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Abstract

Despite recognising momentary challenges while learning, collaborative groups
do not necessarily regulate and adapt their learning process according to the
demands. Various online measures have recently been explored to unobtrusively
study engagement and adaptation in collaborative learning (CL), as it occurs in
the classroom. For example, physiological synchrony derived from electrodermal
activity (EDA) has been a prominent reflector of momentary engagement in CL.
However, how physiological synchrony relates to students’ views about CL,
regulation of learning, and performance remains unclear. This study investigates
how momentary measures of physiological synchrony, students’ perceived value
of CL, and regulation of learning, align and further relate to group performance.
The participants were 94 students attending a physics course consisting of four
90-minute lessons and a collaborative exam. Each lesson included a CL task. At
the beginning and end of each session, students reported their perceived value of
CL. Students’ EDA was recorded to derive physiological synchrony. Co-
regulation (CoRL) and socially shared regulation (SSRL) were coded from the
video. Results suggest that when groups show higher physiological synchrony,
they perceive their CL as less valuable and tend to perform worse in collaborative
exams. It seems that self-reports on the value of CL, rather than physiological
synchrony, may better reflect the regulation of CL. Interestingly, the association
patterns for CoRL and SSRL differed, as frequent CoRL was linked to the less
valued CL, while SSRL tended towards a positive relation. The study
demonstrates the complex and multidimensional role of momentary engagement
in CL.
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Introduction

Collaborative learning (CL) requires students' continuous active participation to form a shared
understanding of a problem, which makes student engagement a fundamental prerequisite for successful
CL to unfold (Roschelle & Teasley, 1995). Recent research has emphasised the momentary and situated
nature of classroom engagement (Symonds et al., 2021). Symonds et al. (2024) define momentary
engagement as “the active involvement of an individual in an educational task as the task proceeds
across seconds and minutes” (p. 5) involving cognitive, motivational, behavioural, and emotional
components. Such temporality and multidimensionality make momentary engagement a complex
dynamic system that requires self-regulatory control mechanisms, allowing its self-organisation over
time (Symonds et al., 2024).

In CL research, engagement intertwines with self-regulated learning processes, including the
active planning, monitoring, and control of learning (Jarveld et al., 2016; Sinha et al., 2015). More
specifically, in CL, students can engage in self-regulation (SRL), co-regulation (CoRL), and socially
shared regulation of learning (SSRL) according to their situational needs (Hadwin et al., 2018). Where
SRL is more about the individual planning, monitoring, and controlling of one’s learning process, SSRL
refers to a type of regulation where group members negotiate, transact, and build their regulation upon
each other (Jarveld etal., 2021). CoRL, in turn, holds more of a transitional role, switching and activating
either the individual’s SRL or the group's SSRL during the learning process. For example, a student in
a collaborative group can point out that the task is not progressing as planned, allowing the individual
or the group to monitor and control the learning process towards the goal. Though momentary
engagement can be considered a broader concept than the regulation of learning, in this study, we see
the regulation of collaborative learning as an important proxy for momentary engagement. Prior studies
suggest that students’ momentary engagement, SRL, CoRL, and SSRL are challenging to capture, and
multiple methods and data channels are needed to study them (Azevedo, 2015; Sobocinski et al., 2020).

Recently, Martin et al. (2023) proposed that engagement, motivation, and learning should be
studied with an integrated approach and that physiological measures could offer tools to conduct such
research. We argue that this approach is particularly relevant to momentary engagement, as it is a
temporal multilevel phenomenon manifesting on different grain sizes (Symonds et al., 2024). Promising
results suggest that electrodermal activity (EDA) measures and different dimensions of engagement
could be positively linked (Lee et al., 2019; Malmberg et al., 2023; Zhang et al., 2018). Furthermore,
EDA measured in collaborative settings allows computation of physiological synchrony:
interdependence between group members’ physiological signals. Physiological synchrony has gained
interest in revealing the dynamics of collaboration and has been considered potentially a relevant
condition for the regulation of CL. Maybe surprisingly, physiological synchrony derived from EDA
appears to be higher when the group faces challenges and needs to make an effort to proceed with their
task (Dindar et al., 2020; Malmberg et al., 2019). Due to these results, physiological synchrony could
be considered a potential measure to indicate momentary engagement during challenging CL events.

The current research views students’ subjective appraisals of collaboration as an important
prerequisite for momentary engagement in CL. However, momentary engagement can also be shaped
by actualised learning activities, such as adaptation to learning challenges through CoRL and SSRL
during the learning process. Therefore, we study how observed CoRL and SSRL relate to students’
situated views about collaboration, physiological activity, and collaborative learning outcomes. Very
few studies have empirically investigated how different subjective and objective variables relevant to
momentary engagement in CL align. This study explores whether subjective and objective measures
recorded from natural classroom learning settings align and further relate to CL outcomes. The present
study is also essential in empirically demonstrating the complex system nature that momentary
engagement (Symonds et al., 2024) and CL involve (Amon et al., 2019; Ouyang et al., 2023). More
specifically, it considers the complexity and temporality of momentary engagement by applying novel
nonlinear analysis methods (multidimensional recurrence quantification analysis) and acknowledges the
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lesson-to-lesson, within-group variation when analysing the relations. The results contribute to a more
comprehensive understanding of the dynamics emerging in CL. This holistic view can inform the
creation of interventions and tools that promote momentary engagement and help students regulate their
learning effectively in group settings.

Background

Momentary engagement and regulation in collaborative learning

Being actively involved in a task across seconds and minutes is critical for learning, particularly
in complex and dynamic learning environments such as CL (Isohéatala et al., 2017; Jarveld et al., 2016;
Symonds et al., 2024). In CL, momentary engagement may not necessarily target only the task content
itself but also all the social interactions relevant to carrying out the task. Engaging in these interactions
is a fundamental prerequisite for students to build up their reasoning and argumentation with each other
(Cohen, 1994) and for supporting momentary engagement in the task (Lai, 2021).

Engagement in learning is inherently multidimensional. This has been acknowledged for
individual engagement (Fredricks et al., 2004; Sinatra et al., 2015), collaborative engagement (Rogat et
al., 2022; Sinha et al., 2015), and recently also within a momentary engagement framework (Symonds
et al., 2021). Rogat et al. (2022) distinguish between behavioural, socioemotional, collaborative,
metacognitive, and disciplinary dimensions of engagement in CL. The core of CL is the idea of building
a shared understanding of a problem through the contributions of multiple learners (Roschelle &
Teasley, 1995). This requires collaborative engagement, that is, the coordination of task and knowledge
construction processes, as well as joint and balanced contributions of group members. However, this
also requires sustaining learners' joint participation, attention and focus on the task at hand (i.e.,
behavioural engagement), which can be challenging in group settings (Rogat et al., 2022).

In addition to cognitive processes (e.g. attention), momentary engagement is intertwined with
motivational and socio-emotional processes (Rogat et al., 2022; Symonds et al., 2021) that serve as
important conditions for students’ willingness to engage in the task at hand (Bakhtiar et al., 2017;
Upadyaya et al., 2021). For example, Lai’s (2021) study indicated that interest and utility value are
positively associated with students” behavioural engagement in a group-based flipped learning context.
Zschocke et al. (2016) studied individuals’ group work appraisal. They found that appraisals of the
cognitive benefits of group work (i.e., the value of collaboration) were a significant predictor of positive
activating emotions, considered to promote learning.

However, momentary engagement in CL can also be pivotal in promoting the perceived value
of collaboration, starting a positive self-reinforcing feedback loop supporting future engagement (Lai,
2021, Malmberg et al., 2023). This type of interplay manifests, for example, when students engage in
discussion, reciprocally offering their ideas and perspectives, which builds a more comprehensive and
nuanced understanding of the topic (Vuopala et al., 2019; Zabolotna et al., 2023). This, in turn, can feed
back to students perceiving the collaboration as more valuable for their learning and, thus, support their
momentary engagement for the continuing learning activities (Kreijns et al., 2003). By actively engaging
with each other and sharing their thoughts and ideas, learners can simultaneously build a shared sense
of purpose and common ground (Isohétéla et al., 2020). Furthermore, as a result, a positive socio-
emotional atmosphere and sense of community among learners can help to foster engagement through
its socio-emotional dimension (Jarvenoja & Jérveld, 2013; Manty et al., 2020; Rogat et al., 2022).

From the different dimensions of engagement, the metacognitive dimension appears to be
particularly central and strongly connected with other dimensions (Rogat et al., 2022). For example,
being actively involved with a task does not necessarily mean the collaboration process unfolds
productively (Sinha et al., 2015). This is to say that the group can be momentarily engaged with the task
and still struggle to make progress, solve the problem and learn together. Prior research has shown that
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students need to regulate, that is, to plan, monitor and control their learning process to overcome
challenges and succeed (Haataja, Malmberg, et al., 2022; Jarveld & Hadwin, 2013). Regulation demands
metacognition, thinking about one’s thinking, adapting and making strategic decisions when facing
challenges, all of which ultimately result in better learning (Jarveld et al., 2021). According to Rogat et
al. (2022), group use of regulatory strategies indicates metacognitive engagement. In particular, high-
quality metacognitive engagement can be characterised by goal-focused, effective SSRL (Rogat et al.,
2022). That is, the regulation of learning relies on momentary metacognitive engagement (Isohatala et
al., 2017; Vuorenmaa et al., 2023). For instance, in SRL, momentary engagement allows learners to
monitor their level of attention and motivation, judge their performance, and adjust their learning
strategies accordingly. In CoRL, momentary engagement enables students to perceive and respond to
the actions of their peers, adjust their behaviour to support the group's goals and facilitate the emergence
of shared regulation. In SSRL, momentary engagement facilitates the negotiation of shared goals and
strategies among group members, the monitoring of obstacles, and the proposals and decisions of shared
control. However, the relationship between momentary engagement and regulation is reciprocal:
regulation also serves as a means to strategically influence and ensure the self-organisation and
maintenance of momentary engagement in the face of challenges (Jarvel4 et al., 2016; Symonds et al.,
2024). For example, CoRL can serve as an invitation to the group as a whole to momentarily engage
and negotiate their decision-making regarding learning in the form of SSRL (Ahola et al., 2023), which,
however, does not always happen (Torménen et al., 2021). SSRL, in turn, can mutually support the
groups’ engagement in executing the strategic decisions and, importantly, the motivational and socio-
emotional atmosphere, maintaining the group's engagement (Térménen et al., 2021). There is also
preliminary evidence suggesting that CoRL and SSRL could relate to better group performance (De
Backer et al., 2020; Zheng & Huang, 2016) and individual learning achievement (Haataja, Dindar, et
al., 2022; Zheng et al., 2017).

Physiological data reflecting the momentary engagement in collaborative learning

Though the critical roles of engagement and regulation of learning have been acknowledged for
some time, the challenge has been to track engagement in situ (Azevedo, 2015). Recently Martin et al.,
(2023) proposed that engagement, motivation, and learning should be studied with an integrated
approach and that biophysiology could offer a framework for such research. Physiological data is
particularly interesting for momentary engagement research because it can be traced through seconds
and minutes. Although physiological data entered the learning sciences quite recently, studies have
demonstrated that autonomic nervous system measures such as heart rate (HR) and electrodermal
activity (EDA) are potential channels for studying engagement (Ba & Hu, 2023). More specifically,
EDA reflects the sympathetic branch of the autonomic nervous system, traditionally considered to
activate in the fight or flight stress response, signalling the anticipated need to act and engage in a
situation at hand (Dawson et al., 2017).

Previously, Lee et al. (2019) investigated how EDA measures reflect the momentary
engagement of students during a maker movement course. They found a moderate correlation between
the EDA measures and cognitive and behavioural engagement. However, emotional engagement did not
correlate meaningfully with EDA peaks. The authors suggested that more research would be needed to
show the relevancy of EDA measures in studying momentary engagement. Further, Zhang et al. (2021)
examined the correlations between EDA indicators of emotional and cognitive engagement, self-
reported class engagement, and learning outcomes; and how physiological dynamics differ across
students and within students over time with classroom events and observable individual engagement.
They found moderate positive correlations between individual-level EDA features and self-reported
attention, emotional valence, and knowledge.

The synchrony between the students’ physiological signals is an interesting phenomenon for
investigating momentary engagement, particularly in CL. Physiological synchrony refers to any
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interconnected or associated activity among physiological signals between individuals (Palumbo et al.,
2018), often captured by temporal measures to trace the similarity in people's physiological activity
patterns, such as EDA responses over time. Considering that shared joint attention is a fundamental
prerequisite for CL, one might hypothesise that better collaboration would be reflected as a similar
physiological activity between the students and, therefore, as higher synchrony. However, so far, the
empirical results regarding physiological synchrony derived from EDA measures seem to be mixed.
Some studies have linked higher synchrony with higher learning gains (Pijeira-Diaz et al., 2016) and
better collaboration (Montague et al., 2014). In contrast, in our studies, synchrony was higher when the
students experienced tasks challenging and demanding more mental effort (Dindar et al., 2020) and in
situations where they discussed challenges in their collaboration (Malmberg et al., 2020). Other
researchers have found similar results. For example, Sung et al. (2023) recently studied EDA-based
physiological synchrony by comparing two pedagogical settings — direct instruction and hands-on
learning. They found that some physiological synchrony metrics (SSI and PC) were negatively
associated with learning gains. The authors suggest that the relationship between EDA and physiological
synchrony to learning gains and behavioural engagement is context-dependent. Physiological synchrony
metrics tended to be higher when instructors and learners worked on the same task. Further, previously
Schneider et al. (2020) found increasing physiological synchrony to be linked with a lack of consensus
in a collaborating group. These results align with our recent qualitative case study (Malmberg et al.,
2023), where increased physiological synchrony was related to moments where shared momentary
engagement was demanded from the group members, for example, when they aimed to finalise the task.
In summary, though physiological synchrony can potentially also occur in situations where EDA is low,
preliminary evidence suggests it is likely to increase when the group struggles with the task.

Based on the accumulated evidence, our preliminary hypothesis is that continuous higher
physiological synchrony during CL may reflect challenges in collaboration or the task and shared mental
effort when the students are trying to move towards the solution. At the same time, these results might
be specific for physiological synchrony derived from EDA data, reflecting the sympathetic nervous
system activity and a need to act and engage when facing challenges. In the present study, we had a
preliminary hypothesis that physiological synchrony derived from EDA could signal that the groups
were making a shared effort to solve the challenges. Especially if such challenges continuously persist,
this could be seen as higher average physiological synchrony indices for each session. The other
measures related to momentary engagement during the collaborative task could potentially reflect these
challenges. For example, since SSRL often involves the group adapting in challenging situations
strategically (Hadwin et al., 2018), groups lacking such adaptive processes could show higher
physiological synchrony on average (Mgnster et al., 2016).

To date, most studies have applied these measures for a single session analysing relations based
on between-group differences. This study also considers the within-group variation in synchrony
throughout the physics course. This is consistent with the momentary engagement framework, where
the temporal aspect is central. EDA and physiological synchrony are still novel measures in CL research.
Therefore, this exploratory study has the potential to contribute to the development and application of
novel temporally intensive online measures in learning sciences.

Aim
This study investigated how observed (CoRL and SSRL), self-reported (perceived value of CL),
and physiological measures aligned with each other during CL, how they related to students' momentary

engagement, and how these momentary measures related to group performance. The research questions
were as follows:

RQ1. How do students’ perceived value of CL, observed regulation of learning, and physiological
synchrony relate to each other?
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RQ2. How do the perceived value of CL, observed regulation of learning, and physiological synchrony
relate to performance in a collaborative exam?

Methodology

A total of 94 seventh-grade students (~13 years of age, 58 females, 36 males) attended their
first secondary school physics course, focused on the topics of light and sound. Participation in the study
was voluntary for the students. Each 90-minute lesson involved CL tasks where the students worked in
groups of two to four, making 30 groups. Students had prior experience of learning collaboratively.
Teachers of the course formed groups intending to make their composition as homogeneous as possible
based on prior learning achievement of the students in other STEM courses. The groups remained the
same throughout the course, apart from normal student absences (e.g., sick leave) occurring in
classrooms. Based on flipped classroom principles, the students independently studied the upcoming
topic in their science textbook before each lesson (Jarvenoja et al., 2020). At the beginning of each class,
the teacher introduced the new topic to the students and ensured that each student had enough knowledge
to engage in CL. The introduction was followed by CL tasks to co-construct a more profound and shared
understanding of the topic.

Each collaborative task included hands-on scientific experiments. The content and exercises
were designed with assistance from science teachers to ensure that they covered the required subjects
and content. In one learning task, for example, the task was to perform experiments on light and sight.
The groups were provided with four main themes for investigation (1. lllumination, 2. Intensity, 3.
Propagation, and 4. Reflection of light). A flashlight, related materials, and instructions were provided
to the groups. Before the groups started to work on the task, they were asked to briefly discuss the
following prompting questions: “What are the collaborative goals for your group?” and “What will you
do to achieve your goals?” After the collaborative tasks, the groups were asked to discuss the question:
“Did you achieve your collaborative goals? Why?” This short reflection was followed by a quiz the
students took individually. A more detailed context description has been reported in a separate, non-
empirical article focused on the study design (Jarvenoja et al., 2020). Before and after each collaborative
session, students answered situated self-reported statements regarding their CL. The statement regarding
the perceived value of collaboration was, “Working in a group helps me to learn”, which the students
assessed using a scale of 0-100. The statement was adapted from the Contextualised Saga instrument
(Volet, 2001).

At the end of the course, students took a collaborative exam. The collaborative exam was co-
designed with the physics teachers of the course, and it focused on the topic the teachers considered the
most challenging in the course: the refraction of convex and concave lenses. In the exam, student groups
first had twenty minutes to explore a simulation of light refraction with a computer and write notes.
After that, they were given seven different refraction cases where the distances of the objects from the
refracting lenses varied. In their exam answer, the students were asked to draw the lines of refracting
light in each case and define the quality, direction, and size of the refracted image with a short text
answer. Overall, there were 28 items to be answered. Physics teachers evaluated the exam using a scale
from 4 to 10 with a 0.25-point increment (M = 7.4, SD = 1.2, Min = 5.5, Max = 9.5).

Analysis of the physiological data

Students’ electrodermal activity was measured with Shimmer GSR3 + sensors. Due to the
limited number of sensors, only 27 groups from 30 wore the sensors. The remaining three groups wore
another sensor type, which could not be used in further analyses due to differences in the measures. The
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data were first downsampled from 128 to 16 Hz in the preprocessing phase to accelerate the analysis.
Next, based on a visual inspection, the EDA data recordings with missing electrode contact were
removed from the data. Furthermore, a Butterworth low-pass filter (frequency 1, order 5) was applied
to remove small movement artefacts from the signal (Kelsey et al., 2018). Ledalab software with
continuous decomposition analysis was used to differentiate the rapidly changing phasic signal
component from the more slowly reacting tonic component (Benedek and Kaernbach, 2010).

The measures of physiological synchrony aimed to grasp the interdependence in physiology
between individuals. In line with previous studies (e.g. Manster et al., 2016), this study used the phasic
EDA signal component, further downsampled to 4hz, to calculate the synchrony (Mendes, 2009). To
quantify the physiological synchrony, we used multidimensional recurrence quantification analysis
(MdRQA; Coco et al., 2021), one of the few suitable methods for more than two signals (Wallot,
Roepstorff, et al., 2016). MdRQA is a nonlinear time series analysis method that assesses patterns of
synchrony between two or more time series, which do not need to be stationary. The base of MARQA
statistics is a recurrence plot, which graphically displays the temporal dynamics of a multidimensional
phase space of a system. For instance, the recurrence rate (RR%) derived from the recurrence plot
indicates how many individual elements between the signals are shared (Wallot, Roepstorff, et al.,
2016). In this case, the plots and resulting RR% index representing synchrony were calculated separately
for each group on each session. Therefore, the resulting values represent the average level of synchrony
for each group in each session.

The parameters for running the MdRQA analysis were decided based on suggestions in the RQA
literature (Wallot, Mitkidis, et al., 2016). First, the delay (DEL) parameter was estimated using the
average mutual information function for each individual EDA signal. Second, the false nearest
neighbour function was used for each EDA signal to estimate the embedding dimension parameter. With
both functions, the first local minimum was determined for each signal and then averaged and rounded
up for all the signals. In this case, the resulting values were divided by two, as the signals were embedded
together in the MdRQA. This means that only some of the dimensions had to be reconstructed by time-
delayed embedding because they were available as separately measured signals (Wallot, Mitkidis, et al.,
2016). As a result, the parameters used were delay = 35 and embedding = 2. The radius parameter was
set to 0.2, keeping most RR% values between the suggested 1-10% (Wallot & Leonardi, 2018). For the
RR%, outliers more than two standard deviations from the mean were removed before the statistical
analysis.

Analysis of the video data

The groups’ collaborative work was videotaped with 360-degree cameras (90 min per
session/week = 225 hours). The video data were segmented into 30-second episodes, from which two
coders identified the occurrence of CoRL, and SSRL in verbal exchanges during task execution. Both
coders were involved in the refinement of the coding system and engaged in qualitative discussions
about specific codes, as the coding scheme was clarified with the researchers. The coding reliability was
ensured by selecting 10% of the video data to be coded by both coders. What differentiated CoRL and
SSRL codes from other group interactions was that, in regulation, students had to clearly express the
observation of an obstacle or a challenge in their learning process (e.g., a lack of task understanding)
and involve a regulatory initiation/control (e.g., a suggestion to reread the task instruction), which led
to a strategic change in the groups’ action (e.g., rereading the task instruction together). CoRL and SSRL
codes were mutually exclusive. In CoRL, no additional strategic content from other group members
followed the initiation of regulation, which meant that the verbal interactions of CoRL did not build
upon each other. In contrast, SSRL involved the reciprocally negotiated participation of several group
members in regulatory discussion, where the interaction between group members built upon each other
and led to strategic changes in the learning process. In practice, when coded as SSRL, the initiation of
regulation needed to be followed by additional strategic content or control attempts from other group
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members aiming to solve the challenge (e.g., agreeing or articulating the challenge was not enough).
When CoRL or SSRL targeted emotions and motivation, it could also be coded without a clear obstacle
or change in action, including the strategic activities to maintain or strengthen the already favourable
motivational and affective conditions. However, mere emotional or motivational expressions were not
coded as regulation. Instead, regulation needed to be strategic and purposefully targeted to alter the
emotional and motivational state of the group with appropriate strategies (see e.g., Lobczowski et al.,
2021; Ménty et al., 2023). The inter-rater reliability of the regulation coding yielded Cohen’s kappa of
0.79. The frequencies of identified CoRL and SSRL for each group and session were counted.

Statistical analysis

Only the sessions involving three students were included in further statistical analyses because
the number of participants in the interaction was considered to affect group dynamics (Cen et al., 2016),
which might have influenced the occurrence of CoRL and SSRL and MdRQA values (Wallot et al.,
2016). This restriction resulted in data from 26 groups and 78 students involving 82 recordings with
5576 (2788 minutes) collaboration video segments, from which 244 recordings (122 minutes) included
CoRL, and 62 (31 minutes) included SSRL. Because there was variation in the collaboration length (M
= 34.0 minutes, SD = 8.9) between the sessions, a proportion of CoRL and SSRL from collaboration for
each session was calculated by dividing the CoRL and SSRL frequency by the overall number of
segments in that collaborative session (see Table 1.). For the self-reported perceived value of
collaboration, group average values were calculated. The resulting data set involved 89 group
observations, meaning that 66% of the potential complete data were included in the analysis. Missing
data is a limitation in the study but also a reality when collecting momentary data in real classroom
settings.

Because the data regarding the first research question involved repeated measures, meaning that
the observations were not independent, the relations between variables in the first research question
were analysed with repeated measures correlation analysis (Rmcorr R-package; Bakdash & Marusich,
2017). Rmcorr considers the non-independence among repeated observations using analysis of
covariance to adjust for inter-individual variability. It fits parallel regression lines with varying
intercepts for each cluster (e.g. group), making it conceptually close to the multilevel “random intercept
only model” (see Figure 1B). Due to the non-normal distribution of the data, we used bootstrapping
(1000 samples) to more robustly estimate the confidence intervals for Rmcorr analysis (Bakdash &
Marusich, 2017).

For the second research question, we first calculated course average values for each group for
each variable. Regarding the perceived value of collaboration, pre- and post-measures were combined
to one average. After that, Spearman's correlational analyses were conducted to investigate the
relationships between the averaged variables and group exam scores. The statistical significance for
both research questions was adjusted based on the Benjamini—Hochberg procedure (1995) to avoid false
discoveries due to multiple comparisons.

Table 1

Descriptive statistics of observations averaged for each group on each session

M SD Min Max
Perceived value of collaboration (Pre) 61.49 15.77 19.00 100.00
Perceived value of collaboration (Post) 61.46 18.24 8.00 100.00
Perceived value of collaboration (A) 0.39 13.31 -49.00 32.67
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S

Physiological synchrony (RR%) 2.34 3.21 0.09 18.14
Socially shared regulation (0-1) 0.01 0.02 0.00 0.23
Co-regulation (0-1) 0.03 0.04 0.00 0.23
Results

Alignment of momentary data

Regarding Research Question 1 we found (see correlogram in Figure 1A.) students’ self-
reported perceived value of collaboration after the session to be related to all other variables relevant to
the momentary engagement. From these relations, the perceived value of collaboration (post) was
moderately negatively linked to physiological synchrony rim = —.47, Cl [-.74, —.03], and CoRL, rm =—
4, [-.71, —.03]. In contrast, SSRL tended to relate positively with the perceived value of collaboration,
but the finding did not remain statistically significant after the adjustment for multiple tests rim = .25, [~
.07, .59]. Figure 1B further demonstrates the importance of session-by-session within-group analysis in
the case of the relationship between the perceived value of collaboration (post) and the physiological
synchrony, as the intercepts between groups (vertical levels of the coloured lines) differ remarkably.
This would imply that just focusing on the between-group differences would not have given a realistic
picture of the relationship between the variables.

Overall, the perceived value of collaboration measured before and after the session followed a
similar pattern with other variables. However, for the post-measure, the relations tended to be stronger.
Also, the relationships between the change in the perceived value of collaboration with other variables
followed a similar pattern, though the results did not reach statistical significance. Physiological
synchrony showed a negative relation with before and after collaboration self-report but no link with
observed CoRL or SSRL. Notably, in repeated measure correlational analysis, CORL and SSRL were
not related to each other riy = .04, [-.16, .22].
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Figure 1. Repeated measures correlations determining the common within-group association for paired
variables assessed on multiple lessons for multiple groups (A) and an example of repeated measure
correlation plot (B) between the perceived value of collaboration (post) and physiological synchrony.
Colours represent groups.
* p < .05 (adjusted for multiple tests with Benjamini—Hochberg procedure.)

The relationship between momentary measures and group performance

Regarding Research Question 2, Spearman rank order correlations show (Figure 2) that the
average physiological synchrony during the course showed a strong to moderate negative association
with a group performance in the collaborative exam, r (24) = —.56, p = .005. No other variables relevant
to momentary engagement showed a significant association with group performance. It is, however, also
notable that socially shared regulation showed signs of a moderate positive correlation with the group
exam score without reaching statistical significance, r (24) = .36, p. = .07. In contrast to the session-
based repeated measures analysis, a course level between group analysis showed a tendency of a positive
association between CoRL and SSRL r (24) = .45, p. = .02, but after the adjustment of multiple
comparisons the finding did not remain statistically significant.
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Figure 2. A correlogram presenting Spearman correlation values between the course average values of
each variable with group exam score.

* p < .05 (adjusted for multiple tests with Benjamini-Hochberg procedure.)

Discussion

Despite the large body of literature examining CL and engagement in education (e.g. Fredricks
etal., 2004; Jarveld et al., 2016; Rogat et al., 2023; Sinatra et al., 2015), very few studies have examined
how different subjective and objective variables relevant to momentary engagement in CL align with
each other. This study supports the view that multiple data channels can contribute to a better
understanding of the multidimensional nature of momentary engagement in CL settings (Azevedo,
2015). Further, the study demonstrates that although groups show some lesson-to-lesson consistency in
their measures, it is important to consider the temporal momentary within-group variation when
analysing engagement in CL (Symonds et al., 2024).

One of the major findings of this study is that an important prerequisite of momentary
engagement, the students’ perceived value of CL (Salmela-Aro et al., 2021; Upadyaya et al., 2021),
relates to other dimensions close to engagement in CL: negatively with physiological synchrony and
CoRL and positively with SSRL. This finding implies that students’ situated subjective view about the
value of collaboration reflects the overall picture of engagement in CL and should not be ignored as a
measure, especially given that it is relatively easy to capture in classroom settings. Temporally, the
perceived value measured after the collaboration shows the most robust associations, but the measure
before the collaboration seems to follow a similar pattern. This result could imply that students hold
expectations about how useful it is to engage in collaboration, which aligns but does not determine the
perception after the collaboration. Furthermore, the situated self-report seems to benefit from the
analysis and interpretation with the within-group lens, as the between-group approach is likely to miss
some of the associations. For example, even though the situated self-report reflected the CL process in
other measures, it was not related to the performance in the group exam when averaged to between-
group analysis.
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Prior research has emphasised the importance of momentary engagement for SRL, CoRL, and
SSRL in CL (Jarveld et al., 2016; Malmberg et al., 2023). Notably, for CoRL, the association with the
momentary perceived value of collaboration was negative. As conceptualised in this study, the function
of CoRL is often to invite the momentary engagement of other members in the group when a challenge
is faced, monitored, and when strategic control is needed (Hadwin et al., 2018). Therefore, constant
CoRL can imply that SSRL and shared engagement to regulation is not reached (Vuorenmaa et al.,
2023). These results regarding CoRL might mean that some group members made repeated attempts to
involve their peers in shared regulation without a fruitful result. Previous research suggests that reasons
for some members not engaging in regulation in these situations may be due to motivational (Ahola et
al., 2023) or emotional factors (T6rmanen et al., 2021). Identifying these types of recurring dynamics in
groups could allow timely interventions to move the momentary engagement of a group as a complex
dynamic system to new types of states (van Eijndhoven et al., 2023) involving, for example, SSRL.

Correspondingly, repeated occurrence of SSRL implied engagement of multiple group members
in the regulation and showed a tentative positive association with the higher perceived value of CL. A
pattern aligning with this also occurred concerning group performance, as SSRL showed a tentative
positive association with the group exam score, whereas the case was the opposite for CoRL. Though,
based on these non-significant results, the relationship between SSRL and the perceived value of
collaboration remains speculative, we believe it deserves to be studied further. On the one hand, groups
that perceive collaboration as valuable for their learning might be more likely to share their regulatory
process through engagement in negotiating strategic actions. On the other hand, if the group can, through
SSRL, strategically solve the challenges faced, that might make the students perceive CL as more
valuable, promoting a positive feedback loop of momentary engagement as a dynamic system (Symonds
et al., 2024). Future studies could focus on this potential relationship and further temporally see if it is
the reciprocally engaging form of regulation, namely SSRL, that promotes student perception about the
value of collaboration, or is it the student’s expectation towards the value of collaboration that results
in more SSRL?

The physiological data used in this study paints a complex picture of the engagement indicators
in CL. First, as expected, physiological synchrony between group members does not simply imply that
the collaboration is progressing well. In fact, in EDA-derived physiological synchrony measures, our
results join the prior research findings, suggesting that the case might be the opposite (Haataja,
Malmberg et al., 2022) and higher continuous physiological synchrony could reflect higher effort
(Dindar et al., 2020) and possible challenges in the group (Malmberg et al., 2023). In this study, higher
average synchrony during collaboration was related to students' lower self-reported collaboration value
and lower group performance, aligning with other studies regarding physiological synchrony (Sung et
al., 2023; Magnster et al., 2016). This negative link could be due to EDA reflecting sympathetic nervous
system activity, which has been linked to stress. Previous research has also described cases where the
physiological synchrony in CL arises momentarily, especially when joint efforts and engagement to
solve the challenge are needed (Malmberg et al., 2023). After the problem is solved, for example,
through strategic regulation, the physiological synchrony tends to get back to a lower level (Mgnster et
al., 2016). With dyads, the cycles between low and high levels of synchrony have been found to be
linked with outcome measures (Schneider et al., 2020). Such results, coupled with the current study's
findings, suggest that constant high physiological synchrony may indicate the group is engaged in
collaboration across seconds and minutes but might struggle with socioemotional or cognitive
challenges the group cannot surpass. From a dynamic systems perspective of momentary engagement
(Symonds et al., 2024), this could mean that the group is stuck in some unproductive attractor state.
Therefore, these groups could also benefit from targeted regulation support. However, it should be
acknowledged that physiological synchrony can also occur during positive events and events unrelated
to learning (Slovék et al., 2014), and therefore, higher physiological synchrony signalling groups
“struggling” could also be partly context-specific. To conclude, it is evident that the relationship
between engagement and physiological synchrony is not direct nor straightforward. Physiological
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synchrony is one potential temporal indicator that must be combined with other situational and temporal
indicators, including the group members' subjective premises and appraisals.

Limitations and future studies

Despite the strengths of the current study and its novel approach to examining CL, it also has several
limitations. Firstly, the small sample size may limit the generalizability of the study's findings. Secondly,
missing data could have reduced the accuracy of the study's findings. Future research should address
this by implementing methods to reduce the amount of missing data, such as improving data collection
techniques. Thirdly, the non-normal data distribution may affect the validity of the statistical analyses.
To overcome this limitation, we utilised methods where such an assumption is not central. Fourthly, a
more fine-grained temporal investigation of engagement is needed. Future research should include more
frequent and longitudinal measurements of momentary engagement to capture its dynamic nature. This
will provide a more comprehensive understanding of how engagement changes over time and what
factors might influence this change. Finally, the study would benefit from a more intra-individual and
situated approach. Future research should explore individual engagement experiences in a group and the
situational factors that may influence these experiences.

Conclusion

This study supports the view that momentary engagement in CL is a complex multidimensional
phenomenon that unfolds over time. This form of engagement appears to be shaped by the interaction
of various factors, including interpersonal physiology, situated value appraisals of CL, and the
regulation of CL. Multiple measures offer a way to explore the (mis)alignment of these dimensions and
better understand how the engagement of a group formed by individuals develops over time.
Physiological data offers a potential channel, and physiological synchrony is a potential index for
studying momentary engagement in CL. However, more research is needed to validate the use of these
measures for CL support. The study further highlights a need to consider both within-group and
between-group variation when studying momentary engagement in authentic CL settings.
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We explore how different data channels can shed light on the multidimensional nature of
momentary engagement in CL.

Results support the central role of the perceived value of collaboration for momentary
engagement in CL.

When groups show high physiological synchrony, they perceive their CL as less valuable
and tend to perform worse in collaborative exams.

Frequent CoRL was linked to less valued CL, while the case tended to be the opposite for
SSRL.

Methodologically, physiological synchrony can reflect collaboration processes in authentic
learning situations.
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Appendix

The coding scheme used in the video data analysis

Haataja et al

Type of
interaction

Description of behavior

Examples

Co-regulation of
learning (CoRL)

Socially shared
regulation of
learning (SSRL)

Co-regulation of learning was coded when the

following occurred:
1) Observation of an obstacle to the
individual's or the group's learning process

2) Regulatory initiation from a group member

3) No additional strategic content from other
group members following the initiation
4) Strategic change in action.

When CoRL was targeted to emotions and
motivation, it could be coded without a clear
obstacle or change in action to allow the
strategic activities that were aiming to
maintain and

strengthen the already favourable
motivational and affective conditions.

Socially shared regulation of learning was
coded when the following occurred:

1) Observation of an obstacle to the group's
learning process

2) Regulatory initiation from a group member
3) Active shared strategic negotiation between

at least two group members
4) Strategic change in action.

When SSRL was targeted to emotions and
motivation, it could be coded without a clear
obstacle or change in action to allow the
strategic activities that were aiming to
maintain and

strengthen the already favourable
motivational and affective conditions.

[Group is stuck on a task]

S1: "Are we supposed to first calculate how
long it takes for it to travel? | don't know!"
S2: "Should we just start with this other
task?"

S1: "Yes, let's do that!™

[Group struggles with calculations and asks
for help]

S1: "What the heck! These are all fractions!
Our calculations are all screwed then!"

S2: "We should ask for help."”

S1: [Raises hand]

[S1is frustrated]
S1: We are going to get an F.
S2: No we are not! We are getting an A.

[Students struggle to understand task]

S1: "This case looks exactly the same as the
previous. What on earth does this mean?
S2: [Raises hand to ask teacher for help]
S3 [to teacher]: "We understand nothing
about this!"

S2 [to teacher]: "How do we know which
lens this is?"

[Students maintain motivational conditions]
S1: "It's great that we are all participating.”
S2: "Yes, everyone participates!”

S1: "...So then everyone is going to get an
A

S3 [laughs]: "Yep!"

S4 [laughs]: "Well, of course."
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