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Abstract

Collaborative problem solving requires student groups to not only co-construct their ideas as a group
but also regulate several aspects of their teamwork. Although prior research has linked group regulation
to the group’s task performance, less is known about the immediate products of regulation. Specifically,
limited research has examined the types of regulation that could promote productive knowledge sharing
during ongoing collaborative interactions. This study explored how six groups of varying performance
levels exercised regulatory actions between moments of productive knowledge sharing (PKS) during
online collaboration. We employed a computational technique to analyze the temporal changes in
groups’ idea networks to identify episodes where groups’ idea exchanges reached a productive level.
Interpretations of students’ regulatory actions as interleaved between PKS episodes were facilitated by
Epistemic Network Analysis (ENA). Findings highlight the importance of examining multiple facets of
regulatory actions at both the group and individual levels while contextualizing these actions within
meaningful knowledge sharing episodes. Socioemotional regulation was notably lacking during pre-task
planning in low-performing groups. The lack of shared planning to reaffirm the group’s goal before
starting the task appears to relate to groups experiencing behavioural coordination challenges, which
likely reduce the chances of achieving PKS. Following instances of PKS, high-performing groups often
monitored and evaluated their ideas or cognition, whereas low-performing groups focused on
monitoring how the task was being completed. Patterns of individual members’ regulation across the
ENA space revealed that members of high-performing groups regulated actively by diversifying their
actions. The implications for supporting collaboration are discussed.
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1. Introduction

Collaborative problem-solving requires groups to regulate their tasks and team processes to promote
productive knowledge sharing and co-construction (Janssen et al., 2012). The iterative process of regulating
collaboration has led researchers to examine its temporality (Nguyen et al., 2021). The temporal features can refer
to when an event occurs, the co-occurrence of events, and the sequence of events. All three features may not be
examined simultaneously, but each provides insights into groups’ regulatory patterns. Learners’ regulatory
patterns in collaboration have often been discussed in association with task performance, such as when high-
performing groups engage in more planning and monitoring (Zhang et al., 2021). However, one question remains:
What type of regulation promotes productive knowledge sharing and co-construction during learners’
collaborative discussions? Task performance has been used as a distal outcome to examine such questions. Rarely
are instances of productive knowledge sharing examined as a proximal product, as an intermediate collaborative
knowledge state for assessing group regulation. We attempt to address this gap by examining the types of
regulation that precede productive knowledge sharing and those that follow, acknowledging the intertwined
processes between knowledge co-construction efforts and regulatory actions during collaborative problem-
solving.

From the perspective of collaborative knowledge construction phases (Gunawardena et al., 1997), sharing
and comparing information is the first interaction that groups engage in before they can achieve a higher-level co-
constructed knowledge. In the knowledge-sharing phase, groups need to construct their problem spaces by
bringing their individual understanding of task descriptions as a preparation for co-constructing their group
knowledge or solutions (Hadwin, Bakhtiar et al., 2018). A study that followed Gunawardena et al.’s (1997)
knowledge construction framework situated in a collaborative analysis type of task, such as used in our study,
showed that group conversations were frequently about knowledge and opinion sharing, and to a lesser extent,
involving idea negotiation and co-construction (Lehtinen et al., 2023).

Methodologically, studies that examined knowledge construction phases often had to rely on qualitative
coding of group discourse, particularly when it involves assessing beyond knowledge sharing to include
interactions characterized by dissonance, negotiation, testing tentative construction, and reaching an agreement
(e.g., Zabolotna et al., 2023). Several studies, however, attempted to capture the depth of knowledge co-
construction by quantitatively examining groups’ use of task concepts, the extent that those concepts are shared,
discussed, and connected during closely linked discourse using semantic network analytics (e.g., Oshima et al.,
2020; Y. Yang et al., 2024). Following a similar approach, we focused our analysis on instances of knowledge
sharing, in which group members shared relevant task concepts and used them in associations during their
collaborative interactions. Merely sharing information alone is not indicative of a productive collaborative
knowledge co-construction. In a collaborative task with specific task requirements, group members should share
and discuss key disciplinary concepts in a sustained conversation to advance their collective ideas for the
discussion to be considered productive (Oshima et al., 2020; Scardamalia & Bereiter, 2006). To quantitatively
capture this episode using semantic network analytics, we introduce the concept of productive knowledge sharing
(PKS). PKS is operationalized as a group’s sustained interactions that involve recurring use of and connecting key
ideas or concepts that reflect accurate solutions to the problem-solving task. A network density metric, total of
degree-centrality peak, serves as an analytical proxy for concept-dense, task-relevant discourse or extended
collaborative idea and knowledge sharing. This proxy is not a direct indicator of productive knowledge co-
construction, but rather a quantifiable stand-in that allows us to examine temporal patterns of group idea sharing
activities. The fluctuation of groups’ PKS episodes is examined as interleaving between groups’ regulative actions,
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acknowledging that the knowledge co-construction process and groups’ metacognitive regulatory actions are
temporally linked unfolding processes (e.g., Zabolotna et al., 2023).

We view regulation in collaboration as multifaceted (Hadwin, Järvelä, et al., 2018). Specifically, the
fundamental regulation processes—planning, monitoring, evaluating, enacting, and adapting—could be aimed at
managing cognition, behaviour, and/or affect. That regulation then could take on different modes to influence
one’s own (self-regulation), others’ (co-regulation), or the group’s (socially shared regulation) learning.
Considering this perspective, we focus on examining the co-occurrence of regulatory events in groups’
collaboration during episodes surrounding their productive knowledge sharing. While PKS is examined as
temporally linked to regulatory actions, we also compared groups with differing performance levels to identify
patterns of regulatory actions associated with successful and less successful groups. Given that differences between
groups can be difficult to draw when comparing their rich regulatory discourse through qualitative coding and
content analysis alone, we used epistemic network analysis (ENA) to facilitate data interpretations.

This study’s contribution lies in its attempt to advance the field by applying two types of network analytics
to examine the temporal interplay between groups’ regulatory actions and knowledge sharing productivity. Rather
than treating regulation and knowledge construction as separate processes, this research foregrounds their
intertwined nature. The quantitative approach to identifying moments of productive knowledge sharing in
collaborative discourse, interleaved with descriptions of learners’ network of multifaceted orchestration of
regulatory actions, is unique to this study. The attempt to examine the rise and fall of groups’ knowledge sharing
activities also contribute to the emerging line of research that uses learners’ data to identify signals or events that
trigger regulation (see Järvelä & Hadwin, 2024).

1.1 Multifaceted perspective of regulated learning

Hadwin, Järvelä et al. (2018) described three facets of regulation in collaboration: processes, targets, and
modes. Regulatory processes are the basic actions that signify learners’ attempt to take control of their learning
by planning, monitoring, evaluating, enacting one or more strategies, or adapting. They reflect the cyclical phases
described in models of self-regulated learning (Winne and Hadwin, 1998). Research has shown that in
collaboration, groups’ monitoring fluency or aptness in recognizing problems during collaboration is associated
with having better social and performance outcomes (Rogat & Adams-Wiggins, 2014; Zhang et al., 2021).
Monitoring and evaluating practices drive further regulation, such as revising plans and enacting or adapting
strategies.

Regulation targets or focus describe which aspect is being controlled. Learners may control their
cognition, behaviour, motivation, and emotions. Su et al. (2018) examined cognitive targets as those that focus on
the task, such as regulating task understanding, content, or progress (see also S. Yang et al., 2025). Behavioural
targets are sometimes limited to the organizational aspect of collaboration, managing who does what (Zhang et
al., 2021). However, they can also include any aspects of externalized behaviours relating to task conduct or
manipulation of strategic behaviours. Motivation-focused regulation is activated to influence motivational beliefs
and engagement, whereas emotion-focused regulation is directed at managing the feelings surrounding the task
and context. In collaboration research, motivation- and emotion-focused regulation are often combined to focus
on the socio-emotional dynamics of the group (Bakhtiar et al., 2018; Zabolotna et al., 2025). One issue with
research that examines groups’ regulation and collaborative knowledge co-constructions together is the tendency
to focus on the cognitive dimension, which involves investigation into how groups manage their knowledge
contribution and cognitive understanding of the task requirements and progress (e.g., Gao et al., 2024; Ouyang et
al., 2023). Sometimes, the socioemotional target is included by examining interactions that bolster a positive group
socioemotional atmosphere (Lehtinen et al., 2023). Nonetheless, we chose to align with the major regulated
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learning theories by examining regulation as involving multiple targets, including cognitive, behavioural, and
socioemotional conditions and situations.

Regulation modes refer to the individual(s) operating the regulation and whether that is intended for
managing one’s learning (Self-regulated Learning, SRL), the learning of others (Co-Regulation, CoRL), or the
group’s learning together as a group (Socially Shared Regulation, SSRL; Hadwin, Järvelä, et al., 2018). Self-report
data indicate that highly self-regulating team members positively contribute to how much co- and shared regulation
occurs during collaboration (Ito et al., 2024; Panadero et al., 2015). However, the frequency of those actions does
not necessarily influence group performance because it does not reveal how effective the regulation was in
addressing the intended target(s). Co-regulation—involving one or more group members or a tool prompting and
supporting the regulation of an individual member or the group—plays a crucial role in enhancing group
productivity and performance (Lee et al., 2017; Volet et al., 2009). More successful groups exhibited more
bidirectional connections between co- and shared regulation (Bakhtiar & Hadwin, 2020; Su et al., 2018). In
contrast, less successful groups repeatedly engaged in self-regulation more than the other modes. Co-regulation
often functions as the metacognitive hub, directing members’ attention and actions to where the co-regulators see
fit.

Piecing all three facets together provides a more detailed description of learners’ regulatory actions during
collaboration. Examining regulatory targets captures the context that triggered regulation. The regulatory actions
for that context are revealed by examining regulatory processes and modes deployed by the learners. The complex
orchestration of these actions requires analysis tools that could capture the co-temporality of regulatory events.
1.2 Capturing regulation using epistemic network analysis

Epistemic Network Analysis (ENA) has been increasingly used in the regulation of learning research to
analyze students’ regulation sequence, strategy use, and behaviours (Elmoazen et al., 2022). To examine regulatory
actions, we chose ENA over other network or temporal methods because we are primarily interested in unpacking
the types of multifaceted regulatory actions that groups enacted (i.e., what regulation process, target, and mode
co-occur) surrounding productive moments of knowledge sharing, rather than the sequence of the regulatory
actions in groups’ learning activities. One central assumption of ENA is that meaning or ways of knowing emerge
through the co-occurrence of epistemic actions (Shaffer, 2006). This assumption aligns well with regulation
theory, which views the regulation process, its target or foci, and mode as co-occurring to give meaning to the
context and intention of learners’ orchestrated actions when taking control of their situations (Hadwin, Järvelä et
al., 2018). ENA can visualize and quantify the structure of the network of associations between these multiple
facets of regulation when they co-occur. Additionally, given that our collaborative problem-solving context is not
perfectly linear, as groups worked through the problem following question-by-question prompts (like Lehtinen et
al., 2023), analysing the fine-grained sequence of regulatory actions is less fitting. Sequential methods would force
a linear order from one facet of regulation to another. In contrast, ENA models simultaneous action connections,
allowing us to interpret how the multifaceted regulatory actions are woven together and, at the same time, to
compare across groups and individuals within groups using the same shared representational space.

ENA draws from qualitative codes assigned to temporally linked phenomena and computes the codes’ co-
occurrence within a segment or stanza (Shaffer & Ruis, 2017). In a discourse-based dataset, researchers could
interpret the meaning of the discourse by examining code co-occurrence within a stanza or lines of conversation.
ENA allows the adoption of a moving stanza method, which models the co-occurrence of codes in multiple
overlapping stanzas to emphasize the importance of capturing codes’ proximity within the conversation (Siebert-
Evenstone et al., 2017; Zörgö, 2023). In a moving window, each conversation line is connected to every line that
precedes it within the window, moving one line at a time from the beginning to the end of the conversation. For
example, in a moving stanza window of three, each line within a conversation is related to the two lines preceding



Bakhtiar et al.

114 | F L R

it. The relational context is then determined as three lines of data, where codes within the same 3-line stanza are
linked in the ENA model and codes within different stanzas are not. Based on a set stanza size, ENA creates an
adjacency matrix for each stanza, summarizing co-occurrences between all codes. These matrices are then summed
for each unit of analysis (e.g., groups), representing the weighted patterns of co-occurrence among the codes for
that unit. To examine differences between units, ENA represents each unit’s summed adjacency matrix as a vector
in a high-dimensional space, where each dimension corresponds to the associations between unique pairs of codes.
ENA divides each vector by its length to normalize the data, accounting for potential differences in the number of
coded lines across units. Once normalized, ENA performs a dimensional reduction so that the network of
connections between multiple pairs of codes can be projected on a four-quadrant two-dimensional space.

The positions of network nodes in an ENA space provide information about the thematic association
between codes, especially when they co-locate in the same quadrant. For example, in a study that examined
learners’ regulation in an online environment, students’ cognitive action of knowledge-building activities was
found to be the co-temporal centre of the study’s ENA space, indicating the action’s dominance based on its
frequency and connection to the other nodes (Saint et al., 2020). Using similar trace data, Paquette et al. (2021)
found a theme in how codes were connected when high- and low-performing students were problem-solving. The
co-temporality of their codes indicates that high-performing students showed stronger connections between
coherent solution constructions and information-seeking actions than the low-performers. Additionally, the actions
of evaluating a solution and reflecting are co-located in the same quadrant of the ENA plot, suggesting their
proximity in the data.

Collaboration studies employing ENA to examine learners’ regulatory behaviours have used individual
(Melzner et al., 2019), group (Gyasi & Zheng, 2023; Nguyen et al., 2021), or task phase (Kaliisa et al., 2023; Zhang
et al., 2021) as their analysis unit. These studies demonstrate the distinct sets of regulatory actions that different
categories of individuals or groups adopted when managing their learning. For instance, Melzner et al. (2019)
found differences in how students choose to regulate motivation and comprehension problems in collaboration.
Additionally, Zhang et al.’s (2021) ENA show that low- and high-performing groups regulating differently at
different phases in their online collaboration. High-performing groups engaged in more planning in the initial task
phase, and monitoring actions were more strongly connected throughout all phases. In high-performing teams,
knowledge or content monitoring was more dominant during the group’s initial-to-middle task phase. In contrast,
low-performing groups engaged in less planning in the first phase, and monitoring and regulating (mainly focusing
on organizing behaviour) were more strongly connected in the middle-to-end task phase, suggesting a higher need
to address planning issues in the latter phase.

Our literature review identifies two limitations in the use of ENA in studies focusing on regulation in
collaboration. First, limited studies examined the ENA networks of both groups and their individual members’
regulatory actions. There is a need to unpack regulatory actions at the group and individual levels to understand
how individuals’ actions may contribute to the collective performance. Second, limited studies have attempted to
divide learning episodes based on instances of productive knowledge sharing or other forms of “meaningfulness”
except by using task design or a fixed period to divide the collaboration into phases. We attempt to address these
limitations by examining groups’ and their members’ regulation networks in episodes interleaving productive
knowledge sharing.
1.3 Knowledge sharing and regulatory actions

There is an emerging line of research that acknowledges regulatory process and collaborative knowledge
co-construction as intertwined and temporally linked (e.g., Zabolotna et al., 2023). Consequently, there is a current
methodological shift that attempts to capture the complex interlinked processes using advanced analytics (e.g.,
Ouyang et al., 2023). The research consensus is that the quality of the interaction between these processes is a key
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determinant of successful collaboration (Gao et al., 2024). The differences, however, lie in the facets of regulation
(cognitive versus socioemotional) or knowledge construction interactions (quality versus content) that researchers
choose to foreground, leaving room for much to be explored regarding the nature of interactions between
knowledge construction and regulatory actions across different learning contexts.

In terms of collaborative knowledge co-construction, beyond examining cognitive moves or interactional
focus (Gunawardena et al., 1997), it is also important to examine learners’ information sharing quality or use of
critical ideas and domain-specific concepts during their collaborative interactions (Scardamalia & Bereiter, 2006;
Y. Yang et al., 2024). In a productive conversation, learners should be able to leverage group members’ knowledge
and expertise and collectively improve their understanding and strategy to solve task problems using key task
concepts. The expectation may be that the more individuals share their ideas with the group, the better the
knowledge that the group co-constructed. However, this is not necessarily the case, especially when learners are
not sharing and discussing the kinds of concepts required by the task or disciplinary pursuits and not engaging in
a sustained collective effort to improve their ideas (Scardamalia & Bereiter, 2006). Research indicates that a higher
frequency of idea sharing in collaboration does not correspond to collective idea improvement, where ideas
generated by individuals are further examined and collectively synthesized (Gyasi & Zheng, 2023). Idea
generation and elaborations require activation of regulatory processes such as monitoring and planning, where
learners identify gaps in their intermediate state of knowledge and strategize to improve or modify that state with
more accurate task concepts and thinking (Damsa et al., 2010; Gyasi & Zheng, 2023; Lee et al., 2017).

A study using a sequential pattern mining suggests the interrelation between groups’ intermediate state of
knowledge and regulatory actions (Ouyang et al., 2023). The study’s findings demonstrate that groups showed a
high probability of initiating by regulating task understanding as a group and continuing to engage in goal setting
and planning through co- and shared regulation. This initial regulation appears foundational to how team members
later approach idea sharing and improvement activities. In the same study, the knowledge sharing activity appears
to begin with individuals contributing new ideas. This action has a strong direct transition to the peer level, where
team members either build consensus on the proposed ideas, ask questions, or provide a perspective that opposes
the ideas (see Lee et al., 2017). This intermediate state of knowledge is monitored and evaluated by the group to
progress their collective knowledge, where ideas are integrated into a meaningful whole. Overall, the patterns can
be summarized as groups beginning the collaboration with group-level planning, followed by knowledge-focused
engagement involving perspective sharing at the individual and peer level, then regulatory action of monitoring
and reflecting at the individual and peer level, and ending with consolidating group-level knowledge. This finding
demonstrates that learners’ regulative action in collaboration is interleaved with their knowledge co-construction
engagement, which this study seeks to further examine.

Our unique contribution is, however, in our alignment with the multifaceted aspect of regulation (Hadwin,
Järvelä, et al., 2018) and quantitative approach in examining groups’ knowledge sharing process by analyzing
their changing knowledge or idea network (i.e., use of key task concepts) during collaborative discourse. We
focused on knowledge sharing instances because a quantitative approach could not stipulate other higher-level
knowledge construction attempts, such as idea negotiation. However, when a knowledge sharing episode occurs
over a longer duration, involves multiple group members, and involves a denser network of key task ideas, we
could expect the conversations to be productive, as they are more likely to lead to a deeper knowledge construction
phase.
1.4 Identifying instances of productive knowledge sharing

Idea sharing, as a phase in knowledge construction in collaboration, has primarily been examined using
qualitative coding of groups’ discourse (e.g., Lehtinen et al., 2023; Zabolotna et al., 2023). A smaller group of
researchers is increasingly using computational methods, such as semantic networking tools, to inspect groups’
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knowledge sharing activities (Oshima et al., 2020; Zhang & Ouyang, 2023). One tool, called the Knowledge
Building Discourse eXplorer (KBDeX) allows researchers to observe the occurrence of groups’ idea use and
improvement by visualizing them in the form of an idea network that expands as groups discuss more ideas
(Oshima et al., 2012). The tool requires researchers to identify a list of key concepts or nouns pertinent to the task.
Then, it searches for these concepts in the conversation and generates the group’s idea network, illustrating the
centrality and density of the ideas used in the learners’ discourse. Networks are generated based on the computation
of the total of degree-centrality (TDC) value that changes as more key ideas are used. The higher the TDC, the
denser the network, meaning learners were using and making connections of the key ideas more in their
discussions.

Researchers often focused on the incremental increase in TDC value throughout the learners’ discourse
and examined the completeness of groups’ idea network at the end of a learning session (Y. Yang et al., 2024).
We propose a different approach by examining the fluctuations of TDC values using a sliding-stanza method (see
also Ohsaki & Oshima, 2021). In this approach, the lifetime of the edges in learners’ idea network (i.e., connections
between ideas) are limited to several conversation turns, assuming that the ideas are not always used throughout
the group’s conversations but may be used at several moments. The peaks in the fluctuation of TDC values are
where we assume that idea sharing is at a productive level, involving idea elaborations where several learning
concepts are discussed in several turns by group members. In other words, TDC peaks serve as markers or
analytical proxy for discourse in which task-relevant concepts are extensively exchanged (i.e., productive idea
sharing), although they do not necessarily reflect whether ideas are collaboratively co-constructed or thoroughly
discussed among group members. The concept of productive knowledge sharing (PKS) thus refers to concept-
dense, task-relevant exchanges within group discourse, without directly measuring the productivity of
collaborative knowledge co-construction. However, it is possible that within this concept-dense discussion, ideas
are elaborated and co-constructed among team members (e.g., Ohsaki & Oshima, 2021). Examining TDC
fluctuations can be used to segment group conversations into smaller, meaningful idea sharing episodes. The idea
network generated for each episode can then be examined and assessing the actual conversations on which the
network is based may reveal the quality of the group’s idea sharing process. The networking tool’s capability to
chunk group conversations into smaller idea sharing episodes was used in this study to contextualize students’
regulative actions. This approach enabled the examination of the types of regulation that precede and follow
instances of productive knowledge sharing, thereby providing insights into the intertwined processes and factors
that support successful collaboration.
1.5 Aim

We attempt to address the gap in research examining the intertwined process between productive
knowledge sharing (PKS) and regulatory actions in collaboration, using quantitative methods signalling moments
of productive knowledge sharing and dips in knowledge construction productivity. Specifically, the study
examines (a) the regulatory actions activated by groups and their members as interleaving between instances of
PKS during their online collaboration, and (b) whether there are differences between groups with varying task
performance levels. The performance level is a grouping variable that serves as a comparison point. We suspect
that there are differences in the types of regulatory actions groups (RQ2) and their individual members (RQ3)
engage in, which may interact with their knowledge sharing productivity and performance. The research questions
are:

RQ1.When does productive knowledge sharing occur during the problem-solving discourse?
RQ2. How do groups’ regulation patterns compare at three phases: pre-task planning, before and after
engaging in productive knowledge sharing?
RQ3. Do regulation patterns exhibited by individual members qualitatively differ within their group and
between group performance levels?
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2. Methods

We conducted a multiple-case study (Yin, 2018) involving six groups and 22 students (Mean age = 18.69,
SD = 1.56), who worked on an online collaborative task at a university. We focus our reporting on case
comparisons informed by groups’ idea and ENA networks and reified by content analysis of the discourse
responsible for the projected networks.
2.1 The collaborative task

Students’ problem-solving task is situated within an undergraduate Education course, where they
collaborated on an online 90-minute case analysis challenge in groups of three to four individuals. Two weeks
before group formation, all students completed a quiz with 20 multiple-choice questions. This quiz was meant to
test individual understanding of the topics to be covered in the collaborative task and to sort groups relatively
equally based on knowledge comprehension. That is, each group should have about equal number of more and
less knowledgeable members.

The task required groups to analyze a scenario describing a student working on a major essay, using
knowledge about successful strategies and self-regulation processes. The group collaborated on the task using a
text-based chat platform and a wiki document in a parallel window to discuss, negotiate, and record answers to
analysis questions (Hadwin, Bakhtiar, et al., 2018). The task was a 90-minute collaboration resembling an applied
exam. The course instructors graded task products (wiki answers) for accuracy, use of course concepts, and
incorporation of concrete examples from the provided scenario to support answers. One week before the task,
groups were asked to meet in the chat platform to plan as a group following open-ended prompts. The group
planner tool invited groups to think about the task instructions, priorities, and plans to address anticipated
challenges.
2.2 Discourse data

Groups’ text-based conversations were the primary data. The discourse included conversations during the
assigned group planning and the case analysis task. Only the task conversations were used to identify instances of
productive knowledge sharing. However, the entire discourse was hand-coded, where we identified the regulation
process, target, and mode demonstrated in each conversation turn (Appendix). This coding procedure was
informed by Bakhtiar et al. (2018) and Hadwin, Järvelä, et al. (2018). In the iterative process of coding involving
two raters, the inter-rater reliability index, Cohen’s Kappa, was computed on 10% of the data for each level of
coding. Once a good reliability was achieved, the first author then coded the remaining data. The final reliability
indices were within a robust range: .87 for the regulation process, .93 for the regulation target, and .81 for the
regulation mode.
2.3 Selected cases

Six groups of different performance levels were randomly selected: two high-performing groups received
an A-, two medium-performing groups received a C+, and two low-performing groups received a D for their
respective task product (Table 1). The determination of the letter grade followed the university’s grading standards.
Pedagogically, studying med-performing groups allows us to identify where groups might need just a bit more
support to optimize their performance. Group memberships remained intact. Groups were also relatively
equivalent regarding their pre-collaboration knowledge comprehension or quiz scores (last column in Table 1).
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Table 1

Summary of case characteristics

Group Females (n) Males (n) Average pre-task quiz scores (out of 100)
High-I 2 1 61.11
High-II 2 2 67.71
Med-I 3 1 67.71
Med-II 2 2 64.58
Low-I 1 2 62.50
Low-II 2 2 66.67
Note:Means were computed within each group. Class mean = 67.35, SD = 13.74.

2.4 Analysis process

Following our introductions in Sections 1.2 and 1.4 about network analysis tools serving different
purposes, this study used two types (a) a semantic or idea network tool to identify instances of productive
knowledge sharing, and (b) an epistemic network analysis tool to examine the co-occurrence of regulatory actions.
In the first phase, an idea network tool called Knowledge Building Discourse eXplorer ([KBDeX]; Oshima et al.,
2012) was used to examine groups’ knowledge sharing activities. The list of keywords or ideas entered in the tool
was guided by a detailed marking guide provided by the course instructor. The chosen keywords included course
concepts that signify accurate problem-solving. The list included 30 unique concepts. Examples of the keywords
include TASC (time, action, standard, and concept as criteria for a study goal) and time management. We then
inspected the groups’ idea network to examine each member’s idea contribution. Next, we identified instances
where groups’ knowledge sharing activities appear to be productive. Two additional features of the tool were used
in this step. First, we applied the stanza-sliding method, setting the analysis unit as a sequence of three inputs
within the chat to examine how an input was influenced by its preceding input and subsequently influenced the
following input. With the sliding stanza size of three, we moved the window one input at a time to calculate the
co-occurrence of words as network edges. Second, we limit the edge lifetime to provide a temporal view of the
knowledge sharing activities. Edges were deleted if the same co-occurrences of words did not appear while shifting
the stanza window three times. Through this algorithm, we observed how idea sharing activities within students’
discourse unfolded at a finer granularity. Productive points of idea sharing, likely involving idea elaboration and
integration, were visualized as peaks in total of degree-centrality values. This approach allowed for group
comparisons based on the number and magnitude of peaks. We inferred that these peaks signify that productive
knowledge sharing ensued as they demonstrate a high density of keyword use. Groups’ discussions were then
divided based on the identified PKS episodes, making the number and timing of the episodes unique to each group.

In the second phase (regulatory action network), qualitatively coded data, which identified the regulation
processes, targets, and modes groups enacted during collaboration (see Appendix for coding scheme), were
analyzed using the ENA Web Tool. We chose a moving stanza window size of three, given that the smallest group
membership was three. The ENA model includes three nested levels: group, followed by episode (relative to PKS),
and individual. Networks were visualized using network graphs where nodes correspond to the codes (all
regulation codes), and the edges reflect the relative frequency of co-occurrence between any two codes. The result
is two coordinated representations for each group: (1) a plotted point, which represents the location of each group’s
network in the low-dimensional projected space, and (2) a weighted network graph. The positions of the network
graph nodes are fixed, and those positions are determined by an optimization routine that minimizes the difference
between the plotted points and their corresponding network centroids. Our model had co-registration correlations
(Pearson) between the centroids and the projected points of .97 for the vertical dimension and .96 for the horizontal
dimension, indicating a strong goodness of fit between the visualization and the original model.
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Group-level regulation within episodes was examined by comparing group centroids (or mean networks)
in the resulting ENA plot. At the individual level, we traced each group member’s centroids across episodes to
identify (a) the individual’s dominant quadrant or dominant regulative actions in the ENA space and (b) their
movements across quadrants.

3. Findings

3.1 When does productive knowledge sharing occur during the problem-solving discourse?

To examine the above question, we first had to determine whether group members contributed ideas by
computing the proportion of shared and unique ideas contributed by each member relative to all ideas present in
their group (Table 2). Shared ideas included ideas that were at least discussed by more than one team member,
whereas unique ideas are those that were raised by one member only. Group members with relatively high unique
ideas were either very knowledgeable about the topic or contributed ideas that were not addressed further by the
group (see high- and low-performing groups). Med-performing groups mostly discussed their ideas as a group, as
unique ideas were minimal. Across groups, only Iona in the High-II group had <20% of total contribution to the
group network. Examination of the chat transcript and wiki logs indicate that Iona was the group’s sole wiki editor.
She provided her ideas directly to the wiki rather than discussing them with the group. Overall, most group
members appear to have some level of shared idea contribution, suggesting some attempts to share, elaborate,
and/or integrate key ideas during problem-solving.
Table 2

Proportion of shared and unique idea contribution by each member in each group

Group Member
Pseudonym

Proportion of
unique ideas (%)

Proportion of
shared ideas (%)

Total contribution to the
group’s network (%)

High-I Connor 9.09 28.57 36.36
Jia Li 4.76 19.05 23.81

Madelyn 42.86 47.62 90.48
High-II Felix 22.22 44.44 66.67

Iona 0.00 5.56 5.56
Liam 16.67 16.67 33.33
Yiran 16.67 38.89 55.56

Med-I Anne 0.00 70.00 70.00
Levi 0.00 35.00 35.00
Mila 0.00 75.00 75.00

Wangshu 10.00 85.00 95.00
Med-II Elena 12.00 64.00 76.00

Farra 0.00 72.00 72.00
Gaden 12.00 64.00 64.00
Oliver 0.00 52.00 52.00

Low-I Avi 10.53 52.63 63.16
Mei 26.32 42.11 68.42

Rohan 5.26 26.32 31.58
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Low-II Carter 17.39 47.83 65.22
Huan 0.00 21.74 21.74
Lin 0.00 34.78 34.78
Shen 17.39 52.17 69.57

Note. Proportions are calculated out of the total ideas present in each group’s network.

We then examined fluctuations in TDC values across groups’ idea networks to determine when productive
knowledge sharing occurs. The TDC fluctuation indicates where key ideas were highly discussed, irrespective of
the depth of the conversation. Visual analysis of the magnitude of the TDC peaks across groups indicates that
discernible peaks tend to have TDC values of 1.5 (Figure 1). Therefore, we determined that productive knowledge
sharing (PKS) is an episode involving TDC peaks reaching a value of 1.5 or higher. While TDC peaks are markers
of concept-dense discourse, they are not in and of themselves “PKS episodes” because we did not select PKS
episodes based solely on a portion of discourse at the peak or tip of idea sharing productivity. We used TDC peaks
to identify the start and the end of a PKS episode. PKS episodes (a) must include exchanges from at least two
members, (b) begin at the conversation turn where the TDC begins to rise, and (c) end when the TDC returns to
zero. The application of these criteria was assessed by analyzing the content of the actual conversations and was
determined to be appropriate (e.g., Barany et al., 2022).

Informed by Järvelä and Hadwin’s (2024) regulation trigger framework, we also infer that the dip in
productive knowledge sharing could signal a need to regulate. Unique to this problem-solving context is the need
to analyze the same case/problem in a limited time. Therefore, if members are not discussing or responding to the
same concepts/ideas, groups may be diverging in focus, fragmenting collaborative effort and hindering task
progress.

Figure 1

The fluctuation of Total of Degree-Centrality (TDC) value of group idea network during problem-solving

Note. Peaks in TDC were used to determine episodes of productive knowledge sharing.

As seen in Figure 1, med-performing groups had lengthier conversation turns. There is no apparent trend
for higher TDC values to be associated with specific performance levels. However, content analysis of groups’
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idea networks at their productive level indicated that groups’ keyword use is consistent with their task performance
(Table 3). Idea networks of the high-performing groups included coherently connected keywords associated with
accurate analysis of the problem. The networks of the med-performing groups included some keywords associated
with accurate analysis but also included other ideas. Their discourse showed that the groups negotiated competing
ideas. In high- and med-performing groups’ TDC peaks, group conversations involve idea sharing, expansion, and
negotiation, indicating collaborative knowledge co-construction and problem solving. These are demonstrated in
the excerpts provided in the last row of Table 3 for the high- and med-performing groups, in which a group member
(Felix in the High-II group and Mila in the Med-I group) presents their ideas, which are later built upon or
negotiated by another member. Hence, for these case groups, their PKS episodes reflect productive knowledge co-
construction as well.

However, in the low-performing groups, their TDC peaks involved members sharing task information and
referencing the studied concepts superficially (last column of Table 3). For instance, Shen and Carter in the Low-
II group did not use the concepts in depth to discuss the case problem at hand; their PKS episodes were not
indicative of true or productive collaborative knowledge co-construction. Nonetheless, the TDC peaks for low-
performing groups revealed the extent of their “productivity” in sharing what they know to solve the case. It is
possible that the case analysis answers in the low-performing groups were mostly not collaboratively constructed,
as key ideas are shared one-way to the group without back-and-forth exchanges (i.e., not appearing as TDC peaks).

From this analysis phase, we identified that groups with three instances of PKS include High-I, Med-II
and Low-II. Groups with two PKS episodes include High-II and Med-I. The group with one PKS episode was the
Low-I group. Based on this identification process, we divided the groups’ full discourse into four phases: (a) pre-
task planning, (b) before the first PKS episode, (c) at PKS, and (d) after PKS.
Table 3

Examples of idea networks at productive knowledge sharing episodes by performance level

High performing Med performing Low performing
Example
of idea
networks
at TDC
peaks

Example
of
excerpts
within
the PKS
episode

Felix: This goal was a weakness
because it was not following the
TASC goal criteria which states
one must set a time, standard,
action and concept. With this
weak goal [Elaboration of each
TASC element with specific
examples]

Yiran: Self-efficacy he says, I am
so bad at writing papers, I am
totally going to fail. He doesn’t
have confidence to write the
paper.

Mila: I'd said that his
adapting to goal setting is
considered as a weakness
since he could have made
a stronger TASC goal.

Wangshu: but he didn’t have
a good time management.
Mila:Monitoring…
[provided example]
Wangshu: [referring to the
example] he is worried
and thinks he would do
bad?

Shen: Just look at the
chart below, I'm pretty
sure the black
highlighted pieces are
it. With SRL in the
middle. Task
understanding, goal
setting, monitoring,
adapting.
Carter: Yea so [repeated
the list]
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3.2 How do groups’ regulation patterns compare at pre-task planning, before, and after engaging in
productive knowledge sharing?

To examine the regulative actions groups exercised around their productive knowledge sharing, regulation
codes were summarized using ENA. Figure 2a provides the resulting ENA model. The centroids refer to the mean
networks of all six groups. The dotted lines represent the 95% confidence interval of the corresponding mean. The
model explained 45.4% of the variances, 31.9% in the horizontal dimension and 13.5% in the vertical dimension.
We selected one group centroid to describe our characterization of the projection space based on the thematic
associations between nodes (Figure 2b). Activities in the first quadrant depict learners’ focus on controlling task
completion and adaptation. The second quadrant can be defined by the metacognitive monitoring and evaluating
process, particularly deployed through co-regulation and closely connected to the regulation of cognition and
strategic behaviour. The third quadrant has a self-regulation focus along with the process of constructing and
adjusting plans. Socioemotional regulation landed in this third quadrant due to it being frequently about self-
regulation of emotions related to frustrations and worries, which were mostly discussed at planning. Finally, the
fourth quadrant focused on the enactment of socially shared regulation.

Comparison of the distribution of projected points along the horizontal and vertical dimensions of the
ENA space between groups was evaluated using a set of Mann-Whitney U tests. Group differences on both
dimensions did not reach statistical significance, indicating that, on average, the types of regulative actions that
groups used were similar. Hence, we needed to contextualize groups’ regulatory actions further by examining
their regulatory networks at three different phases: (a) pre-task planning, (b) before the first PKS, and (c) after
engagement in PKS.
Figure 2

The ENA model with all group centroids (left) and characterization of the ENA space (right)

Note. Group High-I’s centroid was selected in (b).

3.2.1 Regulation at pre-task planning

All groups’ centroids were found on the third quadrant during pre-task planning (Figure 3). It is not
surprising to find groups regulating similarly, where they mostly engaged in shared planning, because this session
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was scripted. The difference, however, can be seen in how much of the planning node frequently co-occurs with
building cognitive understanding, coordinating strategic behaviour, or emotion regulation.
Figure 3

ENA networks of group regulation during pre-task planning

Note. SocioEmo and Planning nodes are not connected in low-performing groups.

Both med-performing groups are similar (Figure 3b); they were highly engaged in planning activities
focusing on the group’s strategic behaviours. Shared planning focusing on building cognitive understanding is
evident, but not as dominant (smaller node weight) as strategic behaviour planning. Although less commonly,
both groups planned for socioemotional regulation directed to an individual’s or the group’s motivation and
emotions. This type of planning is when individuals anticipate experiencing motivation dips or emotionally
provoking challenges and situations, and so the group proactively strategized how to manage their team’s affective
states or suggest tactics for individual members to use should such situations occur. Given the time-limited nature
of the task, some groups noted that this element can influence their affective states, particularly when working
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with multiple individuals. Med- and high-performing groups also monitored and evaluated their plan for strategic
behaviour, but not their plan related to cognitive task understanding; this type of planning was done as a group and
sometimes through co-regulatory prompts.

High- and low-performing groups demonstrated some inconsistencies (Figures 3a and 3c), likely
influenced by the length of group’s planning conversations. In High-II and Low-I groups, planning for strategic
behaviour was brief and consequently, the process of monitoring/evaluating plans did not occur. At least in the
High-II group, shared planning was prompted by co-regulation, but not all prompts were acted upon, as indicated
by the appearance of the CoRL-attempt node in the same network. The High-II’s chats showed that the attempt
was meant to bring the group towards a more shared planning, indicating a proactive effort to minimize planning
issues. The other high-performing group (High-I) was seen to monitor and evaluate their plans and had a relatively
heavier monitoring node than most groups. Shared planning targeting strategic behaviours and cognition was also
relatively more elaborated in High-I.

Both low-performing groups (Figure 3c) did not plan for emotion regulation. In the Low-I group, planning
for strategic behaviour was minimal, and planning aimed at cognitive understanding was limited to the planning
scripts, which requested groups to discuss the task instructions. For the Low-II group, the edge strength between
shared regulation and planning nodes in this group is weaker than the others, indicating a lower co-occurrence.

Overall, the most apparent difference is related to plans for socioemotional regulation, which is lacking in
the low-performing groups. Elaboration of plans targeting strategic behaviour and cognition, and the monitoring
and evaluating of plans were more salient, at least in one of the high-performing groups. Additionally, one high-
performing group showed an early attempt to minimize planning issues.
3.2.2 Before the first productive knowledge sharing

The first progression toward productive knowledge sharing is critical as it sets the stage for how groups
would continue to work together. The analysis of group centroids in this session revealed some differences. The
high-performing groups spent time constructing plans, individually and as a group, before beginning problem-
solving (Figure 4a). The High-II group mostly engaged in orienting the group’s behaviour to the task. In contrast,
the High-I group’s plans related to emotion regulation were addressed again before the group commenced work
(dotted oval in Figure 4a). This emphasis on socio-emotion was only observed in this high-performing group,
when the group emphasized how to manage their stress level going forward by supporting each other so negative
emotions would not interfere with their task progress. Through co-regulation, this group also strongly monitored
and evaluated their strategic behaviours (strong edge weight between the nodes) during this early phase.

The med-performing groups planned their strategic behaviour as a group before their first PKS. However,
compared to the high-performing groups, individual planning (SRL and Planning node connection) was not evident
in these groups. Both groups already begin attempting the task as a team, although their knowledge sharing did
not reach a productive level as the task completion action is not occurring within PKS peaks. Both groups
monitored and evaluated their strategic behaviours through co-regulatory prompts and shared regulation.

Regulation in the low-performing groups in this phase indicated potential coordination issues. Both low-
performing groups demonstrated connections between co-regulation and planning (highlighted in Figure 4c),
where one or more group members were addressing planning issues related to a group member’s self-processes.
In the Low-I group, issues were likely detected by monitoring group members’ strategic behaviours. In the Low-
II, the group lacked shared planning. Both low-performing groups had to be co-regulated to complete the task, as
shown by the connection between co-regulation and task completion behaviour nodes.



Bakhtiar et al.

126 | F L R

Figure 4
ENA networks of group regulation before the first productive knowledge sharing

Note: Shared socioemotional regulation occurred in High-I only (dotted oval). Highlighted nodes in low-
performing groups indicating member(s)’ prompt to revisit planning.

Overall, socially shared planning aimed at group members’ strategic behaviour is most typical before
groups’ first PKS. The lack of shared planning (Low-II) or occurrence of planning and behavioural coordination
issues could influence group performance (Low-I; Low-II). Such issues demand some members to activate co-
regulatory actions, and the success of that co-regulation could influence how the groups later collaborate. In the
absence of such issues, groups swiftly focus on completing the task as a team (Med-I; Med-II) and may reach a
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productive level of knowledge sharing (High-II). Affirming to regulate socio-emotion early in the collaboration
may distinguish high-performing groups from others (High-I).
3.2.3 Regulation after productive knowledge sharing

A detailed analysis of regulative actions during knowledge sharing peaks was not included because they
focused on task completion. However, inspections on what groups did after engaging in those instances provide
insights on whether productivity in knowledge sharing invited further need for regulation. For high-performing
groups, frequently co-occurring nodes were related to monitoring/evaluating in the earlier episodes and to task
completion in the latter episodes (thicker edge weights in Figure 5). Monitoring directed at cognition or idea
coherence and accuracy was evident in both high-performing groups. This action was observed in the first and
second after-PKS episodes in the High-I group and in both after-PKS episodes in the High-II group. The
monitoring process in these groups is mostly shared amongst team members and is prompted through co-
regulation. Several individuals in the high-performing groups also self-monitored their strategic behaviour and
task completion (SRL-MonitorEvaluating-BevStrategic/BevTaskCompletion node connections after PKS1 and
PKS2 in High-I and after PKS2 in High-II, Figure 5), indicating that individuals took some personal
responsibilities to regulate while working alongside their group. Self-regulation appeared to be supported through
co-regulatory prompts, particularly in the High-I group.

Figure 5
Regulation after productive knowledge sharing in high-performing groups

Note: Frequently co-occurring nodes are related to monitoring/evaluating in the earlier episodes and to task
completion in the latter episodes.

Networks in after-PKS episodes in the med-performing groups (Figure 6) showed that the groups focused
on completing the task as a team (thicker edges after both PKS in Med-I and after PKS2 in Med-II). Unlike both
high-performing groups, monitoring directed to cognition was not apparent in the Med-I group and was missing
in the Med-II group’s middle phase. They monitored and evaluated their strategic behaviour after engaging in
PKS, although not highly frequently. In the Med-I group, the first after-PKS episode suggests that planning or
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coordination issues emerge when an individual creates another plan (SRL-Planning connection). The planning
issue appeared to be resolved; the planning node did not re-appear in the latter episodes.
Figure 6

Regulation after productive knowledge sharing in med-performing groups

Note. Frequently co-occurring actions are shared enactment of task completion (thicker edges)

For the low-performing groups, the networks in the episodes following PKS indicate that both groups
revisited planning directed to strategic behaviours, indicating the emergence of behavioural coordination issues
(Figure 7). In Low-II, this occurred in the episode after the second PKS. Both groups attempted to adapt their
strategic behaviours by planning as a team (adapting node in Figure 7). Both groups monitored/evaluated cognitive
understanding rather infrequently and seemed to have a higher emphasis on monitoring task execution or product
appearance. For Low-II, although this group initially completed the task as a group, they moved on to highly
completing the task alone in the last after-PKS episode. This change is likely due to the group adapting their plan
and behaviour to expedite task completion. The Low-I group had the least number of PKS. The occurrence of
planning issues and higher emphasis on monitoring members’ behaviour and task execution may have influenced
the quality of idea elaboration.

Overall, after engaging in PKS, group members monitoring actions reveal aspects of their learning that
could be going well or problematic. Focusing on monitoring cognitive understanding in the early phases of
collaboration may benefit group task performance (High-I, High-II). However, when much of the early monitoring
was also placed on how the task is being completed by individuals, this could constrain group knowledge sharing
progress (Low-I, Low-II). For med-performing groups, the resolution of planning issues allowed the group to
focus on task completion (Med-II), but the groups needed to monitor idea accuracy and coherence more frequently
to improve task performance (Med-I, Med-II).
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Figure 7

Regulation after productive knowledge sharing in low-performing groups

3.3 Do regulation patterns exhibited by individual members qualitatively differ within their group and
between group performance levels?

Finally, we examined individuals’ regulation by tracing their centroids on the ENA space (Figure 8) as
they proceeded in their learning episodes. Individuals’ dominance and movement in the space are summarized in
Table 3. Individuals’ dominant quadrant was judged based on having the highest number of centroids in the
quadrant out of the individual’s total centroids. Movement across the ENA space was traced after the prescribed
pre-task planning, where individuals’ regulation is not supported externally.

Individuals in the high-performing groups dominantly engaged in either the metacognitive process of co-
regulating, monitoring, and evaluating (Q2, High-I) or constructing plans (Q3, High-II). As discussed earlier,
high-performing groups’ monitoring process is more focused on cognition and strategic behaviours, and planning
was highly dominant early in the groups’ collaboration. The movement of most members in the high-performing
groups covered multiple quadrants, suggesting that most members were actively regulating and diversifying
regulative actions. In the High-I group, all members’ movements covered the metacognition quadrant, an essential
regulative action in an effective group. Meanwhile, in the High-II group, one member strongly performs the
metacognitive role, likely allowing others to progress linearly across vast areas in the ENA space.

Individuals in the med-performing groups appeared to dominantly engage in task completion and shared
regulation. As in Figure 8b, group members’ centroids in this med-performance level tend to concentrate in the
first quadrant, focusing on task completion. Only in the Med-II group were a couple of members co-regulating to
monitor and evaluate. For Med-I, there is a lack of dominance in the metacognition quadrant. Movements of
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individuals in the med-performing groups were either limited to task completion or tread across two quadrants
(except for one individual) but, ultimately, settled on task completion.

Members in the low-performing groups dominantly engaged either in co-regulating (Q2, Low-I) or task
completion (Q1, Low-II). Recall that the monitoring process in the low-performing groups was mostly related to
addressing how the task is being completed. The Low-I group (dark blue centroids, Figure 8c) had no centroids in
Quadrant 1 (task completion) and minimal centroids in Quadrant 4 (shared regulation), suggesting that the group
experienced issues that stalled task progression as a team. Their movements suggest the group was stuck in
monitoring. Although the Low-II group also had one member taking on the metacognitive role, other team
members did not move vastly across spaces, often concentrating in Quadrants 1 and 4, where shared regulation
and task completion actions occur.
Figure 8

Individual ENA centroids across episodes by group performance levels

Note: Individuals are identified by their initial. Differences in colour and italicization indicate different group
memberships.

Table 4

Individual members’ dominant quadrant and movement in the ENA space

Group Member Dominant Quadrant Dominant Movement

High-I Connor
Madelyn
Jia Li

Q4: SSRL
Q2: CoRL/Metacognition
Q2: CoRL/Metacognition

Across three quadrants (Q2-4-1)
Across three quadrants (Q2-1-4)
Monitoring to shared regulation (Q2®Q4)

High-II Iona
Yiran
Felix
Liam

Q2: CoRL/Metacognition
Q3: Planning
Equally in Q1, Q3, Q4
Q3&4: Planning & SSRL

Planning to monitoring (Q3®Q2)
Across three quadrants (Q3-4-1)
Across three quadrants (Q3-1-4)
Across three quadrants (Q3-1-4)
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Med-I Anne
Mila
Wangshu
Levi

Q1: Task completion
Q1: Task completion
Q1: Task completion
Q1&4: Task completion & SSRL

Completing (within Q1)
Completing (within Q1)
Completing (within Q1)
Shared regulation to completing (Q4®Q1)

Med-II Farra
Gaden
Elena
Oliver

Q2: CoRL/Metacognition
Q4: SSRL
Q1: Task completion
Q2: CoRL/Metacognition

Monitoring to completing (Q2®Q1)
Across three quadrants (Q2,4,1)
Completing (within Q1)
Monitoring to completing (Q2®Q1)

Low-I Mei
Avi
Rohan

Q2: CoRL/Metacognition
Q2: CoRL/Metacognition
Q2: CoRL/Metacognition

Monitoring (within Q2)
Shared regulation to monitoring (Q4®Q2)
Shared regulation to monitoring (Q4®Q2)

Low-II Shen
Huan
Lin
Carter

Q2: CoRL/Metacognition
Q4: SSRL
Q1: Task completion
Q1: Task completion

Monitoring to shared regulation (Q2®Q4)
Completing to shared regulation (Q1®Q4)
Completing (within Q1)
Shared regulation to completing (Q3®Q1)

4. Discussion

This study explored how groups of varying performance levels engaged in knowledge sharing and
regulation during an online problem-solving task. The findings contribute to our understanding of productive
knowledge sharing (PKS) as a product of and condition for further regulation. Thus far, research in this area
demonstrates that collaborative knowledge construction and regulation of learning operate across individual, peer,
and group levels, dynamically shifting in response to the group’s needs (Bakhtiar et al., 2018; Gao et al., 2024;
Ouyang et al., 2023). Additionally, the dynamic unfolding of knowledge construction both prompts and is
prompted by the dynamic unfolding of regulatory actions, and both processes may occur simultaneously within a
single conversation (Zabolotna et al., 2023). Group-level shared regulation, in particular, appears to provide a
structure for more productive and collaborative knowledge construction (Gao et al., 2024; Ouyang et al., 2023;
Zabolotna et al., 2023). Our findings are consistent with these previous findings and extend understanding of how
groups regulate their collaboration, particularly around productive knowledge sharing episodes and reveal
distinctions in regulatory patterns across performance levels.

Overall, groups did not differ in the types of regulative actions they collectively chose to deploy in the
broad sense. This lack of differences at the broad level attests to the need to examine regulation as an unfolding
process, investigating further how the regulatory actions were activated in key moments in relation to groups’
knowledge sharing activities. The differences between groups, however, could be observed in their focus on
regulating varying aspects at different phases of collaboration and in their members’ regulatory moves. First,
beginning to construct knowledge collaboratively appears to require groups to not only plan their behavioural
strategies but also consider their shared understanding of the task content and cognitive requirements, as well as
the affective concerns of their group members. Effective shared regulation during pre-task planning may better
prepare groups to collaborate on the knowledge aspect of the task. Second, findings suggest that groups may not
necessarily need a lengthy shared-regulation episode focusing on task completion. However, for groups to move
beyond average performance, they also need to frequently monitor and evaluate the coherence and accuracy of
their ideas, particularly after group members’ ideas have been pooled and co-constructed. Finally, this study also
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highlights the importance of examining regulation at the individual and group level and contextualizing the
multifaceted nature of regulation at meaningful learning episodes. Our findings showed that more successful
groups appear to benefit from having group members who actively co-regulate members’ metacognitive
monitoring and evaluation while also showing up as actively contributing members in shared regulation processes
in planning, strategic adaptation, and task completion.
4.1 Planning for cognitive understanding, behavioural strategies, and emotion regulation

In the assigned pre-task planning session, groups behaved similarly by reflecting on the task instructions
and developing plans to manage task and group elements. However, groups vary in the elaboration of their plans.
High-performing groups emphasized plans targeting cognitive understanding and strategic behaviours, with some
attention to socioemotional regulation. As argued in prior studies, the ability to identify broader regulatory targets
or anticipated challenges during planning reflects a more metacognitively attuned group of learners (e.g., Zheng
et al., 2019). In collaborative research, emotion regulation is understood as reactions to situational affects that
occur in the moment, such as when learners control negative feelings arising from their current engagement in the
group task (Järvenoja et al., 2019). However, our multilevel coding allows identification of proactive regulation
in anticipation of socioemotional challenges as learners discuss concerns about problematic affective situations
that may arise during groupwork. Those concerns also reflect experienced affective states, but the regulation that
learners put in place targets both current and future situations. Lacking this type of proactive socioemotional
regulation may not necessarily put groups at a great risk. However, this proactivity benefits task productivity
because the group’s anticipated socioemotions have already been discussed as a team, and they have reached a
shared understanding on how to proceed when such challenges occur. Given its potential to promote a more
successful collaboration, we have seen researchers prompting group emotion regulation during the planning phase
using varied awareness and scripting tools (Järvenoja et al., 2020; Lobczowski et al., 2021; Zheng et al., 2019).

Low-performing groups demonstrated weaker planning connections, particularly around socioemotional
aspects, which were entirely absent. This finding suggests that early attention to regulating emotions and team
motivation may set high-performing groups apart. In line with previous findings, high-performing groups tend to
exhibit shared regulation targeting both the cognition and motivational aspects of their collaboration (Malmberg
et al., 2015). In contrast, the low-performing groups focus on the external constraints or behavioural coordination
surrounding the environmental aspect of the task. It is common for groups to neglect to regulate their group
motivation and emotions before and during collaboration (Järvenoja et al., 2019), despite motivation and emotion
challenges being imminent in influencing groups’ knowledge building productivity.

The progression toward productive knowledge sharing highlighted distinctions in how groups addressed
planning and coordination issues. High-performing groups refined their plans prior to problem-solving, often
addressing socioemotional regulation alongside strategic behaviours. Medium-performing groups engaged in
shared planning but lacked the individual planning connections observed in high-performing groups. Retrospective
planning that arises from monitoring and evaluating group conditions typical in low-performing groups indicates
insufficient planning occurring in the early phase of group collaboration. Low-performing groups experienced
coordination issues that required co-regulatory prompts, potentially impeding their ability to engage in productive
knowledge construction. These findings underscore the importance of addressing planning issues early to create
a foundation for effective knowledge co-construction (e.g., Bakhtiar et al., 2018).
4.2 Monitoring and evaluating after knowledge discussions

After productive knowledge sharing episodes, high-performing groups maintained a focus on monitoring
and evaluating cognitive understanding and idea coherence. These processes were often shared among team
members and supported by co-regulation. Content monitoring and evaluation of idea coherence and accuracy are
important for groups to optimize their cognitive gains and perform well (see Lee et al., 2017). Medium-performing
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groups prioritized task completion with frequent back-and-forth idea exchanges but showed less emphasis on
monitoring cognition, which may have limited their ability to improve task performance further. Similarly,
previous studies have shown that frequent idea sharing with little activation of cognitive monitoring can negatively
influence group performance (Gyazi & Zheng, 2023). Low-performing groups revisited planning even after
knowledge discussions and focused heavily on monitoring task execution, suggesting unresolved coordination
issues. This pattern of low-performing groups being stuck in (re)planning is consistent with previous research (see
Bakhtiar et al., 2018; S. Yang et al., 2024). The emphasis on monitoring task completion behaviour in low-
performing groups may have constrained their ability to progress collaboratively. Such an outcome may be more
likely when the collaborative task is time-limited, where groups have fewer opportunities to bounce back to a
productive level.

The importance of co-regulating group members’ content monitoring in supporting a better group outcome
is consistent with previous research, such as in Lee et al. (2017) and S. Yang et al. (2024) among others. In S. Yang
et al.’s (2024) study, co-regulated content monitoring was found to be critical in facilitating socially shared
regulation and task execution, inviting group members to reflect on their cognitive understanding, development
of knowledge construction, adapting and activating necessary regulatory strategies and actions. Frequent co-
regulation that takes place in a group context with active metacognitive interactions, involving discussion of the
required cognitive operations for the collaborative task, is advantages insofar as it can lead to a better learning
achievement for the individual group members as well (Haataja et al., 2022).
4.3 Distributed regulative actions among team members

The analysis of individual regulation patterns revealed further distinctions between performance levels.
In line with previous findings (S. Yang et al., 2025), high-performing groups showed diverse regulatory actions,
with members actively engaging in metacognitive processes, including co-regulation and monitoring. This
diversity reflects a flexible approach to regulation, where individuals adapt their actions based on group needs or
task demands. Medium-performing groups, in contrast, were dominated by task completion actions, with limited
movement across regulatory processes. Low-performing groups displayed uneven regulatory contributions, with
some members focusing on metacognitive processes while others remained narrowly focused on task execution.
These patterns suggest that high-performing groups benefit from balanced individual and collective regulation,
enabling adaptive collaboration.

This finding aligns with previous research that attempts to unpack the relation between individual group
members’ self-regulation in collaborative learning. Quantitative modelling has shown that highly self-regulating
team members are likely to engage in co- and shared regulation during collaboration (Ito et al., 2024; Panadero et
al., 2015). Although our analysis did not reveal internal self-regulatory actions that occur in the background, such
as when an individual detected a problem or inwardly self-regulates their own interests and emotions for the benefit
of the group, the effective co-regulation and shared regulation that transpired may have occurred against a
backdrop of active self-regulation. The proactive actions shown by some members in the high-performing group
in strategically co-regulating or calling attention to detected issues while also showing positive camaraderie by
jointly regulating as a team reflect a sophisticated interplay between directing others’ regulation and showing up
as a team player during collaboration, such as found in Bakhtiar and Hadwin (2020) and Su et al. (2018). Looking
at it from the opposite angle, in line with Lai’s (2021) findings, it is also possible that the more positive social-
level regulation seen in high-performing groups may influence individuals to regulate more actively across
different team functions.
4.4 Limitations

The time constraints and loosely scripted environment of the collaborative case analysis in this study are
important contextual factors. Under time pressure, groups’ regulatory focus may differ from when the
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collaboration extends multiple learning sessions. The case analysis task itself included specific questions that
students needed to address, so the knowledge discussion trajectory is expected to flow from one question to the
next. Previous research indicates that the progression of students’ knowledge co-construction phases varies across
task designs, with conceptually-driven task demands focusing more on knowledge construction than hands-on
tasks (Zabolotna et al., 2025). Using a network density metric as an analytical proxy for concept-dense, task-
relevant discourse (productive knowledge sharing) presents limitations for interpreting the quality of groups’
knowledge construction. In this study, productive knowledge sharing was associated with peaks in the groups’
idea networks, in which they repeatedly used and connected task-relevant concepts in their discussions. The time-
limited collaborative task required groups to engage in such task-focused discussions. However, even in concept-
dense conversations, groups may reference concepts superficially (as seen in the low-performing groups) rather
than expand on them to thoroughly problem solve. Despite its limitations, this analytical approach enables a quick
scan of groups’ knowledge sharing and idea advancement dynamics as conversations progress, allowing
researchers to identify “critical” events or phases that may trigger regulatory actions and decisions.

Although this study utilized a small sample, which makes group differences on the ENA dimensions less
likely to be detected, this study is among the few studies to examine both individual and group regulatory networks
across learning sessions. The limited number of groups restricts the generalizability of the findings to other
contexts or tasks, indicating a need for further investigation. Future research should examine how varying task
types or group compositions influence regulation patterns and knowledge sharing and construction activities. ENA
has been criticized for providing only averaged networks and lacking temporal information (Elmoazen et al.,
2022). Nevertheless, the observation that learners’ networks averaged in different quadrants across learning
episodes suggests that learners attempted different sets of regulatory actions at different times. This study also
demonstrates how ENA can be efficiently used to draw interpretations from qualitatively coded data by comparing
elements in epistemic networks across cases. Considering that our unit of analysis was nested in the ENA model,
comparisons between lower-level units proved challenging. Future research should address methodological
approaches related to nested-unit analysis in ENA.
4.5 Implications and future directions

This study’s findings point to several areas to consider in supporting collaboration in online and physical
classroom contexts. First, it emphasizes the importance of early planning that incorporates socioemotional
regulation. Although groups were already asked to engage in a pre-task planning session, groups rarely reflect on
the completeness of their plans. It may be worthwhile for classroom teachers to guide reflections on groups’ pre-
task planning products by highlighting the different areas they should consider planning for. Future work on
computer-supported collaborative learning could include reflection prompts introduced after a group planning
session. Groups could be cued to review the goals they set for their collaboration, reflecting on whether their
planning has covered all aspects related to knowledge sharing, behavioural strategies, and the group’s
socioemotional soundness. The last aspect, particularly, is one support area that needs further development (Järvelä
& Rose, 2022). Supporting groups in addressing planning and coordination issues early in the collaboration process
may help prevent disruptions in high-quality idea sharing and discussions.

Second, research has shown the positive effects of providing analytics to facilitate groups’ reflective
assessment of their collective knowledge and understanding (Y. Yang et al., 2024). However, most tools focus on
supporting knowledge or content monitoring after a learning session. The role of content monitoring support
during an ongoing task is less explored and often left to the instructor, who occasionally nudges students to check
on their work. Considering the successful use of the networking tool in detecting instances of important keyword
use, we propose the provision of a keyword or idea meter for groups to track their knowledge use during group
learning (Feng et al., 2019). If integrated into ongoing tasks, this technology could significantly enhance learners’
focus on cognitive monitoring, a potential that warrants further exploration. When such technology is unavailable,
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teachers could intermittently prompt groups to pause and reflect on the list of relevant course concepts they have
used and not used so far, encouraging them to assess whether their discussion is deviating from the intended topic
or missing essential concepts. This instructional strategy can serve as a temporary scaffold to help students develop
the habit of cognitive monitoring at the individual, peer support, and group levels.

Third, the findings indicate the need to support individuals in building internal scripts to enact self-, co-,
and shared regulation, allowing them to dynamically and effectively respond to challenges in collaboration
(Hadwin, Bakhtiar, et al., 2018). Individuals in the med- and low-performing groups demonstrated limited forms
of regulation across the ENA space, likely due to a lack of internal regulation scripts. To facilitate this, we propose
developing scaffolds that guide individual students in identifying the types of obstacles they encounter and provide
possible scripts for learners to enact self-, co-, or shared regulation appropriate to each obstacle. Highlighting the
group’s goals or desirable outcomes within co-regulation scripts could benefit, as demonstrated by one high-
performing group’s early attempt to mitigate coordination issues. In a physical classroom approach, teachers could
periodically encourage individuals to conduct brief, structured check-ins, prompting learners to name their
challenge and select a corresponding regulation strategy from a provided guide (e.g., “I need to voice my confusion
and be open in receiving guidance”). This approach builds students’ internalization of regulation scripts by making
the often-visible metacognitive regulation tactics a tangible part of classroom discourse.

The theoretical and research implications of this study include reconsiderations of the socially shared
regulation function in collaboration. Differences between our med-performing and high-performing groups
indicate that groups do not necessarily need a lengthy and frequent shared regulation but benefit from a few high-
quality ones that encompass cognitive, behaviour, and socioemotional aspects of their learning. Our study also
highlights the need to consider the multifaceted theory of regulation in research implementations, specifically by
analyzing the regulation process, target, and mode in concert. In line with theory, we must contextualize regulation
action based on who activated it (mode), for what purpose (target), and using what strategic operations (process).

The segmentation of learners’ discourse by identifying productive knowledge-sharing (PKS) peaks
challenges the common phase-based segmentation approach. This quantitative, semi-automatic technique offers
a way to identify regulation triggers (see Järvelä & Hadwin, 2024) to better contextualize why some regulatory
actions are necessary as well as to better support learners when the situation demands. For instance, during a dip
in PKS, groups could be signalled to diagnose the issues that are stalling their knowledge construction progress
and provided support to (re)strategize so that the group’s knowledge construction and social processes could
progress more effectively. The PKS-segmentation approach could still be complemented with phase-based
segmentation, such as when we highlight groups’ regulatory actions in the pre-task planning phase, or when
research examines the differences between two learning phases (e.g., beginning vs. ending) in terms of their
productivity in knowledge-sharing and regulation processes.

Several insights into temporality, the interleaving of knowledge sharing and regulation, and individual-
collective dynamics are worth noting. The findings show that regulatory actions function differently depending
on their position relative to PKS episodes. For example, the lack of socioemotional regulation during pre-task
planning in low-performing groups indicates that the timing of this type of regulatory move matters before
substantive knowledge sharing begins. The temporal specificity of certain actions calls for moving beyond
examining groups’ frequency and contextually detached sequence of regulatory actions. Instead, it is important to
understand the purpose or function of the actions’ timing to support a more productive learning trajectory. The
finding that high-performing groups engaged in monitoring and evaluating their ideas or cognition following PKS
episodes suggests a sequential pattern in which PKS invites reflective regulatory activity, although enabled through
active co-regulation (see also Ouyang et al., 2023). This pattern shows that regulation does not just lay the
groundwork for productive taskwork; regulation and PKS mutually enable one another over time (Zabolotna et
al., 2023). The interleaving pattern for high-performing groups during problem-solving appears to move from
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knowledge sharing to idea-focused monitoring and evaluating, then to further knowledge sharing and construction.
In contrast, low-performing groups seem to move from surface-level knowledge sharing to procedural monitoring,
and to possible breakdown in subsequent knowledge sharing. These patterns suggest that what groups regulate
immediately after productive moments shapes whether those moments can propel groups toward deeper
collaboration. Regarding individual-collective dynamics, more successful groups achieve a distribution of
regulatory labour, with individuals contributing different foci of regulatory actions that collectively address the
group’s needs. Rather than pointing to frequent shared regulation as the main contributor to groups’ success, the
finding suggests the need to examine more closely individual members’ regulatory flexibility in shifting between
regulatory modes and functions as needed, thereby contributing to a dynamic regulatory repertoire for the group.
4.6 Conclusions

In summary, this study highlights the importance of (a) proactive regulation, including early planning that
involves considerations of the group’s socio-emotion, (b) monitoring and evaluating cognitive understanding or
the group’s intermediate state of knowledge, and (c) varied individual-level regulation in achieving productive
collaboration. Understanding how regulation unfolds across different knowledge sharing or construction phases
of collaboration enables educators and researchers to more effectively support groups in achieving productive
learning outcomes. The temporal dynamics identified in this study underscore the importance of studying the
interplay between knowledge sharing and regulation, not as separate parallel processes but as deeply intertwined
activities that mutually shape one another over time. Productive knowledge sharing is facilitated by thorough
regulatory actions early in the collaboration, but such depth in knowledge sharing also creates opportunities for
regulation. Fruitful co- and shared regulation following that knowledge sharing activity, in turn, creates conditions
for deeper knowledge sharing and construction to emerge.
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APPENDIX

Table A.1 Coding Scheme Focusing on Three Aspects of Regulatory Actions

Regulation Process Examples
Planning Defining task perceptions, setting goals, and

making and adjusting plans.
A: For planning we will all need to prepare our cheat sheets
R: Each one of us cover a different topic for the cheat sheets
A: We need to designate who wants to focus on which

Enacting Focusing on adopting and adapting tools and
strategies to attain goals and standards and
mediate challenges. It also includes stating
domain-related knowledge or content for the
task product.

G: In case [the Learning Management System] crashes, I have saved this all on a
word doc.
--
A: Use line 29 and say he was suddenly overwhelmed which results from bad time
management.

Orienting Situating or positioning self or others in terms of
the group, environment, and task.

Y: Anyone online?
F: I’m here
L: Me too

Monitoring and
evaluating

Monitoring and/or evaluating progress and
products in relation to some goals or standards.

F: We only have one hour to get this done guys!
--
C: So, we aren't all doing the same thing?
S: I am lost now

Adapting Making a purposeful change to task perceptions,
goals, plans, or strategies to overcome a
challenge.

A: Guys I’m typed out can someone else edit, please and thanks. Mila maybe?
M: Yeah, I can do it, but you guys we have to hurry up!

Non-task Non-task related statements and social greetings. G: We should all meet up after this and get a coffee.

Regulation Target Examples
Cognitive Attempts to take control of thinking in the task

including knowledge of the task. Thinking
processes include memory, understanding,
comprehension, and awareness.

S: Why are we doing this collaborative challenge?
C: To learn how to work in groups to collaborate
--
M: Is that enough for large scale adaptation?
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Behaviour
(Strategic)

Regulation-focused behaviour. Attempts to
control how strategies are enacted, participation
and behavioural progress.

F: Gaden, please no [referring to an action]. I won’t know what to follow
G: Kk. I guess this way’s been fast.

Behaviour
(Completing
task)

Task-focused behaviour. Answering questions
and contributing to task completion. It may refer
to copying or repeating statements or resources.

O: Should we write what TASC is in the page?
E: No specific time or action or standard or concepts he will need to master
F: Ok added that in Elena

Socio-emotion Attempts to take control of motivational beliefs,
affect, and socioemotional processes.

M: with doing the task, I think that everyone works at a different pace, some get
more distracted while completing their work
A: What about getting stressed about time management?
W: standard for everyone is different? everyone stressed at different levels?
W: Work is not divided equally? Feeling unfair?

Regulation Mode
Self-regulation
(SRL)

An individual deliberately plans, monitors,
and/or regulates their cognition, behaviour,
motivation, and emotions.

E: Hi guys sorry I have been away I need to catch up on what we have been doing.
Just tell me what you need me to do and I will be prepared.

Co-regulation
(CoRL)

One or more individuals support or influence
individual team members’ self-regulation
processes or the team’s shared regulation
processes.

R: Mei, I think u should quickly just add whatever me and Avi write so we can have
5 minutes at the end to review
M: Sorry, I’ll try
S: [to a member] Check to see if anything is wrong!

Co-regulation
attempt

Unsuccessful attempt to co-regulate where there
was no uptake at the individual or the group
level.

G: So now work on concepts
[none of the group members acted on/ followed up after this utterance]

Socially shared
regulation
(SSRL)

Team members collectively negotiate and
realign or adapt group regulation processes.

M: How does this sound for planning: Finish our planners, write an effective
summary sheet that lists important information and key concepts with as much detail
and analysis as possible without procrastination. Make sure we have an effective
plan to tackle time management.
J: That’s great!
C: Yeah, sounds good! .... would something like for whatever question arises each
member put in their personal ideas the collaborate the best possible answer for that
specific question regarding the scenario.
M: and to complete each question fully before moving on to the next?
C: Yeah, I agree.
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Keypoints

 In an online, time-limited collaborative problem-solving task, the intensity of a group’s knowledge
sharing activities can be measured by the density of their collective idea network. Changes in the
density of this idea network can indicate moments when learners may need to active regulatory
actions to manage their collaboration effectively. Qualitative coding of groups’ regulatory actions can be systematically compared using epistemic
network analysis (ENA). This analytical tool visualizes co-occurrence of codes and helps interpret
the thematic associations between codes, particularly when they are co-temporally located. This
study analyzed the ENA networks of individual group members as embedded in their group’s key
learning episodes, highlighting the importance of considering the individual, learning context, and
group elements in collaborative learning research. Among other aspects of regulation, high-performing groups engaged in socioemotional planning
prior to the task and engaged in regulating group members’ emotions early during problem-solving.
An emphasis on monitoring cognition or accuracy of answers after productive knowledge sharing is
what differentiates high-performing groups from med-performing groups. High-performing groups
also had individuals who demonstrated diversity in their regulatory actions and stronger engagement
in metacognitive processes, involving monitoring, evaluating, and co-regulating. Low-performing groups focused on task completion and behaviour monitoring. The lack of coherent
planning at pre-task observed in these groups may be linked to their engagement in reactive planning
to address coordination issues during problem-solving. These groups did not achieve many
productive knowledge sharing moments, and ideas for solving the task were discussed at a surface
level. The approach of using moments of productive knowledge sharing as proximal product of regulation
and condition for subsequent regulation allowed us to pinpoint several areas for supporting
collaboration: (a) supporting a coherent pre-task collaborative planning involving all facets of
learning (i.e., cognition, behaviour, motivation and emotions), (b) supporting content/cognitive
monitoring or summarization of groups’ collective ideas afster knowledge sharing, and (b)
supporting regulation scripts for collaboration at the individual level.
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