United Kingdom were completed. To avoid quarantine upon their return to China, students were hesitant or even resisted the offline shift. One bachelor’s student who was unwilling to transition said that:


[…] if I go to the UK, I need to be prepared to not go home for the next two or three years, because China’s strict policy makes it very hard to return home, which I couldn’t accept at that time. (Participant 11, LOA, UG)
 

A master’s student who postponed the journey to the United Kingdom shared a similar concern:


Although the pandemic-management policy in Britain allows for total freedom in 2022, in my region, pandemic control is particularly strict. […] If I got the coronavirus, it would be very difficult for me to return home, where I would face a long quarantine. So, I didn’t want to come to the UK at that time. (Participant 6, RS, PGT)
 

Apart from their choice of learning methods and travel concerns, the travel restrictions imposed psychological and financial pressure on students, discouraging them from moving to offline learning. For example, one LOA student expressed that:


[…] There were moments that I wished to go to the UK for on-campus learning. However, the fight tickets were very expensive, which led to a lot of pressure. […] My flight could easily have been suspended and triggered the circuit cancel policy. […] It ultimately made me anxious about the delay in my studies. […] Everyone was extremely anxious. (Participant 15, LOA, PGT)
 

The institutional-level teaching guideline is another major challenge. The guideline refers to the mandatory offline-learning policy, which the university created without providing prior notice to students. This led to considerable impacts for RS and LOA students. This sudden policy shift also made it imperative for students to prepare for the transition in a short period of time. Data shows that the sudden change demotivated many students from transiting to offline learning. One LOA student said:


I thought that they should have included online classes as an option in the second semester since the school had made such an inquiry. […] So, I didn’t have, or consider to have my visa, accommodations, and so on prepared. (Participant 11, LOA, UG)
 

Another identified impact of the shift is the adjustment. This is primarily related to RS students. Universities in the United Kingdom have had resources in place for years to support students’ orientation at the beginning of the term. Therefore, CS students received sufficient support when familiarising themselves with offline teaching and the learning environments (e.g., campus facilities). Arriving at the campus halfway through the term meant that RS students needed to spend time and effort adapting to the new environment with less university support compared to CS students. As RS students had to make last-minute arrangements, travel expenses and overseas living costs were sometimes exceptionally high.


Online classes are […] very convenient, which saves both time and money. […] When I first came here, I had to adapt to the life here […] which might take me a week to adapt, […] The transition period of that week will affect my courses, which is quite challenging. (Participant 6, RS, PGT)
 



4.1.2. Policy conflicts

Conflicts exist between travel restrictions and teaching guidelines. Specifically, the university policy requires face-to-face teaching, but the travel policy imposes many restrictions both in China and in the United Kingdom. This mismatch created a practical challenge for international students, especially those in the LOA and RS groups. Some LOA students were under a local lockdown and were forced to take a leave of absence. One LOA student said:


I was forced to make that choice (leave of absence), […] Many remote students were forced to go there and study on campus because they didn’t want to take a break from college. We were forced to do that. (Participant 11, LOA, UG)
 

The conflicts between teaching guidelines and quarantine policy in the United Kingdom at the time were also challenging for certain CS students. The quarantine policy blocked face-to-face registration and sessions despite the arrival of CS students in the United Kingdom. The university also prevented them from attending online sessions as they were registered as CS students. One CS student said:


When I first came to the UK, I was required to stay in quarantine for 14 days. However, I couldn’t attend any classes in the Blackboard system until I completed registration offline to receive my student card. […] This resulted in me missing some of my classes. (Participant 3, CS, PGT)
 

Conflicts also exist in policies between the university and academic departments. For example, the university provided remote-teaching alternatives during the first semester, but some schools or modules only offered offline exams, resulting in students taking a leave of absence. One LOA student claimed that:


It was quite sudden that we were told to attend offline exams while students of other majors could take their exams online. We thought it was unfair. I even thought the school was way out of line. […] I got 0 on that module and need to retest. […] I could have received a good result after studying for so long. […] I have to go over there next September and start my sophomore year all over again, which is a huge waste of time. (Participant 10, LOA, UG)
 

In addition to study interruptions and exam delays, students also reported that the sudden transition negatively impacted their career planning and psychology. The interruption of studies has necessitated postponing the original study work plan and introduced uncertainty. The fear of further uncertainty and potentially needing to take a gap year has created additional anxiety for LOA students. The following arguments support these identified impacts:


My plan was disrupted! My plans for my studies and future career were completely messed up. And there was also a big impact on my life. I was at home by myself during the lockdown. Plus, the leave of absence stuff, I was depressed and not in a good mood […] I couldn’t help feeling anxious at night. (Participant 14, LOA, PGT)

Due to a year of delay, I have concerns in terms of time. Also, I have age anxiety. (Participant 13, LOA, UG)
 




4.2. Infrastructure challenges


4.2.1. Technology constraint

Technical issues mainly occurred during the first half of the academic term. The university incorporated live-streaming technologies, which allow for face-to-face teaching to be broadcasted to remote students. All the international students experience some online components in the autumn semester, such as lecture recordings and asynchronous materials. Therefore, this paper infers that technical constraints are common challenges for all student groups. Concretely, the technical challenges manifest in unstable networks, unclear audio, and blurry pictures in the live class. These factors mainly affect the synchronisation and efficiency of the live-streaming sessions. When describing technical issues, students said:


The problem was the network latency. […] Occasionally, it was very laggy. (Participant 1, RS, PGT)

Sometimes, there is noise in the livestream classes and recordings. This is inevitably with lots of students in a classroom. (Participant 4, CS, PGT)

I need to use a VPN to attend classes, which can be troublesome and lags sporadically. (Participant 10, LOA, UT-Year2)
 

Students considered these technical issues to be temporary. Therefore, their overall learning outcomes and experiences were not hugely impacted. When asked about this, students reported that:


It wasn’t too bad. […] I am satisfied with my studies during those six months. (Participant 8, LOA, PGT)

I was quite content with my learning results. (Participant 15, LOA, PGT)
 



4.2.2. Campus facility constraint

The challenges caused by the inconvenience of campus facilities mainly affect RS students who newly completed the transition. After experiencing online learning, RS students needed to readjust to offline classrooms. Compared to CS students, the campus is new to them. Furthermore, there was no orientation week to support students who were unfamiliar with the campus. This unfamiliarity made them feel that the campus facilities were not easy to access. For example, one student explained:


I couldn’t find the classroom on my first day on campus. […] The classroom was so far away from my apartment and located on the second floor of a basement. Twisting and winding, it was like a maze. […] I looked for it for a long time. (Participant 1, RS, PGT)
 

The facility constraint impacts learning convenience. Preference for convenience makes students reluctant to accept new changes. Therefore, the physical inconvenience of offline facilities and a lack of university support regarding induction made them more unwilling to give up flexibility and easy access to teaching. This is one of the reasons for the resistance to the transition. One student claimed:


Before the transition, I could sit at home and have classes without running to the campus. […] The campus of my university is quite big, so it was easy to get lost. (Participant 5, CS, UG)
 




4.3. Academic challenges


4.3.1. Reduction of digital support

Online teaching facilitates a wealth of digital learning tools and can promote students’ digital literacy skills. Apart from some efficient and innovative platforms, including learning management systems (e.g., Blackboard), Cloud-based collaboration tools (e.g., Google), and social media (e.g., YouTube), digital tools, such as recording software, auto-captions, and real-time translation, also played critical roles in improving academic results. Students were immersed in the digital environment for the first half of the academic term and were dependent on the digital tools that supported them in online learning. When they fully transitioned to offline learning, many digital tools became unavailable, which created a massive challenge for students. Almost all RS and CS participants stressed the importance of some digital tools for their learning. Among these tools, the course recording and language assistance software were most valuable to students. Course videos allow students to revisit lectures, while translation tools help them overcome language barriers, contributing to enhanced learning outcomes. Furthermore, international students rely heavily on captions and auto-translation to overcome language barriers and achieve academic progress. According to multiple students:


I could turn to the recordings at any time, according to my learning progress, if there was anything I didn’t figure out or I had missed in offline classes. […] In the first semester […] I relied heavily on the recordings and slides of the classes. (Participant 12, CS, PGT)

I could turn to the subtitles when I couldn’t understand the lecture. […] I was able to understand more content in class compared with the second semester. (Participant 2, RS, PGT)

The learning experience is better with online lectures as there are auto-captions that we can use. (Participant 18, RS, PGT)

The chatbot feature allows the tutor to answer all questions one by one. This can benefit all students. Offline lectures can become crowded when students are asking questions. Tutors may not be able to address all of them. (Participant 24, CS, PGT)
 

Students’ reliance on digital tools is directly linked to their learning experiences and outcomes. This reliance can also be arguably linked to students’ resistance to offline learning. Face-to-face learning becomes more challenging if students experience language barriers. As one student argued:


I became reliant on the subtitles when listening to online classes. I would habitually look at the subtitles and not think about what the teacher or my classmates were saying. And, when I switched to on-campus learning, I would find it hard to adapt in terms of listening and other aspects. (Participant 1, RS, PGT)
 

Students value the digital skills they have developed through online education. Our data suggests that online learning initiates innovative approaches and facilitates the utilisation of technology, such as digital assistance tools, online cooperation software, social media platforms, etc. These innovative and beneficial approaches also enhance the digital skills of students, which is indispensable in the Information Age. Some participants believe that the enhancements brought about by online learning contribute to their future development:


The informative approach will become a major trend in the future. For instance, working from home or something like this. […] it would be of great help if you have experience in online classes and are very skilled and seasoned in online information processing, operation, and learning. Because I worked as an intern during the LOA period and there were often online meetings or communication. […] My previous online experience was valuable during my internship. (Participant 11, LOA, UG).
 

However, the transition to offline learning has significantly decreased the use of digital tools and materials for learning and teaching. Hence, reliance on digital support also drove some LOA students away from offline learning. One LOA student conveyed the following view:


I can refer to the recordings, […] It helps with the absorption and consolidation of knowledge. […] Is it only in offline classes that you can learn well? Not necessarily. (Participant 14, LOA, PGT)
 

This challenge also affects the frequency and timing of students’ utilisation of IT tools and platforms. For example, with the total shift back to offline learning, the recording and captioning tools are no longer available. Students’ time spent on digital resources, such as E-Library and Blackboard, was also reduced.


I spent more time on Blackboard and reading course materials. […] I’m more frequently using online tools. […] Then, during the second semester, […] I didn’t log on to Blackboard very often. (Participant 2, RS, PGT)
 



4.3.2. Reduced flexibility

Flexibility is a unique feature of online learning. This term describes flexibility in time and location, which could contribute to crisis resilience. Therefore, many students, after experiencing online learning, were reluctant to give up flexibility in teaching. Specifically, the recorded and asynchronous materials allowed students to learn more flexibly. Furthermore, these factors ensure that teaching is unaffected by external contingencies, such as the strike movement that occurred several times during the academic year.


Last semester, […] I could just turn on my computer and attend my classes, […] when I came here, I had to walk a long distance to take the courses, which I found quite tiresome and time-consuming. (Participant 2, RS, PGT)

I wasted my time running to the classroom, which ended up being empty (due to staff strikes), […] The same thing could happen online, but it probably would not affect me as much. (Participant 3, CS, PGT)
 

Another reason is related to the previously identified factor: digital support. Lecture contents are easier to understand for international students with the help of digital tools. In addition, after transitioning to offline learning, students need to spend more time and effort on self-study to make up for the information missed during face-to-face lectures due to language barriers. One student points out:


Because there is no recording, […] I need to listen attentively, […] I need to spend more time and energy, such as looking at the courseware again, or reading a lot of relevant materials to make up for some knowledge I missed in class. (Participant 5, CS, UG)
 




4.4. Financial challenges

The transition from online to offline also increased the total financial cost of education. This issue posed different levels of challenges depending on the cohort of students. For RS and LOA students, the increased cost is significant, especially in the context of COVID. The sudden transition means that students must spend a lot of money on living costs, accommodations, international flights, and COVID-related expenses. One LOA felt particularly stressed and complained by saying:


A round trip ticket is very expensive, nearly £10,000. It is not a small amount of money for my family. […] It is hard for me to make a casual choice. (Participant 15, LOA, PGT)

Due to the lockdown, there was a delay in the postal service. As a result, I didn’t get my visa and passport returned to me on time, and missed my flight as a result. There was no refund. I had to buy a new flight ticket. (Participant 22, RS, PGT)
 

These additional significant financial costs led to psychological stress for students and may have led to their decision to postpone their studies. Completing a degree at the minimum possible cost is very attractive to many students. Therefore, the cost challenge is a fundamental factor that drives their reluctance to transition.


For international students, it requires a huge amount of money to live and study in another city. For those who have one year course, the online option can actually help them save a lot of money for their families. (Participant 11, LOA, UG)
 

The impact on CS students is less severe. The fact that they were already involved in offline classes means that they had considered the issue of education expenditure and made a choice with sufficient time to plan the trip. The additional high cost, due to COVID-19, is within their expectations.




5. Discussion

This research developed a nuanced understanding of the challenges that influence Chinese international students during the online-to-offline transition. Several challenges these students faced during the transition were identified, including policy issues, infrastructure constraints, academic barriers, and financial burdens. Among all the identified challenges, policy challenges posed the most serious issues for international students, and the impacts were far more severe than those brought about by other challenges. Issues such as academic, social and infrastructure only impact the transition’s quality. In contrast, policy issues, especially policy conflicts, may determine the success or failure of some students’ transitions. The emergence of LOA students represents the failure of their campus-oriented shift. The findings evidenced that LOA students were the most vulnerable among all students, as this group faced interruptions in their studies, delays in career planning, and enormous psychological pressure. This accords the finding of Sahu (2020), who suggests that policies, such as travel restrictions bring a series of secondary challenges, including delays in examinations, monetary problems, admission issues, study interruption, psychological health, and career plans.

All participants displayed resistance to a complete transition from online to offline learning. However, the resistance was more evident among the RS and LOA groups. This could be because these groups of students were unwilling to accept the challenges brought upon them by a sudden shift to offline learning. Another noticeable and common reason for resistance is the reliance on digital tools. Online learning tools are most effective in assisting with language barriers. With the help of recording, captioning, and live translation tools, participants reported significantly improved learning outcomes in lectures and eventually became reliant on them (Fatoni et al., 2020; Pokhrel and Chhetri, 2021). This is consistent with the finding of Weldon et al. (2021), who argue that lecture recordings significantly benefit students during the revision and assessment stages. Moreover, many efficient and innovative technologies were introduced during the online period, such as screensharing during group discussions or using learning materials from social media. Students also benefit from more frequent use of digital tools, as their digital skills are enhanced. This finding accords with the research conducted by Aguilera-Hermida (2020), who argues that the online-oriented transition promotes the utilisation of technology and digital literacy. Similarly, Noor et al. (2022) also highlights the benefits of information and computer technology (ICT) skills development for students as a result of a rapid growth of technology in education during the pandemic.

Based on the findings, this research has the following recommendations. This research suggests that a complete and sudden switch to offline teaching is not a perfect solution. Advance notice should be given to students at the offer stage rather than forcing a sudden change upon students midway through their studies. Lei and So (2021) argue that students are sensitive to the sudden switch between different learning modalities. In addition to considering national policies, universities in the United Kingdom should also take into account international policies that may affect international students’ travels and studies. In addition, universities should implement a consistent policy across all academic departments to minimise the impact on students who study for joint degrees or attend modules offered by more than one department. In addition, the value of digital tools and resources should be acknowledged and sustained to enhance the student learning experience, academic outcomes, and the development of digital literacy. Our finding supports the view of previous research, which highlights the value of a blended teaching approach and sustained digital resources for teaching in a post-pandemic age (Hargreaves, 2020; Rashid and Yadav, 2020). Finally, universities should consider enhancing their resources to support the transition of those students returning from a leave of absence. Students from this group are often the most vulnerable and underrepresented. In the current system, students are most likely to receive support during the orientation or induction week. Dedicated support staff or resources could be made available for students who miss induction weeks, such as late arrivals and students who return from a leave of absence.



6. Conclusion

This research aims to study the challenges encountered by international students during the reverse transition from online to offline teaching in the post-pandemic era. The findings identified challenges faced by Chinese international students during this transition, namely, policy issues, infrastructure constraints, academic barriers, and financial burdens. First, the policy issues are most challenging for students resulting in a broad range of negative impacts. Our data suggests that LOA students are the most vulnerable to study interruptions, career plan disruptions, and psychological pressure. More support should be provided to this cohort when they resume their studies. Second, a consistent teaching method across the academic year is most valued by students. Almost all participants displayed negativity and resistance towards a sudden move to offline learning. Sudden changes in teaching can cause considerable disruptions to students. Thus, advanced notice should be provided to students if such sudden changes are unavoidable. Third, the complete reversion to the traditional face-to-face model is not a perfect option. Online modality has unique and irreplaceable benefits, promoting innovation and enhancing students’ digital skills. Universities should retain the digital resources and pedagogy developed during the pandemic and incorporate them into offline teaching.

This research also presents several limitations. Due to the research scope, the subject is limited to Chinese international students. Particular challenges brought about by the policies in China are not representative of the entire international student community. Future studies may select a broader range of subjects. Further studies could also look at the readjustment issues faced by LOA students who have been found to be most vulnerable in this research. In addition, the perception of the participants may change over time. A longitudinal study is needed to determine the long-term impact of the transition on students.
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Problem-based learning (PBL) has been used in different domains, and there is overwhelming evidence of its value. As an emerging field with excellent prospects, learning analytics (LA)—especially multimodal learning analytics (MMLA)—has increasingly attracted the attention of researchers in PBL. However, current research on the integration of LA with PBL has not related LA results with specific PBL steps or paid enough attention to the interaction in peer learning, especially for text data generated from peer interaction. This study employed MMLA based on machine learning (ML) to quantify the process engagement of peer learning, identify log behaviors, self-regulation, and other factors, and then predict online PBL performance. Participants were 104 fourth-year students in an online course on social work and problem-solving. The MMLA model contained multimodal data from online discussions, log files, reports, and questionnaires. ML classification models were built to classify text data in online discussions. The results showed that self-regulation, messages post, message words, and peer learning engagement in representation, solution, and evaluation were predictive of online PBL performance. Hierarchical linear regression analyses indicated stronger predictive validity of the process indicators on online PBL performance than other indicators. This study addressed the scarcity of students’ process data and the inefficiency of analyzing text data, as well as providing information on targeted learning strategies to scaffold students in online PBL.

KEYWORDS
 problem-based learning, peer engagement, learning process, multimodal learning analytics, online learning


Introduction

Problem-based learning (PBL) is a pedagogical philosophy covering a multitude of practices and has been employed in different institutes and diverse domains in the last 50 years (Kilinska and Ryberg, 2019). PBL aims to educate students through the process of solving problems (Neville, 2009). In PBL, students are empowered with full autonomy to interact with others and use their skills and knowledge to develop a viable solution (Savery, 2006).

Given the popularity of the Internet, PBL has increasingly been carried out in online environments or blended settings. Technology-enhanced settings enable students to use various tools to perform tasks and solve problems, which leads to the generation of large amounts of data in the learning process (Unal, 2019). These data are very valuable for investigating in-depth PBL information, however, the data themselves cannot show anything without effective analysis. An emerging field addressing this challenge is learning analytics (LA), which has the capability to auto-analyze large amounts of data and presents the analysis directly to related stakeholders (Pan et al., 2020). Researchers believe that this can, in turn, empower educators to be more aware of students’ progress, assess their contributions based on evidence-based criteria, and identify patterns of low engagement and students at risk of failure (Foster and Siddle, 2020).

However, current applications of LA in PBL have not related LA results with specific PBL steps: Problem-solving performance and awareness were usually predicated by the overall LA without differentiation of the theoretical stages of PBL (Chen et al., 2019; Ludwig and Rausch, 2022). Additionally, text data generated from peer interaction are not mined effectively by LA methods. Recent reviews indicate that text mining and discourse analysis have not bee widely implemented and researched for educational purposes, compared to other analytic methods (Khalil and Ebner, 2016; Nkhoma et al., 2020). To identify students’ learning progress, problem-solving performance, and need for assistance, as well as to provide fair assessment and proper scaffolding, this study employed multimodal learning analytics (MMLA) based on machine learning (ML) to quantify the process engagement of peer learning based on text data, identify log behaviors, self-regulation, and other factors to predict online PBL performance.



Literature review


Problem-based learning

PBL is a student-centered pedagogy triggered by an ill-structured problem-solving scenario (Permatasari et al., 2019), in which students are enabled to participate in “learning by doing” actively and to develop transversal and lifelong learning skills (Sohmen, 2020). PBL originates from constructivist conceptions, which view learning as the active construction of knowledge that occurs through social interaction and dialogue among learners (Saqr and Alamro, 2019). The principal idea behind PBL is that the subject matter content and skills to be learned are organized around shared problems (Saqr et al., 2020). In PBL, students need to articulate the problem and then search, evaluate, construct, and share information which is then applied to a problem-solving situation in the real world (Neville, 2009). PBL thus helps students to improve their critical thinking, problem-solving ability, cognitive skills, and overall performance (Joshi et al., 2020). It is also an effective way to cultivate students to achieve 21st-century skills, such as being able to communicate and collaborate to solve complex problems, innovate in response to new demands and changing circumstances, and use technology to build new knowledge (Binkley et al., 2012).

Researchers summarize four key elements of PBL: the design of ill-structured learning problems, the role of the instructor as a facilitator, students’ self-regulation in the learning process, and peer learning to interact with others (Savery, 2006; Kilinska and Ryberg, 2019). The notion of ill-structured problems as the driving force for learning is a very central aspect of PBL (Kilinska and Ryberg, 2019). As opposed to presenting direct facts and conventional concepts in traditional instruction, complicated real-world problems are used in PBL to improve and promote student learning (Joshi et al., 2020). The role of the instructor during the process becomes that of facilitator to assist students to solve the problem (Horak and Galluzzo, 2017). Thus, students have to take the responsibility to be self-directed and self-regulated in their learning, which requires them to purposefully regulate their own cognitive, motivational, and emotional behavior, as well as that of others for optimal learning (Zimmerman, 2011). Peer learning and interaction are particularly meaningful in PBL. By working together in small groups, students are expected to actively communicate, share their expertise and previous knowledge, make joint decisions, and negotiate responsibilities, as well as to evaluate and modify the strategies of learning and group work through interactive dialogue (Hennessy and Murphy, 1999; Saqr et al., 2020).

PBL has been applied in multiple domains, and different models have been proposed across the world, such as the Alborg model with eight steps in Project Management; the Maastricht model with seven steps in Science, Healthcare, and Business; the Manchester model with eight steps in Medicine and Engineering; and the Samford model with seven steps in Business, Education, and Pharmacy, among others (Zotou et al., 2020). The details of the steps in these models are not the main part of the discussion here, but, generally, various models of PBL feature peer learning and four key steps for solving ill-structured problems: problem representation, solution development, making justifications, and monitoring and evaluating (Xun and Land, 2004).

With the rapid development of information technology and digital devices, online learning has become an acceptable educational format throughout the world. As a typical pedagogy, PBL has increasingly been carried out in online environments. Online discussion is a very important way to support PBL, especially peer learning, in online settings (Saqr and Alamro, 2019); it requires students to engage in active discussions in two types of dialogical spaces: content and relational spaces. The goal in the content space is to acquire a deeper understanding of the knowledge and skills in the domain by collecting information, discussing concepts, and proposing solutions to the problem; the relational space deals with interpersonal relationships and interactions among collaborators (Slof et al., 2010; Saqr and Alamro, 2019). There is overwhelming evidence of the value of PBL; however, offering students an ill-structured problem does not directly translate to effective interactions and high performance. PBL requires scaffolding by instructors, coordination of peer learning, and active engagement of students in a stimulating environment, which calls for a mechanism to monitor the efficiency of engagement and design a data-driven intervention that supports effective PBL (Pan et al., 2020). LA is an interesting emerging field that could address these challenges.



Learning analytics

LA is concerned with the measurement, collection, analysis, and reporting of data about learners and their contexts, for purposes of understanding and optimizing learning and the environments in which it occurs (Siemens, 2013). The popularity of online learning, the challenge of extracting value from educational big data, and the demand to improve performance are the three driving forces in the emergence of LA (Ferguson, 2012). The data used in LA are mainly gathered through monitoring students’ activity in online learning platforms (e.g., access to resources, logins, textual input) and materials from other various tools, techniques, or environments (e.g., forums, blogs, interactive whiteboards, social sites, and libraries) (Kilinska and Ryberg, 2019). LA methods are based on educational data mining, which includes relationship mining, prediction, modeling the user’s knowledge domain, personalization and adaption, and structure discovery and analysis, as well as traditional evaluation and monitoring (Siemens, 2013). The LA domain can thus accumulate as much data as possible and enable stakeholders to understand the learning process, identify students’ knowledge and skills, detect students’ weaknesses and misconceptions, evaluate the assessment’s efficiency, and ultimately improve learning (Zotou et al., 2020).

However, most LA research focused more on clickstream data than other types of data to measure learning and instruction, with few considering psychological characteristics and the text content generated by students, thereby making LA research seem like observational reports without enough learning and instructional guidance for practices (Tsai et al., 2020). Recently, MMLA has emerged as an exciting field within the LA domain, which focuses more on the diversity of data and methods in the research process than LA before (Di Mitri et al., 2018; Emerson et al., 2020).

MMLA builds upon multimodal human interaction, educational data mining, learning sciences, and many other fields to capture the complexity of learning through data-intensive approaches (Spikol et al., 2018). First, MMLA captures multimodal data from bodily movements, face tracking, affective sensors, hardware and software log files, and user and research-generated data (e.g., discourse data). Further, it focuses on developing a better understanding of the complexity of learning through advances in high-frequency multimodal data capture, signal processing, ML techniques, and statistical methods (Ochoa and Worsley, 2016). We, therefore, believe that MMLA may offer an opportunity to capture different insights about learning in PBL to provide effective support to help students achieve good performance. In this study, since LA were collected from a semester-long course, it was infeasible to incorporate certain multimodal data (e.g., emotion, motion, and biostats) generated from sensor-based technologies, despite their proven value as MMLA (Sharma et al., 2019). Consequently, the MMLA used in the current study mainly comprised three types: psychological characteristics, activity/engagement data, and student-generated text content.



Research on integrating LA into PBL

Although many researchers have proved and introduced LA or MMLA into PBL area, the relevant research is still limited (Zotou et al., 2020). So far, two kinds of attempts have been made in the pursuit of integrating LA with PBL. One is concerned with LA as a tool in learning platforms to collect learning and instructional information, generate relevant statistical data, and provide insights into the exchange of information for stakeholders within the learning platforms. For example, Hogaboam et al. (2016) investigated the use of LA tools to support instructors in facilitating an online PBL workshop for medical students (Hogaboam et al., 2016). The researchers collected multimodal data from videos, discussions, and whiteboards through PBL, and then built an LA dashboard to visualize student performance with a scrollable news feed, a graph of the discussion, and a word cloud. Similarly, the study by Spikol et al. (2018) also focused on applying LA to multimodal data deriving from diverse sensors (computer vision, user-generated content, and data from the learning objects) during PBL and presented an LA dashboard to visualize the results and help educators determine whether groups are performing well (Spikol et al., 2018). Triantafyllou et al. (2018) developed a platform in Moodle by employing LA to monitor students’ learning pathways during PBL group work (Triantafyllou et al., 2018). This provided a communication and information channel between project supervisors and students, as well as between students belonging to the same group.

The other attempt has been to use LA as a research method to investigate academic topics in PBL, where the main attention is on the prediction of student performance. Tempelaar et al. (2014) proposed a dispositional LA infrastructure that combines learning dispositions data with student engagement/activity data from the learning management system, as well as data extracted from computer-assisted formative assessments (Tempelaar et al., 2014). The results showed that computer-assisted formative assessments were the best predictor of academic performance, while basic data from the learning management system did not substantially predict learning. Saqr et al. (2020) focused on interactivity relationships in online PBL, and employed social network analysis (SNA) to investigate which factors can improve the monitoring, facilitation, and prediction of student performance (Saqr et al., 2020). They found that SNA analysis can enable the prediction of performance in groups and support students with limited participation and interactions.

However, these studies, whether regarding LA as a tool or a method, did not relate the LA results and findings with specific PBL steps or pay sufficient attention to the interaction in peer learning. More particularly, they have not targeted the analysis of text data generated from peer interaction. Although several studies have used SNA to investigate the interactivity relationship in PBL and shown that SNA can help to map the patterns of interactions and quantify the structural properties of learning groups (Dado and Bodemer, 2017; Saqr and Alamro, 2019), all of these efforts are limited in the relational space and only leverage the content space of interaction to a limited degree.

The lack of in-depth analysis of interaction content imposes many challenges in detecting the state of students’ knowledge, skills, and affection, and providing them with timely and proper facilitation. Students may suffer from poor cognition, lack of skills, low motivation, or self-suspicion. If these challenges are not effectively addressed, students may be disengaged from learning, inactive in collaboration, have low performance, and even withdraw from learning. However, with the current instrumentations, much time and effort are required for human beings to code text from interactions, interviews, or surveys, which means such methods cannot deliver automated analysis of and effective insights about the learning process to educators (Saqr and Alamro, 2019). Fortunately, after decades of development, the use of text analysis—or natural language processing (NLP)—has been attempted in education, and researchers have increasingly targeted text data. Text can easily be gathered from face-to-face and online activities, which constitutes one of the most promising modalities for MMLA and will likely accelerate discourse-based research, as well as opening up new possibilities for large-scale analysis of open-ended text corpora in education (Blikstein and Worsley, 2016).




Research methodology


Research questions

To address the gap in PBL research and take advantage of multimodal data, especially text data, this study proposes NLP-and ML-enhanced strategies for PBL in online settings. Based on the key elements of PBL (especially peer learning), the goal of this exploratory MMLA research is to better process, interpret, and present various student-generated data to support the online PBL process. Specifically, this study seeks to try effective ways to present content-and process-based indicators to facilitate PBL activities in online settings. Demographic variables such as gender and prior knowledge were also included in our analysis as potential influencing factors, and we aimed to control for their cofounding impact on students’ PBL performance. In particular, the following research questions guided our investigation:

RQ1. How do gender differences and prior knowledge influence students’ PBL performance in online settings?

RQ2. How does students’ self-regulation influence their PBL performance in online settings, holding gender differences and prior knowledge constant?

RQ3. How does students’ peer learning engagement (i.e., log behaviors, and process engagement in problem-solving steps) predict their PBL performance in online settings, controlling for gender differences, prior knowledge, and self-regulation?



Participants and pedagogical design

The participants of this study were 104 fourth-year students in an online course on social work and problem-solving in 2021 at a Chinese university. This course was conducted on Moodle and aimed to introduce social work theories and train students’ problem-solving skills based on three social work cases with ill-structured problems. PBL of each case in this course was designed based on the four-step problem-solving model by Xun and Land (2004), which includes: (a) problem representation, (b) generating and selecting solutions, (c) making justifications, and (d) monitoring and evaluating goals and solutions (Xun and Land, 2004). The question prompts of each step were listed in the online discussion module of Moodle to facilitate students’ PBL process. The primary goal was to assist students in going through the four steps of the problem-solving process based on the repeated practice of the three cases with ill-structured problems. Finally, we expected them to effectively understand the relevant social work theories and confidently resolve real social work problems without the instructor’s facilitation at the end of the semester. The participants aged from 22 to 24, with a mean age of 23.04.

The main part of the 16-week course process was peer learning based on online discussion. Participants were randomly assigned into 13 groups consisting of eight members. In the online discussion, based on each case, the instructor provided students with specific-domain question prompts for the four steps. Based on these prompts, students could initiate their group learning, organize their thoughts, share their ideas, and communicate with peers. Further, they could improve self-regulation to construct meaningful social work plans based on personal knowledge and problem-solving skills.

The research procedure and instruments of the present study were reviewed and approved by the Institutional Review Board of Central China Normal University (CCNU-IRB-201909021, approved on 2019/09/16). Students were made aware that their participation in the research study was completely voluntary and they had the right to withdraw from the study at any time without penalty. All their personal identifiable information would remain confidential and would not appear in any publications or presentations. The participants provided their written informed consent to participate in this study.



Research design and data

This study employed the MMLA method to investigate students’ learning process in online PBL. The whole MMLA deployment process includes data collection and preprocessing, linguistic feature extraction, ML classification model construction, model performance evaluation, and building the hierarchical linear regression models. The details are shown in Figure 1 and described in the section on Data Analysis.
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FIGURE 1
 Research process.


There are two main parts: the first is “ML Classification Model on Peer Interaction,” which focuses on online discussion to identify peer learning engagement in each step through the problem-solving process. The discussion messages posted by students in the 2020 online PBL course were coded by human coders (the course instructor and a teaching assistant) and were labeled with their relevance with the course topic. We used human coding results to train and evaluate ML algorithms to automatically label the messages posted in the 2021 online PBL course. The second is “Hierarchical Linear Regression on online PBL Performance,” which involves building hierarchical linear regression models to identify key factors predicting students’ PBL performance in online learning and evaluating their importance by measuring their predicting capacity.

As mentioned above, the key principle affecting PBL is peer learning. Student discourse in online discussions forms the key data to identify the peer learning engagement of each step through PBL. A total of 1,434 online discussion posts from the 2020 semester and 1,340 messages from the 2021 semester were collected. The messages from 2020 were used to train and test the ML classification models based on NLP and ML algorithms. The optional model then categorized the 1,340 posts from 2021 into course-relevant and course-irrelevant data; this division formed the data used in the final hierarchical linear regression models on PBL performance. Moreover, students’ log behaviors in Moodle, including the number of messages a student posted, and replied to, and the total words of messages were also collected as another kind of data indicating peer learning.

We also collected students’ gender and self-regulation information through questionnaires, as well as prior knowledge from students’ reports. The final PBL performance in this study was a combination of social work theories and problem-solving skills. Age is a demographic factor always related to learning performance; however, in this study, except for 7 students 24 years old and 3 students 22 years old, 94 of the 104 students were 23 years old, which means over 90% of students were of the same age. Therefore, we did not include age as a key influential factor in this study.



Instrument


Prior knowledge

At the beginning of the course, without any instruction on social work knowledge and problem-solving skills, students were required to write a design report to try to resolve the problems in the first case based on their prior knowledge. Then, two experts graded students” reports from 1 to 6 based on Bloom’s taxonomy of cognitive levels, which includes recognition, understanding, analysis, application, synthesis, and evaluation. With acceptable inter-rater reliability (Spearman’s Rho>0.7), the average ratings of the two experts were used as the final scores of students’ prior knowledge.



Self-regulation

Like prior knowledge, student’s self-regulation tendency and skills are considered as important personal trait that influences online learning performance and has a reciprocal relationship with online learning engagement, motivation, and interaction (Cho and Kim, 2013; Zheng et al., 2018; Miao and Ma, 2022). We developed a questionnaire to measure self-regulation that includes three constructs: cognition, motivation, and self-efficiency; Cronbach’s Alpha is 0.856. Cognition consists of eight subscales adopted from the Community of Inquiry (CoI) framework (Arbaufvgh et al., 2008). Motivation is adapted from the scale developed by Lin et al. (2020). Self-efficiency included seven items adapted from the instrument developed by Artino and McCoach (2008).



Peer learning engagement

As mentioned above, we collected two kinds of data relevant to peer learning engagement. One was the process engagement of four problem-solving steps based on the classified discourse data through the optional ML classification model. The other was the log behaviors including the number of messages each student posted, replied to, and the total words of his/her messages.



PBL performance

In this study, PBL performance was a combination of social work theories and problem-solving skills. The full score of students’ PBL performance was 100 points in two parts: multiple-choice questions on social work theories (20 points), and a final report on resolving an ill-structured social work problem by individual students themselves (80 points). The multiple-choice questions were adapted from the test banks of the National Graduate Entrance Exam, which aimed to examine students’ recall and comprehension of social work knowledge taught in the course. The final report assignment was designed and graded by the course instructor, which aimed to test students’ ability to apply the learned knowledge into solving authentic social work problems. The quality of final report was evaluated by four criteria: completeness of analysis, diversity of perspectives, justification of the final solution, and overall logic of reasoning.





Data analysis and results

Figure 1 illustrates the data analysis based on the two main parts of this study, with details described below.


Discourse data collection and preprocessing

To train the ML classification models, we collected 1,434 posts in online discussion data from students enrolled in this course in the 2020 academic year. These discourse data were dichotomously coded 1 as course-relevant, or 0 as course-irrelevant by the course instructor and teaching assistant. The Kappa value was near 0.93, which means a high consistency between coders. Among the coding results, 75% of the data were course-relevant.



Linguistic feature extraction

Three linguistic feature extraction (LFE) methods were employed in this study, including term frequency and inverse documentation frequency (TFIDF), Word2Vec (W2V), and Doc2Wec (D2V). TFIDF identifies the contribution of a word by calculating the frequency at which the word appears in the text and the whole corpus (Guo and Tao, 2016). W2V transforms each word into a multidimensional vector space; the distance between the vectors represents the similarity between the words (Lilleberg et al., 2015). D2V is an extension of W2V, extending the learning of the embeddings from words to word sequences, and agnostic to the granularity of the word sequence—it can be a word n-gram, sentence, paragraph, or document (Le and Mikolov, 2014).



ML classification model construction

Three ML algorithms were employed: random forest (RF), support vector machine (SVM), and long short-term memory (LSTM). The 1,434 online discussion posts from 2020 were randomly split into two subsets: 1,300 posts for training and 134 posts for testing. Based on the three LFE methods and three ML algorithms, nine different ML classification models were constructed.



Model performance evaluation

Generally, several common indicators are used to evaluate ML model performance, including accuracy, precision, recall, specificity, F1, and AUC (Powers, 2020). AUC represents the probability that the ML model can correctly classify randomly chosen course-relevant posts. AUC was adopted in this study because it can provide impartial evaluation even when the classification of the data is imbalanced. Based on the human coding results, 75% of messages were course-relevant and 25% were course-irrelevant. Therefore, AUC was the indicator chosen for ML model performance in this study. We evaluated the performance of the nine ML classification models through AUC with a 10-fold cross-validation method to prevent overfitting. The AUC values are listed in Table 1, and a larger AUC means the model is more powerful in classification.



TABLE 1 ML model performance evaluation.
[image: Table1]

We also employed the Kappa value to identify reliability and compare the consistency between the coding results from the ML classification models and those made by human coders. The details are also shown in Table 1; a higher Kappa indicates better consistency between the model results and human coding. To balance the efficacy of the ML classification model and consistency, we made a trade-off between AUC and Kappa to choose D2V_SVM as the final ML classification model to analyze the 1,340 online discussion posts from the 2021 academic year.



Reliability checking of data from 2021

The D2V_SVM model categorized the 1,340 posts from 2021 into course-relevant and course-irrelevant. We also randomly chose 100 posts to be coded by human coders. The Kappa value between the ML model coding and the human coding was 0.82, which indicates acceptable consistency. To gain an in-depth investigation of peer learning engagement in each problem-solving step, we related each courser-relevant message to a certain problem-solving step based on its log record. There were a total of 1,132 relevant messages distributed among the four PBL steps: Representation-relevant (Representation-rlvt, n = 376), Solution-relevant (Solution-rlvt, n = 316), Justification-relevant (Justification-rlvt, n = 275), and Evaluation-relevant (Evaluation-rlvt, n = 165). A larger number of relevant messages generated by students indicates greater relevance of peer interaction and discourse to the PBL task, and thus shows a higher level of peer learning engagement during the online PBL course.



Hierarchical linear regression analyses on problem-solving performance

Based on the instructional settings and the preparation of the ML classification model, we finally selected the possible factors that predict students’ problem-solving performance in online PBL, including gender, prior knowledge, self-regulation, three log behavior variables, and peer learning engagement during the four steps of PBL as measured by the relevance of messages posted in each step. The descriptive statistics are shown in Table 2.



TABLE 2 Descriptive statistics of variables (N = 104).
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Five hierarchical linear regression models were built to investigate the unique and combined influences of these variables on online PBL performance (See Table 3). The scores for the variance inflation factors (VIFs) in each regression model were lower than 2.5, which indicates there were no collinearity issues among the independent variables in this study. The results of Model 1 showed that individual differences in gender and prior knowledge accounted for 0.057 of variance in online PBL performance, and prior knowledge was the only significant predictor (β = 0.241, p = 0.016). In Model 2, after adding the self-regulation factor, 20% more variance in online PBL performance was explained (ΔR2 = 0.204, p < 0.001), holding the Model 1 variables constant. This result suggested that students’ self-regulation played a significant role in online PBL (β = 0.452, p < 0.001). The R2 and adjusted R2 of Model 2 were 0.261 and 0.239.



TABLE 3 Hierarchical linear regression analysis to predict PBL performance.
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In Model 3A and Model 3B, we examined the respective influences of peer learning of three log behaviors and peer learning engagement in four problem-solving steps beyond Model 2. We observed that adding three log behaviors in Model 3A accounted for an additional 0.291 of variance explained in online PBL performance (ΔR2 = 0.291, p < 0.001), holding the Model 2 variables constant. The result demonstrated that students who frequently posted messages had better academic performance (β = 0.202 p = 0.021), as well as students with more message words (β = 0.446, p < 0.001). The R2 and adjusted R2 of Model 3A were 0.552 and 0.524. Adding peer learning engagement in four problem-solving steps to Model 3B accounted for an additional 0.323 of variance explained in online PBL performance beyond Model 2 (ΔR2 = 0.323, p < 0.001). This result indicated that students who engaged more in the problem representation step were more likely to have better online PBL performance (β = 0.286, p = 0.001), as did students who engaged more in the problem solution step (0.296 0.001) and the problem evaluation step (β = 0.189, p = 0.02). The R2 and adjusted R2 of Model 3B were 0.584 and 0.553, respectively.

Model 4 was the integrated model, investigating the combined influences of all of the study variables on online PBL performance. The R2 and adjusted R2 of Model 4 were 0.713 and 0.682, respectively. The results showed that students’ prior knowledge no longer significantly predicted performance in online PBL (β = 0.051, p = 0.416). Students’ self-regulation was still significant in predicting performance in online PBL (β = 0.233, p < 0.001). However, peer learning engagement (log behaviors and process engagement) is highlighted as the main explanation of online PBL performance. Model 4 explained significantly more of the variance than Model 3A (ΔR2 = 0.161, p < 0.001) and Model 3B (ΔR2 = 0.13, p < 0.001). However, the model comparison results also suggested that process engagement in peer learning (classified by ML models as course-relevant to each problem-solving step) had stronger predictive validity than peer learning of log behavior in explaining online PBL performance, holding all other variables constant.




Discussion


Influence of gender and prior knowledge on online PBL performance

To answer the first research question, Model 1 indicated that students’ prior knowledge was a significant indicator of final PBL performance in online settings. Previous studies have illustrated that prior knowledge could reduce cognitive load and lead to better learning engagement, so it is one of the powerful influential factors in determining final learning achievement (Dong et al., 2020; van Riesen et al., 2022). The result of the current study is in line with previous findings and especially highlights that prior knowledge is influential on students’ performance in online PBL settings. Focusing on this study, among the cognitive levels in Bloom’s taxonomy, most students’ prior knowledge was at level 3, analysis. This means that students were short of enough knowledge and skills in application, synthesis, and evaluation to resolve ill-structured social work problems. However, such higher-level cognition abilities are essential in PBL. Therefore, the course instructor designed specific question prompts to scaffold students in the problem-solving process. We would like to insist that understanding the state of students’ prior knowledge is very important in PBL to provide students with appropriate and adequate facilitation.



Influence of student self-regulation on online PBL performance

For the second research question, the result of the current study was consistent with general experience and our expectations: in Model 2, students’ self-regulation was validated as a positive and powerful predictor of online PBL performance. Due to the COVID-19 pandemic, online learning has become inescapable support to traditional face-to-face instruction, which is more popular in a variety of educational institutes. At present, online learning is regarded as a routine to effectively carry out learning and instruction in case of unexpected events. Self-regulation or self-direction is always a research focus in the area of online learning. Because of the separation of time and space in online learning, improving and sustaining students’ self-regulation ability is a complex topic that has attracted the attention of many researchers. As a particular format of online learning, online PBL is triggered by ill-structured problems and requires students to fix the problem with higher-order thinking and skills; this means online PBL sets higher requirements for students’ self-regulation in the problem-solving process. Therefore, helping students to regulate their attention on cognition, motivation, and affection through the problem-solving process can enhance their learning performance (Zimmerman, 2011). In this study, the instructor provided four steps to clarify the process of solving ill-structured problems. The study findings suggested that such process-oriented strategies scaffolded students to regulate their learning, communicate with their peers, and direct their attention to solving problems.



Influence of peer learning engagement on online PBL performance

To answer the third research question, Models 3A, 3B, and 4 were developed. In Model 3A, after controlling for student gender, prior knowledge, and self-regulation, three log behaviors of peer learning showed a significant impact on problem-solving performance in online PBL. Messages posted and the total words of messages were, in particular, significant influential factors on problem-solving performance. The number of messages a student replied to was not a significant predictor of problem-solving performance. After checking the relevant data, we found that students posted almost twice as many messages as they replied to. We speculated that students were more used to sharing their thoughts with their peers than answering others’ questions. This should remind instructors to pay attention to encouraging students to help their peers in group learning and improve relevant abilities of their own.

Similarly, in Model 3B, after controlling for the same variables as in Model 3A, peer learning engagement in four steps of problem-solving significantly predicted online PBL performance. The results were in line with the literature, which has found that those students who actively communicated with peers, shared their knowledge, discussed problems, negotiated solutions, and evaluated strategies would achieve better performance (Hennessy and Murphy, 1999). However, we found that in the four steps of the problem-solving process, only engagement in Representation, Solution, and Evaluation were significant predictors of problem-solving performance. Justification did not exert a powerful influence. We would like to clarify that these results do not mean that Justification is not an important factor for problem-solving performance. On the contrary, it might imply that students need to improve their knowledge and skills to justify their solution plans for ill-structured problems.

In Model 4, the integrated Model, we found that students’ prior knowledge was not a significant predictor of PBL performance; students’ self-regulation, log behaviors of posted and messages words, and process engagement (Representation, Solution, and Evaluation) were still the significant predictors, especially the powerful factors of process engagement. This indicated that, with adequate coding consistency with human coders, employing the ML classification model to identify the dynamic engagement of the PBL process can mine in-depth information throughout the entire semester than using psychometric measurements or human coding. In sum, the pedagogical integration of four-step online PBL with MMLA models can provide a comprehensive understanding of online PBL experience regarding gender, prior knowledge, self-regulation, and peer learning. It also supported the notion that ML-based LA methods can be used as an alert or diagnostic module to provide in-depth information and facilitate students in moving through different online PBL phases.




Conclusion and limitations

This study constructed multimodal learning analytical models to investigate how peer learning engagement, especially dynamic process engagement in Representation, Solution, Justification, and Evaluation, along with self-regulation affects problem-solving performance under online PBL settings, holding gender and prior knowledge constant. The results revealed that self-regulation, messages posted, message words, process engagement in Representation, and Evaluation were predictive of online PBL performance. ML classification models were also built and evaluated to classify discourse data in online discussions. The optional model effectively and objectively identified peer learning engagement in different problem-solving steps in online PBL contexts and indicated stronger predictive validity of process indicators on online PBL performance than other indicators.

The study findings may contribute both theoretical and practical improvements to online PBL. Concerning theory building, this study adds to the literature that the process engagement of peer learning in online problem-solving can be incorporated into an integrated MMLA model to predict online PBL performance, which is a response to the scarcity of studies tracing students’ progress in PBL (Zotou et al., 2020). Regarding practical implications, this study illustrates that ML classification models based on NLP can be trained effectively to identify process engagement from discourse data instead of conducting intensive human coding; the MMLA model can thus be applied to monitor and detect students with poor peer learning engagement through the PBL process. The MMLA model’s predictions can help stakeholders to design strategies, make decisions, and conduct evaluations to foster students’ problem-solving abilities in online settings.

This study shows that gender does not have an impact social work problem-solving performance in online learning, but prior knowledge is the basis and start for further learning. We, therefore, suggest that before or at the beginning of the online PBL, students should have a pre-test to illustrate the state of their knowledge and skills relevant to the learning topic, which can help the instructors to set up effective scaffolds. Throughout the process of online PBL, instructors can take advantage of ML, MMLA, or other technology to monitor and evaluate students’ self-regulation and peer learning engagement, and then provide personalized facilitation to improve student performance.

There are, however, some limitations to this study. First, the participants in this study were drawn from only one of the social work courses at the undergraduate level, which might not represent students in other disciplines. Second, we only trained and tested limited NLP methods and ML classification algorithms, and the sample size was not very large. In the future, we would like to develop more ML classification models as well as further improve reliability. Third, although the process engagement based on discourse data was coded into course-relevant or course-irrelevant, and linked to the four problem-solving steps, the discourse may be coded into multiple classes in the future to investigate more in-depth information from the valuable data. Finally, as PBL and online learning both rely on self-regulation—especially intrinsic motivation in learning—future research could include more multimodal data from various learning settings, such as social media, intelligent agents, online platforms, onsite classrooms, or face-to-face environments, to integrate self-regulation and peer learning to foster a comprehensive MMLA model of online PBL.
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The purpose of this study is to investigate the effects of signaling and prior knowledge on the cognitive loads, motivations, and learning of college students in an immersive virtual reality (IVR) environment. This study applied a 2 (signaling vs. no signaling) by 2 (high vs. low prior knowledge levels) between-subjects factorial design. The results revealed that signaling directed the attention of students with low prior knowledge levels, effectively helped them select relevant information and reduced their cognitive loads, whereas signaling had no significant effect on the cognitive loads, intrinsic motivation, and learning performance of learners with high levels of prior knowledge. These results suggest that IVR environments for students with low prior knowledge levels should reduce cognitive load and improve learning, and signals in the form of text annotations and color changes are recommended for additional support. Students with high prior knowledge levels do not require additional signals to support learning; therefore, the IVR environment needs to be designed in such a way as to be tailored to the individual differences of students.
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1. Introduction

According to the European Commission’s Education and Training 2020 Strategy and the report on the agenda for the modernization of higher education, one of the main challenges for higher education is to improve the quality of teaching and learning. Studies show that there is a high demand for laboratory teaching in higher education, and due to limitations on staff and equipment that were induced by the COVID-19 pandemic, students have only limited access to equipment and machines in the laboratory courses offered in higher education (Mishra et al., 2020). By using virtual reality (VR) in class, students are able to directly observe experimental phenomena and independently master the learning process in a VR environment, increasing the effectiveness and efficacy of acquiring knowledge and skills (Jensen and Konradsen, 2018; Radianti et al., 2020). VR provides contextual and diverse learning resources, but it also inevitably brings new technological problems, such as the unreasonable presentation of visual elements and maladaptation with multichannel perception, which causes learners to experience increased cognitive loads and experience a negative impact (Baceviciute et al., 2021; Parong and Mayer, 2021b); therefore, instructional aid is needed to help learners.

With the increasing fidelity and visual richness of the teaching and learning environment, especially in immersive virtual reality (IVR) environments, the visual load for learners increases significantly (e.g., Birbara and Pather, 2021; Parong and Mayer, 2021a). Many studies have found that signaling can improve learning and assist learners in their visual search for important information (e.g., Johnson et al., 2014; Arslan-Ari, 2018; Albus et al., 2021), thereby reducing learning time. The learner’s prior knowledge is an important determinant of the learning effect (Johnson and Lawson, 1998). It was formerly widely assumed that learners constructed concepts based on their prior knowledge (Novak, 1990), but further research has revealed that prior knowledge affects not only learners’ subsequent conceptual learning but also their perception and attention (Kim and Rehder, 2011; Buckingham et al., 2016). Therefore, changes in the way learners interpret visual representations also largely depend on their prior knowledge. However, only a few studies have investigated the effects of learners’ different prior knowledge levels on the efficacy of signaling (e.g., Richter et al., 2016). At the same time, there is a lack of studies on how interactive IVR laboratories impact the cognitive processes of learners interacting with learning situations, which is an important perspective for research on VR technology in education.



2. Literature review


2.1. Virtual reality in multimedia learning

Mayer (2020) published the third edition of Multimedia Learning, and the principles of multimedia instructional design were reorganized into three sections. In the context of multimedia learning, the first section offers the principles for reducing extraneous processing, the second for managing essential processing, and the third for fostering generative processing (Mayer, 2020). With the rapid development of VR in education, many studies have discussed multimedia learning principles in VR environments and provided implications for designing VR for use in multimedia learning.

Makransky et al. (2019a) used the redundancy principle to design virtual learning resources in a study in which two groups of learners learned with either virtual reality head-mounted display (VR-HMD) or desktop presentation and received two learning simulations, one with on-screen text and one with on-screen text with narration. The study found that the redundancy principle had no effect on the learning process. In another study by Parong and Mayer (2018), an empirical study was conducted on the effectiveness of the segmenting principle. They compared the learning effect of a self-paced slideshow with that of a continuous VR animation. The learners who received the slideshow scored higher on the factual questions than the VR group learners but did not score as high on the conceptual questions. Baceviciute et al. (2021) explored the application of the modality principle in VR by comparing audio-visual and visual-only presentations, and the results showed an inverse modality effect, whereby learning under visual-only presentations was more effective than auditory and visual presentations. Petersen et al. (2020) investigated pretraining principles in VR. The experimental group received narrative pretraining followed by a VR exploration tour, while the control group went straight to VR learning. The pretraining group showed a significant increase in test scores for knowledge transfer. Makransky et al. (2019b) examined the embodiment principle and found that gender-specific design in VR learning environments can impact learning performance, retention, and transfer. Makransky et al. (2020) explored the formulating generative learning strategies in VR, and they found that compared to video, VR can better facilitate the transfer of procedural knowledge with generative learning strategies.

The transferability and effectiveness of multimedia design principles in IVR are visible in studies that show a relatively significant effect on learners in IVR learning environments, mainly reflected in cognitive processing and cognitive loads, but no clear conclusions can be drawn about the specific learning process at present (Han et al., 2021). More empirical findings are needed to further enrich the effectiveness of multimedia design principles on the design of IVR learning environments.



2.2. Signaling

Some studies have pointed out that adding visual cues to learning materials can reduce cognitive load and effectively improve learning effects (Mayer et al., 2003). The signaling principle, which promotes goal-oriented learning by highlighting the organizational structure, can be followed in the design and development of learning materials to enhance learning by highlighting important information (e.g., underlining, marking, etc.,) to attract learners’ attention (de Koning et al., 2009).

The salient visual cues in the traditional multimedia learning environment are the signaling models, which can be divided into two categories: textual signaling and graphic signaling (Van Gog, 2014). The experimental results of the studies that have been conducted show that the two forms of signaling have different effects on learners. For example, a study showed that when color flashes were used as signals to draw learners’ attention to various laboratory tools in the virtual environment, learners experienced a negative effect on their learning, and some color flashes had greater negative impacts than others (Jeung et al., 1997). Contrary to the findings of a previous study, another study found that the application of color coding in mind maps had a more positive effect on learning (Ferrara and Butcher, 2011). Hwang and Shin (2018) combined dynamic and static visualizations into one medium by adding transparent static images (graphical signals) to virtual animations. The results showed that combining dynamic and static visualization signals was beneficial in reducing the cognitive load of learners.

Due to the highly immersive feature of the IVR learning environment, the textual and graphic signals used are quite different from those designed and produced in traditional multimedia materials (Albus et al., 2021), resulting in a large difference in the users’ experience, and it is not yet possible to conclude with certainty whether the effect of textual or graphic signals in IVR environments is consistent with the findings of previous studies. Therefore, further research on the application of signaling in IVR experiments is needed to provide more diverse perspectives on the design of IVR environments to enhance the practicability and effectiveness of IVR technology.



2.3. Prior knowledge impacts the effect of signaling

Learners use their prior knowledge to select relevant information from visual cues and to find, retrieve and add information from their prior knowledge and finally construct mental models (Braune and Foshay, 1983). Because the signaling effect and difference in the level of prior knowledge are very significant and there is an interaction effect (Johnson et al., 2014; Arslan-Ari, 2018), it is necessary to explore the synergetic effect of signaling and prior knowledge level in the IVR environment.

Cook (2006) investigated the instructional design of visual representations in the science classroom, conducting empirical research, and integrating theoretical concepts related to cognitive load. The study concluded that individual differences—especially learners’ prior knowledge level—are a key factor in determining the impact of visual representations on learners’ cognitive structures and learning processes because prior knowledge can determine the ease with which learners perceive and interpret visual representations in working memory. Johnson et al. (2013, 2014) found that learners with low prior knowledge levels performed better with signals than without them, but signals were not very helpful for learners with high prior knowledge. They found that there was a significant interaction effect when the signals were presented together with an Animation Pedagogical Agent (APA) in the learning material; however, the arrow signals had no significant effect on learners when the learning material did not include an APA. Khacharem (2017) reported that red circle signals in static images of football matches were effective in directing the attention of novice learners; however, this strategy was ineffective for learners with relevant sports experience.

Arslan-Ari (2018) investigated the effects of signaling and prior knowledge levels on student learning from animations with narration, and the results showed that prior knowledge and signaling had significant interaction effects on the learning effect. The effect of providing signaling in instructional animations varies with learners’ prior knowledge levels. Specifically, when visual signals were provided, learners with low prior knowledge benefited more, while visual signals did not have an effect on learners with high prior knowledge. Vogt et al. (2020) investigated the effects of signals and graphic signals on learning performance and their intrinsic interaction mechanisms. The findings suggest that prior knowledge is an important moderating factor and that although learners with a low prior knowledge level can benefit from both types of signals, the gains in the learning effect they obtain are not significant, whereas learners with a moderate prior knowledge level benefited from the combined effect of both types of signals. For those with a higher prior knowledge level, signals can instead reduce their learning effect. Therefore, to deeply understand the role of the signaling principle in supporting or hindering different learners, it is necessary to conduct a more refined analysis of signal reception and cognitive construction during the learning process and to explore how learners obtain positive effects and cognitive feedback.

Although most studies have shown the moderating effect of prior knowledge level in multimedia learning, existing studies have not been concerned with the interaction between prior knowledge level and signaling design in IVR. The effects of visual selection, organization, and integration processes on the learning process in IVR environments also vary with individual learners; therefore, this study explores the interaction effect of signaling and prior knowledge level on learning effect by measuring learners’ cognitive load, intrinsic motivation, and learning performance in IVR. This study contributes to the empirical research on signaling principles in IVR laboratories in theory and practice and provides valuable information for instructional designers and practitioners.



2.4. Purpose of the study

The presentation of learning materials in highly IVR environments requires explicit signal selection and organization to assist learners in information reception and selection, including from text and images, in different sensory modes in an IVR environment. For learners with different prior levels of ability, signaling may have different advantages. This study provides further insight into the effect of multimedia design principles in IVR environments and delves into the effects of signaling and prior knowledge levels on learning effects in IVR experimental conditions.

(1) What are the effects of signaling and prior knowledge on the cognitive load of college students studying in an IVR environment?

(2) What are the effects of signaling and prior knowledge on the motivations of college students studying in an IVR environment?

(3) What are the effects of signaling and prior knowledge on the learning performance of college students studying in an IVR environment?




3. Materials and methods


3.1. Participants

A 2 × 2 factorial ANOVA design was used in this study, with the independent variables being signaling and prior knowledge, resulting in four experimental conditions: no signaling/low prior knowledge level, no signaling/high prior knowledge level, signaling/low prior knowledge level, and signaling/high prior knowledge level. The participants were recruited via the social media postings of a university. Forty volunteer undergraduate students (21 female and 19 male) from various majors at a large public university in the southwestern part of China participated in the study. All the participants completed and submitted informed consent forms. The age range of the participants was 21–30 years old (M = 23.975, SD = 1.60). The study used the HTC Vive Pro including a VR headset, base stations, controllers, mounting kit, etc. Therefore, participants were required to physically come to the laboratory to participate in the study. Due to the impact of the epidemic, 40 participants were recruited. Han et al. (2021) conducted a systematic review for IVR studies from 2004 to 2021, and the study reported that the sample sizes ranged from 8 to 174, with a median participant number of 58. Although the sample size is small, the research team added qualitative data, multiple data sources could help in answering the research questions (Twining et al., 2017).



3.2. Instruction materials

In this study, the laboratory course “Low-carbon Steel Tensile Experiment” of the architectural engineering technology major was used as the learning task in the IVR experiment. Unity 3D software was used in this study to build the IVR laboratory and conduct interactive design. The VR environment was composed of multiple simulation models. The VR laboratory environment in this study was simulated as an indoor environment. To simulate a sense of the environment, the lighting components of the software were used to simulate the lighting effect of a real environment. The computer used a camera to render and display the environment. This study simulated the IVR laboratory environment of architectural engineering technology through scene elements, which included game objects, directional light, and a unity camera. The design principles were as follows: (1) the simulated IVR environment should improve learners’ sense of immersion and presence in operation; (2) based on human-computer interactions, the operation steps in the IVR experiment should be consistent with those of the actual experiment; and (3) the human-computer interface should be both simple and practical to ensure smooth human-computer interactions.

The main contents included observing four stages of the failure process of low-carbon steel, the shape of the truncated surface and the stress-displacement curve and understanding the relationship between the force and displacement to which the low-carbon steel is subjected during the tensile strength test. The experiment took 15–20 min to complete, and the five key steps were as follows: (1) correctly install the low-carbon steel on the electronic universal testing machine; (2) install the extensometer; (3) open the operating software, set parameters and fill in the preparatory information into the experimental report; (4) observe the low-carbon steel tensile test; and (5) fill in the results of the experimental report. The IVR experiment with signals is the same in learning content as that without signals, but the IVR experiment with signals has added text annotations (see Figure 1) and highlights the selected object (see Figure 2).
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FIGURE 1
Text signals in the immersive virtual reality (IVR) experiment.
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FIGURE 2
Highlight signals for the immersive virtual reality (IVR) experiment.




3.3. Instruments


3.3.1. Prior knowledge test

The prior knowledge multiple-choice test included five questions related to the experimental contents of this study. The questions were used to test the participants’ basic knowledge of architectural mechanics related to the experiment, but no questions were posed that were similar to the experimental tasks to avoid influencing the subsequent experiments and tests. The test was positively scored, with higher scores indicating a higher level of prior knowledge of the learners. The questions on the prior knowledge test were compiled by the members of the research team based on relevant knowledge and were cross-reviewed by experts in architectural engineering technology for final confirmation.



3.3.2. Cognitive load questionnaire

The NASA Task Load Index (NASA-TLX) scale was used in this study to measure the cognitive load of learners in completing the IVR experiment. The six dimensions measured by the scale were mental demand, physical demand, temporal demand, performance, effort, and frustration level. The Cronbach’s alpha of the scale was 0.85, indicating that the scale is a reliable assessment for measuring learners’ subjective mental workload.



3.3.3. Intrinsic motivation scale

This intrinsic motivation scale, adapted from Ryan’s (1982) questionnaire and used in Lin and Li’s (2018) study, consisted of four subdimensions, including interest, competence, value, and pressure. The learners’ intrinsic motivation scale used a 7-point Likert scale, ranging from 1 (“Completely False”) to 7 (“Completely True”). Negative items were reverse scored, so higher scores reflect more positive motivation. The Cronbach’s alphas for interest, competence, value, and pressure were 0.90, 0.74, 0.78, and 0.76, respectively.



3.3.4. Learning performance

After the four experimental groups finished the IVR experiment, they completed the learning performance post-test, which was set up as a question-type knowledge retention test. The six multiple-choice questions in this test were written by experts in architectural engineering technology and mainly included questions testing observation (e.g., “How many stages is the stress−strain diagram of low-carbon steel divided into during the tensile test?,” “What is the shape of the fracture of low-carbon steel?”), memory retention questions (e.g., “Please choose the correct sequence of low-carbon steel tensile experiments”), knowledge transfer questions (e.g., “What is the deformation of low-carbon steel like during its failure process before it is subjected to the maximum tensile stress? What does this deformation say about its tensile capacity?”), which were used to check whether the learners had mastered the knowledge related to the low-carbon steel tensile experiment.




3.4. Procedure

One week prior to the experiment, the participants received a knowledge pretest to assess their knowledge about the low-carbon steel experiment, and they were subsequently and accordingly grouped into high or low prior knowledge learners. A median score was used in this study to differentiate high from low levels of prior knowledge. Specifically, participants with test scores below or equal to the median score of the prior knowledge test (Mdn = 25) were grouped as having low prior knowledge (n = 20), and participants with test scores above the median score were grouped as having high prior knowledge (n = 20). The independent sample t-test revealed a significant difference in the mean scores of the pretest between the low prior knowledge group (M = 9.25, SD = 7.65) and the high prior knowledge group (M = 41.5, SD = 7.79), t = −13.20, p < 0.01. One week after taking the prior knowledge test, participants participated in the IVR experiment task to complete the learning and assessment parts of the study.

The participants were semi-randomly assigned to no signaling (n = 20) and signaling (n = 20) conditions based on the results of the prior knowledge level pretest. The four experimental groups were as follows: no signaling/low prior knowledge level (n = 10), no signaling/high prior knowledge level (n = 10), signaling/low prior knowledge level (n = 10), and signaling/high prior knowledge level (n = 10). To carry out the experiment successfully, the participants first needed to be familiar with the knowledge related to the contents of the experiment. Reading materials for the low-carbon steel tensile experiment were provided by the researchers. Researchers explained the detailed experimental tasks and the use of the IVR experimental equipment so that the participants could be initially familiar with the requirements for operating virtual experimental environments and tasks. The IVR experiment was individually conducted for each participant. A research assistant helped participants to put on and adjust the HTC Vive Pro headset, and the participants began to learn and operate in an IVR laboratory environment. The learning content and tasks of the version with signals and those of the version without signals were the same. The version with signals included text annotations and object highlighting, which helped the learners select the experimental operation and access the key emphatic information of the selected object. Once preparations were complete, the experimental group and the control group wore HTC Vive Pro devices and started the IVR experiment. After the learners finished the low-carbon steel tensile strength experiment, they completed the learning performance test questionnaires, cognitive load scale, and intrinsic motivation scale and finally were led in a semi-structured interview. The quantitative data were analyzed by SPSS. The complete experiment time was approximately 100–120 min, and the experimental procedure is shown in Figure 3.


[image: image]

FIGURE 3
Experimental procedure.




3.5. Interview

Three students were randomly selected from each of the four experimental groups, for a total of 12 students, and each student was interviewed for 20–30 min. Riches et al. (2019) proposed a theoretical framework with which to explore the factors affecting sense of presence in a VR environment, which included three dimensions: thoughts, emotions, and behaviors. Based on the theoretical framework, the interview questions comprised three categories. The first category involves the participants’ thoughts on signaling, e.g., are signals helpful to you? The second concerns the participants’ views on learning in an IVR environment, e.g., what parts of the IVR experiment scene appeal to you the most? The third is the comparison of the IVR laboratory with the traditional laboratory in terms of participants’ behaviors in the IVR, e.g., comparing the differences and making suggestions for improvement. The research team transcribed the interviews into text, and the three researchers coded the interviews and subsequently summarized them into themes. The three researchers compared the codes and themes and negotiated by presenting evidence (in the event of disagreements) to finally determine the following themes: operational feelings, recognition, and inadequacy.




4. Results


4.1. Effects of prior knowledge and signaling on cognitive load

To test whether signaling makes a difference in the cognitive load of learners with different prior knowledge levels, an ANOVA was conducted. The results showed that the main effect of signaling was not significant, F(3, 34) = 0.632, p = 0.432, η2 = 0.017, as shown in Table 1. The main effect of learners’ prior knowledge level was not significant, F(3, 34) = 0.044, p = 0.836, η2 = 0.001. The interaction effect between signaling and learners’ prior knowledge level was significant, F(3, 34) = 117.388, p = 0.000, η2 = 0.765, p-value less than 0.05. From the range of effect sizes, 0.14 or above indicated a large effect on the dependent variable. The effect size of learners’ prior knowledge level was 0.765, which is much larger than 0.14, thus indicating that the interaction effect of signaling and learners’ prior knowledge level in the IVR laboratory environment was the main factor causing significant changes in learners’ cognitive load. Specifically, for learners with a low prior knowledge level, signaling allows them to focus more on meaningful visual elements and reduces cognitive load in the IVR laboratory. On the other hand, learners with a high prior knowledge level had a lower cognitive load in the environment without signaling. Descriptive statistics showed that learners in the experimental condition without signaling (M = 4.283, SD = 1.347) had a higher cognitive load than those with signaling (M = 4.125, SD = 1.180), but the difference was not significant, as shown in Table 2. In terms of generated cognitive load, learners with a high prior knowledge level (M = 4.183, SD = 1.258) generated a lower cognitive load in the IVR laboratory than learners with a low prior knowledge level (M = 4.225, SD = 1.279), but the difference was not significant.


TABLE 1    Analysis of variance (ANOVA) results.
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TABLE 2    Descriptive statistical analysis results.
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4.2. Effects of prior knowledge and signaling on intrinsic motivation

To test the different influences of signaling and prior knowledge level on learners’ intrinsic motivation in the IVR laboratory, an ANOVA was conducted with the intrinsic motivation of the subjects as the dependent variable. The results showed that the main effect of learners’ prior knowledge level was not significant, F(3, 34) = 0.018, p = 0.895, η2 = 0.000, p-value greater than 0.05. The main effect of signaling on intrinsic motivation was not significant, F(3, 34) = 2.351, p = 0.134, η2 = 0.061, p-value greater than 0.05. The interaction effect between signaling and learners’ prior knowledge level was not significant, F(3, 34) = 1.777, p = 0.191, η2 = 0.047, p-value greater than 0.05. While descriptive statistical analysis revealed that learners with low prior knowledge levels were more motivated to learn (M = 4.305, SD = 0.481) than learners with high prior knowledge levels (M = 4.286, SD = 0.401), the difference was not significant. The results of the descriptive statistical analysis showed that while the IVR laboratory with signaling (M = 4.400, SD = 0.452) was more likely to stimulate learners’ intrinsic motivation than that without signaling (M = 4.191, SD = 0.408), the difference was not significant. The results of the data analysis indicated that there was no significant difference between the conditions of signaling and prior knowledge level in the IVR laboratory in terms of triggering learners’ intrinsic motivation, which remained at a high level.



4.3. Effects of prior knowledge and signaling on learning

To test whether signaling can affect learning performance and whether it differently affects learners who have different prior knowledge levels, an ANOVA was conducted with the participants’ learning performance as the dependent variable. The results show that the main effect of learners’ knowledge and experience level was significant, F(3, 34) = 9.310, p = 0.004, η2 = 0.205, p-value less than 0.05. The presence of signaling was not significant, F(3, 34) = 1.246, p = 0.272, η2 = 0.033, p-value greater than 0.05. The interaction effect of signaling and learners’ prior knowledge level was not significant, F(3, 34) = 1.601, p = 0.214, η2 = 0.043, p-value greater than 0.05. At the same time, based on effect size, learners’ prior knowledge levels in the IVR laboratory were the main factor causing changes in learners’ learning performance with a large effect size of 0.205, which was above 0.14. This result indicated that changes in learning performance were mainly influenced by learners’ prior knowledge level, and there was no significant difference between the presence of signaling and the interaction effect of signaling and the learners’ prior knowledge level on their learning performance. Based on the descriptive statistical analysis results, prior knowledge level had a more significant effect on the subjects’ learning performance in the IVR laboratory, and learners with a high prior knowledge level (M = 43.25, SD = 10.036) obtained better learning performance compared to the post-test performance of learners with a low prior knowledge level (M = 33.00, SD = 11.402). In the IVR laboratory with signaling (M = 40.00, SD = 7.947) learners achieved higher learning performance than those in that with no signaling (M = 36.25, SD = 14.679), but the difference was not significant.



4.4. Qualitative results

This study adopted the directed qualitative analysis method, which is guided by a more structured process than in a conventional approach (Hickey and Kipping, 1996). Directed qualitative analysis is a more appropriate approach when there are already existing theories about the phenomenon under investigation (Hsieh and Shannon, 2005). Based on Riches et al. (2019)’s theoretical framework, the study reported three themes: (1) learners’ operational feelings about the virtual experiment (thoughts), (2) learners’ attitudes of the virtual experiment (emotions), and (3) based on learners’ behaviors and experiences in VR, their opinions about the inadequacies of the virtual experiment.

Regarding learners’ operational feelings about the virtual experiment, the students in the IVR laboratory environment with signals reported that the “object highlighting” was very helpful for experimentation and that there were some differences between experimentation in the virtual environment and the real scene, mainly in the way the objects were touched. In this study, the IVR controller was activated to pick up and move the object and select the button. Some students said, for example:

“The object highlighting is a quick way to determine whether the object has been touched.”

They were able to operate more smoothly than learners in an IVR laboratory environment without signals, avoiding the impact of uncertainty on experimental procedures. Some learners also found the “text annotation” signal helpful, and this was generally true for learners with a low prior knowledge level. These less experienced learners thought the text annotations were intuitive and concise and found it easy to understand and proceed to the next step due to the clear cues throughout the experiment. However, a small number of students with a high prior knowledge level thought that the text annotations interfered with their own thinking and implementation of the experimental procedure, for example:

“I was thinking about what to do next, but the text annotations interrupted my thinking.”

Many students said, for example:

“The content of the experiment is very interesting, and it is a novel experience to be able to conduct experiments virtually.”.

This is because most of the learners were performing an IVR experiment for the first time and had a great interest in IVR. Therefore, prior knowledge level and the VR version had little effect on the intrinsic motivation of learners, and learners were very willing to perform similar experimental operations in immersive virtual scenes. Six students with high prior knowledge levels reported that the design of the virtual laboratory scenes was very realistic, for example:

“The electronic universal testing machine, Vernier callipers and other experimental instruments are vividly rendered, and the setting of the laboratory makes people feel the authenticity of the scene, with a strong sense of situational immersion.”

Thus, the sense of immersion is an important factor in stimulating learners’ interest and motivation. Object highlighting, text annotations and experimental content are the main factors that affect learners’ implementation of the procedures in the IVR laboratory. These signals further affect the extraneous cognitive load and intrinsic motivation of learners during the experiments, while different signals in the experiments influence learners’ cognitive processes and determine whether they are alert to the details of low-carbon steel stretching during the experiment (e.g., low-carbon steel failure process, fracture shape, etc.), thus impacting the post-test learning performance.

Regarding learners’ attitudes of the virtual experiment, most of the students in the interviews affirmed the effectiveness of the immersive virtual environment designed in this study in the following ways: (1) They thought the experiment was interesting. Some students said, for example:

“I like operating the experimental equipment in the virtual scene” and “It made me want to understand how this experiment works.”

(2) It contributes to inquiry-based learning. For example, a student stated the following:

“I can control my own learning pace by doing experiments in this kind of virtual scene, and I can repeat steps that I am not familiar with.”

(3) It is helpful for observation and memory. For example, a student mentioned the following:

“In the immersive virtual laboratory, I am very relaxed while learning the content and can observe the experimental phenomena at close range to form a strong memory of knowledge such as the fracture section shape of low-carbon steel when it was stretched.”

(4) They are willing to learn the experiment again. Most students believed that doing the experiment was of certain value to themselves and expressed their willingness to complete the experiment in an IVR laboratory. According to the overall analysis, the IVR laboratory had a relatively positive impact on the learners, which in turn stimulated their motivation and interest in learning.

Regarding inadequacies of the virtual experiment, by sorting out the questions raised by the interviewees about the IVR experiment, the following two reflections on inadequacies are proposed: (1) In terms of VR technology, IVR technology can provide high-quality display resolution, a wider field of view and an experience that stimulates multiple sensory modalities, but at the same time, this experience may bring physiological discomfort to some participants, such as those with vertigo. In this experiment, the IVR controller was used to achieve movement in the virtual scene, and the sensitivity of the IVR controller led to a certain discomfort caused by the fast roaming speed in the scene, which had the potential to produce vertigo. Vertigo would affect the whole experience of the IVR laboratory and might increase the extraneous cognitive load of the learners. The HTC headset would cause a certain discomfort for some learners who wear glasses, and at the same time, its weight would make the students uncomfortable. (2) In this particular experiment, learners who were unfamiliar with the low-carbon steel stretching experiment itself (learners with a low prior knowledge level) were more focused on the operation of the VR itself in the virtual environment and might have overlooked some details of the experiment that should have been observed. Some learners reported that there was a gap between their spatial cognition ability in the virtual scene and their ability in real life, and they could not distinguish left from right, which affected their own operation and judgment.




5. Discussion

This study explores the effects of signaling and different prior knowledge levels (high vs. low) on learners’ cognitive load, intrinsic motivation, and learning performance in the IVR laboratory. Several findings have been presented to support that the factor of signaling has a significant effect on reducing learners’ cognitive load (e.g., Arslan-Ari, 2018; Albus et al., 2021). This study found that the interaction effect of signaling and prior knowledge level on learners’ cognitive load in the IVR laboratory was significant and that an expertise/experience reversal effect on cognitive load emerged, i.e., signaling had a negative effect on the cognitive load of learners with high prior knowledge levels but had a positive effect on that of learners with low prior knowledge levels. The empirical findings of this study demonstrate that signaling in the IVR laboratory can effectively help learners with low prior knowledge operate experiments and observe experimental phenomena, providing greater support for reducing learners’ cognitive load. The findings provide suggestions and guidance for the design of IVR experiments and their application in teaching practice.


5.1. Effect of signaling

This study analyses the effects of signaling on students in an IVR laboratory and finds no significant differences in cognitive load, intrinsic motivation, or learning performance between the two groups of participants with and without signaling. From the results of multivariate ANOVA, in the analysis of the effects of only signaling, learners’ learning performance is higher in the VR version with signals (M = 40.00, SD = 7.947) than in the VR version without signals (M = 36.25, SD = 14.679), learners’ intrinsic motivation is higher in the VR version with signals (M = 4.400, SD = 0.452) than without signals (M = 4.191, SD = 0.408), and learners’ cognitive load is lower in the VR version with signals (M = 4.126, SD = 1.180) than without signals (M = 4.283, SD = 1.347), but there is no significant difference in the effect of signaling in the IVR laboratory on learning performance, intrinsic motivation and cognitive load.

This result is inconsistent with cognitive load theory and the cognitive–emotional theory of multimedia learning, both of which suggest that designing signals in multimedia learning materials that are highly relevant to the teaching content can help learners reduce visual retrieval and lower cognitive load (Fiorella and Mayer, 2014). However, there are still some researchers whose findings are consistent with the present study. Nelson et al. (2014) hypothesized that the use of visual signals could reduce the overall cognitive load of students when completing virtual world-based tasks, yet the findings showed only small significant differences in cognitive load between the groups. The reason given in their analysis was that the virtual scenes themselves were designed to contain fewer interactive objects and limited virtual space for exploration, which has been found to reduce learners’ cognitive load. It has also been suggested that signaling only improves learning performance with complex learning materials (Albus et al., 2021). Similarly, Jeung et al. (1997) suggested that adding visual signals to learning materials that required high levels of visual searching facilitated learning, while adding visual signals to conditions with low levels of visual searching had little effect on learning. The IVR experiment scene designed in this study is as simple and direct as possible, with no redundant or irrelevant scene elements. Thus, the visual impact on learners does not reach the level of so-called “complexity” that would increase cognitive load. However, it is also clear that the design of IVR laboratories should not be overloaded with visual overlays, as this would result in a visual input burden and cognitive processing overload for learners. This suggests that the application of signaling needs to be designed in conjunction with the actual virtual scene to provide the most concise and effective guidance for learners.

In terms of the types and content of signaling, this study uses signals in the form of textual annotations and color cues, which allow learners to receive signals (Baceviciute et al., 2020) in a visually demanding virtual environment through short and concise signals. Knowing which information is relevant now and which needs to be looked at more closely can reduce unnecessary searches and draw attention to relevant aspects. However, as some of the text involves technical terms (e.g., manual control box, fixture, etc.), it can be difficult for learners with a low prior knowledge level to understand, and they need to invest mental effort in the operation of the experiment, thus potentially increasing the cognitive load and impacting learning effects. Furthermore, the findings of Richter et al. (2016) suggest that compared with multimedia integrated signals, learning materials with a more prominent visual appearance, such as color coding, may be more accessible to learners than discursive signals as well as descriptive references. In this study, signals are presented in the form of dialog boxes in the scene. The study could have better embedded the signals into the environment, and learners’ sense of learning experience may have been affected (Albus et al., 2021). Thus, in signal design, the learning situation can be combined with the laboratory design, dynamic signals can be combined with static signals, different depths and elaborations of the integration of text and images can be made, and other multimedia design principles, such as the redundancy principle and the spatial proximity principle, can be combined to provide good signal effects for learners (Lai et al., 2019).



5.2. Effect of prior knowledge level

It is found that learners’ prior knowledge level plays an important role in influencing learning performance, intrinsic motivation and cognitive load in IVR laboratories. From the results of multivariate ANOVA, in the analysis of only the effect of learners’ prior knowledge level, the learning performance of learners with a high prior knowledge level (M = 43.25, SD = 10.036) is significantly higher than that of learners with a low prior knowledge level (M = 33.00, SD = 11.402), indicating that prior knowledge has a significant impact on learning performance in an IVR laboratory. Intrinsic motivation was slightly lower in learners with a high prior knowledge level (M = 4.286, SD = 0.401) than in learners with a low prior knowledge level (M = 4.305, SD = 0.481). Cognitive load was slightly lower in learners with a high prior knowledge level (M = 4.183, SD = 1.258) than in learners with a low prior knowledge level (M = 4.225, SD = 1.279), indicating that learners with high prior knowledge levels had higher learning performance and lower cognitive load overall when learning in the immersive virtual laboratory, which is a finding consistent with most studies (Kalyuga et al., 2004; Kriz and Hegarty, 2007). Another study showed that learners’ attitude-learning-confidence is strongly related (Taçgın, 2020) and that learners with high prior knowledge levels have more positive attitudes and interest in learning in virtual learning environments. In summary, it is recommended that novice learners familiarize themselves with the IVR technology before using the system as a learning tool and improve their learning effects by increasing their confidence or attitude with repeated practice. These findings are almost unanimous in studies that address only the effect of prior knowledge level on learning effects, but with the addition of some intervening factors for moderation, there may be an interaction effect, and the results may vary.



5.3. Interaction effect of prior knowledge level and signaling

Signaling is able to help learners with low prior knowledge levels reduce their cognitive load generated by completing the immersive virtual experiment task, enhance their intrinsic motivation, and achieve better performance on the final test, while learners with high prior knowledge levels had better learning performance without these additional signals (Kalyuga, 2007; Richter et al., 2016). The results of the data analysis support the hypothesis that the effectiveness of signaling in the IVR laboratory differs for learners with different prior knowledge levels, indicating that the expertise reversal effect of signaling on learners is as valid in an IVR laboratory as in the traditional multimedia learning environment (Johnson et al., 2013, 2014; Khacharem, 2017; Arslan-Ari, 2018). Therefore, in conducting IVR laboratories, it is quite effective to direct the attention of learners with low prior knowledge levels to help them select relevant information. From this study, the design of synchronous textual signals on the microcomputer-controlled electronic universal testing machine used for completing experimental tasks can direct learners’ attention to the aspects of the scene related to conducting the experiment. Thus, these synchronous signals reduce external load and help learners use their mental resources to build coherent mental representations of the target learning material and integrate these representations into long-term memory (Arslan-Ari, 2018). In addition to text signals, color changes are used as signals in this study, which play an important role in IVR experiments. Based on learner feedback, the largest difference between immersive and realistic laboratories is the selection of relevant objects. Most existing virtual reality technology uses the IVR controller for interaction, and learners have no real sense of touch when they interact with the corresponding scene elements (Streppel et al., 2018). There can be confusion about whether they have picked up the object, which affects the thinking and cognitive load and can also reduce the learning experience. Using color changes to signal that an object has been touched helps learners carry out the operation steps smoothly and coherently. Multimedia learning cognitive–affective theory, cognitive load theory and other theories on media learning consider the learner’s prior knowledge base to be the most important moderator. Previous studies have proven that signal transmission can enhance students’ knowledge retention ability (Boucheix et al., 2013) and knowledge transfer ability in problem-based learning (Ouwehand et al., 2014). Although the interaction effect of the two is not significant for learners’ intrinsic motivation and learning performance, the results of the data analysis suggest that the joint effect of signaling and prior knowledge level on learners is an area worthy of more research and an existing research trend (Arslan-Ari, 2018). Learners with low prior knowledge levels are slightly more intrinsically motivated than learners with high prior knowledge levels in the condition with signaling, while in the condition without signaling, learners with high prior knowledge had higher intrinsic motivation.

The results of this study also demonstrate the need for personalized learning and the need for developers to adopt a different mindset in the design and development of immersive virtual experiments to cater to differences between learners with different prior knowledge levels and other characteristics (Kalyuga, 2007). Based on the above findings and the characteristics of immersive virtual laboratories, developers need to reintegrate the association between the prior knowledge level and signaling (Kalyuga, 2008), design signal types that are highly relevant to the experimental content and virtual scenes, tailor the available information to the prior knowledge levels of target students, and ensure that the new material is consistent with their original mental representations. VR designers could offer VR participants the option to toggle between signals and no-signals in the same way that a TV viewer can toggle between closed captioning and no closed captioning. If a student is getting distracted/annoyed by the dialog boxes in this low carbon steel tensile strength experiment, for example, they could just opt to disable the dialog boxes.




6. Conclusion and implications

The core purpose of this study is to explore the effect of signaling and prior knowledge on learning effects in an IVR laboratory. This study suggests that the design of IVR experiments should be combined with the characteristics of different learners. For learners with high prior knowledge levels, only the necessary signals should be designed and offered as resources, as additional signals will result in higher cognitive load with a negative effect on the learning experience and potentially the final learning performance. When learners’ prior knowledge is low, appropriate signals can help to reduce cognitive load and improve learning performance. Future research may recruit more participants to obtain a better effect size. The study applied NASA-TLX to measure participants’ cognitive load. Despite being widely used as a measure of cognitive load, the NASA-TLX has several limitations. More empirical research on measuring cognitive load is needed. Future empirical studies should also consider using multimodal channels to measure learners’ cognitive load, such as EEG, ECG, EDA, DDT, and eye tracking, which could more accurately gather data and deeply explore the mechanisms related to cognitive load. The IVR experimental scene in this study is designed with only two types of signals, text annotation and color, and future research can further analyze the effects of signal type, complexity, level of detail, and information content on learners.
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Today’s teaching and didactical methods are progressively aiming to integrate digital technologies, computational thinking (CT), and basic computer science concepts into other subjects. An innovative and creative way of combining and integrating CT and teaching cross-curricular skills without digital devices is to include the game Poly-Universe (PolyUni). According to previous research, the game is expected to have a positive effect on visual perceptual progress, including isolation, and the development of shape-background skills. So far, however, comparatively few attempts have been made to explore the educational possibilities of PolyUni for different school levels and subjects, besides mathematics. Therefore, this article aims to close this gap by exploring how PolyUni can be used to promote CT in three subjects: physical education (PE), digital education (DGE), and biology (B). Furthermore, it evaluates whether the pre-defined learning objectives in those subjects have been achieved, and examines how PolyUni combines the requirements of the different curricula in Austrian secondary school, based on self-designed tasks. Additionally, further aspects of PolyUni such as engagement and collaboration are discussed. To explore the above-mentioned benefits, a mixed-methods study was implemented, whereas the workshops and accompanying teaching materials (e.g., worksheets) were developed based on the COOL Informatics concept. The participant observation method was employed for qualitative data collection, and a self-designed assessment grid as well as additional picture analysis were used for the quantitative data. PolyUni was introduced in three different workshops at Austrian secondary schools with 80 students observed and analyzed. Based on the present data, it can be assumed that PolyUni supports achieving the requirements of the different curricula and pre-defined teaching and learning objectives in a playful way. Furthermore, the game not only promotes CT in secondary school but also encourages enjoyment and collaboration between peers in biological, digital, and physical education lessons.
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1. Introduction

Computational thinking (CT) is a term that has become more and more present in the last years and decades, especially since Jeanette Wings used the expression in 2006 (Selby and Woollard, 2013). However, when looking at the term, one does not find a clear unambiguous definition. Often CT is used as a catch-all term for problem-solving strategies (Selby and Woollard, 2013; Curzon and McOwan, 2018). Abstraction, decomposition, generalization, and evaluation around algorithms are techniques of these mentioned strategies. Selby and Woollard (2013) have shown in their paper how multi-layered the term is and that it can be viewed from four perspectives - thinking term, problem-solving term, computer science term, and imitation term (Selby and Woollard, 2013). Despite this multi-layered approach after a search for a definition, no clear explanation was found. In this context, the question arises whether the term will not change in the next few years anyway, since CT is also evolving. In this study, as according to Curzon and McOwan (2018), CT is considered a problem-solving technique, which includes the following important elements: decomposition, pattern recognition, generalization, abstraction, algorithms, and evaluation. Basically, it is about ideas of reasoning and choosing a good representation of data for the problems at hand (Curzon and McOwan, 2018). Furthermore, creativity also plays an important role in the scientific thought process and CT (Curzon and McOwan, 2018; Israel-Fishelson et al., 2021).

Regardless of an imprecise definition of the term, its importance in school is undisputed. CT has already found its way into higher education, but this is not quite the case in primary and secondary education (Settle et al., 2012). In Austria, digital literacy has been a statutory mandatory subject in secondary schools since the 2022/2023 school year, and CT is an important pillar of its curriculum (BMBWF, 2022c). Despite the further development and the integration of CT in various curricula, it is evident that creative and multifaceted problem-solving strategies are indispensable for daily life but also for individual school subjects (Barr and Stephenson, 2011; Selby and Woollard, 2013). Looking at STEAM (science, technology, engineering, arts, and mathematics, or applied mathematics) subjects in secondary school, “Biology” and “Physical Education” may not be perceived as having an obvious connection to CT. However, scientists are showing that the integrated CT concepts in a learning-by-modeling environment facilitate not only a deeper understanding of the subject-specific concepts and processes, especially biological processes (Naulakha and Bar-Joseph, 2011; Hutchins et al., 2020) and physical activity (Fritz, 2022), but may also support developing foundational computing skills and knowledge to support the future learning of advanced computer science (CS) concepts.

There are programs such as “Science through Sports” (Hammrich et al., 2021) but the scientific considerations for the implementation of CT in the sector of physical education are also increasing. This can be done by training analyses but also through problem-solving tasks. A study from Galoyan et al. (2022) combines athletic fields, such as track and field and basketball, with scientific topics, design thinking principles, and CT. In doing so, they also demonstrate many ways in which CT can be implemented through sports into everyday school life (Galoyan et al., 2022).

The same applies to the biological field: During the course “Introduction to Bioinformatic,” biology students were taught concepts and skills related to bioinformatics and CT (such as problem-solving, abstract thinking, and pattern recognition). As a result of the lecture, participants were more engaged in the learning process, and they were able to understand new concepts (biological and CT) (Hong, 2009). As well, Goldberg et al. presented an interdisciplinary course in which CT and computer science concepts were integrated into students’ lectures (e.g., math, biology, and art). To increase engagement and interest in CT concepts and the CS field later, it was tested in areas that might be beneficial and fit the requirements of the biology curriculum (e.g., algorithms for DNA-sequences, or data analysis in health education) (Goldberg et al., 2012). In a more recent study (2020), high school students showed science and computer-assisted learning gains after studying computer modeling within a science unit (Arastoopour Irgens et al., 2020).


1.1. The poly-universe game and application In education

“Poly-Universe” (PolyUni) originally was a geometric skill development game, designed by Saxon and Stettner (2019). The game PolyUni consists of 72 unique flat tiles in the form of triangles, squares, and (almost) circles (Figure 1). The novelty of PolyUni lies in the “scale-shifting” symmetry inherent to its geometric forms and color combination system (Saxon, 2018). During the Erasmus+ project called “Poly-Universe in School Education (PUSE),” further work was done on the game and its implementation was researched (Dardai, 2018). The game, originally designed for mathematics classes, is intended to promote geometric understanding and combinatorics, but can further be used in other contexts (e.g., entertainment and non-formal and formal education) (Saxon, 2018; Saxon and Stettner, 2019).
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FIGURE 1
 The Project’s Logo (left), and the three Shapes of Poly-Universe Tiles (left) (Saxon, 2018).


In addition to the analogue game, PolyUni was further developed so that it could also be used as a digital educational tool in primary and secondary education, aiming to enable the application (app) of this game in an online or hybrid learning environment. The online version of the game provides almost all the benefits that the game has in a physical environment, except for direct physical contact with the game sets. The online tasks of this game are enriched with animations based on the rules of the game. Participants can interact with the animations and at the end of the animation, check their knowledge of the game through several quiz questions. Poly-Universe in a digital environment could be also used in the GeoGebra platform (GeoGebra, 2022) for solving problems connected to the game. The methodology of using ICT (information and communications technology) tools during the teaching/learning procedure becomes more and more popular. With GeoGeogebra’s assistance, it is possible to create interactive programs for the creation and further consideration (such as a 3D extension) of the spatial-geometric components that reflect Poly-Universe’s characteristics (Saxon, 2018).

There are no limits to using these individual game elements in the educational field: Besides the game’s initial geometric-oriented tasks like “find the small triangles of the same size and connect them” or “find the small triangles of the same color and connect them” (Saxon, 2018), a variety of creative laying exercises are also practicable and are constantly being developed. During the Erasmus+ PUSE Project in 2008, some studies on the use and the effects of the game PolyUni in the classroom were included (Dardai, 2018). Hoffmann (2020) points out the potential of PolyUni for visualization and sees an opportunity to connect the subjects of “Geography,” “Literature,” “Sociology,” “Political Science,” and “Mathematics” with it. Within the PUSE Methodology and the PUSE study three teaching examples in the subject biology are presented: “substrate and enzyme connection,” “examples of molecules model,” and “characteristics of (flowering) plant families” could be created with the game elements by the student. The “PUSE Methodology” is a material collection of mathematical tasks for primary and secondary school students (suitable for six up to eighteen-year-olds), created within the PUSE project and developed by the project partners (Saxon and Stettner, 2019). The PUSE study was conducted in four different countries (Finland, Spain, Hungary, and Slovakia) to investigate the effects of the game including the following aspects: memory and mental rotation tests, visual perception, attention span, and attitude towards mathematical topics. A variety of methods, like cognitive tests, online questionnaires, and qualitative methods were used for the investigation. The most significant differences before and after testing were found in visual perception, including the isolation and development of shape background ability but also in the students’ attitudes towards mathematics and related tasks. In both areas, the tests showed that the skills and opinions of the students improved significantly throughout PolyUni or changed positively because of the game (Dardai, 2018).

Moreover, besides the implementation in different school subjects, the game PolyUni can also be used within different age groups: from kindergarten (De Vasconcelos Martins et al., 2022) up to secondary school (Saxon, 2018; Saxon and Stettner, 2019). In a 2022 study, the Poly-Universe tiles were used even in Residential Care. The children were in kindergarten and primary school age (3 years and higher). The participants liked the game, because of the colorful elements, simplicity, and universality. The authors even claimed that PolyUni has the possibility to promote social and sensorimotor skills, spatial vision, and algorithmic thinking (De Vasconcelos Martins et al., 2022).



1.2. The potential of poly-universe to promote CT

To promote CT, various materials, such as educational games, can be used cross-curricular in different school subjects. Studies and reviews on game-based learning are sometimes contradictory because topic-related research is highly susceptible to a muddle of approaches and methodologies, as to whether games really contribute to learning success or whether they only promote enjoyment in the classroom (Vandercruysse et al., 2012; Hamari and Koivisto, 2015; Crocco et al., 2016; Hamari et al., 2016; Qian and Clark, 2016). A study conducted in 2020 looked at how to develop CT skills through game-based learning: It developed links between CT-based solutions and real-world problems using an adaptive learning game to promote CT skills and CT concepts (Hooshyar et al., 2021). Another option for promoting CT is through the analog educational game Poly-Universe.

In addition to the advantages from a subject-oriented point of view, this game also has an added value in CT. Due to the different variants of combining the parts, different strategies of problem-solving must be applied. “Which parts can I connect to another?,” “If I need a square, what color and shape combinations must be included so that it fits into the figure?,” “If I use this circle now, does that mean that I need a circle in the other color but with the same color as the small circle?” All these questions can happen when students try to create figures with PolyUni (Dardai, 2018). Experimenting with colors, shapes, and sizes in the form of the game offers many possibilities and opens space for creative work around CT and a wide variety of subjects and age groups (Dardai, 2018; Saxon, 2018; Saxon and Stettner, 2019).

Due to the game’s uniqueness and possibility to promote CT als an innovative educational tool (Saxon, 2018; De Vasconcelos Martins et al., 2022), this article aims to show that teachers can utilize the game in other subjects, such as biology (B), digital education (DGE), and physical education (PE). Therefore, three workshop examples, and accompanying teaching and learning materials for B, PE, and DGE were developed by the authors or adapted from existing examples of the “PUSE Methodology. Poly-Universe in school education” by Saxon and Stettner (2019).



1.3. COOL informatics – Core concept for poly-universe workshop and material development

The teaching units with the game Poly-Universe were developed as three workshops (W1-3) on the basis of the “COOL Informatics” concept: discovery, individuality, cooperation, and activity. “COOL” as an abbreviation stands for different meanings: firstly for “COoperative Open Learning,” an Austrian teaching model, and second, for “COmputer-supported Open Learning.” Lastly, “COOL” stands for a popular sense of being interesting, motivating, fun, and effective (Sabitzer, 2013; Sabitzer and Stefan Pasterk, 2013).

The concept is a guide for teachers and provides suggestions for innovative, motivating, brain-friendly and supportive teaching that prepares for the demands of the 21st century (21st-century skills) (e.g., communication, collaboration, creativity, and critical thinking skills; Kennedy and Sundberg, 2020). It provides guidance, ideas, and examples for the preparation (planning and material development), the design of teaching units as well as the development and testing of special competencies. Previous research results on the basic concept of COOL Informatics (especially from computer science lessons) show that the consideration of these principles in the design of materials and teaching sequences can strengthen the motivation of learners, contribute to a better understanding of the content, and increase learning success. Figure 2 illustrates the COOL Informatics concept with its four main pillars. Each pillar includes the main teaching and learning methods as well as the neurodidactical foundation, such as pattern recognition, connecting new information to previous knowledge, joy, and constructivism (Piaget, 1971; Sabitzer, 2013; Sabitzer and Stefan Pasterk, 2013).
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FIGURE 2
 The four pillars of the core concept of COOL Informatics (Sabitzer, 2013).


Within the workshops (W1-3), using step-by-step instructions (e.g., rules of the game), the students can utilize exploratory learning to solve a wide variety of solution-based tasks in their own learning rhythm (discovery). Furthermore, based on competence-based learning, and additional optional tasks with the game PolyUni, the individual needs, strength (e.g., endurance in PE), and interests of the students can be addressed (individuality). With the help of partner work as a teaching and learning methodology, and plenary discussions at the end of the cross-curricular workshops, cooperation, and collaboration within the class are strengthened, joy (together) is conveyed, and knowledge is deepened in the lesson (cooperation). The fourth pillar “activity” is the most important in the “COOL informatics” concept: within hands-on materials, and playing, tickling, and experimenting with the PolyUni tiles, the students are actively learning basic IT concepts and CT skills, by connecting new knowledge with previous one (Sabitzer, 2013; Sabitzer and Stefan Pasterk, 2013).

Moreover, after the task development, planning, and concepting the three workshops, all self-designed tasks, materials (e.g., task sheets, video), and the processes of the workshops were evaluated again or adapted by the research team if it was necessary. After the evaluation, all materials were made available as an open educational resource (OER) to (Austrian) teachers (JKU COOL Lab Materialbörse, 2022; Table 1).



TABLE 1 Overview of all workshops, the CT concepts/skills conveyed in W1-3, and how they were guided by the COOL informatics concept (Sabitzer, 2013; Sabitzer and Stefan Pasterk, 2013).
[image: Table1]




2. Materials and methods


2.1. Research aim

The main goal of this research is to examine creative and innovative possibilities of using the Poly-Universe game in biological, digital, and physical education, to teach simple CS concepts (such as algorithms and coding) and CT skills (such as pattern recognition and abstraction) across disciplines.

For this purpose, three workshops, based on the COOL Informatics concept, were developed. In the first workshop, the Poly-Universe elements were used to map developmental steps of invertebrates in biology lessons (W1). In the second, mathematical tasks were combined with endurance exercises in physical education (W2). Finally, the PolyUni parts were used for dance programming in the third workshop (W3). Therefore, the following research questions are addressed in this article:

1. RQ: How can the Poly-Universe be utilized to promote CT and biological concepts in secondary school biology classes?

2. RQ: How can PolyUni tasks be used to combine physical education with CT in secondary school?

3. RQ: How can the game teach PolyUni CT concepts through dance programming in secondary school?

In addition to the main aim of this work, the following sub-goals were set: Firstly, to investigate how PolyUni can be used to achieve learning goals from the teaching curriculum based on self-designed tasks. Secondly, to evaluate their contribution to the achievement of student learning outcomes, and other possible advantages (e.g., engagement, enjoyment, collaboration).



2.2. Data collection and processing

To examine the above-mentioned questions, a mixed-method approach was embodied. The observation of the participants, based on the methodology of the participating observation (DeWalt et al., 1998), was used for qualitative data collection, and an assessment grid and additional picture analysis were used for the quantitative data. The collection process took place in three workshops between June and December 2022. The data was processed via an evaluation of a self-designed computational thinking curriculum assessment grid (CTC-AG).

In regards to the participating observation method (DeWalt et al., 1998), the participants’ options regarding the entertainment factor of the game, the misunderstanding of the tasks, the collaboration with peers, and the problem-solving process, were observed and documented by the research team. The participant observation is a method, which has its origins in the field research of De Gérando (2016), was carried out at secondary schools, in a natural environment for the students. Participatory observation was chosen as the data collection method, in order to survey the participating students in natural way whilst they were using the game (in terms of fun, enjoyment of the tasks, behavior within class), and while solving the tasks (understanding the question and rules of the game, correctness of the tasks, errors, debugging). Therefore, this approach collected qualitative data that was very useful in allowing the research team to receive a clearer picture of how the students were using the tiles of the PolyUni game, and additionally, how the participants were interacting with each other. Further, the researchers were openly recognizable to all students and actively participated in the lesson for, e.g., taking pictures during the lectures, explaining the game PolyUni and tasks, and assisting throughout the exercises. The research team took notes during their observation process. In addition, data was documented via photographs throughout all workshops, taken by the students themselves in W1 and W3, and the research team in W1-3. At the end of W1, all photos taken during the lectures were sent to the workshop leader for evaluation and analysis.

The CTC-AG was answered manually by all members of the research team for each workshop, partly during and the rest after the lecture, using the notes from the observation (e.g., written recording, notes) and pictures. The questions regarding the game and task design, collaboration within the group, and enjoyment could be answered due to the observation and this documentation process during or shortly after the workshops. The rest of the questions, regarding the accuracy of performing CT tasks, biology practices, the dance, or sports exercises, and further the achievement of the pre-defined teaching and learning goals in all subjects, built on the Austrian secondary school curriculum (BMBWF, 2022a) which is based on bloom taxonomy (Bloom et al., 1956), were processed and checked via the CTC-AG after analyzing the pictures and the task sheets (only in W2).

The evaluation criteria of the CTC-AG are based on the Austrian school law (BMBWF, 2022a) and the AHS (German: “Allgemeinbildende höhere Schulen”; General secondary school) curriculum for secondary schools for the subjects of digital literacy, biology, and physical education by the ministry (BMBWF, 2022b). The CTC-AG contains on the one hand of general and demographic questions regarding the number of participants and groups, the location and date of the workshops, age, and gender of the students, and on the other hand of 21 questions that are summarized into three main topics: game and task Design (“Task”), the curriculum biology, physical education or digital Education (“Curriculum”), and “CT” (shown in the Appendix).

The questions can be answered on a scale from “I-V” Likert-5-Scale (Likert, 1932). The degree of correctness or fulfillment of a questionnaire item was rated according to the Austrian school grading system from “I” to “V” (1–5) by the scientific team. “I” stands for “the question has been answered far beyond the essentials,” “II” for “beyond the essentials,” “III” for “fully met in the essential areas,” “IV” for “largely fulfilled in the essential areas” and “V” for “not fulfilled in the essential areas” (BMBWF, 2022a).



2.3. Sampling of the workshops (W1-3)

To analyze and evaluate the utilization of the game PolyUni in secondary school, three different PolyUni-workshops were held between June and December 2022 an Austrian secondary school (BRG Steyr/Upper Austria): “Poly-Universe in Biological Education” (W1), “Poly-Universe in Physical Education” (W2) and “Poly-Universe in Digital Education” (W3). All of the participants had no previous knowledge and did not know the game PolyUni until the day of the workshop.

In sum, 80 11–12 year–old Austrian students participated in this research, 69 identified themselves as female, 19 as male. Each of the three workshops lasted 100 min, and two researchers were always present per lecture. On 15th June, 2022, twenty-nine 11–12-year-old students (female = 24, male = 5) attended the first biology workshop (W1). On 30th June 2022, the second workshop for physical education took place, and twenty-seven students (female = 23, male = 4) participated (W2). Lastly, the third workshop took place on the 2nd December, 2022. In this lesson, twenty-four 11–12-year-old students (female = 14, male = 10) participated in the dance programming workshop for digital education (W3) (Figure 3).
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FIGURE 3
 Gender Distribution of the participants in all held workshops.




2.4. Task and course design: W1 “poly-universe in biological education”

The first workshop “Poly-Universe in Biology Education” was intended for the subject Biology, but can also be taught interdisciplinary in the subject DGE. In W1, information about invertebrates was conveyed and discussed. Some of the biological topics were already known by the students (such as the morphology of insects) and some were not taught before (such as the morphology of arachnids and the life cycle of insects). The topics were given to the students as worksheets to supplement their textbooks. The different tasks and the worksheet were, based on the Austrian biology AHS curriculum, self-designed, and “Bio@school 2” (Weisl and Schermaier, 2021) was used as the textbook, because “Bio@school 2” is the biology textbook at this Austrian school and all students have this available. The students should use the information to solve the following three tasks, using the PolyUni game: Task one: What is the morphology of a spider compared to an insect? Task two: What is the life cycle of a cockchafer? Task three: What are the differences and similarities between bugs and beetles? The desired teaching and learning objectives for each subject, biology, and digital literacy were recorded based on the Austrian Curriculum (BMBWF, 2022b) in advance so that the teaching unit can then be evaluated using the CTC-AG.

The following learning and teaching goals have been defined: The students recognize, describe, and distinguish the structure and shape of insects and arachnids. They can recognize, name, and describe the differences and similarities between bugs and beetles, and the development cycle of a beetle. The students discover similarities, rules, and patterns in PolyUni. The students use and create codes with the game, to help them name, understand and describe biological processes from the everyday life of an insect and a spider. The students follow the game’s clear instructions and carry them out. Furthermore, the students can recognize and correct mistakes in their and other codes themselves.

In addition to these goals, the course of the workshop was also determined in advance, and its duration (100 min) was set as follows: In the first phase (10-20 min), the Erasmus+ project PUSE, the worksheet, the game, and the tasks were presented in the Explanation Phase and the students were divided into five groups. The groups were separated by drawing lots of the different PolyUni game pieces. Each group received a set of the PolyUni tiles, wooden sticks, blank cards, pencils, and a worksheet with the same three tasks. To solve the tasks, the students had to use the game PolyUni, the worksheet, and the textbook. Pens, cards, and wooden sticks were optional. In the second Development Phase (50-60 min) the students solved the tasks with the game and took a photo for documentation afterwards. The first two tasks had to be completed by the students in 100 min, the third task was optional. After the completion of each task, the group members looked at the results of the other groups, to find any mistakes, and analyzed different approaches, color, shape, or size codes used. Thus, they could revise, change, or even contribute to their solutions to start their solving process. After this Debugging Phase (10 min) the students took a second photo. In the final Evaluation and Feedback Phase (10–20 min) the (biological) content was repeated and the students’ results were discussed.

The workshop at the secondary school proceeded as planned: Explanation Phase (20 min), Development Phase (60 min), Debugging Phase (5 min), and Evaluation and Feedback Phase (15 min). The only deviation took place within the Debugging Phase, which had been integrated into the Developing Phase. Only one of the 5 groups took a photo after their first attempt to solve the task, then observed the results of the other groups, and afterwards discussed and modified their results, and documented their final approaches within a second picture. All remaining groups of students wandered through the room during the entire processing time of the Development Phase, observed the other solutions, and thus constantly changed their approaches without visually recording the individual steps, but only the final results (Figure 4).

[image: Figure 4]

FIGURE 4
 Students solving biology tasks with PolyUni files in W1.




2.5. Task and course design: W2 “poly-universe in physical education”

The second workshop “Poly-Universe in Physical Education” was developed for the subject PE and interdisciplinary for the DGE. The main focus of W2 was on the potential of physical activity to enhance students’ cognitive functions by improving their CT skills. In addition, the students should be enabled to expand their motor skills in a variety of ways and to further develop their conditional skills. The lesson was also intended to improve the students’ coordination abilities and to raise their awareness of their own movement behavior in terms of movement quality and movement economy. To connect all these predefined teaching goals, an alternating task model was used in which cognitive and physical tasks rotated with each other according to a predefined time window.

For the physical task area, an obstacle course (as shown in Figure 5) with four different movement challenges was chosen. Each challenge contained a physical component (basic movements such as jumping, running, and/or a combination) and a cognitive part (e.g., movement reaction to certain colors). In relation to the cognitive section of the lesson, the task “Tagram” from the script “PUSE Methodology Poly-Universe in school education” by Saxon and Stettner (2019) was used. “Tagram” is about reconstructing given shapes with connections of the same size and color by using the PolyUni triangle set.

[image: Figure 5]

FIGURE 5
 Overview (German: “Hallenübersicht”) regarding the obstacle course and “Tangram” tasks in W2 (Saxon and Stettner, 2019).


The lesson had a total duration of 100 min and was divided into a Warm-up phase (20–25 min), a Development phase (25-30 min), and a final Evaluation and Feedback phase in the plenum (10-15 min). Transitional phases for the assembly and disassembly of equipment were calculated with a duration of ten to 15 min each.


2.5.1. Course of W2 “poly-universe in physical education”

In the beginning, the students were informed about the goals and contents of the lesson. Then, to generally warm up the students, the movement game “Treasure hunt” was introduced. After the Warm-up Phase was over, the students were gathered into six groups. After group selection, the next section of the lesson “Tangram” was explained (Saxon and Stettner, 2019). Therefore, the previously created teams were given organization cards to introduce the subsequent set-up phase. Together, an obstacle course was set up, the extent of which was oriented along a volleyball court. Within the volleyball court, each team was given a small workspace at a distance of about two meters from the other team’s workspaces as well as from the obstacle course. Finally, one triangle set of the game was placed on each of the individual workspaces. Before the game began, the students were asked to sit in pairs in their assigned workspace. The teacher then explained the features and rules of the game “Tangram.” The goal was for the students to work together to build a given geometric figure using the PolyUni tiles. The level of difficulty could be adapted to the students’ performance and experience.

In addition to the “Tangram”-puzzle (Saxon and Stettner, 2019), team members took turns completing the previously constructed obstacle course. The number of laps to be completed was depending on the performance level of the students (e.g., two or three rounds). Before the start, each team received a small card on which the figures to be created were shown. If a team succeeded in solving a figure, another shape had to be solved. After a predefined period (20-25 min) the game ended with an agreed signal. The winner was the team that was able to solve the most puzzles together. At the end of the game, all materials and equipment were put away by the previously assigned students. Finally, there was a reflective discussion in the plenary, where the students were given the opportunity for feedback and open questions about the lesson. The teacher also referred again to the main points of the lesson mentioned at the beginning and asked the students content-related questions.




2.6. Task and course design: W3 “poly-universe in digital education”

The workshop “Poly-Universe in Digital Education” was about algorithmic dancing using codes, mapped with individual PolyUni elements. Application examples of this workshop content are in addition to the subject DGE, interdisciplinary also the subject PE, or computer science (CS). Within this teaching unit, students learned playfully and dance-wise with algorithms. Students could clearly name and describe instructions for action and execution. Aim of W3 was that all students learn the concept of programming using simple dance movements. After the learning unit, the participants knew how to dance the shown movements and could guide them using the PolyUni elements. At the end of two teaching units, all students mastered the movements of the PolyUni dance programming and their own choreography. Furthermore, they could create, read, and understand PolyUni codes as dance instructions, and could thus apply simple CS concepts such as algorithms.

The two teaching units were divided into the following phases (Figure 6): “Explanatory Phase” (10–20 min), “Practice Phase” (30–40), “Development Phase” (20–30 min), “Performances” (20 min), “Evaluation and Feedback” (5–10 min). In the “Explanatory Phase,” the game and its rules, the worksheet with the dance (see Figure 6) and algorithms in general were explained. In the “Practice Phase,” the students first practice the individual movements within groups. At the end, the given dances were danced in the plenum as a class. In the “Development Phase,” new code and dances were created within six small groups, which were presented to the class in the “Performances” phase. At the end of the workshop, in the “Evaluation and Feedback,” students’ opinions on the game and regarding the tasks, and their fun-factor are evaluated and written down, using the grid. During W3, the research team took pictures and notes for the final evaluation grid.

[image: Figure 6]

FIGURE 6
 Students’ solutions to represent the eggs of a cockchafer (left), spider morphology (middle left), and the first (middle right) and final (right) approach of a spider morphology.



2.6.1. Course of W3 “poly-universe in digital education”

The individual phases went as planned. The explanatory phase and the introduction to the topic “algorithms” took longer (25 min), but the students could already dance the codes shown much faster than planned (20 min), and read the dance introduction in the plenum. Furthermore, they were able to gather in small groups in the first hour to develop their own dances and codes with the Poly-Universe parts. The second session ran as prepared in advance.





3. Results

Figure 7 shows the comparison of the observers’ opinions of all participating groups from all three workshops (W1–3). The results of the individual groups were evaluated using the Austrian school grading system (1–5) and in the table, the average value (arithmetic mean) of the findings is given. All authors manually filled in the grid and the average value of the results of all answers was taken as the final result. The concordance relating to the comparison of the individual workshops among the research team according to filling out the CTC-AG for each workshop was 89%. These data indicate that the results obtained are valid. A complete table containing all groups and answers according to the research team, is in the Appendix (There, the groups are described as numbers from “1 to 6″ in the corresponding row and column: “1″ stands for group number 1, “2” for group number 2, and so on. Further, a list with all 21 questions (Q1–21) of the CTC-AG is also listed).

[image: Figure 7]

FIGURE 7
 Results of the comparison of all participating groups from workshops 1, 2 and 3. The Y-axis shows the grades 1–5, according to the researcher, and the X-axis is showing excerpts of the CTC-AG items.


In the first category “Task” of the grid regarding the task and game design, all groups achieved an average score (school grade) of 1.7 in W1, 1.1 in W2, and 2.1 in W3. Thus, in the second workshop, there were the fewest issues in terms of task understanding, and explanations of the game or the exercises, especially in W3, shown in Figure 7 (“Issues with task/Game Design”). Overall, there were hardly any problems with task understanding in all W1-2.

Regarding the curriculum, the predefined teaching/learning objectives in the subjects B, Pe, DGE were also achieved above average in all workshops, especially in W1 (1.2). Concerning the achievement of the learning goals regarding CT, all participating groups of students achieved near-top grades.

Looking at the usage of the game PolyUni in relation to “Core CT Skills,” according to the research team, the goals are achieved beyond measure in all workshops (1): all students used CT skills (such as problem-solving, pattern recognition, dividing problems into sub-problems, tinkering) in order to solve complex subject-specific problems using the tiles (1.0). In addition, all the children were able to present the illustrations of the animals in a simplified manner (abstraction) in order to generally represent the most important characteristics of, for example, insects and spiders (generalization). Furthermore, they had to In addition, strikingly, students did not use algorithms in W1, but very well in W2 (1.8) and W3 (2.3).

In summary, according to the research team, it can be seen that in all workshops the previously defined teaching/learning goals were achieved, and that the students also had a lot of fun in the lessons (W1 = 1.4; W2 = 1.5; W3 = 1), and worked well together in peers to solve the tasks, especially in W2 (1.7). In the following, the results of the individual workshops are described in more detail and illustrated with additional image material.


3.1. Results: W1 “poly-universe in biological education”

Regarding the task and game design in W1, all groups understood the rules of the game and the tasks “fully met in the essential areas.” Furthermore, all groups could start solving the tasks with only a little help from the research team. Group 3 needed the most help and groups 4 and 5 the least (Figure 8). It is significant that all five groups enjoyed the use of PolyUni in biology lessons “far beyond the essentials” or “beyond the essentials.” This result indicates that the initial problems with the task and the explanation of the game had no impact on the fun in the workshop, and, furthermore, PolyUni creates enjoyment in biology class. Concerning the results of tasks in reference to the Austrian biology curriculum, the findings show that groups 4 and 5 could solve the tasks perfectly. Figure 9 shows group 4’s solution to task 2, presenting the life cycle of a cockchafer.

[image: Figure 8]

FIGURE 8
 Results of the comparison of all five participating groups from workshop 1. The Y-axis shows the grades 1–5, according to the researcher, and the X-axis is showing excerpts of the CTC-AG items.


[image: Figure 9]

FIGURE 9
 Solution of task 2, representing the life cycle of a cockchafer.


Using the tiles of the game, the students were able to represent the different stages (egg, larva (younger and older), pupa, adult animal) in a biologically correct manner and label them correctly using the cards. Groups 4 and 5 had no problems in understanding and presenting previous and new learning content. Two groups (1, 2) were partly able to understand and present previously learned and new biological content with the game. It is evident that group 3 struggled the most in biological correctly solving the tasks. After comparing the solutions of the individual groups, it turned out that 4 out of 5 groups had achieved the specified teaching and learning goals in biology, but group 3 only “largely fulfilled” the tasks “in the essential areas.” In contrast, groups 1, 2, 4, and 5 achieved the teaching and learning goals set in advance “far beyond the essentials” or at least “beyond the essentials.”

These results indicate that PolyUni can be successfully used to reach the required teaching and learning goals in biology education. Regarding CT, all students were tinkering, playing, and experimenting with different tiles of PolyUni to solve the tasks. All groups could break down a complex biological problem into sub-problems and thus solve the required tasks. Furthermore, all students used PolyUni to identify similarities, differences, and patterns to solve complex biological problems. In addition, all five groups could hide unimportant details so that the participating students could focus on the essential aspects of the problem and thus solve the task.

After photo analysis, the findings show that groups 1, 4, and 5 used color, size, and (geometric) shape combinations as codes to correctly display the biological content and to solve the different tasks. In Figure 6 groups 1 and 5’s solutions are presented. Group 1 used the same sizes, the same-sized semicircles pointing in the same direction, same shapes (circles) and color (yellow) to represent the eggs of a cockchafer. Same size, color, and shape codes are also used in group 5’s solution. Two green triangles of equal size are used for the spider’s jaw claws and circles for the eyes. As seen on the prosoma two of the same size semi-squares are connected vertically with each other. Group 2 used shape combinations as codes “far beyond the essentials” and the size combination utilization was “fully met in the essential areas.” Only group number 3 hardly used geometric shape codes, and furthermore, no color and size codes. Concerning the debugging, at least all groups “fully met in the essential areas.” From the observer’s point of view, all students found mistakes and improved them on their own, recognized patterns and codes from the other groups, and further incorporated them into their own codes to improve their solutions, especially in groups 1, 4, and 5. As seen in Figure 6, group 4’s first approach was that Araneae have a caput, a thorax, and an abdomen, i.e., a body structure like an insect. After comparison with the other groups, their first approach was improved, and the final solution showed the prosoma and the opisthosoma.

After analyzing the photos, the findings indicate that with the utilization of the game the previously defined teaching and learning goals for CT were fulfilled “far beyond the essentials” for groups 1, 4 and 5, “beyond the essentials” for groups 2 and 3 only “largely fulfilled” the tasks “in the essential areas.” These results regarding the learning and teaching goals in CT and biology appear verified after comparing the intensity of collaboration within the different groups: The students of groups 1, 4 and 5 collaborated in peers “far beyond the essentials” to solve all problems and tasks together, but groups 2 and 3 only “fully met in the essential areas” in this category. In summary, with the results concerning CT, it can be assumed that the game PolyUni can be successfully used in biology classes to promote CT in digital literacy in secondary school.



3.2. Results: W2 “poly-universe in physical education”

Results related to the game and task design suggest that all groups understood both the task and the function of the game after the teacher explained it. The same results could be found regarding task comprehension. Furthermore, it was shown that all six groups were able to initiate the game without additional explanatory aids after the teacher’s introduction. It also became apparent that the game was particularly enjoyable “far beyond the essentials” for most of the participant groups (1, 3, 4, and 6). As for the results concerning the Austrian physical education curriculum, the data should be interpreted with caution. Since PolyUni was embedded in the lesson structure only as a cognitive subsection, student experiences with similar tasks were included in the analysis. With this information in mind, the data provide preliminary evidence to suggest that with the help of PolyUni, most of the students may appropriately apply and convey prior information regarding previous contents of PE lessons. Considering that the task “Tangram” (Saxon and Stettner, 2019) was already the content of the physical education of all group participants in its original variation, it was unsurprising that the game allowed the students to accurately define and explain prior knowledge. Minor difficulties were encountered in the transition from the original game idea “Tangram” to the variant with the game’s elements. Only students from groups 1 and 3 were fully capable of accurately comprehending and presenting. and explaining new material, whereas the remaining groups needed additional explanations in the introductory part of the lessons (Figure 10).

[image: Figure 10]

FIGURE 10
 Results of the comparison of all six participating groups from workshop 2. The Y-axis shows the grades 1–5, according to the researcher, and the X-axis is showing excerpts of the CTC-AG items.


A similar picture emerged during the learning goal orientation, whereby group 2 was the only group that could not fulfill the predefined teaching goals from the observers’ point of view. At the same time, results regarding CT yielded some interesting findings. First, the data showed that all students were able “far beyond the essentials” to complete the objective by exploring, playing, and/or tinkering. Additionally, every group seemed to be able to divide a difficult problem into smaller ones and complete the assignment. To address challenging issues, all students also seemed to utilize PolyUni to find patterns, similarities, and contrasts. Moreover, all students were able to find patterns, similarities, and contrasts to tackle complex problems. Differences between the individual groups only became clear in the way the tasks were processed. It was found that groups 1 and 3, and to a lesser extent group 4, were particularly good at blocking out unnecessary details and avoiding attentional distractions to solve the task. Group 5 and 6, on the other hand, managed the task with some difficulty regarding task focus, whereas group 2 frequently excelled due to distractions from various group members. Furthermore, possibly due to the basic idea of the game “Tangram,” the data showed that all groups were able to adequately use geometric figures as well as color and size combinations to accomplish tasks.

However, major differences were revealed in the detection and processing of faulty work steps. Whereas groups 1 and 3 identified and corrected errors independently, the remaining groups sought help from the teacher to varying degrees to solve the task. A similar trend was again reflected in the ability to use algorithms in a task-specific manner. This showed that groups 1 and 3 stood out particularly positively, while group 2 required assistance more frequently. However, commonalities emerged in the collaboration between individual group members of each team, as a high proportion of teamwork was observed in all groups. Finally, it became apparent that by using PolyUni, the teacher was able to complete the teaching goals and learning objectives for CT and digital literacy to a full extent in groups 1 and 3. In groups 4, 5 and 6, the task only partially met the predefined learning objectives and for group 2, the task was found to be unsuitable from the observers’ point of view (Figure 11).

[image: Figure 11]

FIGURE 11
 Solutions of “Tangram” (Saxon and Stettner, 2019) tasks in W2.




3.3. Results: W3 “poly-universe in digital education”

In W3, all students of the six groups at least “fully met the essential areas” by understanding the tasks and the rules of the game. All groups only needed a little support by the research team but had a lot of fun with the dance programming (Figure 12).

[image: Figure 12]

FIGURE 12
 Results of the comparison of all six participating groups from workshop 3. The Y-axis shows the grades 1–5, according to the researcher, and the X-axis is showing excerpts of the CTC-AG items.


With regard to the “Digital Education” curriculum, all students also achieved at least “beyond the essentials” the previously defined teaching objectives. Neither in the category “Task” nor “DGE Curriculum” did one group stand out particularly prominently in one direction or the other. All participating children of W3 were on a very similar level and there were hardly any differences. This is also evident in the “CT” category. All groups played and experimented with the PolyUni parts and created new codes for individual dance moves. Particularly many and different codes for dance movements (between 5 and 13 different codes; group1: f = 13) were created by groups 1, 2, 4 and 5, but over all, all participants developed new movement sequences, as shown in Figure 13.

[image: Figure 13]

FIGURE 13
 Students in W3 are dancing their own dance programming (left) and creating new codes for every movement using the PolyUni tiles (right).


After the photo analysis, it is striking that all groups found mistakes on their own (de-bugging) and could improve their dance algorithms on their own, without any additional help from the research team. Furthermore, all participating students could recognize patterns and (dance) codes with the PolyUni tiles from other groups, and incorporate them into their own codes and representations to improve their final approach. Therefore, all predefined objectives were achieved at least “beyond the essentials” with regard to CT.




4. Discussion

Even if at first glance the connection between CT and such diverse subjects, especially B and PE, seems impossible, previous studies show that this is not (Hammrich et al., 2021; Galoyan et al., 2022). However, in order to be able to make general statements more scientific research must be done in this field in the future. The game Poly-Universe clearly shows positive effects on the participating students throughout several studies, especially relating visual perception and attitude change toward STEAM-related tasks. It can therefore be assumed that Poly-Universe can also be usefully applied to other subjects and school levels (Dardai, 2018; Hoffmann, 2020). Based on these conclusions and preliminary results, new and adapted teaching materials with the game were invented for the three Austrian subjects, B, PE, DGE, in order to not only teach the participating secondary school students the required teaching material in a creative, innovative, fun, and game-based way, but also to promote CT.

In further considerations and conclusions it must be included, that the majority of the 80 students were girls, and there is a risk in using the participating observation method that the objectivity can suffer due to the complete participation (DeWalt et al., 1998). Previous studies showed similar findings, that game-based learning promotes enjoyment in class and it can be assumed that it positively affects students’ collaboration (Vandercruysse et al., 2012; Hamari and Koivisto, 2015; Crocco et al., 2016). However, it must be mentioned that the three classes were deliberately chosen for these three workshops (W1-3). On the one hand, because three of the authors actively teach as in-service biology, physical education, and digital education teachers in these classes. Further, the BRG Steyr is a partner institution of the research team. To reduce researchers’ bias in reporting and analyzing the data, participants were additionally observed by authors who did not create the tasks themselves and were not actively teaching in those classes. The observations and written records were then evaluated by all authors. On the other hand, because the majority of the classes studied are girls, the research team was also keen to promote interest in CT among young people, especially girls, from an early age. In addition, it should also be noted that three workshops with 80 children has no general significance. However, a positive trend towards the use of PolyUni as an educational game to promote CT in secondary school can already be seen in this study, but has to be further researched in the future.

This study surveyed which CT concepts were positively influenced and promoted in regards to PolyUni. In summary, the following concepts and skills were be promoted using the PolyUni game within all secondary school workshops: the students had to simplify and abstract the illustration of animals (W1: e.g., an eye of a spider is represented by a square shaped PolyUni tile), geometric shapes (W2: represent geometric figures in squares, triangles and circles), and dance programs (W3: one color represents one movement) (Abstraction), recognize similarities and differences between insects and spiders (W1: e.g., number of legs; insects have three-part bodies, spiders have two-part bodies), geometric tasks (W2: e.g., number of squares), and dance moves (W3) (Pattern recognition), and had to break down complex tasks into subtasks and sub-problems (W1-3: e.g., dance program consists of different parts, repetitions) (decomposition). Regarding solutions on how to generalize animals and their characteristics (W1), a geometric shape (W2), or a dance program (W3) (Generalization), the participants had to use a wide variety of color, size, or geometric form combinations and algorithms that stood for certain movements (W3: e.g., red color stands for raising your hand up), shapes (W2: only using triangle-shaped tiles), or animal characteristics (W1: square-shaped tiles are used for legs, yellow circle-shaped PolyUni elements are used for eggs; W1-3 create an algorithm for a specific shape or dance movement) (Coding, Algorithmic Thinking). The codes of the dance steps (W3) can generally be recorded and automatically reproduced by programs (automation). All of the participants had to experiment and play with the PolyUni elements (Experimentation & Tinkering), and were able to change their approaches at any time through the solutions of others, recognize mistakes and patterns of others and thus optimize their final solutions (Debugging) in all workshops (W1-3: group discussion, group work).

The majority of the children were able to present the illustrations of their tasks (e.g., animals, dance codes) in a simplified manner (Abstraction) in order to represent the most important characteristics of, for example, insects and spiders (Generalization). Furthermore, the results concerning the breaking down of complex problems also indicate that the tasks were selected to be child- and age-appropriate and that the individual elements of PolyUni obviously invite students to try them out, and enjoyably play with their peers.

It can be assumed that a great collaboration and enjoyment during a lesson can very well have a positive effect on a student’s learning success whilst using PolyUni in an educational context. Furthermore, findings suggest that PolyUni can be used successfully outside of the math curriculum, as seen in the study by Hoffmann (2020), as well in this case in biology, digital, and physical education classes. Above all, dance programming is an innovative alternative to teach and learn CT and basic IT concepts (e.g., algorithms) in a creative way. In terms of fun, there were some differences in the second workshop (PE): a possible explanation for a slightly different result in the second workshop is that the students could not see the approaches and results of the other groups very well while working out. From this finding, it can be concluded that if the focus in a teaching unit is on finding errors (de-bugging) or code (pattern) recognition in other groups, no strenuous movement exercises, such as running, should take place at the same time.

Finally, this study also surveyed how the educational game affects the learning success in the respective subjects. Overall, from the point of view of the observers, most of the students were able to achieve the previously defined teaching and learning goals for CT and digital literacy with PolyUni, especially in the biological and digital education workshops. The results indicate that also the strenuous endurance run during the exercise probably had a negative impact on the CT results (pattern recognition and incorporation). On this point, further studies with more moderate sports exercises or shorter running phases must be carried out in the future to confirm the assumptions.



5. Conclusion

In this research, three workshops were held at an Austrian school by implementing Poly-Universe into the courses to examine whether the game can be used successfully in biological, digital, and physical education in secondary school, to teach the required curricula, and further, promote CT at the same time. To explore these assumptions, the participating students were observed, the photos of the presented results and during W1-3 were analyzed for their correctness, and the results were recorded in a self-designed evaluation grid, which was then evaluated. Regarding the positive influence of fun on learning outcomes, the results vary between the three workshops in this study. In W2, findings indicate that the participating students who had less fun with the exercise than the rest of the students showed poorer results in the previously defined teaching and learning goals and had more issues correctly understanding, presenting, describing, and explaining new content. Further findings indicate that most groups in W1-3 had no problems understanding the game itself and were able to start the exercises without much additional help or further explanation. The results show that the tasks and explanations were designed to be age- and student-appropriate and that the students also understood the basics of PolyUni.

The majority of participants met their teaching and learning objectives. We examined not only the predefined teaching and learning goals of the curricula, but also other positive effects on students: During the lectures, most of the participants of all three workshops collaborated well with their peers. Furthermore, they enjoyed using the game during the lectures, especially whilst creating new codes for their dance programming.

All groups were able to use CT skills, such as abstraction, generalization, problem-solving, and the ability to break complex problems into subproblems, as well as using the files to tinker, play, or experiment with the PolyUni game. Additionally, all students were able to identify similarities, differences, and recognize patterns to solve complex problems. Most of the participating students used codes of geometric shapes, sizes, and color combinations, to correctly present new or previous learning biological content or to solve the physical education tasks. It is also striking that, especially in the first workshop, most of the students recognized their own mistakes in their approaches and codes and were able to solve them well by comparing them with others. Overall, from the point of view of the observers, most of the students were able to achieve the previously defined teaching and learning goals for CT PolyUni, especially in the first and last workshops.

Therefore, it can be assumed that the game is a great educational tool in various subjects in the secondary school promoting CT skills. The original learning benefit for which this game was designed can also be extended to teach the required curriculum in DGE and promote CT in B, DGE, and PE. In addition to the examples given in the article, in the “PUSE Methodology” material collection for primary and secondary school students, there are numerous teaching examples for various STEAM subjects available online as OER. These range from simple mathematical tasks (e.g., recreating given geometric shapes) up to more advanced exercises (e.g., Biology: characteristics of flowering plants).



6. Outlook

The participating students in this study showed increased collaboration and enjoyment during the workshops, therefore, further studies with adapted B, PE, DGE, and dance exercises in Austrian elementary and primary schools will take place in winter and summer 2023. Additional qualitative research will also take place in 2023 and 2024. In addition, further workshops for secondary education, not only for B, PE, and DGE, but also for other subjects, are planned on this promising topic in 2023.
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Background: The advancement of digital technology implies the importance of polychronic learning. Since polychronicity is not equivalent to multitasking behavior, they need to be considered separately. However, less research has been explored on how polychronicity is related to multitasking behavior in the educational field.

Objective: To explore the relationships among polychronicity, multitasking behavior and learning performance (including knowledge acquisition and learning satisfaction) in an online learning environment.

Methods: The relationship among variables was analyzed from 865 responses obtained from a questionnaire survey, and independent sample t tests and SEM analysis were used to examine the research hypotheses.

Results: College students showed a higher frequency of multitasking behavior, time tangibility and scheduling preference, and learning satisfaction in multitasking online learning environments than high school students. Additionally, college students were different from high school students on the paths of involvement with people to multitasking behavior (Δ χ2= 5.42, p = 0.02) and scheduling preference to learning satisfaction (Δχ2 = 9.54, p = 0.002).

Conclusion: The relationship among polychronicity, multitasking behavior and perceived learning performance in an online learning environment varies by student educational stage.

KEYWORDS
 polychronicity, multitasking, learning performance, online learning, knowledge acquisition, learning satisfaction


1. Introduction

COVID-19 has forced educational institutions to promptly respond to this emergency and take a big step forward from traditional face-to-face learning to online learning to ensure that education continues (Gumede and Badriparsad, 2022). Previous studies have pointed out the advantages of online learning, including time and cost effectiveness (Elida et al., 2012; Almahasees et al., 2021), flexible use of time and space (Lemay et al., 2021; Maqableh and Alia, 2021; Turan et al., 2022), and the repetitive learning features of online resources (Bdair, 2021). These online resources are considered especially important for students’ self-directed learning, but research also points out that students’ online self-directed learning is challenging because students report that they are easily distracted and have limited attention (Lemay et al., 2021; Maqableh and Alia, 2021), which in turn affects their academic performance (Kim et al., 2022).

Distraction and inattention may be exacerbated by learners’ multitasking behavior (MB; Cebollero-Salinas et al., 2022). However, time-limited multitasking seems to be different from the current online learning ethos that emphasizes flexibility and self-direction. The recent education reform in Taiwan requires the cultivation of interdisciplinary, independent, and autonomous talent, prompting self-directed online learning to become the focus of education in Taiwan and emphasizing students’ personalized learning processes rather than learning within a given time (Chen and Li, 2021). Given the lack of research on MB in online learning, one of the study’s purposes is to explore MBs in online learning and students’ perceived learning performance.

Multitasking behavior is closely related to polychronicity. Polychronicity is an individual’s natural tendency or preference for constructing time (Sanderson, 2012; Capdeferro et al., 2014), specifically defined as an individual’s preference to participate in two or more tasks or events simultaneously and the belief that one’s preference is the best way to do things (Bluedorn et al., 1999). Although studies of polychronicity are rare in educational settings, previous studies have shown differences in multitasking behavior among students at different levels of education (e.g., Jeong et al., 2010). However, polychronicity needs to be discussed more in online education. Based on the relationship between multitasking behavior and learning outcomes, as well as the relationship between multitasking behavior and polychronicity, this study explores the relationship between polychronicity, multitasking behavior, and learning outcomes by considering differences in educational stages.



2. Literature review


2.1. Online multitasking and learning performance

Distraction and inattention are often seen as a result of a learner’s multitasking behavior (Cebollero-Salinas et al., 2022). Learning multitasking behavior is defined as distraction and nonsequential task switching of ambiguous tasks performed in a learning environment (Chen and Yan, 2016), and multitasking behavior seems to be more likely to arise in an online learning environment because information technology (IT) combined with the internet has brought changes to the working patterns in time allocation (Lee and Perry, 2001). IT makes learning no longer limited by time and space, thus changing traditional classroom experiences to being intermittent, multidirectional, and nonsequential and easily disrupting the traditional view of time and space in learning activities (Capdeferro et al., 2014). This also means that IT provides the opportunity for learners to multitask. Sun and Zhong (2020) pointed out that media users are more likely to engage in multitasking behavior and behavioral responses to new information and communication technology applications in today’s mobile media era. Media multitasking behavior can be defined as using more than two types of media at the same time (Rideout et al., 2010) or quickly switching between tasks on the same media, such as working with multiple browsers or using several types of software simultaneously (Cardoso-Leite et al., 2015).

Multitasking behavior is often used to explore student learning outcomes. However, previous research has been administered mainly in the context of multitasking learning in a given time period to find the relationship between learning outcomes and multitasking behaviors, revealing that multitasking learning behaviors lead to anxiety (e.g., Seddon et al., 2021), poorer academic performance (e.g., Loh et al., 2016), or perceived lower learning performance (e.g., Fried, 2008).



2.2. Online multitasking and polychronicity

Szumowska et al. (2018) noted the difference between behavior and preference and argued that multitasking behavioral performance does not represent an individual’s preference for multitasking. Preference for multitasking is nearly equivalent to polychronicity (Szumowska et al., 2018). As a natural trend or preference for constructing time (Sanderson, 2012; Capdeferro et al., 2014), polychronicity is defined as the preference for simultaneous involvement in two or more tasks or events and the belief that one’s preference is the best way to do things (Bluedorn et al., 1999). This definition of general polychronicity was adapted to the computing context and called computer polychronicity (Davis et al., 2009).

According to Palmer and Schoorman (1999), there are three distinct dimensions that are typically associated with polychronic structure: time-use preference, context, and time tangibility. These three dimensions were again applied to individual-level polychronicity and called scheduling preference (SP), involvement with people (IP) and time tangibility (TT; Capdeferro et al., 2014). Polychrons refer to those who have polychronic character. First, they value interpersonal interaction and involvement with other people (high IP). Therefore, they cross the boundaries between work and nonwork domains, such as social and leisure activities. Second, polychrons favor simultaneous activities (high SP). They prefer doing many things at the same time, show tolerance to multitasks at a given time, and effectively address interruptions and unpredictability. Finally, polychrons have time-use preferences and believe that time is not tangible and cannot be managed but is the background for an event. Since time is not a tangible resource for them, people in high-context cultures do not think they have to finish their work in a certain period of time or think that it is problematic to leave tasks unfinished (Hecht and Allen, 2005; Capdeferro et al., 2014). However, Luo et al. (2021) found that polychrons in an IT-supported learning environment prefer to work in a timely, time-saving and schedule-based manner (high TT). As polychrons are more likely to undertake multiple tasks, they may be able to achieve more goals than monochrons under the same work conditions. Thus, time management enables polychrons to complete tasks on time and even complete more tasks. Given this, this study proposes the following hypothesis:


H1: Students tend to be more polychromic (including time tangibility, involvement with people, and scheduling preference) and their multitasking behavior is more frequent.
 



2.3. Polychronicity and learning performance

Capdeferro et al. (2014) argued that we may better understand students’ learning behaviors in IT environments with the concept of polychronicity because various learning activities under IT environments occur in a polychronic manner, such as web browsing, interacting with peers on discussion boards, and responding to a teacher. Therefore, compared to monochronic learners, polychronic learners may feel more comfortable with a more flexible timeframe and more interactive environments. This can be explained by the person–environment fit (P–E fit) theory based on the interactionist theory of behavior (Chuang et al., 2016). The P–E fit theory argues that individuals’ unique behaviors must be understood in the specific situations in which they occur (Payne et al., 1982). Interactionism regulates the interaction between personal characteristics and situations and argues that only when situational cues related to individual characteristics exist, that is, situation-trait relevance, can these individual-related characteristics produce behaviors consistent with the characteristics (Geukes et al., 2012). Based on this assumption, interactionists believes that certain environmental conditions can be adapted to individual characteristics, which can lead to better individual performance and higher satisfaction (Chuang et al., 2016). The existing research has also shown that matching personal characteristics with environmental characteristics is an effective predictor of overall work satisfaction (Hardin and Donaldson, 2014).


H2: Students tend to be more polychronic (including time tangibility, involvement with people, and scheduling preference) and their perceived learning performance is better.
 

Predictably, polychronicity is the most important indicator of MB and leads to such behavior (König et al., 2010; Kirchberg et al., 2015; Lepp et al., 2019). For example, Lepp et al. (2019) found that polychronicity is positively associated with multitasking during online learning activities. Polychrons may be more willing to challenge multiple tasks in a given time period and are satisfied with work that requires multitasking (Sanderson, 2012), and vice versa. Madjar and Oldham’s (2006) research indicates that polychrons experience higher time pressure in a work environment where tasks are completed sequentially than in a work environment where tasks are alternated; for monochrons, the opposite is true. However, existing polychronicity studies have mainly focused on the concept of time orientation in the workplace (Manrai and Manrai, 1995; Hecht and Allen, 2005; Kirchberg et al., 2015; Bhattacharyya et al., 2018). The time factor in IT integration has been largely ignored in learning research, and polychronicity studies are rarely found in educational settings, although learners’ time orientation is an extremely important variable in the educational environment, especially in an online learning environment, which has great potential for polychronicity (Barbera et al., 2012; Capdeferro et al., 2014). The learning process involved in IT makes events and tasks increasingly occur in a polychronic manner, and students are usually expected to engage in their learning activities accordingly (Lee and Perry, 2001; Capdeferro et al., 2014). However, not every learner feels comfortable engaging in this IT learning environment because of the differences in learners’ time perceptions (for example, polychronicity and monochronicity; Capdeferro et al., 2014). Given this, this study proposes the following hypothesis:


H3: Students’ multitasking behavior is more frequent, and their perceived learning performance is better.
 



2.4. The influence of education stage

Teenage students are known as digital natives, millennials, or i-Gen groups (Akçayır et al., 2016), which means that these students are taken for granted that they are good at using technology. However, although these teenage students were seen as a tech-savvy group, IT experience may have played a role in the differences. Multitasking behavior is malleable, and task-switching behavior can increase with usage (Cardoso-Leite et al., 2015; Moisala et al., 2016). Jeong et al. (2010) pointed out that college students have more media use time and exhibit more frequent media MBs than high school students. This shows that adolescent students may have differences in media MB across age groups due to different daily lifestyles. Given this, this study proposes the following hypothesis:


H4: The relationships among polychronicity (including time tangibility, involvement with people, and scheduling preference), multitasking behavior and perceived learning performance differ between high school students and college students.
 




3. Materials and methods


3.1. Participants

This cross-sectional study was administered among Taiwanese youths using convenience sampling methods. A total of 939 students from four high schools and two colleges responded to the questionnaire. After we excluded 66 incomplete and invalid questionnaires, 873 valid questionnaires remained. Furthermore, eight questionnaires were excluded because the participants self-reported that they had no experience using technology (such as mobile phones, computers or tablets) for learning. Ultimately, 865 questionnaires were included in the analysis. The background of the 865 respondents indicated that 51.21% were high school students and 48.79% were college students.



3.2. Instruments


3.2.1. The scale of MB in online learning

This scale was mainly used to evaluate students’ participation in multiple tasks in the process of using digital technology, such as mobile phones and computers, to learn. These items were developed based upon related literature (Kaufman et al., 1991; Bluedorn et al., 1999; Poposki and Oswald, 2010; Haase et al., 2016). It is a 6-point Likert scale ranging from “never” (1) to “always” (6). The exploratory factor analysis (EFA) showed that the Kaiser–Meyer–Olkin (KMO) test value was 0.76 (χ2 = 1127.40, p < 0.001), the factor loadings ranged from 0.68 to 0.86, and the total explained variance was 62.49% (α = 0.80). The final scale contained 4 items (e.g., “When I use digital technology such as mobile phones and computers to learn, I do many things at the same time”) attributed to one factor.



3.2.2. The scale of polychronicity in online learning

To measure the participants’ polychronicity in online learning, we used the Polychronicity in IT-Supported Learning Scale (Luo et al., 2021). The scale consisted of three subscales in the context of using digital technology such as mobile phones and computers to learn: time tangibility (TT), involvement with people (IP), and scheduling preference (SP). In their study, the subscales were reliable (α = 0.84 to 0.89), and the model fit of the exploratory factor analysis results was ideal (CMIN/DF = 1.84, RMSEA = 0.05, TLI = 0.97, CFI = 0.97, SRMR = 0.043). In this study, the reliability of each aspect of the scale is: TT (α = 0.90), IP (α = 0.87), and SP (α = 0.85).



3.2.3. The scale of perceived online learning performance

This scale was mainly used to evaluate students’ perceptions of the effectiveness of online learning, and these items were developed based upon related literature (e.g., Hsia and Tseng, 2005; Liu and Wu, 2017). Responses were given on a 6-point Likert scale ranging from 1 (definitely disagree) to 6 (definitely agree). The EFA showed that the KMO test value was 0.92 (χ2 = 6384.59, p < 0.001), the factor loadings ranged from 0.71 to 0.84, and the total explained variance was 78.48%. The scale was divided into two aspects: knowledge acquisition (KA) contained 4 items (α = 0.92; e.g., “Online learning allows me to learn more knowledge”) and learning satisfaction (LS) contained 5 items (α = 0.92; e.g., “I am satisfied that online learning has improved my confidence in learning”).




3.3. Research ethics

All participation was voluntary, anonymous and confidential. We did not collect any information that could be provided to the participants, and the participants had the right to refuse to participate in the study at any time without any penalty. The analysis results are also presented in a holistic manner.




4. Results


4.1. Hypothetical SEM test

SEM for the total sample showed that [image: image] The test failed to obtain nonsignificant results, likely because the [image: image] value is sensitive to the number of cases (Bergh, 2015). Therefore, in large samples, the [image: image] value may not be an appropriate indicator, and alternative indicators will be needed (Luo et al., 2021). Other indicators used in this study showed that χ2/df = 4.74, TLI = 0.92, CFI = 0.93, and RMSEA = 0.07, all satisfying the following criteria: χ2/df  <  5 (Jöreskog and Sörbom, 1993), TLI > 0.90 (Bentler and Bonett, 1980), CFI > 0.90 (Li, 2006), and RMSEA < 0.08 (McDonald and Ho, 2002), indicating that the fit between the model and the observed data was good.



4.2. Path relationships between multitasking, polychronicity, and perceived learning performance

As shown in Figure 1 and Table 1, the results of the structural model assessment revealed that the 11 main paths in the whole sample are significant except the path of “involvement with people” to “knowledge acquisition.” Specifically, most of the research hypotheses H1 to H3 have gained statistical support.

[image: Figure 1]

FIGURE 1
 The standardization coefficient pattern of the SEM. SP = Scheduling preference, IP = Involvement with people, TT = Time tangibility, MB = Multitasking behavior, KA = Knowledge acquisition, LS = Learning satisfaction.




TABLE 1 Path relationships among multitasking behavior, polychronicity, and perceived learning performance (n = 865).
[image: Table1]



4.3. Comparison the differences between education levels

The independent sample t test analysis results in Table 2 show no significant difference between the high school and college students in IP or KA. However, the college students scored significantly higher than the high school students in MB, TT, SP, and LS.



TABLE 2 T test of multitasking, polychronicity, and perceived learning performance across educational levels.
[image: Table2]

The paths of the SEM were examined according to education levels. The goodness-of-fit indices for the high school student sample were [image: image]χ2/df = 2.69, TLI = 0.93, CFI = 0.93, and RMSEA = 0.06; the goodness-of-fit indices for the college student sample were [image: image]χ2/df = 3.71, TLI = 0.89, CFI = 0.90, and RMSEA = 0.08. In general, the criteria were very close to or higher than the standard, indicating acceptable goodness-of-fit for the sample data and justifying further analysis.

Table 3 shows the estimates of the hypothetical SEM for the two subsamples. In the high school student sample, the path relationship between IP and KA was nonsignificant. In addition, SP had no significant effect on either LS or KA. In the college student sample, IP had no significant effect on MB, LS, or KA.



TABLE 3 Cross-group path coefficient invariance test results.
[image: Table3]

Furthermore, multigroup analysis was performed, which allowed analysis of the coefficient of the different paths of the two groups. As shown in Table 3, there were significant differences between the groups on the paths between IP to MB and SP to LS. The research hypotheses were partially supported for H4 (Figures 2, 3).

[image: Figure 2]

FIGURE 2
 The standardization coefficient pattern of the SEM for the high school student sample. SP = Scheduling preference, IP = Involvement with people, TT = Time tangibility, MB = Multitasking behavior, KA = Knowledge acquisition, LS = Learning satisfaction.


[image: Figure 3]

FIGURE 3
 The standardization coefficient pattern of the SEM for the college student sample. SP = Scheduling preference, IP = Involvement with people, TT = Time tangibility, MB = Multitasking behavior, KA = Knowledge acquisition, LS = Learning satisfaction.





5. Discussion

In the predictive relationships of the entire sample, “scheduling preference” is an important predictor of “multitasking behavior” and perceived learning performance. This result is consistent with the general intuitive assumption that when learners prefer to do multiple things in a given time period and believe that this method is the best way to do things, they are more likely to adopt “multitasking behavior” (König et al., 2010); furthermore, a multitasking learning environment is in line with their personal interests and needs, which increases their satisfaction (Sanderson, 2012; Chuang et al., 2016). In addition, “time tangibility” can also predict “multitasking behavior” and perceived learning performance. That is, people who prefer to work in a timely, timesaving, and schedule-based manner actually participate in more tasks simultaneously and experience higher satisfaction in the process of using digital technology to learn. Luo et al. (2021) and Nonis et al. (2005) pointed out that “time tangibility,” which is closely related to time management, enables people to complete tasks on time or even deal with more tasks, and it is in line with the online learning environment that requires learners to perform learning tasks in a polychronic manner (Lee and Perry, 2001; Capdeferro et al., 2014; Lepp et al., 2019). Finally, the “involvement with people” aspect of polychronicity in online learning did not predict “knowledge acquisition.” It is possible that although emerging IT has multiple interpersonal interaction functions, Taiwanese students still seldom use these interactive functions in IT-supported learning, possibly because obedience and silence in classroom learning have long been aspects of the learning culture of Chinese students (Luo and Yang, 2018), which may extend to virtual online learning environments. Therefore, “involvement with people” may not reflect knowledge acquisition in the online learning environment.

Jeong et al. (2010) found that the frequency of media multitasking behaviors differed between high school students and college students because of the differences in their daily life schedules. This study aligns with a previous study (Jeong et al., 2010) and further finds that college students’ frequency of “multitasking behavior,” “scheduling preference” and “time tangibility” and their “learning satisfaction” in multitasking online learning environments were significantly higher than those of high school students. This may be because college students have more experience in using technology to learn than high school students (Jeong et al., 2010), which is evidenced in studies revealing more time overall in internet usage (Taiwan Network Information Center, 2018) and a higher percentage of internet addiction than high school students (Writer, 2022). Personal possession of technological media increases individuals’ use of technological media. Accessibility provides individuals with more opportunities for media MBs, thereby improving their self-efficacy in the use of technological media and increasing their preference for “multitasking behavior” in technological media (Srivastava et al., 2016).

Furthermore, this study found that, for students at different educational stages, different aspects of polychronicity had different predictive relationships on online learning “multitasking behavior” and perceived learning performance. “Scheduling preference” positively predicted “multitasking behavior” and perceived learning performance for both high school and college students. This result seems not surprising. As mentioned above, students who prefer and believe that multitasking is an ideal method are more likely to prefer multitasking behavior (König et al., 2010) and are more satisfied with the online learning environment, which may be potentially full of multitasking (Sanderson, 2012; Chuang et al., 2016). The statistical results of different education stages further explain that this phenomenon applies to many young people.

“Time tangibility” had a significant impact on the learning performance (including “knowledge acquisition” and “learning satisfaction”) of college students but not on that of high school students. Especially in “time tangibility” and “learning satisfaction,” the path coefficients of the two samples were significantly different. This may be because students with “time tangibility” feel that they can complete tasks on time or even complete more tasks through time management, resulting in higher academic performance (Nonis et al., 2005; Luo et al., 2021). In addition, “time tangibility,” which is related to time management, relates to students’ successful self-regulated learning. Liu et al. (2014) showed that time management was associated with self-regulated learning and that both positively predicted learning engagement. Wu (2017) found that students’ media multitasking indirectly predicted course grades through perceived attention and self-management strategies. Students’ learning performance on media multitasking can be improved by using attention regulation strategies, while students at higher stages of education have a clearer understanding of their learning patterns and are better able to regulate their learning in specific situations (Song and Vermunt, 2021).

High school students were more likely to be involved with people and had a higher frequency of multitasking behaviors, suggesting that media multitaskers were more likely to value online socializing (Zhong et al., 2011). However, this relationship did not apply to college students, possibly due to the aforementioned regulation strategies. College students can master multitasking more effectively than high school students through self-regulation strategies without being affected by interpersonal relationships. The positive effect of IP on “learning satisfaction” was also shown among high school students but not among college students, highlighting the importance of online socialization for high school students’ learning. For high school students who are primarily in adolescence, a desire to “fit in” with peers is characteristic (Wang and Chen, 2018), and “involvement with people” satisfies their desires, leading to positive “learning satisfaction.” However, “involvement with people” did not significantly predict “knowledge acquisition” in either college or high school students. Previous research has shown that interpersonal engagement in the classroom, such as collaborative learning and classroom dialog, must be a part of effective teacher scaffolding to produce good learning benefits (Muhonen et al., 2016; Chan, 2020). Therefore, online “involvement with people” may lack scaffolding guidance and effective collaboration and dialog, leading to reduced “knowledge acquisition.”

Interpretation of our findings should be made with caution due to the following limitations. First, due to individual subjectivity, students’ self-reports may not reflect their actual multitasking behaviors. Second, although we found that polychronicity is related to multitasking behavior and perceived learning performance, these variables are possibly not causally related in a practical sense. To clarify this issue, other research methods, such as experiments or observation methods, should be used in future research to deeply examine polychronicity, multitasking behavior and learning performance in an online learning environment. Finally, the “knowledge acquisition” investigated in this study is the result of students’ subjective perceptions, lacking objective data on academic knowledge and academic performance. Future research should consider collecting multiple academic achievements. Although there are limitations in this study, it is still helpful for developing a preliminary understanding of the polychronicity, multitasking and learning performance of online learning, as well as the differences across educational stages, and can be regarded as a basis for subsequent research development.



6. Conclusion

Media multitasking behavior has become a response to the application of digital technology, which also reflects that online learning multitasking behavior suitable for digital media ecology results in higher learning performance for both high school and college students. However, students’ mastery of self-regulation strategies at different educational stages caused by learning experiences may influence digital learning multitasking behavior and learning performance. In addition, the quality of involvement with people may be one of the antecedent factors affecting students’ online learning outcomes. Therefore, it is suggested that future research consider the moderating effects of self-regulation strategies and the quality of cooperative scaffolding and classroom dialog on polychronicity, multitasking behavior and learning performance in an online learning environment.

Future studies can also further examine what motivates heavy polychronic, or molychronic, learners to perform online multitasking behaviors in their learning engagement and how those learners activate and regulate cognitive capacity in their processing and consuming different media tasks at hand (cognitive/attentional control, executive functioning, media type attention, superficial/deep level of processing) and their cognitive/affective/physiological emotions (positive feelings accomplishments or negative stress) associated with their online multitasking and polychronicity activities (the perceived feeling of control, cognitive overload, perceived ability to process all information). Finally, future studies can further examine behavioral and neural as well as inhibiting or stimulating indicators related to the cognitive/affective/social mechanism of students’ engagement in polychronicity and multitasking behavior in an online learning environment.
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Personality is considered as the internal factor that defines a person’s behavior. Therefore, providing adaptive features and personalized support in online learning by considering learners’ personalities can improve their learning experiences and outcomes. In this context, several research studies have investigated the impact of personality differences in online learning. However, little is known about how personality differences affect learners’ behavior while learning. To fill this gap, this study applies a lag sequential analysis (LSA) approach to understand learners’ navigational behavior patterns in an online three-months course of 65 learners based on their personalities. In this context, the five factor model (FFM) model was used to identify learners’ personalities. The findings revealed that learners with different personalities use different strategies to learn and navigate within the course. For instance, learners high in extraversion tend to be extrinsically motivated. They therefore significantly navigated between viewing the course module and their personal achievements. The findings of this study can contribute to the adaptive learning field by providing insights about which personalization features can help learners with different personalities. The findings can also contribute to the field of automatic modeling of personality by providing information about differences in navigational behavior based on learners’ personalities.
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 personality, online learning, navigational behaviors, adaptive systems, distance education, lag sequential analysis


1. Introduction

Taking into consideration learners’ individual differences in computer-based learning is important as these differences can define how a given learner behave in a learning environment (Tlili et al., 2016). For instance, learners’ individual differences can affect the learning process, where some learners might find it easy to learn a particular course, whereas others find the same course difficult (Jonassen and Grabowski, 1993). Personality is widely identified as an important indicator of individual differences (Irani et al., 2003; Essalmi et al., 2017). It can affect several important predictors of academic performance, such as learning approaches, effective learning and self-regulation strategies, cognitive abilities, and academic motivation (Barrick and Mount, 1996; Diseth, 2003; Zhang, 2003; Bidjerano and Yun Dai, 2007; Clark and Schroth, 2010; Swanberg and Martinsen, 2010).

In a comprehensive review, Tlili et al. (2016) highlighted the importance of understanding learners’ behaviors based on their personalities to provide adaptive computer-based learning experiences accordingly. Fatahi (2019) also reported that adaptive e-learning environments based on personality improved learners’ performance. Lai et al. (2019) further emphasized the importance of adaptive e-learning based on learners’ personality traits, which facilitated learning efficiency and met learners’ demands; thus, learners may understand the learning materials better. Denden et al. (2021) found that different personality traits prefer different game elements in gamification. They therefore recommended providing adaptive design of gamified online learning systems based on learners’ personality traits. It is therefore important to investigate how learners with different personalities use and navigate through online courses. Navigational behavior refers to how learners navigate through the course and in which order they visit different kinds of learning objects and activities (Graf et al., 2010). Adaptive navigation support, in terms of recommending learners a suitable way through learning materials and activities, is one of the two main ways for adding adaptive functionality to learning systems (Brusilovsky, 2001). Hence, learning about how learners with different personalities navigate through an online course can help to provide adaptive learning features and provide personalized support, which enhance their learning experiences and outcomes.

While there is much agreement on the effects of personality on learning, limited empirical findings are found related to leaners’ navigational behavior patterns in online courses based on their personalities. Therefore, to fill this gap, this study analyzes the learners’ log files on the learning management system Moodle using lag sequential analysis (LSA) to identify their navigational behavior patterns based on their personalities. LSA allows conducting in-depth investigation on learning behaviors or event chains that occur at frequencies greater than chance (Sackett, 1978). In education specifically, LSA takes transitional relationships into consideration to identify temporal differences in learning behaviors (Chen et al., 2017). For example, Graf et al. (2010) applied LSA to investigate the impact of learners’ learning styles on their navigational behaviors in an online course. Cheng et al. (2019) applied LSA to explore the process of co-construction of knowledge where 24 sixth-grade learners are competing in an augmented reality mathematic game. Tlili et al. (2021) also applied LSA to examine the behavioral pattern differences among learners from either China, Tunisia or Serbia who enrolled in an online six-week course. Wang et al. (2022) further applied LSA to investigate how gender might moderate learners’ online learning behavioral patterns.

To identify the learners’ personalities, this study relies on the five-factor model (FFM), which is one of the most common psychological models (Franić et al., 2014) and is frequently used in education (Tlili et al., 2016). It attributes five personality dimensions, namely openness, conscientiousness, extraversion, agreeableness, neuroticism, often abbreviated as OCEAN. Each of these dimensions is discussed in the next section.



2. Theoretical background

Online learning differs from traditional face-to-face learning in the way that it does not require learners to present themselves in an actual classroom setting (Wang et al., 2013). Learners who enroll in online courses have greater flexibility in their learning process as they decide when, where and how to navigate the learning materials (Wang et al., 2013; Hong et al., 2021). With the rapid evolution of technology, online learning research has gained an increasing attention as through technology it can enhance learners’ learning engagement and achievement (Wengrowicz et al., 2018). In this context, several studies called for more investigation on the factors that could affect the process of online learning, such as personality (Sun et al., 2020; Hong et al., 2021).


2.1. Personality

Personality is defined as the internal factor that makes a person’s behavior consistent over time (Child, 1968). It accounts for the individual differences in emotional, interpersonal, motivational and other aspects (McCrae and John, 1992; Gustavsson et al., 2003). Numerous personality theories and models exist in the literature, such as five factor model (FFM; McCrae and John, 1992), Myer Briggs types (Myers et al., 1998) and Han Eysenck’s model (Boeree, 2006).

This study uses the Five Factor Model (FFM) of personality, which is one of the most accepted personality models in the literature (Trull and Sher, 1994; Barrick et al., 2003; Costa and McCrae, 2009) to describe learners’ personality traits. It is validated across various countries and cultures (John et al., 2008; Gurven et al., 2013; Novikova and Vorobyeva, 2019; Murphy et al., 2021). FFM is derived from common language descriptors (DeYoung et al., 2007; Ackerman, 2020). It is an accurate personality model and it is easy to be reused in different contexts (DeYoung et al., 2007). FFM consists of five personality dimensions, namely (John and Srivastava, 1999): (1) extraversion focuses on a person’s sociability, activeness and enthusiasm; (2) agreeableness emphasizes a person’s compliance, altruism and generosity; (3) conscientiousness relates to a person’s self-discipline, achievement-striving and responsibility; (4) neuroticism is concerned with a person’s emotional stability, hostility and impulsivity; and (5) openness refers to a person’s interest in new experience, curiosity and imagination.



2.2. Effects of personality on online learning

Personality has been proved essential to create an adaptive online learning environment. Many studies have emphasized the importance of providing adaptive computer-assisted learning environments based on personality, as personality affects individual learning preferences and learning processes (Tlili et al., 2016; Fatahi, 2019; Lai et al., 2019). For instance, Fatahi (2019) designed an adaptive online learning environment by gathering introverts’ learning preferences. The adaptive e-learning system helped learners perform better with a higher grade. Harrington and Loffredo (2010) claimed that compared to learners high in extraversion who preferred the traditional in-person learning, learners low in extraversion found online learning more comfortable since they did not need to do face-to-face communication with their peers. In terms of online learning adoption, while agreeableness predicted the lowest adoption value, openness and conscientiousness were positively correlated with online learning adoption (Haron and Sahar, 2010; Harrington and Loffredo, 2010).

Furthermore, Arockiam and Selvaraj (2013) proved that personality plays an important role in learners’ preferences of the design of online learning interfaces. Specifically, learners high in extraversion found it easier to recall information colored in blue with “Times” font style, whereas learners high in neuroticism found it easier to recall information colored in green with “Times” font style. Personality can also mediate the learning process (Al-Dujaily et al., 2013). For instance, learners high in extraversion were prone to critical thinking learning approaches in online learning environments (Zhang, 2003); learners high in neuroticism preferred highly structured learning environments (Furnham, 1992); and learners high in conscientiousness preferred organizing learning approaches and advanced time management (Moldasheva and Mahmood, 2014). Furthermore, learners with diverse personality types significantly engaged in learning activities differently. For instance, Lee and Lee (2006) found that compared to learners low in extraversion, learners high in extraversion were more social and interactive. They, therefore, posted more messages in the web-based discussion forums. Yu (2021) found that learners high in agreeableness, conscientiousness, and openness personality traits outperformed those high in extraversion and neuroticism personality traits in online learning outcomes during the covid-19. Finally, Denden et al. (2018) and Tlili et al. (2019) relied on the FFM personality model and revealed that learners’ personalities affect the way learners engage in different learning environments, including educational games and Moodle.



2.3. Research gap and the purpose of the study

Research on online learning effectiveness has experienced a shift towards focusing on learner characteristics or differences like personality traits (Chai et al., 2022). However, only a few studies focused on the relationship between personality and online learning behaviors, and these studies focused on analyzing single behaviors, such as note taking or discussing course related topics with peers (Lee and Lee, 2006; Wu and Hou, 2015). Shang et al. (2020) mentioned that such single behaviors cannot reflect the learners’ cognitive engagement and learning behaviors characteristics in details. Yang et al. (2016) further mentioned that investigating the behavior transformation sequence can deeply explain how learners engaged in a given course and their cognitive behaviors. As such, it would be important to do further studies that consider more complex behaviors and investigate their relationship to personality traits.

Additionally, the existing studies aimed at drawing connections between personality and online learning behaviors focusing on a specific personality trait, such as procrastination (Hong et al., 2021). To the best of our knowledge, no research has examined the effects of a personality model, such as the five-factor model (with five personality traits), on navigational behavior patterns in an online course.

To cover this gap, this study complements the available body of research by analyzing the learners’ personality traits based on the FFM model (considering its five dimensions: extraversion, conscientiousness, agreeableness, neuroticism and openness) and their navigational behavior patterns in an online course. Specifically, this study answers the following research question: How do personality traits of the Five Factor Model affect navigation behavioral patterns of learners in an online course? To answer this research question, this study applies lag sequential analysis (LSA) to investigate the impact of learners’ personality on their navigational behavior patterns in a three-months online course in a public university. LSA was used in this study because it can reveal knowledge-construction behaviors’ temporal dynamics (Zhang et al., 2017; Sun et al., 2021). It estimates the probability of a given behavior to occur, as well as its successive behavior (Bakeman and Gottman, 1997). This can help researchers examine behavior patterns (e.g., Yang et al., 2015; Kucuk and Sisman, 2017; Wang et al., 2022) and understand how a given user might behave in a given context. Therefore, LSA was used in this study to understand how learners with different personalities might behave in an online course.




3. Method


3.1. Study context

Data from a three-months (the length of the semester) Basic Software (BS) course was used in this study. The course aims to help learners learn computer architecture and compilation, operating systems, and assembly language. It was chosen because it is part of the Computer Science curriculum at a public Tunisian university, and it was taught online. All the learners who participated in this experiment were already enrolled in the course. The online course system was run on the learning management system (LMS) Moodle, a free and open-source system.

Weekly learning materials in various forms, such as videos, texts, PowerPoint presentations, external links for online resources and mental break items (e.g., pictures) were uploaded by the teacher. For each course module, the learners had to read different learning materials uploaded by the teacher, as well as finish different assignments. These assignments are quizzes to be answered on Moodle or also a particular exercise that learners had to finish on a separate Word document, and then upload it in Moodle. They also had the chance to update their uploaded assignments, if needed (before the given deadline). The learners were rewarded with a digital badge for each completed course module. Additionally, they could freely use the course forum to post their questions and to communicate with their peers (i.e., not mandatory task). The teacher was more as a facilitator by grading and providing written feedback on the uploaded assignments online. She also encouraged and helped the learners by answering questions and joining their online forum discussions, when needed. Figure 1 presents the whole learning activities on Moodle.
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FIGURE 1
 Learning activities on Moodle.


A summary of each learner’s course achievements was displayed on their profiles. Learners had also the possibility to see their detailed course achievement report (grades, completion rate, collected badges, etc.), as well as the course achievements of their peers. For instance, as shown in Figure 2A, the learners’ profiles show a summary of their course achievements, such as their collected badges, which is visible to all learners. Additionally, the learners had the possibility to see the list of their course peers, and view their profiles (see Figure 2B). Finally, the learners can see the status of their assignments (grades or feedback given by the teacher) (see Figure 2C).

[image: Figure 2]

FIGURE 2
 The Moodle system: (A) learner profile with a summary of their course achievements, (B) list of peers with the access of their profiles, and (C) examples of an assignment status.




3.2. Participants and instrument

Participants were 92 undergraduate learners (66% of them are males and 34% are females) majoring in computer science and aged between 18 and 23. At the beginning of the semester, the learners’ personality traits were identified using the big five inventory (BFI). BFI is validated and widely used in the literature to identify individuals’ personalities (John and Srivastava, 1999). It is a five-point Likert-type questionnaire, with answers ranging from 1 (strongly disagree) to 5 (strongly agree). It consists of 44 items which cover the five personality dimensions in the FFM, such as “I am someone who is helpful and unselfish with others” for the agreeableness dimension and “I am someone who is talkative” for the extraversion dimension.

At the end of the semester (after three months), the learners’ log data was collected. To ensure an accurate analysis and findings with more representative behaviors, learners who dropped-out from the course (n = 27) were excluded. Therefore, the study had 65 participants. Since there is no guidance in the BFI scoring for determining whether an individual has a high or low personality trait (e.g., high extraversion or low extraversion) (Codish and Ravid, 2014), the standard z-score was computed, as suggested in several studies (Bidjerano and Yun Dai, 2007; Codish and Ravid, 2014). It provides information on how far a data point is from the mean. In this context, learners with z > 0 were considered as having a high value on the respective personality dimension (e.g., high in extraversion, high in openness, etc.), while learners with z < 0 were considered to have a low value on the respective personality dimension (e.g., low in extraversion, low in openness, etc.). In this present study, no learners were found with z = 0. Table 1 presents the mean and standard deviation of each personality dimension. Since the agreeableness personality dimension had an unbalanced number of learners (see Table 1), it was excluded from this study. Therefore, this study investigated the learners’ navigational behavior patterns of the remaining four personality traits, namely extraversion, openness, neuroticism and conscientiousness.



TABLE 1 Distribution of personality traits.
[image: Table1]

In our study, for each personality trait, the reliability, mean and standard deviation were calculated. As shown in Table 1, the results yielded an alpha of 0.7 or higher, which means that all the personality traits produced acceptable reliabilities.



3.3. Data coding and analysis

The learners’ navigational behaviors were automatically captured and stored by Moodle online. Specifically, after data cleaning, this study collected 15,869 log data from the 65 learners. These log data described 12 online learning behaviors (see Table 2), which are considered significant to the representation of learners’ navigational behaviors on learning management systems (Wang, 2017; Tlili et al., 2019). The frequency distribution of each of these online learning behaviors according to the four personality dimensions is presented in Appendix.



TABLE 2 Coding of the learning behaviors.
[image: Table2]

To identify the navigational behavior patterns of each personality trait based on the learning behaviors described above, LSA was applied using GSEQ version 5.1 software (Bakeman and Quera, 2011). The motivation behind using LSA in this study is because it is a common statistical technique in behavioral science and well situated for analyzing the interaction data collected through log files (Pohl et al., 2016). LSA has been widely used to examine the behavioral transitions which happen at frequencies greater than chance (Sackett, 1978). Subsequently, a series of behavioral transitions or navigational patterns (i.e., the order in which learners go through different activities) could be identified (Graf et al., 2010).

To conduct LSA, learners’ behaviors were coded in the chronological order of their occurrences. For example, after logging into the system, a learner viewed a course module (CA1), uploaded an assignment (AS2), and then saw her achievements (AR1); this series of behaviors was thus coded as “CA1 AS2 AR1.” The z-score value of each connection between each sequence was calculated to determine if that connection reached the statistical significance. Bakeman and Quera (1995) stated that a z-score greater than 1.96 indicates that a specific sequence has reached the level of significance (p < 0.05). Wampold (1992) further mentioned that, as cited in McComas et al. (2009), a z-score does not indicate the degree to which a pattern is present. Based on this, this study therefore used the z-score in conjunction with a strength of association measurement, specifically Yule’s Q (Pohl et al., 2016). Yule’s Q is a transformation of the odds ratio to a [−1 … +1] range. Therefore, in this study, a transition from one code (behavior) to another was then only considered significant if the z-score was above the 1.96 level (the critical value assuming a normal distribution and a significance level of 0.05) and the Q-value was at least 0.30 (a moderate association).

The transitional probabilities, which is the conditional probability of a transition type (Cheng et al., 2017), were also calculated using GSEQ version 5.1. A transitional probability indicates the likelihood that an initial behavior follows a subsequent or same behavior.

Furthermore, prior to conducting LSA, a Pearson chi-square test was also conducted on the behavior frequency table of all the learners to determine if a significant dependence between rows and columns exist. Rows contain the initial behaviors, while columns contain the successive behaviors after conducting the initial ones.




4. Results and discussion

A behavior transition diagram was drawn for each personality trait (low and high), as shown in Figures 3–6, showing those sequences which reached a significant effect. Each transition in Figures 3–6 has both significance and probability values represented on each line as follow: Significance (Probability). The effect size was highlighted based on the probability of each transition, where the thicker the lines, the higher the probability of each transition. Orange and green colors were used to highlight the unique navigational behavior patterns of learners with high and low levels in each personality trait, respectively. Black color shows that the pattern was significant for low and high levels of the respective personality trait.
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FIGURE 3
 Navigational behavior patterns of learners high and low in extraversion.


[image: Figure 4]

FIGURE 4
 Navigational behavior patterns of learners high and low in conscientiousness.


[image: Figure 5]

FIGURE 5
 Navigational behavior patterns of learners high and low in neuroticism.


[image: Figure 6]

FIGURE 6
 Navigational behavior patterns of learners high and low in openness.



4.1. Extraversion

The obtained chi-square test results confirmed that there is a significant relation between the rows and columns of the tallied frequencies (χ2 = 7224.71, df = 121, p < 0.001 for learners high in extraversion; χ2 = 5726.87, df = 121, p < 0.001 for learners low in extraversion). Figure 3 shows the navigational behavior patterns of learners high and low in extraversion.

As shown in Figure 3, learners high in extraversion had some unique navigational behavior patterns compared to those low in extraversion. For instance, they significantly navigated between viewing the course module and their personal achievements, where their grades, points and badges were displayed (CA1 → AR1). This could be because learners high in extraversion tend to be extrinsically motivated (Moldasheva and Mahmood, 2014), therefore they kept navigating to view their earned badges and points to motivate themselves. Furthermore, unlike learners low in extraversion, learners high in extraversion significantly navigated between seeing their peers’ profiles and the list of all peers (P2 → P1), meaning that they are not just looking up one person and then moving somewhere else, but seem to be looking up the profiles of multiple other learners. This could be explained with people high in extraversion are socializers and want to know new persons (Zhang, 2002; Tlili et al., 2019). Therefore, learners high in extraversion used the course as a place to build friendships by seeing the list of peers as well as their associated profiles.

As shown in Figure 3, learners low in extraversion, on the other hand, did not significantly focus on their personal achievements like their peers high in extraversion. However, they compared their achievements with that of their peers. Specifically, learners low in extraversion significantly navigated between their achievements and the list of peers, through which they could easily explore others’ profiles and achievements (AR1 ↔ P1 then P1 → P2 followed by P2 ↔ AR2). These navigational behavior patterns could be because learners low in extraversion are high achievement-driven (Mcclelland et al., 1953; Farley, 1966).

Based on the obtained findings, it is possible to enhance the course navigation experience for learners based on their extraversion personality. For instance, it is possible to make the rewards (e.g., points or badges) earned by learners within the course more visible on their profiles for those high in extraversion since they are more extrinsically motived. On the other hand, to motivate learners low in extraversion, it is better to make their progress more visible compared to their peers, for instance, through the use of leaderboard and progress bar. Denden et al. (2021) confirmed that compared to learners high in extraversion, learners low in extraversion found progress bar more useful.



4.2. Conscientiousness

The obtained chi-square test results confirmed that there is a significant relation between the rows and columns of the tallied frequencies (for high conscientiousness, χ2 = 7558.36, df = 121, p < 0.001; for low conscientiousness, χ2 = 5085.49, df = 121, p < 0.001). Figure 4 shows the navigational behavior patterns of learners high and low in conscientiousness.

As shown in Figure 4, unlike learners low in conscientiousness, those high in conscientiousness significantly navigated between viewing the course module and their achievements (CA1 → AR1). They then navigated to see their peers’ achievements (AR1 → P1; P1 → P2; P2 → AR2), where they kept checking their peers’ profiles and achievements (AR2 ↔ P2). This could be explained with learners high in conscientiousness are achievement-driven (Tlili et al., 2019), they therefore kept checking their course achievements and comparing them to their peers’ achievements. It is also found that learners high in conscientiousness significantly navigated to reading their peers’ discussions after seeing their achievements (AR2 → D1), but they were not involved in discussions (i.e., they did not write any comments, no D2). This could be explained with conscientious individuals are cautious about their public sayings in social networking websites, they therefore prefer sending private messages instead (Olson and Suls, 2000; Muscanell and Guadagno, 2012).

Interestingly, it is found that learners low in conscientiousness were also achievement-driven, however in a different way. Specifically, unlike learners high in conscientiousness, they mainly focused on their own achievements (AR1 → CA1) without going through others’ achievements (i.e., no AR2) (see Figure 4).

Based on the obtained findings, it is possible to enhance the course navigation experience for learners with conscientiousness personality. For instance, it is recommended that the developed online course should not mainly use public communication channels, such as forums, but also provide private ones, where learners high in conscientiousness will be more willing to involve in online social activities within the course. For example, software designers could develop a forum function that allows learners to write private messages to the persons involved in the discussion. On the other hand, it is recommended to develop some functionalities, such as badges and points, to make the course achievements for learners low in conscientiousness more visible, hence be more engaged while learning.

It should be noted that both learners high in conscientiousness and low in conscientiousness had unique navigational patterns (P2 → P1 and D1 → P2 for learners high in conscientiousness; P1 → AR1 for learners low in conscientiousness) that no explanation was found and further investigations need to be done to explain them.



4.3. Neuroticism

The chi-square test results revealed that the relationship between rows and columns of the tallied frequency is significant (χ2 = 4948.42, df = 121, p < 0.001 for learners high in neuroticism; χ2 = 7634.56, df = 121, p < 0.001 for learners low in neuroticism). Figure 5 shows the navigational behavior patterns of learners high and low in neuroticism.

As shown in Figure 5, unlike learners low in neuroticism, learners high in neuroticism went directly to see their associated personal achievements after they viewed the course/ module (CA1 → AR1). They also went to see the list of their peers and peers’ profiles where some of achievements had been displayed (P1 ↔ P2), and then went back to see their own achievements and compare (P1 → AR1). These two behavior sequences are explained with learners high in neuroticism have high level of anxiety and stress, and they always feel unsafe (Watjatrakul, 2016; Denden et al., 2021), and this was reflected in their behaviors where they significantly kept going back to see their course achievements and compared them to their peers, to know if they are doing well or not within the course. De Feyter et al. (2012) mentioned that neurotic learners cope with their anxiety about academic failure by intensifying their efforts in trying to prevent failure, which is seen in their online behavioral patterns of significantly checking their achievements and comparing them to their peers’ achievements.

Additionally, Figure 5 shows that, unlike learners low in neuroticism, learners high in neuroticism involved in discussions within the course forum (D2). Specifically, they significantly involved in discussions after they saw their assignment status, where teachers’ feedback and grades had been displayed (AS4 → D2) and they kept reading discussions (D2 → D1) and answering them (D2 ↔ D2). This could be explained with learners high in neuroticism used forums to communicate with their peers, as one of the ways to reduce their anxiety and stress, after seeing the feedback given by their teachers. Bhagat et al. (2019) also suggested that learners high in neuroticism should have the possibility to freely ask questions and talk with their peers to reduce their anxiety level and increase their chances of success.

On the other hand, Figure 5 shows that learners low in neuroticism, unlike learners high in neuroticism, significantly navigated between seeing their peers’ achievements and then specifically seeing their peers’ specific profiles (AR2 ↔ P2). This means that learners low in neuroticism visited the profiles of those they were interested in based their course achievements. Furthermore, they also went to the forum to view discussions possibly posted by their peers who they found interested in based on the course achievements (AR2 → D1). These behavioral sequences of keeping viewing peers’ profiles, achievements and discussions could be explained with persons low in neuroticism tend to be more self-confident and want to build connections within their environments (Baluku et al., 2016).

Moldasheva and Mahmood (2014) pointed out that learners high in neuroticism can get easily anxious. Therefore, to reduce their anxiety level within a given course and make them feel that they did well when learning online, it is possible to make the learning environment customizable where rewards, such as digital badges and points, can be configured to be visible for learners. Consequently, learners with high anxiety can see their course achievements and feel much better while learning. On the other hand, as learners low in neuroticism showed their willingness to discover people they were interested in, it would be helpful to develop and adopt more communication functionalities (i.e., public and private messaging) in the online learning environment, where learners are able to send messages privately to their peers to get to know them.

It should be noted that learners high in neuroticism had a unique navigational pattern, namely D1 → P1 that no explanation was found and further investigations need to be done to explain them.



4.4. Openness

The chi-square test results highlighted that there is a significant relationship between rows and columns of the behavior frequency tables of learners high (χ2 = 8527.14, df = 121, p < 0.001) or low (χ2 = 3556.29, df = 121, p < 0.001) in openness. Figure 6 shows the navigational behavior patterns of learners high and low in openness.

As shown in Figure 6, unlike those low in openness, learners high in openness conducted a lot of peers-related activities. Specifically, they were highly involved in discussions. For example, they engaged in discussions within the course forum after viewing their assignment status, where the grades and teachers’ feedback had been displayed (AS4 → D2). This behavior pattern could be explained by their willingness to know others’ opinions/experiences after reading the feedback given by the teacher. Furthermore, learners high in openness, unlike those low in openness, not only kept posting discussions (D2 → D2) but also continuously kept reading them (D2 → D1 and D1 → D1). These behavior sequences could possibly be the result of their inclination to exchange opinions with others. In this context, several studies pointed out that learners high in openness tend to be curious, imaginative, and creative. Moreover, they continuously seek out new experiences and are willing to take part in peer learning (Moldasheva and Mahmood, 2014; Tlili et al., 2019). The obtained findings about the discussion behavior patterns of learners high in openness are in line with previous research which indicates that openness is a significant predictor for the use of social networking sites (Banczyk et al., 2008; Krishnan and Atkin, 2014; Huang, 2019).

Furthermore, it is seen that learners high in openness checked their peers’ profiles and then saw their peers’ achievements following they viewed discussions (P2 ↔ AR2 and AR2 → D1). This is possibly because people high in openness are more likely to form a larger friendship network (Lang et al., 1998; Zhu et al., 2013). Specifically, they could consider the course forum as a place to meet new friends and further explored them by their profiles and achievements. Besides, it is interesting to see that after viewing peers’ achievement, learners high in openness could also go back to review the comments posted by the persons they were interested in (AR2 → D1).

Learners low in openness, on the other hand, were less interested in others’ experiences and mainly focused on their own experiences (see Figure 6). This can be seen when they significantly navigated between the course and their own achievements (CA1 → AR1). Interestingly, it can be seen that no significant behavioral pattern was found related to peers’ achievements (AR2) or discussion involvement (D1 or D2), unlike learners high in openness. This confirms that learners low in openness were not much interested in their peers’ experiences or achievements.

Based on the obtained findings, since learners high in openness are highly engaged in communication with others, it is recommended to provide them a learning environment which fosters various communication channels, such as forum or instant messages, to keep their learning engagement high. On the other hand, learners low in openness are less likely to get involved in discussions even after viewing their peers’ posts in the course forum, and they were more interested in their own course achievements. Therefore, it is recommended that learning environments should be designed with functionalities (e.g., dashboards or reports) that automatically generate the progress of learners in a given course to help them keep up with their progress and achievements.




5. Conclusions, implications and future directions

This study analyzed the impact of learners’ personality differences on their online learning navigation behavior patterns along four dimensions, namely: extraversion, conscientiousness, neuroticism, and openness. To the best of our knowledge, this study is one of the earliest studies that attempted to investigate how learners’ personalities might impact their navigational behavior patterns in an online course. The findings revealed that the learners’ extraversion level was found to affect their course navigation experience. Learners high in extraversion were more likely to have navigational behavior patterns, which were primarily influenced by extrinsic motivation. They navigated significantly between viewing peer profiles and all peer lists due to a greater desire to meet new people; conversely, learners low in extraversion navigated significantly between their achievements and peer lists due to their high achievement driven. The study also found that high levels of conscientiousness influenced learners’ online navigation behavior patterns due to being driven by achievement. Learners high in conscientiousness navigate significantly between viewing course modules and their achievements, and they tend to view their peers’ achievements and thus check their peers’ profiles and achievements; in contrast, learners low in conscientiousness were more likely to focus on their own achievements. Related to the neuroticism dimension, our study showed that learners with high neuroticism are usually accompanied by high levels of anxiety and stress, and they tend to look at their personal achievements directly after viewing the course/module, and they also compared their profiles and achievements with those of their peers; on the contrary, learners with low neuroticism are usually accompanied by self-confidence, and they tended to visit the profiles of people they are interested in based on their course grades. In addition, this present study showed that the level of openness also influences learners’ performance in peer-related activities. Those with high openness are highly engaged in discussions and learning and they expect to learn with their peers; conversely, those with low openness are focused on their own experiences and are not significant in terms of peer achievement and discussion participation.

This study can contribute to the literature in several ways. From a theoretical perspective, it can contribute to the educational psychology field by providing empirical evidences on how learners with different personalities tend to behave in an online course, hence better understand each personality trait and its related features in education. From a practical perspective, this study can contribute to the human-computer interaction and adaptivity fields by providing to various stakeholders (e.g., educators, designers, psychologists) several recommendations to enhance online course design and adaptivity with respect to each learner’s personality. It can also contribute to the learner modeling field by providing different behavioral patterns that could help to identify learners’ personalities. Finally, several studies have been conducted to automatically identify the learners’ personalities from their behaviors in an online course, these studies, however, focused on single behaviors, such as frequency of visiting a course or forum (Denden et al., 2018; Tlili et al., 2019). Therefore, the use of navigation behavioral patterns, from this present study, could be another data source for getting information about learners, hence making the automatic identification of their personalities more accurate.

It should be noted that this study has several limitations that should be acknowledged and further researched. For instance, the agreeableness personality trait was not investigated. Additionally, this study mainly investigated single personalities (e.g., learners high in openness vs. learners low in openness) and did not investigate combined personalities (e.g., learners high in openness and extraversion vs. learners low in openness and extraversion), which might reveal more information on learners’ online learning behaviors based on their personalities. Future research directions could focus on investigating these limitations, as well as designing an adaptive learning system based on personality, which takes into consideration the obtained findings of this study.
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Part
Part
Null
Part
Null
Part
Null
Part

VAE variant allele fraction; IK, internal knowledge; EK, external knowledge; SA, student analysis ability; TM, teaching management ability; ED, educational decision-making ability; IE,

instructional evaluation ability; DC, data consciousness.
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Relationship f? R Q

DC— ED 0.084 0.861 0.847
EK— ED 0.240
IK— ED 0.159
DC— IE 0.095 0.845 0.827
EK— IE 0.211
IK— IE 0.121
DC— SA 0.108 0.811 0.786
EK— SA 0.184
IK— SA 0.063
DC— T™™ 0.360 0.783 0.698
EK— T™M 0.001
IK— T™M 0.109
EK— DC 0.036 0.700 0.694
IK— DC 0.268

IK, internal knowledge; EK, external knowledge; SA, student analysis ability; TM,
teaching management ability; ED, educational decision-making ability; IE, instructional
evaluation ability; DC, data consciousness.
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A = Differences in intrinsic cognitive load across experimental conditions
B = Differences in extraneous cognitive load across experimental conditions
C = Differences in cognitive load across experimental conditions
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Non-synchronized physiological

Synchronized physiological arousal

arousal episode episode
Frequency % Frequency %
cc 37 77.08% 11 22.92% 10.560 0.005
sC 23 54.76% 19 45.24%
MC 20 90.91% 2 9.09%
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cc 15 31.3% 22 45.8% 10 20.8% 2.1% 0.0% 48 42.1%
sC 7 16.7% 16 38.1% 15 35.7% 9.5% 0.0% 42 36.8%
MC 12 54.5% 8 36.4% 2 9.1% 0.0% 0.0% 22 19.3%
EC 1 50.0% 1 50.0% 0 0.0% 0.0% 0.0% 2 1.8%

Total 35 30.7% 47 41.2% 27 23.7% 4.4% 0.0% 114 100.0%
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Total

episodes
Frequency 255 354 225 31 2 867
of episodes
Percentage 29.41% | 40.83% | 25.95% | 3.58% | 0.23% 100.00%
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Coding category

Metacognitive regulation

Description

Group members jointly enact various behavior pertaining to
planning, monitoring, task-specific strategies using and
evaluation to regulate the cognitive aspects of the learning

process.

Examples

How about you two write the supporting ideas and we conclude the
opposing ones.

How much time is left? It seems that there are only 15 min. We need to
draw the diagram immediately.

Hey, let’s discuss this issue from another angle.

The content of our argument diagram is quite rich.

Socio-emotional regulation

Group members jointly enacted various behaviors to manage
emotional states and promote motivation, alternatively, to

maintain a productive socio-emotional climate.

From my body shape, you guys could tell that I have no right to talk
about losing weight.

Could you talk more about your opinion?

Tagree with your points. They are very reasonable.
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Coding category

Description

Examples

Cognitive challenge Cognitive challenges refer to difficulties in achieving a shared Tlack the knowledge to judge which arguments to follow.
understanding of the task and domain, or in choosing effective | T highly doubt the credibility of this evidence.
solution paths and strategies. I think our discussion just now was meaningless because you guys didn’t
get our points.
We're totally stuck, and no one can convince anyone.
Motivational challenge Motivational challenges revolve different personal priorities, Some students played with mobile and didn’t participate in the activity

self-efficacy or different participation levels. Typically, these
challenges result in declines in effort, engagement or

participation.

for a while.
A: Istill don’t understand the differences between the counterclaim and
rebuttal. B: Whatever, it doesn’t matter.

Socio-emotional challenge

Socio-emotional challenges refer to challenges in creating and
maintaining a positive climate, such as relational problems
associated with achieving psychological safety, communicating

effectively, and navigating power relationships.

T'm really speechless.
We are totally not in the same mind. . .Oh my, I'm out of ideas. I quit.
I think you are very ridiculous to require me to provide all the literature?

T'm not here to teach you how to do a literature review.

Environmental challenge

Environmental challenges related to external conditions
surrounding collaborative work such as technology or physical

discomfort caused by environments.

I tried many times, but I don’t know how to add “because” on the edge.

The room is too hot to breathe.
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SR 57 26.9% 77 36.3% 68 32.1% 10 4.7% 0.0% 212 47.7%
MR 74 31.9% 100 43.1% 51 22.0% 7 3.0% 0.0% 232 52.3%
Total 131 29.5% 177 39.9% 119 26.8% 17 3.8% 0.0% 444 100.0%
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VR version Prior knowledge Mean Standard deviation N

Intrinsic motivation Signal Low 4.500 0.423 10
High 4300 0.479 10

Total 4.400 0.452 20

No signal Low 4.109 0.475 10

High 4.273 0.332 10

Total 4.191 0.408 20

Total Low 4.305 0.481 20

High 4.286 0.401 20

Total 4.295 0.438 40

Cognitive load Signal Low 3.067 0.545 10
High 5.1837 0.388 10

Total 4.1257 1.180 20

No signal Low 5.383 0.4161 10

High 3183 0.983 10

Total 4.283 1.347 20

Total Low 4225 1.279 20

High 4.183 1.258 20

Total 4.204 1.252 40

Post-test Signal Low 37.00 6.749 10
High 43.00 8.233 10

Total 40.00 7.947 20

No signal Low 29.00 13.904 10

High 43.50 12.030 10

Total 36.25 14.679 20

Total Low 33.00 11.402 20

High 4325 10.036 20

Total 38.13 11.804 40
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Dependent variable| Type Il sum Mean square

of squares

Signaling Cognitive load 0.251 1 0.251 0.632 0.432 0.017
Intrinsic motivation 0.437 1 0.437 2.351 0.134 0.061

Post-test 140.625 1 140.625 1.246 0.272 0.033

Prior knowledge Cognitive load 0.017 1 0.017 0.044 0.836 0.001
Intrinsic motivation 0.003 1 0.003 0.018 0.895 0.000

Post-test 1,050.625 1 1,050.625 9.310 0.004 0.205

Signaling* prior knowledge Cognitive load 46.584 1 46.584 117.388 0.000 0.765
Intrinsic motivation 0.331 1 0.331 1.777 0.191 0.047

Post-test 180.625 1 180.625 1.601 0.214 0.043

a. R? = 0.766 (Adjusted R? = 0.747). b. R? = 0.103 (Adjusted R? = 0.029). c. R? = 0.252 (Adjusted R? = 0.190).
*Interaction effect between signaling and learners’ prior knowledge level.
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10 mins

10 mins

15-20 mins

15-20 mins

15-20 mins

20-30 mins

A knowledge pre-test to assess their knowledge
about the low-carbon steel experiment

:

Four experimental groups

!

Explained the detailed experimental tasks and the use
of the IVR experimental equipment

Completed IVR experiment

I

Cognitive load and Intrinsic motivation questionnaires

I

Learning performance post-test

I

A semi-structured interview
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Model 1 Model 2

4 B
Intercept 55.622 8.380 0 13.088 11044 0239
Gender 0331 2303 0014 0886 1016 —0.142 2052 ~0.006 0945 1018
Prior knowledge 5895 2395 0241 0016 1016 5997 2131 0.245 0,006 1016
Self-regulation - - - - - 11.285 2161 0452 0.000 1.002
R (Adjusted R®) 0,057 (0.039) 0.261 (0.239)
R 0057 0.204
F 5.044% 11.650%%
Model 34 Model 3B

B SE I P VIF B SE » P VIF
Intercept 29368 9.230 0.002 9.895 8820 0.265
Gender 0.663 1631 0028 0.685 1030 ~0733 1593 ~0031 0.646 1046
Prior knowledge 2263 1.805 0093 0213 1167 2014 1728 0.082 0247 1139
Self-regulation 7371 1.808 0295 0 1122 8028 1739 0321 0 1106
Posted. 0490 0.209 0202 0021 1597 - - - - -
Replied 0.010 0.458 0.002 0982 1018 - - - - -
Words 0.001 0.000 0446 0 1.680 - - - - -
Representation-rlvt - - - - - 3321 0973 0.286 0.001 1598
Solution-rlvt - - - - - 3918 1159 0.296 0.001 1753
Justification-rivt - - - - - 0.283 1056 0.023 0.79 1677
Evaluation-rlvt - - - - - 2841 1199 0.189 002 1455
R (Adjusted R®) 0.552(0.524) 0.584 (0.553)
AR 0291 0323
F 19.722%% 19.043%%

Model 4
B SE » I3 VIF

Intercept 17.848 7.969 0028
Gender 0.158 1352 0.007 0.907 106
Prior knowledge 1252 1531 0.051 0416 1256
Self-regulation 5820 1517 0233 0,000 1182
Posted. 0673 0.186 0277 0.000 188
Repl ~o0011 039 ~0.002 0978 1139
Words 0.000 0.000 0.185 0.030 2245
Representation-rlvt 2225 0,868 0.191 0012 1791
Solution-rlvt 2962 0995 0224 0.004 1816
Justification-rivt 0635 0.908 0.051 0.487 1744
Evaluation-rlvt 2683 1089 0179 0016 1688
R (Adjusted R?) 0.713(0.682)
aR 0.161(M4 vs. M3A)/0.130(M4 vs. M3B)
F 22899

“indicates p<0.05, ** indicates p <0.001.
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Variable
PBL performance

Gender

knowledge
Self-Regulation
Posted

Replied

Words
Representation-rlvt
Solution-rlvt
Justification-rlvt

Evaluation-rivt

Mean

75.82
037
3.406
3754
930
428
6,025
362
304
265

159

SD
11.409
0.485
0.466
0457
4703
1717
4921
0981
0862
0926

0.76

Min

4241

0

30

278

Max

95.19
50
500

2

30,691
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ML algorithm Linguistic

feature
extraction
RE TEDIF 0.867 0801
wav 061 0789
D2V 0.863 0791
sVM TEDIF 0.846 0769
wav 0876 0810
D2V 0.880 0.816
LST™ TEDIF 0.852 0734
wav 0.903 0749
D2V 091 0760

Bold values indicate the optimal ML class
-ated by AUC and Kappa values.

ation model based on a balanced performance
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Participant D Gender Degree Duration of online learning  Type of study.

1 Female Master Lweek Remote start
2 Female Master 6months Remote start
3 Male Master N/A Campus start
1 Male Master N/A Campus start
5 Female Bachelor N/A Campus start
6 Female Master 6months Remote start
7 Female Master 6months L0A
8 Male Master 6months LOA
9 Female Pre-Master 2months Remote start
10 Female Bachelor 4months L0A
11 Female Bachelor 6months. LOA
12 Female Master N/A Campus start
13 Female Bachelor 6months L0A
14 Female Master 6months LOA
15 Male Master 6months LOA
16 Male PhD N/A Campus start
17 Female Master N/A Campus start
18 Male Master 6months Remote start
19 Female Master 6months Remote start
20 Female Master 2months Remote start
21 Female Master 6months LOA
22 Female Master 8months Remote start
23 Male Master N/A Campus start

£ Male Master NIA Campus start
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Non-synchronized physiological

Synchronized physiological arousal

arousal episode episode
Frequency % Frequency %
Challenge being 40 64.52% 23 35.48% 4.444 0.035
regulated
Challenge not 40 81.63% 9 18.37%

being regulated
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Gender

Male

Female

Other/Prefer not to say
Nationality

Domestic

European

Overseas

Prefer not to say

Phase 1 questionnaire (N = 39)

33.3% (13)
66.7% (26)
0.0% (0)

46.2% (18)
10.2% (3)

43.6% (17)
0.0% (0)

Awareness of academic integrity concepts before joining the department

Yes
No

Not sure

66.7% (26)
17.9% (7)
15.4% (6)

Phase 1 focus group (N = 8)

50.0% (4)
50.0% (4)
0.0% (0)

0.0% (0)
25.0% (2)
75.0% (6)
0.0% (0)

87.5% (7)
0.0% (0)
12.5% (1)

Phase 3 questionnaire (N = 130)

36.2% (47)
60.8% (79)
3.0% (4)

25.4% (33)
4.6% (6)
69.2% (90)
0.8% (1)

76.2% (99)
15.4% (20)
8.4% (11)
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Aspects of academic integrity resources

Reliable

Comprehensive

Credible

Convenient and accessible
Easy to use

Useful

Easy to understand

Trustworthy

Phase 1 (N =39)

M

4.00
3.92
4.10
3.82
3.72
3.79
3.62
4.10

SD*

1.08
0.87
1.07
1.12
0.92
1.06
0.96
1.21

Phase 3 (N = 130)

M

4.11
4.16
4.14
4.05
4.08
4.27
4.09
4.20

SD*

1.28
1.28
1.30
129
1.20
1.22
1.24
1.30

M difference

0.11
0.24
0.04
0.23
0.36
0.48
0.47
0.10

p-value

0.627
0.275
0.861
0.316
0.086
0.028
0.031
0.669

Comparison

SE*

0.226
0.219
0.228
0.229
0.209
0.216
0.216
0.234

t statistic

0.487
1.096
0.175
1.005
1.726
2.210
2.168
0.428

In bold are the statistically significant differences. *M, mean; SD, standard deviation; SE, standard error.
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Elizabeth is working on her dissertation, which involves collecting questionnaire responses from healthcare professionals regarding can'ng support for eldeny people. However, time is passing and she is not
managing to receive enougn responses, so she decides to ask a group of her student friends and classmates to complete the questionnair e for her. Please select the option that most applies to this scenario.
(Select one option)

| don't have enough
health care professionals
as participants. Can you
complete the?survey for
me

Elizabeth
classmates

O 1.This is not Unfair Means, because Elizabeth is still collecting data for her project
O 2.This is Unfair Means related to fabrication
O 2.This is Unfair Means related to plagiarism
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Scenario-based quiz

FAQ document |

All resources |
|

None of them _I 6.3%






OPS/images/fpsyg-13-1016519/fpsyg-13-1016519-t004.jpg
Technology type N g SE 95% CI z P Between-group

effects
Lower Upper

VR 15 0.709 0.205 0.308 L1 3.462 0.001 Q=0878,p=0.349
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Personality Extraversion Agreeableness Conscientiousness Neuroticism Openness

dimensions a=0.88 a=0.82 a=0.84 a =078 a=0.86
Level High Low High High Low High Low High Low
Number of learners 35 30 46 19 31 34 31 34 35 30
Mean 375 279 427 337 417 318 32 206 405 334

D 037 0.38 022 045 031 041 051 044 027 022
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Creatingand sharingavideo  Merely creating a video Self-exercise

Mean SD Mean SD Mean SD

Physical fitness tests
Squatting against the wall (s) 8770 4585 108.02 5880 12108 5516
Standing on one leg with eyes closed (s) 65.08 5596 8102 6387 100.48 66.04
Sitting and bending forward (cm) 17.41 627 14.60 665 1631 702
50m running (s) 851 095 814 093 7.89 108
Standing long jump (cm) 186.04 3298 20085 3303 20867 a2
Sit-ups 4570 91 443 930 3983 968

Intrinsic motivation
Interest 520 L7 501 102 512 137
Competence 537 154 504 135 498 155
Pressure 506 133 486 121 504 157
Value 586 126 534 109 538 131
Perseverance in motor tasks 407 048 359 0.68 369 079

Learning satisfaction

Teaching 440 081 417 079 398 092
Classroom content 1435 082 407 078 396 095
Teacher-student interaction 143 080 407 080 404 100
Learning environment and equipment 440 092 406 086 401 101

Roller skating tests (s) 23.29 14.16 20,50 1060 2085 930
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|
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Physical
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Learn roller-skating skill from
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Self-exercise condition: two classes students (n = 54)

Leamn roller-skating skill from | |

the instructor

View the explaining video created
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Default model Moderator model " Path coefficient

df df High school College
P~ MB 182422 570 182573 571 151 0.22 0.26%+% 0.37%%%
P - MB 182422 570 1829.64 571 542 0.02 03055 0.08
TT— MB 182422 570 182440 571 018 0.67 0.14% 015
P 1S 182422 570 182489 571 067 041 036%+% 028w
P~ KA 182422 570 182423 571 0.002 0.96 0.25%+% 021+
P—1s 182422 570 1825.41 571 119 028 017 0.09
P - KA 182422 570 182434 571 012 073 000 0.04
TT - 1§ 182422 570 183376 571 954 0.002 002 0.25%%%
TT KA 182422 570 182708 571 285 0.09 005 017+
MB 1S 182422 570 182468 571 046 0.50 01955 0.26%%%
MB - KA 182422 570 182464 571 042 052 03305 03470

5P =Scheduling preference, 1P = Involvement with people, T
*p<0.05, **p<0.01, ***p<0.001.

=Time tangibility, MB = Multitasking behavior, KA = Knowledge acquisition, LS = Learning satisfaction.
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High school students College students tValue

Mean SD Mean sD
Multitasking behavior 361 102 387 091 —391%5 <0.001
Polychronicity
me tangibility 371 116 385 098 ~2.00% 0.045
Involvement with people 368 L15 3.67 L10 004 097
Scheduling preference 341 113 380 103 —5.40%5% <0.001

Perceived learning performance
Knowledge acquisition 454 099 443 100 158 o
Learning satisfaction 392 112 an 099 —260%* 0.009

*p<0.05, **p<0.01, ***p < 0.001.
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Path CR

H, Polychronicity to Multitasking behavior

Scheduling preference — Multitasking behavior 033455 005 668 <0.001
Involvement with people — Multitasking behavior 0,204 005 391 <0.001
‘Time tangibility — Multitasking behavior 014555 004 319 <0.001

H Polychronicity to perceived learning performance

Scheduling preference — Learning satisfaction 03545 005 781 <0.001
Scheduling preference — Knowledge acquisition 0.22%%% 005 453 <0.001
Involvement with people — Learning satisfaction 0.14%5% 005 321 <0.001
Involvement with people — Knowledge acquisition 005 005 100 032

Time tangibility — Learning satisfaction 0.10% 0.04 249 0013
Time tangibility — Knowledge acquisition 0.09% 004 213 0034

H; Multitasking behavior to perceived learning performance
Multitasking behavior — Learning satisfaction 0.22%%% 0.04 551 <0.001

Multitasking behavior — Knowledge acquisition 03355 004 737 <0001

*p<0.05, **p<0.01, ***p<0.001.
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Latent variable

Internal knowledge transformation

External knowledge transformation

Student analysis ability

Teaching management ability

Educational decision-making ability

Instructional evaluation ability

Data consciousness

Measurement items

IK1
K2
1K3
1K4
EK1
EK2
EK3
EK4
SA1
SA2
SA3
T™M1
T™2
T™3
ED1
ED2
ED3
1E1
1E2
1E3
DC1
DC2
DC3
DC4

Factor loading

0.850
0.847
0.859
0.874
0.877
0.876
0.851
0.882
0.848
0.857
0.777
0.758
0.916
0.819
0.893
0.880
0.908
0.882
0.931
0.836
0.766
0.886
0.85
0.639

CR

0.918

0.927

0.885

0.909

0.919

0.883

0.839

AVE

0.736

0.760

0.658

0.769

0.792

0.717

0.639

CR, composite reliability; AVE, average variance extracteds IK, internal knowledge; EK, external knowledge; SA, student analysis ability; TM, teaching management ability; ED, educational
decision-making ability; IE, instructional evaluation ability; DC, data consciousness.
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IK

IK 0.858
EK 0.791
SA 0.783
™ 0.728
ED 0.699
IE 0.578
DC 0.764

AVE, average variance extracted on diagonal.

EK

0.871
0.766
0.779
0.618
0.549
0715

SA

0.812
0.608
0.587
0.582
0.732

™

0.876
0.595
0.599
0.644

ED

0.890
0.501
0.549

1IE

0.839
0.671

DC

0.799
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Measurement items VIF

IK1 4318
IK2 3.927
IK3 4.467
IK4 5.476
EK1 4.826
EK2 4.830
EK3 4.613
EK4 5.965
SA1 4.865
SA2 4.673
SA3 3.708
T™M1 3.791
T™2 4.750
™3 3.465
EDI1 4.578
ED2 6.803
ED3 7.007
IE1 6.665
1E2 7.761
1E3 4.436
DC1 3.065
DC2 3.981
DC3 3.622
DC4 5.781

VIE, variance inflation factor; IK, internal knowledge; EK, external knowledge; SA,
student analysis ability; TM, teaching management ability; ED, educational decision-
‘making ability; IE, instructional evaluation ability; DC, data consciousness.
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First-level dimensions

Internal knowledge transformation

External knowledge transformation

Teachers’ precision teaching ability

Teachers’ precision teaching ability

Data consciousness

Scale dimension

Second-level dimensions

Student analysis ability

Teaching management ability

Educational decision-making ability

Instructional evaluation ability

Item

Third-level dimensions

Data positioning 4
Data acquisition

Data analysis

Data interpretation

Find problems 4
Make educational decision

Monitor teaching development

Reflect and evaluate

Sensitivity 4
Reason

Thinking

Culture

Ability to manage teachers 3
Ability to manage students

Ability to manage teaching environment

Teaching plan 3
Teaching interaction

Teaching behavior

Evaluation method 3
Evaluation content

Evaluation function

Student analysis 4
Teaching management

Educational decision-making

Teaching evaluation
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Scale

Internal knowledge transformation
External knowledge transformation
Teachers’ precision teaching ability

Data consciousness

Cronbach’s o

0918
0.926
0.964
0.872





OPS/images/fpsyg-13-1076013/fpsyg-13-1076013-t003.jpg
Scale

KMO
Bartlett test of

sphericity

KMO, Kaiser-Meyer-Olkin.

Approximate chi square

Degrees of freedom

p-value

Data knowledge
transformation

0.942
1,860.923

28
0.000

Teachers
precision teaching
ability

0.947
3,084.682

66
0.000

Data
consciousness

0.768
681.121

0.000

Whole
scale

0.959
8,075.281

406
0.000
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Measure

Technical quality

Content quality

Service quality

Total

Item

T1. The resources on the platform are growing fast.

T2. 1 would like to recommend this platform to friends and colleagues.

T3. T am delighted with the way the tools/sections on the webpage open, run, and jump.
T4. The webpage on the platform runs smoothly.

T5. The running speed of webpages on the platform and the uploading and downloading of resources
are fast.

T6. It is very efficient to communicate and share resources through the platform.

T7.1 think the overall page layout of the platform is reasonable.

T8. The colors and fonts of the platform page are well designed.

T9. The functional navigation of the webpages on the platform is clear.

T10. The colors and fonts of the platform pages are well designed.

T11. The functions and resources of the platform can support my long-term use of the platform.
C1. On the platform, I can retrieve many resources that I need for teaching.

C2. T trust the learning content and resources provided by the platform.

C3. The teaching content and Q and A provided on the platform are authoritative.

C4. The content on the platform is in line with the needs of our teachers’ learning and development.
C5. The content of this learning platform is closely related to my teaching practice.

C6. After stages of learning, my teaching concepts and ideas have changed.

C7. The teaching content on the platform and the teacher’s teaching are exciting and help me maintain
my continuous enthusiasm for learning.

C8. The learning method of the course is suitable for my professional development needs.

C9. Tam satisfied with the variety of learning methods available on the platform.

S1. There are clear channels on the platform to help with problems.

S2. The platform has fast support services.

$3. The functional tools provided on the platform are very useful.

S4. The functional tools available on the platform are plentiful.

S5. The analysis of learning data provided by the platform is very beneficial to my learning.

S6. The platform provides personalized services, such as learning strategies and learning guidance.

§7. The quality of support services provided by the platform, such as answering questions and
guidance, is high.

Factor loading

0.74
0.76
0.80
0.68
0.68

0.71
0.71
0.69
0.72
0.67
0.67
0.71
0.74
0.71
0.75
0.78
0.78
0.68

0.68
0.61
0.67
0.69
0.72
0.75
0.67
0.71
0.68

o

0.96

0.95

0.98

0.98
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Dimensions

Technical quality

Content quality

Service quality

Weight Indicators
0.29 Efficacy
Style
Development
0.49 Resources
Effectiveness
Method
0.23 Help

Functional tools

Guidance

Weight

0.42
0.25
0.33
0.42
0.30
0.28
0.36
0.29
0.36
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Author Object Sample/target Measurement Indicators Category
Content Technical Service
quality quality quality
Hassanzadeh Measurement 33 experts, and 369 5-point scale, Technical system
etal., 2012 of e-learning instructors, students, quantitative quality, educational
systems and alumni from five system quality,
success model universities content and
(MELSS) information quality,
service quality
OZkan Evaluation 70 Turkish industrial Quantitative form, Performance, design,
etal., 2020 criteria of engineering qua.litative/quantitative content, meta tags,
search engine departments’ backlink, technical
optimization websites
(SEO)
Velasquez A website’s 46 postgraduate A spreadsheet Accessibility of
and Evans, assessment students protocol, quantitative websites, available
2018 spreadsheet online resources,
protocol library staff’s
responses
Liu et al., Evaluation 160 university The derived criteria Web usability,
2011 criteria for students and seven combined with a learning materials,
Web usability learning technology checklist, functionality of
of English and English teaching qualitative/quantitative assisting language
learning experts learning, technology
websites integration, and
learner preferences
Yang and Set of Eight students and 4-point scale, General information,
Chan, 2008 evaluation eight English qualitative/quantitative integrated English

criteria for
English
learning
websites

teachers selected
from junior high
schools, 17 experts

learning, listening,
speaking, reading,
and writing
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Dimensions

Technical quality

Content quality

Service quality

Indicators

Efficacy
Style

Development

Resources
Effectiveness
Method
Help

Functional tools

Guidance

Description

Speed and efficiency of platform operation, page jump, data, and resource transfer.
Reasonable and aesthetic level of platform function, interface, font, color.

The growth rate of users and resources of the platform; trust and recommendation intention
of users with regard to the platform.

The authority, reliability, and rationality of the courses and teaching resources.

The influence of network learning on the teacher’s teaching theory and practice.

The reasonableness, diversity, and stimulating nature of the teaching methods and strategies.
Access to help and response time when users encounter problems.

The utility and richness of the tools and functions that support teacher learning and
long-term professional development.

The degree of user satisfaction and personalization of the learning guidance, answering of
questions, and other support services provided by the platform.
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Principal component

U W

Initial eigenvalues

Eigenvalue Explained
variance (%)

26.42 64.43
1.76 4.28
1.15 2.81
0.77 1.87
0.68 1.66

Accumulative
rate of
contribution
(%)

64.43
68.71
71.52
73.40
75.06

Rotation sums of squared loadings

Eigenvalue Explained Accumulative
variance (%) rate of
contribution
(%)
10.59 25.84 25.84
9.88 24.09 49.92
$.86 21.60 71.52
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Reliability and validity testing
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14 experts evaluation
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Criteria Filters Scopus Web of Science (WoS)

Restriction Topic (title, abstract, 621 634
and keywords)
Period 2012-2022 536 547
Document type Articles and 473 348
conference
proceedings
Language English 440 285
Eligibility High School 171 173
Total 344
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si Information s explicitly defined/evaluated 1
Partially Information is implicit/stated 05

Information is not inferable 0
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Source

Application areas or

subjects

Target groups

AR activities in
educational settings
Electronic device
AR technology
software or

application

Content creation

Motivational level

Academic

performance level

Acronym

Biology (B)—Mathematic
(M)—Languages (L)—Technology
(T)—Physical Education (PE)—History
(H)—Chemistry (C)—Health Education
(HE)

7° Grade (7G)-12-13 years

8° Grade (8G)-13-14 years

9° Grade (9G)-14-15 years

10° Grade (10G)-15-16 years

11° Grade (11G)-16-17 years

12° Grade (12G)-17-18 years
Discovery-based Learning
(DL)—Objects Modeling (OM)—AR
Books (B)—Skills Training (ST)—AR
Gaming (G)

Computer (C)—Mabile Phone
(MP)—Tablet (T)—Glasse (G)
Lightining Studios (LS)—Unity/Vuforia
(UV)—ARDehaes toolkit
(AT)—Aurasma (A)—RAVVAR
(R)—Metaverse Studio (MS)

Designed by students (DS)—Designed
by teacher (DT)—Designed by external
persons (DE)

Very high (VH)—High (H)—Medium
(M)—Low (L)—Very Low (VL)

Very high (VH)—High (H)—Medium
(M)—Low (L)—Very Low (VL)
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Version of
platform

2020
2019

*P < 0.05.

Mean

4.20
4.06

SD

0.42

0.53

Difference
of mean

0.14*

SE

0.07

0.04

95% Confidence Levene’s test for equality
intervals of variances
Upper limit Lower limit F Significance
0.005 0.27 3.12 0.079
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Dimensions/key indicators

Technical quality
Content quality
Service quality
Efficacy

Style
Development
Resources
Effectiveness
Method

Help
Functional tools
Guidance

Total

2019

4.15
425
4.18
413
4.19
4.16
425
428
422
4.18
422
417
421

2020

397
417
4.02
3.87
4.05
4.04
4.15
421
4.15
4.01
4.07
4.01
4.08

Workload

65
58
88
37

Improvement

0.18
0.09
0.16
0.26
0.15
0.12
0.11
0.07
0.07
0.17
0.15
0.17
0.13

Improved efficiency

28.15
14.66
18.18
70.27
146.00
65.00
25.61
50.00
66.00
81.67
36.67
6.16
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Version of platform

2020

2019

Coeflicient

Correlation
Significance
Correlation

Significance

Seniority

—0.01
091
—0.09
0.36

Age

—0.47
0.64
—0.06
0.58

Title

0.03
0.80
—0.07
0.48

Variables

Online training experience

—0.05
0.66
—0.12
0.23

Gender

—0.07
0.52
0.13
0.20





