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How does co-regulation with Adaptive Learning Technologies affect primary school students' goal-setting, regulation of practice behavior and learning outcomes?
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Introduction: Monitoring and controlling learning is often difficult for primary school students. This issue is partially resolved when Adaptive Learning Technologies (ALTs) take over part of these self-regulated learning (SRL) processes. Trace data in ALTs provides elaborate information on students' learning process, which can be translated into monitoring support. However, this data does not provide insight into students' goal-setting behavior, which is a crucial part of the monitoring loop. Therefore, we developed a form of co-regulation between the student and the ALT with goal-setting prompts and monitoring support.

Method: This experimental study compared an experimental condition in which primary school students worked with the co-regulation intervention while practicing mathematics problems in the ALT to a control condition where they only practiced with the ALT. Firstly, we examined the effects of co-regulation with ALTs on regulation of practice behavior and learning outcomes by comparing the experimental and control conditions. Secondly, to gain further insight into students' goal-setting behavior in co-regulation, we examined how the experimental condition set their goals and attained them.

Results: Results showed that students in the experimental condition were more effective in regulating their practice behavior, shown by more problems solved and higher accuracy than the control condition. Similar learning gain was found in both conditions on the easy and intermediate learning topics. For the hard learning topic, the control condition showed a higher learning gain. Higher week goals than day goals on all three learning topics and similar goals were set between the learning topics. Students' goal attainment was less for the easy compared to the hard learning topic.

Discussion: Combined, these results indicate that co-regulation with an ALT positively affects students' regulation of practice behavior and goal- setting behavior but does not yet increase learning gain. A practical implication is that teachers could support students by explicitly providing students with goal-setting opportunities.
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Introduction

Research has indicated the importance of self-regulated learning (SRL) for learning, both for the development of knowledge that is well integrated into students' existing knowledge as well as for the development of SRL skills to support lifelong learning (Azevedo et al., 2008; Järvelä and Bannert, 2019). At the same time, monitoring and controlling learning is often difficult for primary school students: they struggle to accurately make monitoring judgments and subsequently control their learning (Azevedo et al., 2008; van Loon and Roebers, 2021). This issue is partially resolved when students work with Adaptive Learning Technologies (ALTs), which are widely used in upper primary education, as the technology takes over part of their monitoring and control (Molenaar et al., 2021). Hence, to develop SRL skills, this should not always be taken over from the student (Molenaar, 2022a; Greene and Azevedo, 2007; Usher and Schunk, 2017; Winne and Hadwin, 1998).

Therefore, we need to think about ways in which ALTs can support students in learning to successfully monitor and control their own learning instead of taking this away from the student. A gradual shift from external to internal control can be helpful to establish this (Azevedo et al., 2008; Dignath and Büttner, 2018; Molenaar, 2022a). This shift can be guided by co-regulation, which can be defined as support for (self-regulated) learning by the environment or others in the environment of the student (Hadwin et al., 2017; McCaslin, 2004). Not only can fellow students or teachers aid co-regulation, but technology can also play a role (Lajoie and Lu, 2012). Dashboards can support co-regulation between the ALT and student by, for example, showing students the adjustments of the ALT on the difficulty of tasks (Jivet et al., 2018; Molenaar, 2022b). Moreover, students can be shown examples on how to monitor their learning by showing them their learning progress (Dignath and Büttner, 2008; Molenaar, 2022a). Co-regulation can, therefore, be implemented with different foci. As little is known about co-regulation with ALTs in the literature, this study tries to fill this gap. Therefore, in this study, the co-regulation intervention consisted of goal-setting prompts and monitoring support by showing students their learning progress.

Trace data in ALTs provide elaborate information on learning processes, which can be translated into monitoring support that provides students with real-time insight into their learning progress (Jivet et al., 2018; Molenaar, 2022a; Molenaar et al., 2020). However, this data does not provide insight into students' intentions toward learning, such as their goal-setting behavior, which is a crucial part of monitoring (Panadero, 2017; Winne, 2010). Setting goals is a prerequisite to evaluating students' performance and diagnosing their progress toward the goals set (Winne and Hadwin, 1998). Therefore, prompting students' goal setting is a crucial aspect of providing this monitoring support (Dignath and Büttner, 2008).

A co-regulation intervention could potentially support students with goal-setting and subsequent monitoring processes during learning (Hadwin et al., 2017; Lajoie and Lu, 2012; McCaslin, 2004). Yet, it is currently unknown how this form of co-regulation affects students' goal-setting behavior and learning outcomes when learning with ALTs in primary education. Therefore, the effect of co-regulation with an ALT on goal-setting behavior, the regulation of practice behavior and learning outcomes of primary school students was investigated by comparing the experimental (co-regulation with an ALT) and control conditions (only ALT, no co-regulation). Moreover, to understand how this co-regulation intervention plays a role in the actual goal-setting behavior of students, we examined how students in the co-regulation condition set their goals and if they attain them.


Self-regulated learning in Adaptive Learning Technologies

In educational research, SRL is widely used as a framework to understand cognitive, emotional, and motivational factors that influence learning (Greene and Azevedo, 2007; Panadero, 2017). The COPES model (Winne and Hadwin, 1998) focuses on students' internal regulation processes during learning. In this model, SRL unfolds in four linked phases during learning. The first phase entails task definition, in which students generate an understanding of the task at hand and go over factors that influence the task (Winne, 2010). The second phase involves goal setting and planning, where students set learning goals and plan their actions to achieve these goals. These goals are reached when a specific criterion is met (Winne, 2010). Hence, the first two phases, in which orientation on the task and goal setting take place, are prerequisites for sound monitoring and control in the subsequent execution phase. This third phase includes ongoing monitoring while enacting study tactics and strategies while students execute actions needed to reach their goals. This is the phase where students solve problems, monitor progress, and constantly make judgments of their learning (JOLs) (Koriat, 1997). When needed, they enact control by adjusting their strategies in so-called small-scale adaptations (Winne, 2010; Winne and Hadwin, 1998). To determine whether there is a need for these adaptations, students make JOLs comparing their actual performance to their set goals and consequently cognitively evaluate their progress (Molenaar et al., 2020; Winne and Hadwin, 1998). Finally, in the fourth phase, the adaptation phase, students use their JOLs to reflect on the three previous phases and determine if their progress was according to plan. If not, students adjust their goals, strategies, or tactics for the next lesson (large-scale adaptations; Winne, 2010).

Hence, SRL can be seen as a goal-oriented process in which students make conscious choices while working toward their goals (Winne and Hadwin, 1998; Zimmerman, 2000). To reach their learning goals, students engage in various cognitive activities, such as reading and practicing, and metacognitive activities, which entail orientation, planning, executing, monitoring, and evaluation (e.g., Boekaerts, 1999). Students can use these metacognitive activities to monitor and control their learning (e.g., Veenman, 2013), which are two central processes in SRL (e.g., Panadero, 2017; van Merriënboer and de Bruin, 2019). As students work toward their goals (e.g., mastery of a skill), they rely on monitoring judgments to regulate their learning (De Bruin et al., 2017; Koriat, 1997). Students check available information about their performance and consequently judge their knowledge development via JOLs (De Bruin et al., 2017; Koriat, 1997). This information can inform monitoring and drive control over practice behavior in relation to the goals a student has set, for instance, by adjusting the effort they invest in the task (De Bruin et al., 2017; Molenaar et al., 2020, 2019a). Hence, goal setting, monitoring, and control are closely linked in a cycle and have reciprocal influence on each other (van Merriënboer and de Bruin, 2019).

Currently, when students work with ALTs, part of their monitoring and control is taken over by the ALT. Many upper primary school students in Dutch primary education use ALTs on a daily basis to learn mathematics, spelling, and grammar (Karssen et al., 2023). The adaptive problem selection process in ALTs was originally developed as support for cognitive activities (Klinkenberg et al., 2011), but also offloads regulation from students (Molenaar et al., 2019a). ALTs support students in monitoring by providing immediate feedback after each completed task (Aleven et al., 2016; Pardo et al., 2019; VanLehn, 2011). At the same time, this takes away the need for students to actively monitor themselves, for example by checking their answers themselves before proceeding (Molenaar, 2022a). Control is taken over from the student by ALTs by selecting problems that are adapted to the ability level of students(Molenaar et al., 2019a). This reduces the need for students to make accurate monitoring judgments when practicing, adjust their effort, or change strategies and tactics (Molenaar et al., 2019b). This diminished the opportunities to engage in active monitoring and control and therefore develop their SRL skills (Greene and Azevedo, 2007; Usher and Schunk, 2017; Winne and Hadwin, 1998).



Co-regulation: goal setting and monitoring support in ALTs

Instead of taking over monitoring and control from the student, a gradual shift from external to internal control is needed to enhance the development of students' SRL skills (Azevedo et al., 2008; Dignath and Büttner, 2008; Molenaar, 2022a,b). One step within this process is described as co-regulation, which addresses the process of developing SRL skills during learning through interactions with others (Hadwin et al., 2017). In the formal definition, teachers or peers engage the student in different SRL challenges and provide expertise on the topic, resulting in the prompting of regulation processes. The idea would be that co-regulation with others over time can lead to internalization of SRL skills in individual students (e.g., Baars et al., 2020). Previous research on co-regulation mostly describes peers and teachers to be in interaction with the student (e.g., Hadwin et al., 2017). In our case, the ALT will function as their interaction partner, resulting in co-regulation with ALTs. Continuous interaction takes place between the student and the ALT in which the student is actively prompted to set goals, informed by the ALT about progress toward the goals. In this way regulation is transferred between the ALT and the student.

An essential element in co-regulation is active goal setting which is crucial for monitoring during (self-regulated) learning (Panadero, 2017; Winne, 2010). Students often face a utilization deficiency, indicating they fail to activate the control and monitoring loop (Winne and Hadwin, 2013). This activation largely depends on the goals students set (Molenaar et al., 2019b; Winne, 2017). Setting goals is a prerequisite for students to evaluate their performance and diagnose their progress (Winne and Hadwin, 1998). In SRL, students use goals to aid their learning actions (Zimmerman, 2000).

When students effectively engage in goal setting, their understanding of a task increases and students can focus more on relevant strategies to successfully complete the task (Locke and Latham, 1990; Schunk, 1990). Previous studies indeed showed that setting goals can improve learning outcomes (Gardner et al., 2016; Moeller et al., 2012; Morgan, 1985). However, earlier research showed that young students often face challenges while setting their goals (Schunk, 1990). Students often skip setting goals before their learning sessions and do not actively engage in the goal-setting step of SRL (Nedzinskaite-Mačiuniene and Šimiene, 2021). Consequently, this could lead to less SRL skills. Prompting young students to actively set goals could be a way to engage students in goal setting (Dignath and Büttner, 2008) and is therefore found to be a crucial part of co-regulation. By encouraging students to actively set their goals in the ALT and the ALT informing students on goal attainment, a bidirectional interaction between the ALT and student to regulate the learning process would take place.

Research indicates that students do seem to benefit from external support to execute SRL (Azevedo et al., 2008; Molenaar et al., 2019a). Both teachers, as well as technology can provide this support. Technology can help students by explaining and modeling SRL processes via scaffolds or prompts (Wong et al., 2019) and teachers by explicitly teaching SRL strategies (Dignath and Büttner, 2018; Ewijk et al., 2013). External support based on trace data has been shown to improve SRL (Azevedo et al., 2008; Molenaar et al., 2019a) and can be seen as a way to make students understand how the ALT monitors and controls their learning process in co-regulation. For example, progress charts informed by trace data show potential for reflecting on learning progress in previous studies (Arroyo et al., 2007). Offering monitoring support by showing students their learning progress, such as their completed tasks or measures of knowledge is commonly done in previous studies (Bodily et al., 2018b). Student-faced dashboards that use trace data to provide this monitoring support were found to improve SRL skills in students (Bodily et al., 2018a; Molenaar et al., 2020). Therefore, monitoring support is seen as the second crucial aspect of co-regulation in ALTs next to the goal-setting prompts. In this study, therefore, we combine the two above-mentioned crucial aspects of co-regulation by combining goal-setting prompts and monitoring support. With those two features, co-regulation with ALTs encompasses interaction between the student and ALT.



The current study

In this experimental study, we examined the effects of a co-regulation intervention while practicing mathematics with an ALT, consisting of goal-setting prompts and monitoring support, on the regulation of practice behavior and learning outcomes. We compared an experimental condition (co-regulation with ALT) with a control condition (only ALT, no co-regulation). Moreover, to gain further insight into students' goal setting in co-regulation, we examined how students set their goals in co-regulation and to which extent they attained them.

The research questions were:

1. What is the effect of co-regulation with an ALT on regulation of practice behavior?

2. What is the effect of co-regulation with an ALT on learning outcomes?

3. How do students set goals and to what extent do they attain these goals (goal-setting behavior) when engaged in co-regulation with an ALT?

In general, co-regulation is expected to support students to monitor their own learning more accurately (Azevedo et al., 2008; Hadwin et al., 2017; McCaslin, 2004). As a consequence of accurate monitoring, they are also expected to execute more effective control and, therefore, to show better practice behavior (De Bruin et al., 2017; van Merriënboer and de Bruin, 2019). Consequently, more effective monitoring and control during learning is expected to increase learning outcomes (e.g., De Bruin et al., 2017). Specifically, prompting students to actively set goals (e.g., Dignath and Büttner, 2008; Gardner et al., 2016; Moeller et al., 2012) and support the process of monitoring their goal attainment via co-regulation with an ALT (e.g., Lajoie and Lu, 2012), is expected to improve monitoring and control during learning math in primary education. Therefore, in our current study, we first expected that students in the co-regulation condition showed better regulation of practice behavior by completing more problems (Hypothesis 1a) and attained higher accuracy (Hypothesis 1b) compared to the control condition. Secondly, we expected that students in the co-regulation condition showed higher learning gains compared to students in the control condition (Hypothesis 2). Due to the explorative nature of the third research question, no specific hypotheses were formulated.




Method


Participants and design

This study was conducted with a quasi-experimental pre-post-test design (Figure 1). Participants in this study were 114 grade 5 students from 4 schools (one class per school) located in the South and East of the Netherlands. Schools were contacted only when they worked with the ALT used in this study in their daily practice, to prevent novelty effects. Fifty-five boys and 59 girls between 10 and 13 years old participated in this study, with a mean age of 10.97 (SD = 0.60).


[image: Figure 1]
FIGURE 1
 Study design.


Each school was randomly assigned to either the experimental condition (co-regulation) or the control condition: all students from two schools were assigned to the control condition and all students from two other schools were assigned to the experimental condition. Students in the control condition were, on average, 6 months older than students in the experimental condition, t(112) = 5.96, p < 0.01, d = 1.12, and there were more girls in the control condition, t(112) = 2.05, p = 0.04, d = 0.39.

Participants were included in the analysis when they participated in at least three out of four lessons. Based on this inclusion criterion, 20 students that missed more than one lesson were excluded from the analyses. The excluded students had a similar age as the included participants [t(125) = 0.665, p = 0.507, d = 0.085], and there were no differences in girl/boy ratio between included and excluded participants [t(125) = 0.292, p = 0.771, d = 0.195].



Procedure

The experiment took place during 1 week, with four mathematics lessons about fractions. On the 1st day, students completed the pre-test (30 min) and participated in the first instruction lesson on simplifying basic fractions. The two other instruction lessons (simplifying mixed and complex fractions) and the repetition lesson were given on consecutive days following the first lesson. On the 5th day, students completed the post-test (30 min) and transfer test (30 min). The lessons had a duration of 55 min.

The structure of each lesson was comparable. The first 10 min consisted of setting goals in the Learning Path app for the co-regulation condition and a puzzle for the control condition. Next, the teacher used a protocol to give standardized instruction about the learning topic. Consequently, all students worked on individual problems in the ALT for 30 min. In the co-regulation condition, students could monitor their progress toward their goals during practice. The last 5 min of each lesson consisted of a reflection on the lesson. The three learning topics of the previous lessons were repeated and practiced in the repetition lesson. Students could choose which of the three previous learning topics to work on and could switch between them.



Materials
 
The Adaptive Learning Technology

The Adaptive Learning Technology (ALT) used in this study is used from grade 1 to grade 6 in primary education in the Netherlands. Students can practice mathematics, spelling, language, and vocabulary with this ALT. This technology is applied in blended classrooms where the teacher gives instruction, after which students practice individually on their tablets. The ALT adjusts the difficulty level of problems to students' needs. It selects problems for students based on an estimate of their current knowledge on a learning topic, also called the ability level (Corbett and Anderson, 1994). This ability level is calculated by a derivative of the Elo algorithm (Elo, 1978; Klinkenberg et al., 2011). Every problem also has a difficulty score, which is adjusted continuously. If a student gives an incorrect answer, their ability level is lowered and the difficulty score of that problem increases (Klinkenberg et al., 2011). The ALT selects problems by using a probability of 75% that the student will solve that problem correctly (Aleven et al., 2016; Elo, 1978; Klinkenberg et al., 2011). When the student solved this problem correctly, their ability level increased, whereas an incorrect answer decreased their ability level (Klinkenberg et al., 2011).

After each problem, the student receives feedback indicating if their answer is correct or incorrect. If their answer is incorrect, the student gets a second attempt. The system repeats problems that are answered incorrectly twice at the end of each set of twelve problems. After each set, students see their number of correct and incorrect answers. The teacher can view students' progress during learning via a dashboard included in the ALT.



Learning topics

Participants worked on three mathematics learning topics in the current study. All learning topics covered simplifying fractions and increased in difficulty over the lessons. The problems related to the first learning topic, “simplifying basic fractions,” were relatively easy. Therefore, this learning topic was classified as the easy learning topic. The problems related to the second one, “simplifying mixed fractions,” were of intermediate difficulty. This learning topic was classified as the intermediate learning topic. The last learning topic, “simplifying complex fractions,” was difficult because of the use of large numbers and thus called the hard learning topic. Therefore, this learning topic was classified as the hard learning topic. Table 1 shows examples of problems within the three learning topics.


TABLE 1 Learning topics and examples.

[image: Table 1]



Co-regulation in the Learning Path app

In the experimental condition, participants engaged in co-regulation via the Learning Path app. This app consists of goal-setting prompts and monitoring support. This app is developed to gradually guide students through the SRL process by following the four phases of the COPES model: task orientation, goal setting, execution of the task, and making adaptations (Winne and Hadwin, 1998). Students received standardized teacher-guided instruction on the Learning Path app. A poster in the classroom was used as a reminder for the students on the meaning of all information provided by the app.

The Learning Path app consisted of 3 screens that serve as dashboards: the overview screen, goal setting screen, and learning path screen. For task orientation, the overview screen of the app provides insight into the learning topics students are working on during the week (Figure 2A). Three dolphins each represent one of the three mathematics learning topics in this experiment.


[image: Figure 2]
FIGURE 2
 (A) Overview screen: task definition phase. (B) Goal-setting: goal-setting phase. (C) Overview screen with prompts: execution phase. (D) Goal setting screen with prompts: execution phase. (E) Learning path screens.


For goal setting, students were asked explicitly to set their goals in the goal-setting screen (Figure 2B). Students were asked to set three types of goals by indicating the proficiency they wanted to reach (1) during the first lesson on the learning topic (day goal), (2) after the repetition lesson, and (3) at the end of the experiment (week goal). By moving the flag on a scale from 0% to 100%, students set their goals, the percentages reflecting the ability level in the ALT they wanted to achieve.

After setting their goals, students started executing the task by individually practicing on fractions tasks. During and after learning, students could view progress toward their learning goals in the overview (Figure 2C) and goal-setting screen (Figure 2D). Different prompts were provided to the student in these screens and a separate learning path screen, see Table 2 for the prompt and Figure 2E for the screens. For a more elaborate description of the learning paths provided to the student (see Molenaar et al., 2019a).


TABLE 2 Overview of goal-setting prompts and monitoring support.
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Measurements
 
Student characteristics

The following student characteristics were measured: age in years and months and gender.



Regulation of practice behavior

Based on the information from the ALT, the number of problems and accuracy were extracted to indicate regulation of practice behavior. Both are measured by one indicator per learning topic. The number of problems was indicated by the number of unique problems a student solved while practicing one learning topic (not including repeated problems). Accuracy was the percentage of correctly answered problems, calculated by dividing the number of correctly solved problems by the total number of problems students solved.



Learning outcomes

For learning outcomes, the pre- and post-test scores were used. The pre- and post-tests both consisted of 24 problems, eight items per learning topic. The items in the pre- and post-test were structured similarly, but different fractions were used. The problems all were existing exercises in the ALT, and the problems' difficulty levels were similar between the tests. The Cronbach's alpha for the whole pre-test (α = 0.82) and post-test were both good (α = 0.87). For the first learning topic of simplifying basic fractions, the pre- and post-test had similar Cronbach's alpha's (α = 0.77 and α = 0.76). Learning topic 2 contained mixed fractions and had a lower Cronbach's alpha for the pre-test (α = 0.72) than for the post-test (α = 0.84). For the third learning topic containing complex fractions, the pre-test (α = 0.80) had a higher Cronbach's alpha than the post-test (α = 0.72). The differences in Cronbach's alpha could be explained by the different exercises used in pre- and post-test.



Goal-setting behavior

The goals students set per learning topic (easy, intermediate, and hard) were stored in the log files of the Learning Path app. These goals were indicated by a percentage from 0 to 100. These percentages reflect the ability level they wanted to achieve in the ALT. The goal they set at the start of each new lesson on a learning topic (day goal) and the goal they set for the end of the experiment (week goal) were used. Both goals were set when they first started a new learning topic.

Students' goal attainment was based on the extent students obtained their goals for each learning topic. Goal attainment was calculated by the set goal minus the ability level after the lesson and then made absolute (removing the minus sign when negative). A higher score on goal attainment means a larger gap between set goal and ability level, so less goal attainment.




Analysis

To answer research question 1 on regulation of practice behavior (number of problems solved and accuracy), data was analyzed using GLM Repeated Measures ANOVA with Learning topic (easy/intermediate/hard) as within-subjects-factor and Condition (experimental/control) as between-subjects-factor. This was done for the number of problems solved and accuracy separately. Sphericity was checked with Maulchy's test. Follow-up analyses were conducted with paired-samples t-tests when there was a main effect of Learning topic and independent samples t-tests when there was a main effect of Condition.

For research question 2 on learning outcomes, GLM Repeated Measures ANOVA was conducted with pre- and post-test on the Learning topics (easy/intermediate/hard) as within-subjects factor and Condition (experimental/control) as between-subjects factor. Sphericity was checked with Maulchy's test. Follow-up analyses were conducted with paired-samples t-tests when there was a main effect of Learning topic and independent samples t-tests when there was a main effect of Condition.

To answer research question 3 on goal-setting behavior in the co-regulation condition, the goals that students set and goal attainment were explored. The goals students set were indicated by a percentage from 0 to 100, reflecting the ability level they wanted to achieve in the ALT. For set goals, GLM Repeated Measures ANOVA was conducted with Learning topic (easy/intermediate/hard) and Goal type (day goal/week goal) as within-subjects factors. Sphericity was checked with Maulchy's test. Follow-up analyses were conducted with independent samples t-tests. Goal attainment was calculated by the set goal minus the ability level after the lesson. For goal attainment, GLM Repeated Measures ANOVA was conducted with Learning topic (easy/intermediate/hard) and Goal type (day goal/week goal) as within-subjects factors. Follow-up analyses were conducted with independent samples t-tests.




Results


Regulation of practice behavior

To answer how the co-regulation intervention influenced students' regulation of practice behavior, the differences between the experimental and control conditions on the number of problems solved and accuracy were analyzed (Table 3).


TABLE 3 Descriptive statistics regulation of practice behavior.
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For the number of problems (see Figure 3), Mauchly's test showed that the assumption for sphericity was violated, χ(2) = 0.79, p < 0.001; therefore, Greenhouse-Geisser correction was used. There was a significant main effect of Learning topic, F(1.65,111) = 9.48, p < 0.001, partial η2 = 0.078. Post-hoc analyses showed that students solved fewer problems for the intermediate than for the easy learning topic, t(113) = 3.33, p = 0.001, d = 0.31, and the hard learning topic, t(113) = 4.507, p < 0.001, d = 0.42. There was a significant main effect of Condition, F(1,111) = 4.26, p = 0.041, partial η2 = 0.037. Students in the co-regulation condition solved more problems than the control condition. There was no significant interaction effect between Learning topic and Condition, F(1,111) = 2.86, p = 0.07, partial η2 = 0.025.
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FIGURE 3
 Number of problems per learning topic and condition.


For accuracy (see Figure 4), there was a significant main effect of Learning topic, F(2,224) = 183.43, p < 0.001, partial η2 = 0.621. Post-hoc analyses showed that students solved a lower number of problems correctly for the hard learning topic than for the easy, t(113) = 15.79, p < 0.001, d = 1.48, and for the intermediate learning topic, t(113) = 19.01, p < 0.001, d = 1.78. Students solved more problems correctly for the easy and intermediate learning topics than for the hard topic. There was a significant effect of Condition, F(1,112) = 45.68, p < 0.001, partial η2 = 0.290. Students in the co-regulation condition had a higher accuracy than the control condition. There was no significant interaction effect between Learning topic and Condition, F(2,112) = 1.26, p = 0.29, partial η2 = 0.011.
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FIGURE 4
 Accuracy per learning topic and condition.




Learning outcomes

To answer how the co-regulation intervention affected learning outcomes, the differences between the experimental and control condition's scores on the pre-test and post-test were analyzed (Table 4, Figure 5).


TABLE 4 Descriptive statistics learning outcomes.
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FIGURE 5
 Learning scores per time, learning topic and condition.


Mauchly's test showed that the assumption for sphericity was violated, χ(2) = 9.677, p = 0.008, therefore, Greenhouse-Geisser correction was used. There was a significant main effect of Time, F(1,107) = 303.26, p < 0.001, partial η2 = 0.739. Students scored higher on the post-test than on the pre-test, indicating learning gain. There was a significant main effect of Learning topic, F(1.84,196.83) = 128.87, p < 0.001, partial η2 = 0.546. Post-hoc analyses showed that students scored higher on the intermediate learning topic than the easy learning topic, t(108) = 5.25, p < 0.001 d = 0.50, and hard learning topic, t(108) = 19.05, p < 0.001, d = 1.82. Students scored also higher on the easy learning topic than on the hard learning topic, t(108) = 9.17, p < 0.001, d = 0.90. There was a significant main effect of Condition, F(1,107) = 31.52, p < 0.001, partial η2 = 0.228. Students in the co-regulation condition scored higher (on pre- and post-test combined) than students in the control condition.

An interaction effect was found between Learning Topic and Condition, F(1.840,196.827) = 6.32, p = 0.003, partial η2 = 0.056. However, follow-up analyses per Learning Topic showed that the experimental condition scored higher than the control condition on all three learning topics [easy: t(107) = 2.36, p = 0.020, d = 0.45, intermediate: t(107) = 5.93, p < 0.001, d = 1.14, hard: t(107) = 6.17, p < 0.001, d = 1.19]. No interaction effect was found between Learning topic and Time, F(1.869,200.027) = 2.34, p = 0.056, partial η2 = 0.021, indicating that the difference between pre- and post-test scores was similar for all learning topics. Also, no interaction effect was found between Condition and Time, F(1,107) = 3.87, p = 0.052, partial η2 = 0.035, indicating that overall learning gain was comparable between the conditions.

A three-way-interaction was found between Time, Learning topic and Condition, F(1.869,200.027) = 4.63, p = 0.012, partial η2 = 0.041 (see Figure 5). Follow-up analyses per Learning topic showed that the control condition had a higher learning gain than the experimental condition for the hard learning topic, F(1,107) = 10.67, p = 0.001, partial η2 = 0.091. Similar learning gain was found for the easy, F(1,107) = 0.90, p = 0.345, partial η2 = 0.008, and intermediate learning topic, F(1,107) = 2.24, p = 0.137, partial η2 = 0.021. Thus, students in both conditions learned equally well on easy and intermediate learning topics, but for the hard topic, the control condition outperformed the co-regulation condition.



Goal-setting behavior

To understand the differences we found in the regulation of practice behavior and learning between the students who took part in co-regulation (experimental condition) and the control condition, we examined the goals students set (Table 5) and goal attainment in the experimental condition (Table 6).


TABLE 5 Goal setting for day goal and week goals.
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TABLE 6 Goal attainment for day goal and week goals.
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At the beginning of each lesson, students in the experimental condition (co-regulation) set their goals for that lesson (day goal) and the end of the week (week goal) for the easy, intermediate, and hard learning topics (see Figure 6). There was a significant main effect of Goal type, F(1,41) = 35.81, p < 0.001, partial η2 = 0.466. Students set significantly higher week goals than day goals. No significant main effect of Learning topic was found, F(2,82) = 0.47, p = 0.626, partial η2 = 0.194. Students set similar goals across learning topics.


[image: Figure 6]
FIGURE 6
 Goal setting per learning topic and condition.


There was a significant interaction between Goal type and Learning topic, F(2,82) = 7.66, p < 0.001, partial η2 = 0.157. However, follow-up analyses per Learning topic did not find differences between these goals: students set higher week goals than day goals on all three learning topics [easy: t(46) = 7.74, p < 0.001, d = 1.13, intermediate: t(46) = 3.58, p < 0.001, d = 0.52, and hard: t(48) = 2.95, p = 0.005, d = 0.42]. This indicates that students aimed toward becoming more skilled at the end of the experiment.

Next, we examined students' goal attainment (see Figure 7), the difference between their intended performance (set goal) and actual performance (ability level). Students underestimated themselves for the easy and intermediate learning topics and overestimated for the hard learning topic (Table 6).
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FIGURE 7
 Goal attainment per learning topic and condition.


There was a significant effect of Goal type, F(1,39) = 14.587, p < 0.001, partial η2 = 0.272. Goal attainment was less for the day goals, indicating a larger gap between the set goal and students' ability levels for the day goal compared to the week goal. A significant main effect of Learning topic was found, F(2,78) = 5.161, p = 0.008, partial η2 = 0.117. Post-hoc analyses showed that goal attainment was higher for the easy learning topic than for the hard learning topic, t(43) = 3.62 p < 0.001, d = 0.55, indicating a larger gap between the set goal and students' ability level for the easy learning topic compared to the hard learning topic. No differences were found regarding the intermediate learning topic. There was no significant interaction between Goal Type and Learning topic, F(2,78) = 1.111, p = 0.334, partial η2 = 0.028.




Discussion

This experimental study examined the effect of co-regulation in upper primary school students when learning mathematics with an ALT, using goal-setting prompts and monitoring support, on students' regulation of practice behavior and learning outcomes by comparing the experimental condition (co-regulation with an ALT) with a control group (only ALT, no co-regulation). Moreover, to gain further insight into students' goal-setting behavior in co-regulation, we examined how students set their goals and attained these goals in the co-regulation condition.


Regulation of practice behavior

In line with hypotheses 1a and 1b, students in the co-regulation condition solved more problems and had a higher accuracy than the control condition. These results mirror findings from previous studies, which also found improvement in the regulation of practice behavior when students receive monitoring support when learning with ALTs (Molenaar et al., 2020, 2019b). The results showed that students in the co-regulation condition were more effective in regulating their practice behavior in terms of the number of items practiced and the accuracy of their answers compared to the students in the control condition. This means that engaging in co-regulation is potentially a good way to gradually shift from external to internal control, to support monitoring and control during practice in an ALT (Molenaar, 2022a; Azevedo et al., 2008; Dignath and Büttner, 2018; Panadero and Järvelä, 2015).

In both conditions, the number of problems solved was lower for the intermediate learning topic than for the easy and hard topics. This contrasts previous research that showed a negative relationship between difficulty level and the number of solved problems (Jansen et al., 2013, 2016). This could result in students needing more time to solve the problems at this difficulty level, possibly because the tasks required more steps, which they had to familiarize themselves with during the second lesson. This extra problem-solving step was also required in solving problems in the hard learning topic, which was addressed in the third lesson. Students possibly already had familiarized themselves with this extra step, which could have resulted in a higher pace for the hard learning topic. Future research could investigate whether other learning topics show similar results.



Learning outcomes

In contrast to hypothesis 2, similar learning gains were found in both conditions on the easy and intermediate learning topics. In addition, on the hard learning topic students in the control condition showed higher learning gain compared to students in the experimental condition. These findings are not in line with earlier findings in which higher learning gain for the group working with the learning path app was found (Molenaar et al., 2020, 2019b). Possibly, the adjustments in the learning path app for this study could influence this result. In addition, as students used the co-regulation intervention for the first time, this may caused a higher cognitive load placing a higher demand on students' cognitive capacity (Skulmowski and Xu, 2022). In addition to this, the problems of the hard learning topic probably caused more cognitive load compared to easier tasks (de Jong, 2010; Sweller, 1988). Hence, the co-regulation intervention combined with more difficult tasks could have led to cognitive overload (Howard et al., 2020; Sweller, 1988). The expectation is that when students become more experienced in engaging in co-regulation, the cognitive demands will decrease, resulting in more cognitive capacity for (self-regulated) learning (Skulmowski and Xu, 2022). Future research could investigate the cognitive demands of a co-regulation intervention and how this could diminish over time considering the effects on self-regulated learning. Even though the co-regulation intervention does not lead to more learning gains than the control condition, we did see a positive influence on students' regulation of practice behavior. As earlier studies showed that changes in the regulation of practice behavior can influence learning (Cheng, 2011; Molenaar et al., 2019b), the co-regulation intervention shows potential to affect goal-setting behavior.



Goal-setting behavior

Lastly, we explored students' goal-setting behavior in the co-regulation condition more in-depth. We examined how the students in the co-regulation condition set and attained their goals.

Firstly, students set higher week goals than day goals on all three learning topics and set similar goals between the learning topics. This is comparable with general primary school practices, as students are expected to learn more over time (Aubrey et al., 2006). The fact that students set similar goals between the learning topics could be the result of them perceiving the learning topics as equally difficult (Gerhardt and Luzadis, 2009). Moreover, students' prior experiences could cause them to evaluate their overall knowledge as high, resulting in them setting similar goals for all tasks (Hinsz and Matz, 1997). We think it is most likely that students set similar goals on all three learning topics because of their familiarity with receiving personalized learning materials (ALTs). Within the context of ALTs, students commonly encounter problems adjusted to their needs (Klinkenberg et al., 2011), thereby diminishing the need for adjustment of their goals (Molenaar et al., 2019b). This could have impacted their goal-setting behavior in this experiment, as they did not adjust their goals when the learning topic changed.

Secondly, students' goal attainment was less for the easy learning topic compared to the hard learning topic. They underestimated their performance at the easy and intermediate learning topics, which turned into overestimation at the hard learning topic. The underestimation contradicts van Loon et al. (2013) who showed that young students often overestimate their performance. Despite the increasing difficulty of the learning topics, students did not adjust their goal setting downwards, contradicting previous research that found the opposite (Ilies and Judge, 2005). This could result from the type of problems that students are working on in this study. Even though students turned from underestimating to overestimating when learning topics increased in difficulty, the gap between their set goal and their ability level after the lesson became smaller. This means they did set their goals closer to their actual ability level: they became more accurate in setting their goals. This could suggest that they did account for the difficulty of the tasks when setting goals. This is in line with previous research indicating that students' alignment between the set and attained goals increases with difficulty of the learning topics (Molenaar et al., 2019b). This also indicates that the co-regulation intervention benefits students' goal-setting behavior by helping them to set more calibrated goals.



Limitations

Some limitations and suggestions for future research can be put forward. First, the number of participants in this study was low, leading to a power issue, which could have caused both conditions to have similar learning outcomes. Future research should focus on getting a bigger sample size, which will circumvent the power issue. Students in the co-regulation condition already had higher scores on the pre-test on all topics, resulting in limited learning possibilities on all topics compared to the control group, possibly causing the similarities in learning outcomes between the conditions. As future research already should include more participants, this could consequently also solve the prior-knowledge imbalance between the conditions due to random assignment.

There was a gender and age imbalance between the conditions as well. For gender, it is not clear how the imbalance might have influenced the outcomes, since research on gender differences in math showed mixed findings (Hamhuis et al., 2020; van den Heuvel-Panhuizen, 2004; van de Weijer-Bergsma et al., 2022). However, balancing gender distribution between the conditions in future research will mitigate possible influences. Relative age effects are found to have an impact on math performance, younger students were found to score lower on standardized math tests than their older classmates (Mavilidi et al., 2022). In this study we found the opposite, students in the control group were on average older than the students in the experimental group, however the control group was found to score lower on the pre-test. How the age difference might have influenced the results therefore is not clear. However, balancing the age between condition in future research again might mitigate possible influences.

A larger sample size would also allow for including different learning topics and possibly even matching on prior knowledge between the conditions. In this study, differences in prior knowledge between the conditions as well as the choice of topics could have influenced the results. The combination of the co-regulation intervention with the problems of the hard learning topic could have caused high cognitive load, diminishing the effects on regulation of practice behavior and learning outcomes (Seufert, 2018). In future research it is therefore important to investigate the impact of co-regulation on cognitive load. This would contribute to more insights into the effects of co-regulation on regulation of practice behavior and learning outcomes and how they come about.

The finding that a lower number of problems was solved for the intermediate learning topic in both conditions could be an indication of this topic to be harder than we initially thought. In future research, it is therefore necessary to examine the difficulty of the learning topics again and make sure that there is an increase in difficulty from easy via intermediate to hard.

Furthermore, the co-regulation intervention only lasted for a few days, yet students might need more time to get fully acquainted with the co-regulation intervention and procedure. This could be one of the explanations for our finding that the learning gain was similar between conditions. That is, possible effects on learning outcomes may occur after a more prolonged exposure to the co-regulation intervention, since students need time to get familiar with the intervention. In the beginning the intervention might have an impact on the cognitive capacity left to focus on the math topics (Skulmowski and Xu, 2022). Therefore, future research should investigate the long-term effects of this co-regulation intervention over time on students' practice behavior, learning outcomes and goal-setting behavior.



Practical implications

Based on the results found in the current study, it seems that providing students with monitoring opportunities and supporting them to set goals, could help students to take control over their own learning, resulting in more effective regulation of practice behavior. It presumably provided them with the opportunity to make their self-regulation more explicit and concrete, by setting their own learning goal, seeing their learning progress, and consequently monitoring and controlling their learning. An implication of these findings could be that it is promising for developers of ALTs to consider including co-regulation options including goal-setting and monitoring support in their systems. Not only for developers of ALTs, but for educational specialists in general, supporting students using co-regulation could be beneficial. For example, co-regulation led by teachers is potentially beneficial for students. When teachers take an expert role on SRL and engage students in different challenges around the topic, regulation processes can be triggered in the students themselves (Baars et al., 2020; Hadwin et al., 2017). Teachers could, for example, provide students with more explicit goal-setting opportunities before they start practicing with problems in the ALT. Future research could further investigate the effect of co-regulation interventions provided by ALTs or teachers on students' practice behavior and learning outcomes in educational practice. Another interesting future line of research would be to explore the support of co-regulation in the transition from external to internal control of SRL for students and, consequently, the impact on the development of their SRL skills.




Conclusions

The findings of this study expand our understanding of how students can be supported in developing their goal setting and monitoring. Combined, our results showed that co-regulation with an ALT positively affects students' regulation of practice behavior and goal-setting behavior, yet no effects on learning outcomes were found. Co-regulation with an ALT helps students to be more conscious of their progress and set more realistic goals. More research is needed to understand the relationship with learning outcomes. Overall, co-regulation with ALTs has the potential to support the gradual shift from external to internal control in SRL.
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At the start of the repetition lesson

Figure 2D Goal setting screen Students are prompted by the empty goal setting screen and are reminded by the teacher to
fill in their repetition lesson goal on the empty goal setting screen
Monitoring support

Figure 2C! Overview screen Students see their current level of knowledge through the position of the dolphin on the
horizontal axis

Figure 2C? Overview screen Students see the status of their goal through the color of the dolphin

Figure 2C* Overview screen Students see the number of practiced exercises through the size of the dolphin
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week goal through the hoop around the dolphin
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Figure 2E

Learning path screen

Students see a visualization of their learning process through the learning path
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