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Introduction: Nowadays, more and more digital resources are used in modern mathematical modeling classes. In order to access these resources, students need a suitable digital device—often mobile devices are used for this purpose. There are several concepts to enable students access to such devices. For example, students can be allowed to use their self-owned devices [Bring Your Own Device (BYOD) concept] or teachers can hand out school-owned devices to their students [device pool (pool) concept]. Currently, little is known about possible effects of different mobile device access concepts on student learning. Hence, in this study, we investigated their effects on students’ mathematical modeling competence. In doing so, we also considered an interaction between the access concept and the effects of (a) students’ problematic smartphone use and (b) students’ fear of missing out on learning mathematical modeling.

Method: To this end, we conducted an experiment, measured students’ mathematical modeling competence as the outcome variable, and analyzed data of 263 German students in grades 8 and 9 using a multilevel model. In the experiment, students were randomly assigned to one of two study conditions and completed a mathematics modeling workshop. In the BYOD condition, students utilized their self-owned smartphones to work on the workshop tasks, whereas in the pool condition, students utilized institutionally provided smartphones.

Results: As a main finding, our results showed an interaction effect between the mobile device access concept and students’ problematic smartphone use on their competence (β = −0.24, 95% CI [−0.47, −0.01]). Students utilizing their self-owned smartphones were negatively affected by their problematic smartphone use (B = −1.45, 95% CI [−2.45, −0.46]), whereas students utilizing provided smartphones were not affected (B = 0.04, 95% CI [−1.01, 1.09]). Students with maximal problematic smartphone use achieved higher competences when utilizing provided devices (BBYOD−Pool = −1.20, 95% CI [–2.35, –0.05]).

Discussion: Our study demonstrates the importance of thinking about effects of student-owned and provided digital devices on mathematics learning. Finally, we discuss (a) that our results do not reveal a general preferability for one of the two access concepts, as well as (b) the relevance of student characteristics when choosing an access concept.
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1 Introduction

Over the past years, a variety of studies investigated the effects of digital media and digital tools in the context of learning mathematics and other subjects. Of central interest here—apart from the effects on students’ affect—is especially the effect on learning outcomes. In their meta-analysis, Hillmayr et al. (2020) found an overall positive and moderately sized effect of digital tool usage compared to non-usage (Hedges’s g = 0.65, 95% CI [0.54, 0.75]). Also, when considering only data regarding the subject mathematics, the effect was positive and moderate in size (Hedges’s g = 0.55, 95% CI [0.37, 0.72]).

Hence, it seems reasonable to create the conditions for school learning with digital resources for as many students as possible. A crucial point here is the availability of digital devices that enable students to access these resources. To allow uncomplicated and also spontaneous usage, mobile devices are particularly suitable. However, German schools are currently still poorly positioned in terms of the number of any type of digital devices. The ICILS Study 2018 (Eickelmann et al., 2019) has shown that, counting all types of devices, the student-to-device ratio in Germany was 9.7:1. An alternative to providing school-owned devices could be the utilization of student-owned devices (BYOD). This would allow more students to access digital resources during modeling classes.

As the JIM Study 2022 (Medienpädagogischer Forschungsverbund Südwest, 2022) has shown, almost every German 12- to 19-year-old personally owned a smartphone (95%). Besides, half of them also owned a tablet—which has increased over the past years (2022: 51%, 2021: 43%, 2020: 38%, 2019: 25%). German 12- to 19-year-olds did not only have access to those devices but also used them on a regular basis. Overall, 96 percent stated that they used a smartphone daily or multiple times a week in their free time. Analogously, 49 percent reported tablet use.

As we can see, smartphones and tablets are widespread and often used by students in their free time. However, less is known about whether these personal devices should be used for in-class and out-of-class schoolwork or if it is more beneficial for learning to provide students with digital devices. One possible solution for the latter is the usage of school-owned portable class sets. But, as the ICILS Study 2018 (Eickelmann et al., 2019) has shown, only 49.0 percent of German students visited schools, that held such devices.

In our study, to help with decision making, we comparatively examine these contrasting mobile device access concepts in terms of their relation to learning mathematical modeling, and thereby enabling teachers to, in good conscience, design mathematical modeling classes where students access digital resources on their own.


1.1 Mathematical modeling with the use of digital resources

All over the world, mathematical modeling is finding its way into mathematics teaching, as well as into curricula and assessments (National Council of Teachers of Mathematics, 2000; Kaiser, 2017). At the same time, digital resources are being used in the classroom and the combination of both has led to a wide variety of mathematical modeling tasks (Drijvers et al., 2016), which emphasizes clear definitions of constructs and their operational counterparts for the context of our work. We conceptualize modeling competence as abilities to identify a problem in a given real-world situation, to translate it into mathematics, and to interpret and validate the solution of the corresponding mathematical problem in relation to the given situation (Niss et al., 2007). Modeling competence also includes willingness to use these abilities independently and their reflective use in life (Blomhøj and Jensen, 2007).

The use of digital tools in modeling can be described with the help of a detailed modeling cycle that takes into account a digital world in addition to the real world and the mathematical world (Greefrath et al., 2018). First, the modeling problem must be understood, simplified, and translated into the language of mathematics. Then, the mathematical model can be defined. To use the digital tool to work on the mathematical model, the mathematical expressions must be translated into the language of the digital tool, e.g., as commands for a computer algebra system, and finally the results must be transformed back into the language of mathematics where they can be documented. Finally, when the mathematical results are related to the real situation, the original problem can be solved (Galbraith et al., 2003; cf. Pierce, 2005). In addition to this detailed view of the use of the digital tool in mathematical working, observations of modeling processes show that digital resources can also be used at many other points in the modeling process (Greefrath and Siller, 2017). Digital resources can help students develop mathematical modeling competence in several ways. For example, they can be used to understand the context, construct a real model, experiment, or check the mathematical results through the possibilities of visualization (Borba and Villarreal, 2005; Greefrath et al., 2018; Molina-Toro et al., 2019; Villa-Ochoa and Suárez-Téllez, 2021). This leads to a different perspective on digital resource use in modeling, in which the use of tools in mathematical work is only a small part of media use.

With regard to the possibilities of competence acquisition for modeling with digital tools, it is known that students were able to work more comfortably with real data through the use of digital tools, in addition to more frequent use of graphs and greater flexibility in solution strategies (Burrill et al., 2002). Furthermore, problem-solving and conceptual skills, which are important for modeling, may have been enhanced by the use of digital tools (Ellington, 2003). However, not all studies showed a stronger increase in performance in modeling in an experimental group with digital tools compared to a control group without these tools. Villa-Ochoa and Suárez-Téllez (2021) described that technology provides an organization of modeling processes and that it may or may not contribute to the production of meanings and competences. For example, in a study of students in a digital learning environment, it was found that difficulties with the technology and the modeling decisions they had to make in the module activities were in some cases barriers that affected students’ ability to learn (Merck et al., 2021).

The competence development in mathematical modeling with digital tools may also depend on the influence of affective characteristics of the students in relation to the confidence in their own ability to operate the digital tool. It was shown that a central sub-competence of mathematical modeling is promoted more strongly when students work with digital tools and have a correspondingly positive attitude (Greefrath et al., 2018).



1.2 Effects of mobile device access concepts

Depending on the specific use case in which the digital device is to be used, different device types seem suitable. Beyond calculators—even those equipped with a computer algebra system—, universal computers offer a wide range of possible application scenarios, regardless of whether they are desktop computers, laptop computers, mobile devices or others. Due to the students’ previous life experiences, the use of smartphones or tablets appears to be more low-threshold with regard to the required digital competences and thus more favorable. Additionally, most modern smartphones and tablets bring along further advantages compared to desktop and laptop computers as they are portable, lightweight, and include different sensors (e.g., photosensor, GPS sensor, and accelerometer). Also, these devices are relatively affordable and the characteristic features of desktop and laptop computers (e.g., professional software and enhanced connectivity) are not required for school use most of the time.

When deciding on mobile devices, the question arises as to how these devices should be accessed by students. Should school-owned devices be handed out and re-collected by teachers before and after each utilization? Or should students bring their own devices to class? These options clearly represent two very contrasting mobile device access concepts. Applying the former concept, the school purchases several sets of devices and rents them out through the teaching staff—we will refer to this as the device pool concept (pool concept). The latter concept systematically relies on the utilization of student-owned devices for learning, which is generally called the Bring Your Own Device concept (BYOD concept). Of course, there is a continuum of mobile device access concepts between BYOD and pool, with both conceptualized as its end-poles. A variant of the BYOD concept, for example, is the Get Your Own Device concept (GYOD concept). In this case, to counter the heterogeneity of devices, students are told which device(s) they are allowed to use and should purchase. A concept closer to pool, is the Corporate Owned, Personally Enabled concept (COPE concept). The main difference is that the mobile devices are handed out on a long-term basis to the students (see also United Nations Educational, Scientific and Cultural Organization, 2013; Murauer, 2017). These different concepts are often accompanied by additional rights and responsibilities (e.g., device maintenance). Table 1 provides an overview of the characteristics of selected mobile device access concepts. However, there are further concepts that are not listed.


TABLE 1 Characteristics of selected mobile device access concepts.
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Originating from the variations in the concepts’ characteristics, further disparities between them emerge, like (a) different possibilities for individualization of minor and major settings or cosmetics (e.g., standard apps, in-app settings, password manager, dark mode, or background image), (b) in-/sufficient rights to install any app (e.g., educational apps as well as social media apps, gaming apps, music streaming apps, video streaming apps, or news apps), (c) different familiarity with the device, (d) different levels of control over the saved data (i.e., different levels of data privacy), or (e) different student responsibility for the device. As we will discuss in the following, the differences between the concepts might affect students’ competences when mobile devices are used for learning. As the concepts BYOD and pool seem to exhibit the greatest differences, we decided to constrain our comparison on these two concepts.

Generally, in their everyday life, students use digital devices, especially smartphones, for various activities, like being on social media, watching videos, playing games, messaging, or listening to music (Radesky et al., 2023). Inherently, a utilization of digital devices for learning activities brings along a certain potential for distraction. In Karsenti and Fievez’s (2013) study, almost every student and teacher reported distraction as a challenge for digital devices in classes. In the accompanying interviews, concretely the access to social media and games was mentioned. As such and comparable smartphones activities (e.g., social media use, gaming, or messaging) heavily rely on the usage of specific apps, which in turn are usually not installed on school-owned devices, it seems to be important for learning whether student-owned or provided devices are utilized. In contrast, Burden et al. (2012) found indications that personal ownership of the digital device is a highly important factor in terms of positively affecting students’ autonomy, engagement, interest, motivation, self-efficacy, and responsibility for their own learning. Further, in the contexts of employees utilizing self-owned devices, Doargajudhur and Dell (2020) showed that such a utilization positively affected technology self-efficacy (β = 0.62), perceived job autonomy (β = 0.54), and perceived workload (β = 0.21), which in turn positively influence perceived job performance (β = 0.22, β = 0.24, and β = 0.37, respectively).



1.3 Effects of problematic smartphone use

Besides different mobile device access concepts, also other technology related constructs seem to influence student learning. In current research, an increasing number of studies investigated the relationship between problematic smartphone use and academic performance (see below). Problematic smartphone use, which is also referred to as smartphone addiction or smartphone use disorder, is a rather new construct in psychopathology (Elhai et al., 2017). To date, the construct is neither included in the Diagnostic and Statistical Manual of Mental Disorders (DSM-5-TR; American Psychiatric Association, 2022) nor uniformly conceptualized (Sunday et al., 2021). De-Sola Gutiérrez et al. (2016) summarized, that mainly two conceptualizations are prevalent: the first views the concept of addiction as not limited to substances, and the second is based on an interplay of lack of impulse control and addiction. Sunday et al. (2021) collected overuse, excessive use, compulsive use, heavy use, problematic use, addiction, and dependence as operationalization attempts in previous works. According to Elhai et al. (2017), problematic smartphone use is conceptualized similarly to internet addiction and internet gaming addiction, with the main difference being the hardware involved. In previous works, the criteria for problematic smartphone use were often based on criteria for substance use disorders, gambling disorder, or internet addiction (see De-Sola Gutiérrez et al., 2016). Since the fifth edition (DSM-5; American Psychiatric Association, 2013), the DSM tentatively includes the first internet-related disorder, namely internet gaming disorder. The proposed criteria are preoccupation, withdrawal, tolerance, persistence, displacement, problems, deception, escape, and conflict. To define problematic smartphone use, we adopted the DSM-5 / DSM-5-TR criteria for internet gaming disorder (see, e.g., Hussain et al., 2017; Mitchell and Hussain, 2018; Richardson et al., 2018; Reer et al., 2022, for a similar approach). As most of these criteria can also be found as DSM criteria for substance use disorders or gambling disorder, this approach seemed generally reasonable and in line with previous research.

Comprising the findings of 44 individual studies, Sunday et al.’s (2021) meta-analysis found a small negative effect of problematic smartphone use on academic performance (r = −0.12, 95% CI [–0.17, –0.08]). Conducting a moderation analysis, they further found in-class multitasking to negatively influence this effect (r = −0.16, 95% CI [–0.22, –0.11]). Two recent studies (Zhou et al., 2022a,b) found similar effects to the meta-analysis, but specifically for the subject mathematics. Students’ problematic smartphone use had a small negative effect on their mathematics achievement test score (β = −0.18, p < 0.001 and β = −0.16, p < 0.001, respectively).



1.4 Effects of fear of missing out

Another arising research topic focuses the effects of fear of missing out on learning. Fear of Missing Out (FoMO) is “defined as a pervasive apprehension that others might be having rewarding experiences from which one is absent[.] FoMO is characterized by the desire to stay continually connected with what others are doing” (Przybylski et al., 2013, p. 1841).

Through messaging apps and social media combined with mobile devices, it is easier than ever to stay in constant passive and active connection with others and thus to fulfill this desire. Shane-Simpson and Bakken (2022) showed that the in-class use of some social media platforms (Instagram and Twitter) was predicted by university students’ fear of missing out, Exp(B) = 1.53, 95% CI [1.05, 2.24] and Exp(B) = 1.70, 95% CI [1.07, 2.71], respectively. In addition, van der Schuur et al. (2015) performed a literature review regarding the consequences of media multitasking by adolescents and young adults. They found 3 correlational and 11 experimental studies investigating the relationship between in-class media use and course/lecture outcomes—which van der Schuur et al. (2015) intentionally distinguish from effects on overall grades and test scores. All 14 studies found a negative relation between in-class media use and course grades (−0.16 < r < −0.28), respectively, in-class media use and test scores (−0.21 < r < −0.48). A recent study (Zhao, 2023) also investigated relations between fear of missing out, social media multitasking, and academic performance. It was found that students’ fear of missing out positively influenced their social media multitasking (β = 0.35, p < 0.001), which in turn negatively influenced their academic performance (β = −0.18, p = 0.005).

Related to the effects of fear of missing out is the question of the consequences if someone is unable to fulfill their “desire to stay continually connected” (Przybylski et al., 2013, p. 1841). Mobile unavailability could be a possible cause of such an inability. Kneidinger-Müller (2019) presented participants different vignettes, all describing situations of mobile unavailability, and especially investigated the effects of participants’ fear of missing out and the reason for the unavailability on their rating of the situation. However, an interaction of both was not considered. Nevertheless, she found that, for vignettes describing a situation where one is mobile unavailable due to their own decision, participants’ fear of missing out still negatively influenced their rating of the situation (B = −0.23, 95% CI [−0.44,−0.02]). Regarding participants with average fear of missing out, she found that scenarios were rated significantly worse, when there was an external reason (i.e., empty battery, forgotten smartphone, or no mobile phone connection) for the mobile unavailability compared to a mobile unavailability due to one’s own decision (B = −0.61, 95% CI [−0.84,−0.38]; B = −0.76, 95% CI [−0.98,−0.53]; and B = −0.51, 95% CI [−0.73,−0.28]; respectively).



1.5 The present research

In summary, students’ subsequent mathematical modeling competence after a digitally enriched workshop may be influenced by the mobile device access concept applied (Burden et al., 2012; Karsenti and Fievez, 2013; Doargajudhur and Dell, 2020), students’ problematic smartphone use (Sunday et al., 2021; Zhou et al., 2022a,b) and their fear of missing out (van der Schuur et al., 2015; Kneidinger-Müller, 2019; Shane-Simpson and Bakken, 2022; Zhao, 2023). Thus, as a first approach, we focused on students with average problematic smartphone use and average fear of missing out and thereby considered only the effect of the access concept on those students’ competence. As the concepts BYOD and pool seemed to exhibit the greatest differences, we decided to investigate their effects on students’ competence. So, our first research question was:

Research Question 1: To what extent does the subsequent mathematical modeling competence after a digitally enriched workshop differ between students with average problematic smartphone use and average fear of missing out utilizing their self-owned smartphones and those utilizing provided smartphones instead?

On the one hand, there were indications that the personal ownership of the BYOD devices positively affects students’ autonomy, engagement, interest, motivation, self-efficacy, and responsibility for their own learning (Burden et al., 2012). Further, positive effects on technology self-efficacy, perceived job autonomy, and perceived workload were shown, which in turn positively affected perceived job performance (Doargajudhur and Dell, 2020). Both findings indicated an advantageous of the BYOD concept compared to the pool concept. However, on the other side, the BYOD devices seemed to be accompanied by a higher potential for distraction (Karsenti and Fievez, 2013). We thus formulated the following non-directional hypothesis:







	

	
Hypothesis 1: The mathematical modeling competence of students with average problematic smartphone use and average fear of missing out is affected by the mobile device access concept (BYOD vs. pool).







1.5.1 Mobile device access concepts and problematic smartphone use

Besides the possible relevance of the mobile device access concept for students’ academic performance (see above), it was found that students’ problematic smartphone use negatively affects their academic performance (Sunday et al., 2021; Zhou et al., 2022a,b). Further, in-class multitasking was found to moderate this effect (Sunday et al., 2021). As already mentioned above, common smartphone activities as social media use, gaming, or messaging (Radesky et al., 2023) heavily rely on the usage of specific apps. Without such apps being installed, a barrier to multitask during class arises for students learning with provided pool devices. Hence, the following question emerged:

Research Question 2: How is students’ subsequent mathematical modeling competence after a digitally enriched workshop influenced by their problematic smartphone use and the access concept applied (BYOD vs. pool)?

Due to the mentioned barrier in the pool concept and the absence of a barrier in the BYOD concept combined with the findings on in-class multitasking moderating the effect of problematic smartphone use (Sunday et al., 2021), we expected an interaction between these two predictors.







	

	
Hypothesis 2.1: The effects of students’ problematic smartphone use and the access concept applied (BYOD vs. pool) interact with each other.






Viewing at each access concept at a time, we expected to reproduce the negative effect of problematic smartphone use (Sunday et al., 2021; Zhou et al., 2022a,b) in the BYOD concept and, due to the moderating role of in-class multitasking (Sunday et al., 2021), we further expected no effect of students’ problematic smartphone use in the pool concept.







	

	
Hypothesis 2.2: In the BYOD concept, students’ mathematical modeling competence is influenced negatively by their problematic smartphone use.












	

	
Hypothesis 2.3: In the pool concept, students’ mathematical modeling competence is independent of their problematic smartphone use.






Viewed from the other perspective, that is, comparing students with the same level of problematic smartphone use each, we expected the BYOD concept to be advantageous for students with minimal (i.e., not average) problematic smartphone use because of the positive effects of BYOD itself (Burden et al., 2012; Doargajudhur and Dell, 2020). Due to the negative relation of problematic smartphone use and its reinforcement by in-class multitasking (Sunday et al., 2021), we further expected the pool concept to advantageous for students with higher problematic smartphone use.







	

	
Hypothesis 2.4: Comparing students with a minimal problematic smartphone use, the mathematical modeling competence of students in the BYOD group is higher than the one of students in the pool group.












	

	
Hypothesis 2.5: Comparing students with a rather high problematic smartphone use, the mathematical modeling competence of students in the BYOD group is lower than the one of students in the pool group.








1.5.2 Mobile device access concepts and fear of missing out

Just as students’ problematic smartphone use, also their fear of missing out was found to be related to their (in-class) use of social media (Shane-Simpson and Bakken, 2022; Zhao, 2023). Additionally, social media multitasking was found to be related to students’ academic performance (van der Schuur et al., 2015; Zhao, 2023). Again, the use of social media heavily relies on the usage of specific apps. Without such apps being installed, again a barrier to multitask during class arises for students learning with provided pool devices. However, the mobile unavailability in the pool concept seemed to be a relevant negative factor, especially regarding students with higher fear of missing out (see Kneidinger-Müller, 2019; and consider Przybylski et al., 2013). Hence, the following question emerged:

Research Question 3: How is students’ mathematical modeling competence influenced by their fear of missing out and the access concept applied (BYOD vs. pool)?

Analogously to the argumentation above, we expected an interaction between students’ fear of missing out and the access concept. This was due to the mentioned barrier in the pool concept and the absence of a barrier in the BYOD concept combined with the role of in-class multitasking and mobile unavailability (van der Schuur et al., 2015; Kneidinger-Müller, 2019; Shane-Simpson and Bakken, 2022; Zhao, 2023).







	

	
Hypothesis 3.1: The effects of students’ fear of missing out and the access concept applied (BYOD vs. pool) interact with each other.






Viewing at each access concept at a time, we expected to reproduce the negative effect of fear of missing out in the BYOD concept, which is due to the role of in-class multitasking (van der Schuur et al., 2015; Shane-Simpson and Bakken, 2022; Zhao, 2023). In the pool concept, we also expected a negative effect of fear of missing out, but due to students’ evaluation of their mobile unavailability (Kneidinger-Müller, 2019). However, it remained open whether the effect of fear of missing out would be greater in the BYOD or in the pool concept.







	

	
Hypothesis 3.2: In the BYOD concept, students’ mathematical modeling competence is influenced negatively by their fear of missing out.












	

	
Hypothesis 3.3: In the pool concept, students’ mathematical modeling competence is influenced negatively by their fear of missing out.






Viewed from the other perspective, that is, comparing students with the same level of fear of missing out each, we expected the BYOD concept to be advantageous for students with minimal (i.e., not average) fear of missing out because of the positive effects of BYOD itself (Burden et al., 2012; Doargajudhur and Dell, 2020). For students with higher fear of missing out, it remained open whether the BYOD concept or the pool concept is advantageous. It could be, that students learning with pool devices show a higher mathematical modeling competence because they were less distracted from social media, but it could also be, that students learning with their own devices (BYOD) show a higher mathematical modeling competence because they actually do not fear to miss experiences (see van der Schuur et al., 2015; Shane-Simpson and Bakken, 2022; Zhao, 2023; but compare Kneidinger-Müller, 2019). We thus phrased a non-directional hypothesis for this case.







	

	
Hypothesis 3.4: Comparing students with a minimal fear of missing out, the mathematical modeling competence of students in the BYOD group is higher than the one of students in the pool group.












	

	
Hypothesis 3.5: Comparing students with a rather high fear of missing out, the mathematical modeling competence of the students differs between the access concepts (BYOD vs. pool).








1.5.3 Aims and objectives

In summary, the role of the mobile device access concept seemed vague and only sparsely researched. However, the existing literature gave cause to assume a certain relevance for student learning. Thus, we decided to perform the present study. To test the presented hypotheses, we conducted an experimental study with treatment groups BYOD and pool. Both treatment groups attended the identical digitally enriched mathematics modeling workshop. Afterward, we measured students’ mathematical modeling competence. Additionally, we collected data on students’ problematic smartphone use and fear of missing out prior to the workshop.

As the hypotheses form relations as illustrated in Figure 1, we applied a linear regression analysis to investigate these effects. We grand mean centered students’ problematic smartphone use and fear of missing out, whereby Hypothesis 1 corresponded to the simple effect of the access concept on students’ mathematical modeling competence. Hypotheses 2.1 and 3.1 matched the interaction effects in the model. For supported hypotheses 2.1 or 3.1, we further estimated marginal means of both concepts and of the corresponding linear trends to answer Hypotheses 2.2–2.5 and 3.2–3.5, respectively. And, with regard to Hypothesis 2.3, we compared this model to a reduced model in which we excluded the direct effect of students’ problematic smartphone use but kept the interaction effect between problematic smartphone use and the access concept.
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FIGURE 1
Multilevel regression model under investigation. Note: All variables are located on the student level (level 1). The school class level (level 2) remains empty. H1 = Hypothesis 1; H2.1 = Hypothesis 2.1; H2.2 = Hypothesis 2.2; H2.3 = Hypothesis 2.3; H2.4 = Hypothesis 2.4; H2.5 = Hypothesis 2.5; H3.1 = Hypothesis 3.1; H3.2 = Hypothesis 3.2; H3.3 = Hypothesis 3.3; H3.4 = Hypothesis 3.4; H3.5 = Hypothesis 3.5.


To handle the fact that the participating students were nested in school classes, we decided for a multilevel model (see Hox et al., 2017; Huang, 2018) with the criterion variable and all predictor variables on the student level. As many studies have shown, students’ competence is highly predicted by their prior competence (Dochy et al., 1999) and general cognitive abilities (Peng et al., 2019). Therefore, we also collected respective data and included both effects in the model to control for them.





2 Methods


2.1 Participant characteristics

The sample of the study consisted of 399 students attending grades 8 and 9 of secondary schools allowing students to obtain a higher education entrance qualification. The students were distributed among 17 classes of 9 schools in North Rhine-Westphalia, Germany.

Some study participants had to be excluded from the analysis for different reasons (see below). Thereby, the sample analyzed consisted of 261 students aged 12–17 (M = 14.17, SD = 0.68; 54.79% female, 1.53% non-binary, 0.38% did not respond). The students were distributed among 15 classes of 8 schools.



2.2 Sampling procedures, inclusion and exclusion criteria

We generated the study sample by convenience sampling and self-selection by the students’ teachers. Specifically, we contacted school principals and teachers through official, administrative, or organizational school ministry and community mailing lists, made use of public calls for participation, and directly addressed existing contacts. Participation in this study was open only to students visiting secondary schools allowing to obtain a higher education entrance qualification (viz., the German school types Gymnasium and Gesamtschule). Additionally, we limited participation to 8th and 9th grade students. Both exclusion criteria were set, so that we could implement a single workshop that fitted to the curriculum (see Ministerium für Schule, Jugend und Kinder des Landes Nordrhein-Westfalen, 2004; Ministerium für Schule und Weiterbildung des Landes Nordrhein-Westfalen, 2007). Students who did not own a smartphone were allowed to participate in the workshop (utilizing a provided device), but were excluded from the analysis because it was not possible to randomly assign them to a treatment group.

To collect the data, we visited each of the classes twice. During the first visit, we introduced ourselves as well as the topic of the workshop (i.e., the environmental impact of electric mobility) and collected data on the independent variables that are generally considered stable over time (viz., problematic smartphone use, fear of missing out, and general cognitive ability). This visit lasted one lesson (i.e., 45 to 60 min). The second visit lasted one school day (i.e., 4 hr 30 min to 5 hr), during which we measured students’ prior mathematical modeling competence, carried out the workshop, and finally measured students’ outcome mathematical modeling competence. The data collection phase began in October 2020 and ended in February 2022.



2.3 Measurements and instrumentation

We collected data for one criterion variable (viz., outcome mathematical modeling competence) and five predictor variables (viz., mobile device access concept, prior mathematical modeling competence, general cognitive abilities, fear of missing out, and problematic smartphone use). Table 2 provides an overview of the variables and the corresponding instruments.


TABLE 2 Study variables and corresponding instruments.

[image: Table 2]

To enhance the quality of measurements, multiple steps were taken. Since we are investigating potential effects of digital devices, all measurements were carried out on paper. We also created new or implemented existing manuals for all data collections, the workshop execution, data codings, and data ratings. All involved researchers were trained to follow these manuals.

The variable mobile device access concept recorded which study group (BYOD or pool) the participants were assigned to. The assignment was determined at random. To include this categorical variable in the model, we applied dummy variable coding (0 = Pool and 1 = BYOD). To assess the other constructs, we used the instruments described in the following subsections.


2.3.1 Measuring mathematical modeling competence

Students’ mathematical modeling competence was measured twice, before and after the workshop, respectively. The two scores obtained for each student represented their prior mathematical modeling competence and their outcome mathematical modeling competence, respectively.

Modeling competence is measurable and demonstrably different from purely technical mathematical competences (Blum et al., 2004). Based on different understandings of modeling competence, different formats are used to measure modeling competence in tests. Two basic principles of task design can be distinguished. On the one hand, tasks are used that only ask for partial processes of modeling (atomistic approach) and on the other hand, tasks that require the complete running through of a modeling cycle (holistic approach; Blomhøj and Jensen, 2003). It should be noted that modeling competence consists of more than just the sum of individual sub-competences (Maaß, 2006) and the sub-processes cannot be assessed independently of each other.

To measure the students’ modeling competence, we created a competence-based performance test of atomistic and holistic test items. Thereto, we selected and slightly modified 16 items, which were previously used in the German national comparative test in grade 8 (Institut zur Qualitätsentwicklung im Bildungswesen [IQB], n.d.). All 16 items measured the competence mathematical modeling within the core theme functional relations. Out of the 16 items, we formed four test versions with 8 items each. To measure students’ mathematical modeling competence at the two measurement points (before and after the workshop participation), we assigned two different test versions to each student with no overlapping items. To determine scores for students’ mathematical modeling competence before and after the workshop, we rated student answers on the items for accuracy (0 = incorrect, 1 = correct).

We then estimated a Rasch model using marginal maximum likelihood estimation. The estimation of the model was run with the R package TAM version 4.1-4 (Robitzsch et al., 2022). In a first step, combining students’ responses before and after the workshop, we estimated the item difficulty. We then fixed the obtained item difficulty and estimated students’ abilities prior and subsequent to the workshop in a two-dimensional model. The reliability for the mathematical modeling competence test was sufficient (Rost, 2004), as of an expected a posteriori reliability (EAP reliability) of 0.704 for the prior measurement and 0.702 for the subsequent measurement. All Items showed a satisfactory infit between 0.83 and 1.17.

As the selected items originate from the German national comparative test item pool (IQB, n.d.), they have originally been developed in a multi-stage process under supervision of the IQB to ensure that they validly assess the competences described in the German educational standards. This process comprised especially the development of items, a revision based on feedback of experts in empirical educational research and mathematics didactics, and several item pilots and empirical tests (personal information of the authors; for a comparable process, see Pant et al., 2013; Köller, 2016; Mahler et al., 2019).



2.3.2 Measuring general cognitive abilities

To efficiently measure general cognitive ability, we used two subtests (viz., Series Completion and Matrices) in the short version 1 type of implementation of the culture fair intelligence test CFT 20-R (Weiß, 2019). The CFT 20-R displayed construct and factorial validity (e.g., strong correlations between its subfacets and general cognitive ability), external validity (i.e., moderate to large correlations with other intelligence test batteries), and predictive validity (e.g., correlations with grades were small to large; see Weiß, 2019). Conducting a factor analysis, Weiß has shown that both subtests mainly represented the factor reasoning, which is a critically component of fluid intelligence (e.g., McGrew, 2009). Some researchers even found fluid intelligence to be indistinguishable from general cognitive ability (cf. Kyllonen and Kell, 2017).

Students were worked on 15 multiple choice items per subtest and their responses were scored for accuracy (0 = incorrect, 1 = correct). Then, multiple steps followed. First, we created a sum score for each subtest. Second, we z-standardized both subtests separately. Third, we incorporated the standardized scores in a simple unidimensional confirmatory factor analysis model using the R package lavaan (version 0.6-14; Rosseel, 2012) with both factor loadings fixed to the values obtained by Weiß (i.e., 0.76 for both subtests). We estimated the factor variance and both residual variances freely. Finally, we derived factor scores for each student based on the Bartlett method. We found acceptable marginal reliability (Brown and Croudace, 2015) for the factor scores, ρ = 0.75. In addition, the factor determinacy index was 0.87 which surpassed recommended cut-offs for using factor scores in research (Ferrando and Lorenzo-Seva, 2018).



2.3.3 Measuring fear of missing out

To measure fear of missing out, we used the German version (Reer et al., 2019) of the Fear of Missing Out scale (Przybylski et al., 2013). The scale consisted of 10 items, which were rated from 1 (Not at all true of me) to 5 (Extremely true of me). For example, one item was “I fear others have more rewarding experiences than me.” The scale score was built by calculating the arithmetic mean and grand centering it, without scaling.

The internal consistency for the original Fear of Missing Out scale (Przybylski et al., 2013) has been determined with three samples. For the sample most similar to ours (N = 87 first-year undergraduate students; aged 18–33, M = 20.00, SD = 2.96; 77% women), the reliability was Cronbach’s α = 0.89. Cronbach’s α for the other two samples has been almost identical. The German version of the Fear of Missing Out scale (Reer et al., 2019) has also shown a good reliability of Cronbach’s α = 0.87 for a representative sample of 1,865 German internet users (aged 14–39, M = 27.65,SD = 6.85; 51.5% females). In our study the internal consistency of the German version was Cronbach’s α = 0.82.



2.3.4 Measuring problematic smartphone use

To measure problematic smartphone use based on the DSM-5 / DSM-5-TR criteria for internet gaming disorder, we used an adapted version of the Social Media Disorder Scale (van den Eijnden et al., 2016). Just as we adopted the DSM-5 / DSM-5-TR criteria for internet gaming disorder for problematic smartphone use, van den Eijnden et al. (2016) did so for social media disorder. The Social Media Disorder Scale captures the nine DSM criteria (preoccupation, withdrawal, tolerance, persistence, displacement, problems, deception, escape, and conflict) with one item each on a dichotomous yes-no scale (0 = No, 1 = Yes). Good internal consistency has been shown for three samples of Dutch adolescents with Cronbach’s α of 0.81, 0.76, and 0.82, respectively, as well as satisfactory convergent validity and criterion validity. Additionally, in comparison with a longer 27-item scale, it has been shown that a short 9-item scale based on the DSM criteria provides a valid instrument for internet gaming disorder (Lemmens et al., 2015) and social media disorder (van den Eijnden et al., 2016). Moreover, for the similar Internet Gaming Disorder Scale (Lemmens et al., 2015), criterion-related validity was shown to be higher for a dichotomous scale than for a 6-point polytomous scale. Overall, we considered the adaptation of the Social Media Disorder Scale to be a promising approach.

To derive our problematic smartphone use instrument from the Social Media Disorder Scale (van den Eijnden et al., 2016), we first replaced the term social media by your smartphone or just smartphone, respectively. For example, one item was “During the past year, have you had serious conflict with your parent(s) and sibling(s) because of your smartphone use?” We then translated the instrument to German. The instrument thereby obtained showed an internal consistency of Cronbach’s α = 0.69. For the further analysis, we built a scale score by calculating the arithmetic mean and grand centering it, without scaling.




2.4 Data collection

The data was collected between October 2020 and February 2022. We collected all data in written paper-based form. The data regarding fear of missing out, problematic smartphone use, and general cognitive abilities was collected at a preliminary day to the workshop. On the day of the workshop, we measured students’ mathematical modeling competence prior to and after the workshop.



2.5 Research design

We conducted an experimental manipulation with students randomly assigned to the experimental groups BYOD (students utilize self-owned smartphones) and pool (students utilize provided smartphones). Except for that difference, both experimental groups were treated the same, that is, in particular the mathematics workshop was the same for both groups. We assigned the students ourselves using a computer-generated random sequence and the list of participants. The unit of delivery was half a school class, concretely 6 to 15 students. The unit of randomization was an individual student and the only restriction on randomization procedures was the requirement that the number of students assigned to the two experimental groups should not differ by more than one for each class. The study followed a between-subjects design.



2.6 Intervention

To investigate the effects of the two mobile device access concepts BYOD and pool on students’ competence, we randomly assigned the students to either condition and then conducted a mathematics workshop with them. The participating classes were split in half and taught in two separate school rooms by trained project members. Thus, 6 to 15 students were taught in each room. During the workshop, the students worked in pairs except for one relatively short task and each student had one smartphone at their disposal. All students received the identical workshop except for the fact, that BYOD students used their own smartphones to accomplish the workshop, whereas pool students used project-owned smartphones. To control for effects of the pool students’ private smartphones, that is, those that were not utilized intentionally during the workshop, we simulated a strict school wide smartphone prohibition for these students. Students in the pool condition had to hand over their private smartphones to the project members for the workshop day. To not handicap the pool students because of an unfamiliar smartphone operating system, they were handed a smartphone with an operating system that closely matched their private one—as far as feasible. That is, pool students owning an iPhone were also provided with an iPhone; all other students were provided with an Android smartphone. For the purposes of this study, we found this to be important because otherwise it may have been the first contact with an alternative operating system for some students, which in turn may limit the interpretability of the study results. Students not owning a smartphone freely chose an operating system. Their study participation was only agreed for convenience (see below).

On the workshop day, we visited each participating class for a total of around 5 hr 15 min to 5 hr 45 min—depending on their school’s general timetable. This included also time for the data collections and school typical breaks. The subject-related working time was approximately 3 hr to 3 hr 30 min. During this working time, students completed eight mandatory and two optional tasks in the area of mathematical models describing the relationship between the mileage of an electric car and the emissions of climate-changing greenhouse gases it causes. The different tasks involved a variety of diverse digital actions, ranging from general to subject specific ones. For example, students were utilizing the smartphones to perform a web search, to work on an interactive video, to digitally collaborate with their peers, to use a CO2-equivalent-calculator, to perform calculations, to visualize data with an interactive applet, to simulate real-world situations, to plot functions, and to work with a multi-representation system.



2.7 Data diagnostics

After data collection, we excluded all students from the analysis, who met at least one of the following criteria:


•Students who stated not to own a smartphone, as these students could not be randomized to the study groups.

•Students who did not reply whether they owned a smartphone, as these students could possibly not be randomized to the study groups. For reasons of comparability, we have also removed these students from the BYOD group.

•Students who were (partly) absent at the preliminary data collection, as the data on their fear of missing out and problematic smartphone use and/or on their general cognitive abilities was completely missing.

•Classes whose workshop realization deviated from the manual, as their received intervention is not comparable to that of the other classes.

•Students who did not fully participate in the workshop (i.e., students who showed up late, were absent in the interim, or had to leave early), as their received intervention is not comparable to that of the other students.





2.8 Analytic strategy

As we wanted to treat students’ problematic smartphone use and their fear of missing out as continuous spectrums (see also Maser and Akiskal, 2002; cf. American Psychiatric Association, 2022) in this analysis, we applied a linear regression analysis. To include the study condition (i.e., the mobile device access concept) as a categorical predictor, we applied dummy variable coding (0 = Pool and 1 = BYOD). As the independence of the observations is a major assumption of linear regression analysis (Hox et al., 2017) and the data used for this analysis consisted of students that were clustered in classes, we estimated a multilevel model (level 1 = students, level 2 = classes) to account for the nested data structure (Hox et al., 2017; Huang, 2018). Failure to consider this structure can lead to biased statistical inference. Additionally, the data showed an intraclass correlation coefficient of 0.167 for students’ outcome mathematical modeling competence, which also exceeded discussed thresholds (e.g., 0.02; Bühner and Ziegler, 2017; see Huang, 2018 for a discussion) and thereby underlined this decision. As we did not expect any random slopes, we stated a random intercept model consisting of variables on the student level only. Hypothesis 1 matched the simple effect of the access concept on students’ mathematical modeling competence. Hypotheses 2.1 and 3.1 matched the interaction effects in the model. For supported hypotheses 2.1 or 3.1, we further estimated marginal means of both concepts and of the corresponding linear trends to answer Hypotheses 2.2–2.5 and 3.2–3.5, respectively. We tested all hypotheses against an alpha level of 5 percent. To answer Hypothesis 2.3, we further estimated a reduced model in which we excluded the simple effect of problematic smartphone use but kept the interaction effect of problematic smartphone use and the access concept. We than compared the Akaike information criterion (AIC) and the Bayesian information criterion (BIC) of the full model and the reduced model. A lower AIC and BIC in the reduced model would indicate an independence of students’ mathematical modeling competence from their problematic smartphone use for the pool group.




3 Results


3.1 Participant flow

Participant flow through the study is illustrated in Figure 2.


[image: image]

FIGURE 2
Participant flow through the study.




3.2 Descriptive statistics

The observed range, mean and standard deviation of the study variables are given in Table 3. Their correlations are given in Table 4. Prior mathematical modeling competence and outcome mathematical modeling competence showed a large positive correlation. Additionally, general cognitive abilities correlated moderately and positive with both of them. Furthermore, there was a small negative correlation between problematic smartphone use and outcome mathematical modeling competence and a moderate positive one between problematic smartphone use and fear of missing out. All correlations were as expected.


TABLE 3 Range, mean and standard deviation of study variables.
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TABLE 4 Correlations for study variables.
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3.3 Data analysis

The maximum likelihood estimation of the model was run with the R package lme4 version 1.1.30 (Bates et al., 2015). The model showed a marginal R2 = 0.333 and a conditional R2 = 0.361. The model estimates are reported in Table 5. Additionally, the two considered interactions on students’ mathematical modeling competence are visualized in Figure 3.


TABLE 5 Regression results for mathematical modeling competence.
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FIGURE 3
Interaction effects of the mobile device access concept with (A) students’ problematic smartphone use or (B) students’ fear of missing out on their mathematical modeling competence along with the 95% CIs.


For students with average problematic smartphone use and average fear of missing out, we did not find a simple effect (p = 0.76) of the mobile device access concept on students’ mathematical modeling competence after the workshop (cf. Hypothesis 1).

However, we found an interaction effect (p = 0.039) between the mobile device access concept and students’ problematic smartphone use (Hypothesis 2.1, see Figure 3A). We then estimated marginal means of the problematic smartphone use effect and of students’ outcome mathematical modeling competence using the R package emmeans version 1.8.8 (Lenth, 2023). The effect of students’ problematic smartphone use on their mathematical modeling competence differed, t (265) = −2.03, p = 0.04, between the BYOD group (B = −1.45, 95% CI [−2.45, −0.46]) and the pool group (B = 0.04, 95% CI [−1.01,  1.09]). While the effect was significantly different from zero in the BYOD group (Hypothesis 2.2), t (261) = −2.87, p = 0.004, it was not in the pool group (Hypothesis 2.3), t (267) = 0.08, p = 0.94. The reduced model (i.e., the one without the simple effect of problematic smartphone use) showed an AIC of 799.69 and a BIC of 831.77. These were both lower than the AIC of 801.69 and the BIC of 837.33 obtained for the full model. The estimated marginal means of students’ outcome mathematical modeling competence are reported in Table 6 (Hypotheses 2.4 and 2.5). While the mathematical modeling competence was not significantly different between the two groups for students with minimal problematic smartphone use (p = 0.17), for students with maximal problematic smartphone use it was. These students achieved a higher competence when utilizing provided devices (BBYOD−Pool = −1.20, 95% CI [–2.35, –0.05]).


TABLE 6 Estimated marginal means of students’ mathematical modeling competence.
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We did not find an interaction effect (p = 0.12) between the mobile device access concept and students’ fear of missing out (see Figure 3B, cf. Hypothesis 3.1). Also, the simple effect of students’ fear of missing out was non-significant (p = 0.15).




4 Discussion

Hypothesis 1, that the mobile device access concept affects the mathematical modeling competence of students with average problematic smartphone use and average fear of missing out, is not supported by the results. As outlined in the introduction, there are contrary indications on the preference for a mobile device access concept. The potential for distraction of the digital devices, as found by Karsenti and Fievez (2013), rather favors the pool concept, whereas the effects of the personal device ownership indicate benefits of the BYOD concept (Burden et al., 2012; Doargajudhur and Dell, 2020). We interpret our result as an indication that the different characteristics of BYOD and pool might actually be counterbalancing each other. And thus, other mobile device access concepts combining the positive effects and, at the same time, encountering the negative ones, could reveal as favorable.

Hypothesis 2.1, that the mobile device access concept interacts with students’ problematic smartphone use, is supported by the results. Further, also Hypotheses 2.2 and 2.3 are supported. While Hypothesis 2.4 is not supported by the data, Hypothesis 2.5 is. When learning with their own devices, students’ mathematical modeling competence was negatively affected by an increasing level of problematic smartphone use (Hypothesis 2.2). This is in line with the previous findings (Sunday et al., 2021; Zhou et al., 2022a,b). When learning with a provided device, however, there is no such effect (Hypothesis 2.3). This also fits with the finding that the effect of students’ problematic smartphone use is moderated by in-class multitasking, given that multitasking in the pool concept requires a lot of effort. Regarding students with minimal problematic smartphone use, we were not able to show a difference in students’ mathematical modeling competence between the two access concepts (cf. Hypothesis 2.4). Regarding students with a rather high problematic smartphone use, the mathematical modeling competence of students in the BYOD group was lower than the one of students in the pool group (Hypothesis 2.5). This again fits the finding of the moderating role of in-class multitasking (Sunday et al., 2021), since it is much easier in the BYOD concepts than in the pool concept to use social media. Overall, in terms of competences, the choice of the mobile device access concept thus may be of great importance for certain students. We interpret our results such that the appropriate choice of a concept can help counter negative effects caused by unfavorable student characteristics.

Hypothesis 3.1, that the mobile device access concept interacts with students’ fear of missing out, is not supported by the results. Taking a close look at Hypotheses 3.2 to 3.5 and the research findings forming the basis of them, it seems reasonable that we could not detect an interaction. We expected a negative effect for both access concepts with either in-class social media use or mobile unavailability being involved (Hypotheses 3.2 and 3.3) and we were also unsure about which access concept would be advantageous for students with high fear of missing out (Hypothesis 3.5). As there was no interaction effect, we therefore did not test Hypotheses 3.2 to 3.5, but instead directly evaluated the simple effect of students’ fear of missing out. However, this effect also was not significant. While this is contrary to our assumptions (Hypotheses 3.2 and 3.3) based on the previous findings (van der Schuur et al., 2015; Shane-Simpson and Bakken, 2022; Zhao, 2023), a possible explanation might be the fact that we included students’ problematic smartphone use in the same model and the correlation between these two predictors (see Table 4).


4.1 Limitations and strengths

In this study, we examined different effects on students’ mathematical modeling competence. We did so because of the diverse utilization possibilities of the digital devices during the modeling process (Greefrath and Siller, 2017). We do not explicitly claim any generalizability of the results to other mathematical or non-mathematical competences. However, it is conceivable that the results would generalize to other competences and subjects, as the constructs problematic smartphone use and fear of missing out as well as the different mobile device access concepts are not related to the content of mathematical modeling.

For this study, we did not purposefully select a representative sample. However, as the convenience sampling and self-selection took place on the teacher level, we assume that this does not bias our results as much as they would have been by convenience sampling and self-selection on student level. Nonetheless, also in our study, students could refuse to participate—but only a few did.

To test our hypotheses, we limited our research to 8th and 9th grade students in the academic track of the German school system. While we tend to assume the generalizability of the results to same-aged students visiting other types of schools, the question remains open regarding differences to younger and older students.

Because ownership of personal tablets by students was not as widespread as ownership of personal smartphones at the time of study planning and is still not today, we could only examine the BYOD concept on the basis of smartphones. It remains unclear, whether the results can be generalized to tablets. On a technical level, smartphones and tablets appear to be quite similar, but very different types of use cannot be ruled out. When investigating other mobile device access concepts, like the COPE concept, future studies should consider using tablets for this.



4.2 Implications

Our results do not reveal a mobile device access concept (BYOD or pool) to be favored in principle (i.e., for an average student). Rather, we found an interaction between the access concept and students’ problematic smartphone use. This is a new contribution to the field of research on problematic smartphone use and its effect on student achievement. We found that there is a negative effect of problematic smartphone use in the BYOD concept only and not in the pool concept. Further research should investigate how other access concepts, that could not be considered in this study, align with the findings.

Further research should also investigate the exact role of in-class multitasking. It might be worth to consider in-class multitasking as a mediator rather than a moderator between students’ problematic smartphone use and their academic achievement.

Our study revealed that the effect of students’ problematic smartphone use on their competence depends on the chosen mobile device access concept. As a consequence, teachers noticing students that are negatively affected when utilizing digital devices should consider the application of a stricter access concept.
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