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Charting the Development of Collaboration Skills
through Collaborative Learning Analytics Systems
Xiaomeng Huang1* and Xavier Ochoa2

Abstract
Collaboration skills are fundamental to effective collaborative learning, career success, and responsible citizenship.
Collaborative learning analytics (CLA) systems hold significant potential in helping students develop these skills by
automatically collecting group interaction data, analyzing skill levels, and providing actionable feedback so students
can reflect, practise, and improve. Previously, most collaborative feedback systems have focused on improving
collaborative processes rather than serving as instructional systems for developing collaboration skills over time. To
identify what is needed to navigate toward this new type of tool, our paper proposes an interdisciplinary framework
that serves as a guiding compass for designing and evaluating such systems. Through an extensive literature
review, we evaluate 15 selected systems through the lens of each element of this framework. We map out the
current state of the field and identify four major gaps that need to be addressed to transition from systems that
support collaboration to systems that support the development of collaboration skills. These gaps are unexplored
collaboration skills, lack of validated indicators, limited modelling techniques, and pedagogical feedback design.
Finally, we propose a set of corresponding research agendas to bridge these gaps, providing a forward-looking
roadmap for designing effective and actionable CLA systems for collaboration skills development.

Notes for Practice

• Most current collaborative learning analytics (CLA) tools focus on providing temporary support for collaborative
processes to improve the outcome of collaboration, while few tools focus on developing students’ collaboration
skills.

• This paper introduces an interdisciplinary framework integrating theory, pedagogy, and analytics for evaluating
and designing CLA tools aimed at developing collaboration skills. Using this framework, we conduct a
semi-systematic review to examine the current state of CLA tools for enhancing collaborative behaviours. We
identify four major gaps: unexplored skills, lack of validation in construct operationalization, limited use of
modelling techniques, and insufficient incorporation of pedagogy.

• Based on the identified gaps, this paper proposes four actionable research agendas. These call for more
comprehensive, theory-grounded measurement and pedagogically valid feedback design to guide the future
development of CLA systems.
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1. Introduction
Collaboration skills are key to academic success, workplace productivity, and responsible citizenship (Lai et al., 2017). Given
the critical importance of these skills for students’ academic and professional lives, their development should be a priority in
educational and professional settings. However, despite their significant value, a “skills gap” exists between the collaboration
skills employers expect and those students actually acquire (Singh Dubey et al., 2022; Orona et al., 2023). This gap arises
mainly due to the complexities of assessing and training these skills, including selecting specific skills to focus on, determining
optimal times for assessment, accurately evaluating these skills, and integrating both assessments and training into the existing
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curriculum (Liu et al., 2021). Additionally, educators often struggle to gain sufficient insights into all students’ collaborative
behaviours in classrooms due to time constraints and the difficulty of observing individual dynamics (Worsley & Ochoa, 2020).

In response to these challenges, collaborative learning analytics (CLA) tools, an emerging area in learning analytics, offer a
promising approach (Wise et al., 2021). Unlike systems that simply capture interaction data and apply analytics techniques
to analyze collaboration, CLA tools not only automate the capture and analysis of data but also provide the results back to
students and educators. This feedback enables them to reflect on and improve their behaviours. Additionally, as Wise and
colleagues (2021) argue, for CLA tools to be effective, they need to support students and educators in interpreting and reflecting
on their actions and serve as temporary scaffolds that fade as learning is internalized by individuals. In the context of our
focus—developing collaboration skills in classroom settings (i.e., collocated environments) across educational levels from K–12
to higher education—CLA tools that leverage multimodal learning analytics (MmLA) offer a promising approach. By capturing
rich multimodal data from students’ collaborative behaviours, these tools can perform a more comprehensive assessment of
their skills, given the rich data collected. These tools provide automated feedback to help individuals develop their collaboration
skills, thereby relieving educators of some burden and providing timely, accurate, and actionable feedback that is hard to obtain
in traditional settings.

Over the past two decades, considerable efforts by the communities of learning analytics, computer-supported collaborative
learning (CSCL), and computer-supported cooperative work (CSCW) have aimed to create analytics-supported systems for
improving collaboration in both collocated and remote settings. Many of these systems focus on improving collaborative
effectiveness by prompting behavioural modifications to enhance collaboration outcomes. For example, some systems support
monitoring joint attention and coordinating awareness through gaze sharing (D’Angelo & Gergle, 2016), some visualize
speaking time to monitor group members’ participation (Ochoa et al., 2023), and some trace and synthesize group ideas (Zhu
et al., 2023). These systems are designed for temporary group-level behavioural modifications rather than for developing
long-term, individually acquired collaboration skills. However, they share most of the functionality needed for CLA tools that
could be used for collaboration skills development. Therefore, building on previous research, we seek to answer the following
questions: (1) What key features should CLA tools include to enhance collaboration skills? (2) How do existing tools align
with these features? (3) What steps are necessary to begin designing and developing such tools?

To answer these questions, our paper makes three contributions: First, we present an interdisciplinary framework that
integrates theories of collaboration skills, learning analytics, and pedagogical feedback design. This framework serves as our
compass, offering a systematic method for guiding the design and evaluation of CLA tools tailored for collaboration skills
development. Second, applying our framework, we analyze existing systems to explore the current landscape of relevant
research. This exploration highlights the achievements of existing tools while also revealing areas that need further exploration.
Finally, from this analysis, we propose a research agenda for further CLA tool development. This agenda, serving as our
roadmap, provides guidance for researchers and designers to close the current gaps and enhance the effectiveness of CLA tools
in improving collaboration skills.

2. The Compass: TAP Framework
To navigate the landscape of CLA tools aimed at developing collaboration skills, we began by reviewing prior frameworks
for evaluating these tools from different perspectives. While previous works have been valuable and inspiring, we found that
none of them fully serve our specific purpose. Therefore, we propose an interdisciplinary framework to guide us in evaluating
existing tools and designing future ones.

2.1 Review of Prior Frameworks
Our review of frameworks starts with a search for the ones that span the key components of these CLA tools: MmLA,
feedback, and collaboration. We specifically focused on frameworks that address at least two of these critical aspects to
ensure a comprehensive understanding of the tool’s design and application. This exploration revealed that existing frameworks
predominantly align with three distinct but interconnected strands: MmLA for feedback, MmLA for collaboration analytics,
and the integration of MmLA feedback and collaboration. Each strand contributes uniquely to the broader discourse on how
CLA tools can support the development of effective collaboration skills.

The first strand of research focuses on the mechanisms of MmLA for feedback. This strand addresses the question of
how MmLA can be used to generate feedback for stakeholders. An example of this approach is the dual-phase MmLA
process proposed by Ochoa (2022). In this model, the MmLA process is decomposed into two phases: the mapping phase
and the execution phase. The mapping phase begins by selecting learning constructs, which are then operationalized into
two components: behavioural markers and analytics. In other words, this phase determines how the constructs are quantified
through observable behavioural indicators and identifies the sources for data collection. The execution phase reverses the steps
of the mapping phase. It starts with multimodal recording to capture raw data, followed by feature extraction and analysis to
detect behaviours and estimate constructs. Finally, feedback is generated for the participants. Similarly, Di Mitri and colleagues
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(2018) introduced the MLeAM model, which distinguishes the processes occurring within the physical and digital spaces. They
also identified three mediating models: the learner model, the learning task model, and the feedback model. The MLeAM
model emphasizes the need for a more comprehensive understanding of the learner and the context. These frameworks propose
systematic approaches to transforming multimodal data into actionable feedback across different learning contexts.

The second strand of research focuses on applying MmLA in collaboration, ranging from analyzing to improving collabora-
tion processes. For example, Schneider and colleagues (2021) propose a framework for connecting metrics of multimodal data
traces to collaboration outcomes. Moving beyond analysis, Boothe and colleagues (2022) propose an overarching framework
for automated collaboration feedback, integrating theory, technology, and pedagogy. This framework emphasizes creating
analytics that not only assess but also foster effective collaboration and learning outcomes. Recognizing the importance of
context and stakeholders, Echeverria Barzola (2020) adopted a human-centred design (HCD) and an inductive, theory-driven
methodology to merge empirical insights from students and teachers with theoretical constructs. These frameworks illustrate the
applications of MmLA in collaboration, from analyzing collaboration processes for research purposes to generating feedback
that can be more effective for students and teachers.

The third strand of research focuses on using automated feedback for collaboration. The main question is how automated
feedback can be used to enhance collaboration. For example, Soller and colleagues (2005) proposed the collaboration
management cycle framework, which includes four phases: collecting interaction data, constructing a computational model,
enabling participants to compare the current collaboration state with a desired one, and offering advice to bridge the gaps.
Within this framework, the authors proposed three types of tools: mirroring tools, which represent interaction data as it is;
meta-cognitive tools, which visualize the gaps between the current state and the desired state for participants to reflect on; and
guiding systems, which offer actionable feedback for participants to act on. This framework provides an initial step toward
understanding how automated feedback systems can be useful in collaboration.

Our review of these frameworks reveals three common themes. First, the emphasis on a theory-driven process in the
deployment of MmLA is evident across the studies by Ochoa (2022), Boothe and colleagues (2022), and Schneider and
colleagues (2021). These frameworks underscore the importance of a theory-driven approach, advocating for data analytics to
be informed by underlying theoretical constructs. Second, the incorporation of pedagogical principles and contextual factors,
as highlighted by both Boothe and colleagues (2022) and Echeverria Barzola (2020), reflects a consensus on the necessity
of integrating cognitive, metacognitive, and affective considerations into system design to facilitate meaningful behavioural
changes in learners. Lastly, the complexity of feedback, as categorized by Soller and colleagues (2005) and Di Mitri and
colleagues (2018), reveals varying levels of support. This ranges from increasing students’ awareness of their collaborative
behaviours to offering guidance that mediates collaborative processes, taking into account the mediating factors of learner, task,
and context. Despite these valuable insights, we found that these frameworks are not specifically designed for evaluating and
developing CLA tools aimed at enhancing collaboration skills. First, as these frameworks are not focused on skills development,
they do not include the necessary pedagogical considerations, such as assessment, training, and adaptive feedback over time to
capture learners’ progress. Second, while feedback mechanisms are frequently discussed, there is a lack of detailed exploration
into pedagogical feedback design that aligns with current research in this area. Third, the reciprocal relationship between
theory and empirical insights, where theory both guides the analysis and is enriched by empirical data (Wise & Shaffer, 2015;
Giannakos & Cukurova, 2023), is not captured by these frameworks. To bridge these gaps, in the next section, we propose the
TAP framework—an interdisciplinary framework for evaluating and designing automated feedback systems for collaboration
skills development.

2.2 TAP Framework: An Interdisciplinary Approach

To bridge the gaps in existing frameworks, we propose the TAP (theory, analytics, and pedagogy) framework, illustrated in
Figure 1. These three elements have been recognized as important components in previous frameworks: theory guides the
operationalization of constructs, analytics generates insights, and pedagogy drives feedback design. By integrating these
elements, we aim to cover all phases of CLA tool design, with a special focus on collaboration skills development. Specifically,
expanding upon the dual-phase processes proposed by Ochoa (2022) and Boothe and colleagues (2022), our framework
integrates the operationalization of constructs and the analytics execution phase with principles of pedagogical feedback
design. It emphasizes the importance of dimensioning students’ progress to provide adaptive and meaningful feedback over
time. Furthermore, the framework proposes a reciprocal process, ensuring that it is informed by theory while simultaneously
contributing to theoretical developments through empirical insights. Acting as a compass, the TAP framework offers a
comprehensive approach for evaluating current systems and guiding the design of future tools. The following sections will
detail the three dimensions of our framework: theory, analytics, and pedagogy. Each dimension is tailored to equip researchers
and system designers with a structured approach for evaluating or designing such systems.
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Figure 1. TAP framework: evaluating and designing CLA tools for effective collaboration skills development.

2.2.1 Skill Epistemology
To develop collaboration skills with CLA tools, skill epistemology serves as both the starting and ending point of the framework.
Skill epistemology addresses fundamental questions, such as: What are collaboration skills? How can we measure and teach
them? The answers to these questions inform the theoretical operationalization of the skills, the methods for measuring
skill levels, and the design of feedback to support student learning. The framework begins by considering the theories of
collaboration and collaboration skills, the pedagogy for teaching these skills, and the specific context of interest. Decisions
about which skills to teach directly influence the operationalization of constructs, while the chosen pedagogy shapes the design
of feedback. The framework ends with skill epistemology as well; the insights gained from the entire cycle—implementing
automated feedback to support students’ collaboration skills—will expand our understanding of collaboration skills and improve
how we teach them.

2.2.2 Theory Dimension
Once the skill epistemology has been selected, the next step involves identifying relevant constructs. These constructs are
abstract concepts that manifest as observable learning behaviours (Ochoa, 2022) and must be relevant to the intended application
context. The selection of constructs should consider the learners, the tasks they will engage in, and the specific contexts in
which these tasks occur. This decision-making process involves understanding whom the tool will benefit, the nature of the
tasks it will support, and the environment in which it will be used. Once constructs are selected, a literature review is essential
to decide what behavioural indicators can reflect these constructs and how to quantify those indicators. Based on the identified
behavioural indicators and metrics, one can specify the modalities of the required data traces. This decision guides the selection
or development of the appropriate sensors or tools needed to capture the data traces.

For example, one could start by pinpointing the key sub-skills outlined in existing collaboration skills research, such as the
knowledge, skills, and ability (KSA) for teamwork proposed by Stevens and Campion (1994) or the Pearson’s collaboration
skills framework (Lai et al., 2017). Based on these inventories of skills, the selection of sub-skills should align with the context
of the intended application. For example, in classroom discussions where the issue of some students being overlooked by their
peers is common, active listening might emerge as a critical construct in communication skills. To operationalize active listening,
conducting a detailed literature review is necessary. For instance, the active listening observation scale (ALOS) (Worthington
& Bodie, 2017), with its robust indicators covering verbal and nonverbal behaviours and general behavioural perceptions,
could serve as an effective operationalization tool. This scale helps identify essential data traces—like verbal communication,
eye gaze, body posture, and facial expressions—indicating that audio and video modalities are necessary. Equipped with this
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insight, the next step involves selecting or designing the appropriate sensors or systems to capture these modalities and then
moving to the analytics execution phase. This approach ensures a grounded, context-aware, and theory-informed pathway
from theory phase to analytics phase. By prioritizing construct validity (Cronbach & Meehl, 1955), our framework ensures
that constructs are operationalized based on established theories and validated methodologies. This process ensures that our
approach is grounded in rigorous research, rather than relying on readily available data.

2.2.3 Analytics Dimension
Transitioning to the analytics dimension, our process starts with the sensors or tools we designed or selected. Using these
sensors, we collect multimodal data relevant to our constructs of interest. Next, we extract features from this data, guided by
the behavioural indicators identified during the theory phase. With these features, we construct computational models informed
by the metrics established in the theory dimension. Recognizing the limitations of relying solely on unimodal data (Worsley &
Ochoa, 2020; Ochoa, 2022), we emphasize data fusion from multiple sources. This integration provides a comprehensive view
of a learner’s skill level.

For instance, consider developing active listening skills. Our chosen sensors begin by capturing verbal communication from
discussions and nonverbal data like eye movements and body posture. We focus on eye gaze directions to infer where a learner
is looking, and we analyze head and body positions to identify engagement behaviours like nodding or leaning forward. These
features directly correspond to “expressing understanding non-verbally,” a behavioural indicator of active listening identified in
ALOS (Bodie et al., 2015). Using these extracted features, we build computational models to determine if a learner exhibits
non-verbal understanding. Each feature contributes to assessing active listening facets. However, a comprehensive evaluation
of active listening cannot rely on a single indicator. Therefore, by merging insights from various behaviours and data sources,
we gain a more comprehensive understanding of learners’ active listening skills. This structured approach, from theoretical
underpinnings to practical application, ensures construct validity and addresses the complex nature of collaboration skills.
Equipped with these comprehensive analyses, we are well prepared to provide learners with targeted and actionable feedback to
help them develop collaboration skills.

2.2.4 Pedagogy Dimension
To ensure that feedback is truly actionable, we strongly emphasize the role of pedagogy within our framework. The pedagogy
dimension is structured around three key elements: actionable feedback, tracking progress, and centring students. These
elements are visually represented as an ongoing and iterative feedback loop in our framework (see Figure 1), which highlights
the dynamic and continuous nature of the learning process. Actionable feedback, the cornerstone of our pedagogy dimension,
is multifaceted. Traditionally, feedback has been viewed as a one-way flow of information from teachers to students (Hattie
& Timperley, 2007). However, constructivist perspectives have redefined feedback as a dialogic process, where students
are active participants, using feedback to enhance their learning (Lipnevich et al., 2016; Lim et al., 2019). Our framework
synthesizes these perspectives by first focusing on content-centred feedback, using classifications from Narciss and Huth
(2004) and Panadero and Lipnevich (2022) that classify feedback design into its content, function, and presentation. We then
extend our focus to the students’ engagement with the feedback—how they cognitively and emotionally interact with and apply
the feedback to their learning processes. Therefore, although represented as a single block in the visual model, actionable
feedback includes two interrelated layers: the structural components of the feedback (content, function, and presentation) and
the interactive processes involving student engagement and application. This dual-layer approach ensures that feedback is truly
actionable for students. Following the actionable feedback, our framework introduces the last piece of the puzzle: the process
of monitoring progress over time. By tracking the progress, our framework incorporates a longitudinal perspective to monitor
and support the ongoing development of collaboration skills.

For example, in enhancing active listening skills, if the analysis indicates that a student seldom responds to their peers, it is
crucial to design feedback that considers its content, function, and presentation. First, the content of the feedback should go
beyond simply setting clear goals like “respond more to others.” It should specifically identify current performance gaps—such
as a lack of verbal and non-verbal acknowledgements during discussions—and offer targeted strategies for improvement.
For instance, the feedback could illustrate instances where the student failed to nod or make eye contact while others spoke
and suggest specific adjustments, such as “Try nodding in agreement or offering verbal affirmations like ‘I see’ or ‘That
makes sense’ to show you are engaged.” In terms of function, the feedback should prioritize the learning process over merely
completing tasks. It should guide students on how to interact effectively with others, encouraging them to self-monitor
and regulate their behaviours. This approach helps move away from simplistic labels like “good” or “bad” listener to more
nuanced self-assessments, fostering a deeper understanding of active listening as a skill. For the presentation of feedback,
it is important to customize the timing and modality to fit both individual and group needs. Utilizing the capabilities of an
automated feedback system, students can access multimodal feedback, such as audio and video recordings of key moments
during collaboration. This allows them to see concrete examples of their behaviours and directly links feedback to their
actions. Moreover, integrating students’ engagement with feedback is essential. Understanding students’ prior knowledge about
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active listening, their motivation to improve, and their willingness to engage with feedback is also important for designing
effective interventions. Finally, the system needs to monitor students’ progress to ensure that feedback is adaptive to their
evolving learning state. When students demonstrate improvement in providing feedback to their peers, the intensity and
frequency of the feedback can be gradually reduced. This fading of guidance encourages students to rely more on their
internal judgments and skills, thus supporting the transition from externally guided practice to self-regulated behaviour. The
entire cycle—from selecting relevant theories and employing analytics to generating actionable feedback on active listening
skills—should contribute back to enhancing the skill epistemology itself. These practices could deepen our understanding of
how active listening skills can be developed effectively and refine the pedagogical practices used to teach these skills.

2.3 Conclusion
In summary, our interdisciplinary TAP framework, consisting of the theory, analytics, and pedagogy dimensions, offers a
comprehensive approach to designing and evaluating automated feedback systems for collaboration skills development. It
aims to establish standards and guidelines for developing feedback systems that are deeply rooted in theory, centred on student
engagement, grounded in robust analytics, and informed by sound pedagogical principles. Using this framework as a “compass,”
the following section will examine existing feedback systems in collocated collaboration environments. This exploration aims
to assess the current state of the field, identify gaps and areas for improvement, and propose directions for future research and
system development based on the guidelines and insights provided by our framework. By applying our framework to review
existing systems, we hope to chart a path forward, highlighting how future feedback systems can more effectively support the
development of collaboration skills.

3. Current Landscape Exploration: Review of Existing Systems
In this section, we explore the current landscape of research focusing on the development of collaboration skills among students
through analytics-supported feedback systems. By adopting a semi-systematic review methodology, we identified and analyzed
15 systems from the past two decades. We detail the data source, analysis procedures, and gaps identified in the following
subsections.

3.1 Data Source
To better understand the collaboration skills or behaviours targeted by each system, we reviewed definitions of collaboration
skills from several well-regarded frameworks across different fields, including management studies (Stevens & Campion,
1994), CSCL (Järvelä & Hadwin, 2013), and educational measurement (OECD, 2017; Ofstedal & Dahlberg, 2009). Unlike
collaborative problem-solving (CPS) skills (OECD, 2017), which primarily focus on cognitive skills within CPS contexts,
collaboration skills encompass a broader spectrum. These skills include both cognitive and social-emotional abilities critical for
effective interaction in various academic and workplace settings, such as conflict resolution, communication, negotiation, and
relationship building (Stevens & Campion, 1994; Ofstedal & Dahlberg, 2009; Janssen & Bodemer, 2013; Lyndgaard & Kanfer,
2024). Our aim was to identify the specific skills needed for effective collaboration. By comparing the definitions of skills
listed in these frameworks, we found considerable overlap across these fields. Therefore, we categorized these skills into two
types: intrapersonal skills and interpersonal skills. This classification serves as a reference to identify which collaboration skills
existing systems focus on and which areas need further exploration. While not comprehensive, it offers guidance in identifying
gaps in the development of collaboration skills through these systems.

• Intrapersonal skills: These include skills like setting personal goals, meeting role expectations, and monitoring one’s
own progress and contributions.

• Interpersonal skills: This category refers to the skills necessary for effective collaboration, including setting group
goals, co-planning and coordination, monitoring group progress, group evaluation, reflection and adaptation of group
strategies, building relationships, interacting with others, negotiation and argumentation, and resolving conflicts.

Over the past two decades, interdisciplinary efforts within learning analytics, CSCL, and CSCW have led to the development
of tools aimed at supporting collaboration. While the importance of collaboration skills is well recognized, our review indicates
that direct targeting of these skills by existing systems remains rare. Most studies focus on enhancing collaboration by providing
tools that facilitate shared information, such as concept maps or gaze sharing, rather than directly developing collaboration skills.
Systems that attempt to modify collaborative behaviours typically offer temporary support rather than aiming for long-term skill
development. Despite this, we have included these systems in our review due to their alignment with our objectives and their
potential for skill development support. With appropriate modifications, these systems could be adapted to more effectively
focus on long-term collaboration skill enhancement.
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Due to the varied interpretations and conceptualizations of these systems—ranging from tools designed to improve
awareness to those fostering participation, rapport, and contribution—we have opted for a semi-systematic review as our
methodological approach. This choice aligns with the guidance from Snyder (2019), who notes that semi-systematic reviews
are suitable for topics conceptualized differently across disciplines. Typically, this approach employs qualitative methods to
identify, analyze, and synthesize emergent themes across various research traditions. It is often used to provide a comprehensive
overview of the current state of the field and to outline a future research agenda. To conduct our semi-systematic review, we
selected three systematic reviews that align with the three principal dimensions of our framework: the operationalization of
theory, the implementation of analytics, and the design of analytics-supported feedback, all within the context of collaboration
settings. Published within the past five years and adhering to PRISMA guidelines, these reviews provide comprehensive
examinations of systems that serve as valuable starting points, covering a broad spectrum of systems relevant to our interests.
The selected reviews are

• Praharaj and colleagues (2021), which focuses on modelling collocated collaboration through MmLA, emphasizing
behavioural indicators and collaboration indexes such as equality and synchrony, and offering insights into the dynamics
of face-to-face collaborative interactions;

• Schneider and colleagues (2021), which examines the empirical links between multimodal metrics and collaborative
constructs, shedding light on the quantitative measures that can inform collaboration quality and effectiveness; and

• Hu and Chen (2021), which explores the use of visual representations in analyzing collaborative discourse, highlighting
how visual feedback can support understanding and improvement in collaborative settings.

After thoroughly reviewing all studies included in these three systematic reviews, we applied our inclusion and exclusion
criteria to identify the most relevant studies for our topic. Additionally, we expanded our search through the reference lists of
the initially identified studies. The search and filtering process is detailed in the following section. To identify systems designed
to support collaboration skills development or regulate collaborative behaviours, we established the following selection criteria:

1. Collocated environments. We focused on studies that involved face-to-face, physical space collaboration, excluding
those on remote collaboration. This decision was made not only because the data sources collected in collocated
environments are multimodal in nature and usually offer a richer set of features, but also because these environments
remain the primary learning settings in schools.

2. Collaboration for learning. We excluded studies that focused on individual learning instead of collaborative learning.

3. Student-centric systems. Our interest was in tools that directly enhance or regulate students’ collaboration skills, not in
tools mainly for teachers to orchestrate classroom activities.

4. Feedback systems. We looked for systems providing students with direct feedback on their collaboration, not just those
advancing theoretical knowledge about collaboration or creating metrics.

We employed a binary coding scheme (0 for criteria not met, 1 for criteria met) to systematically evaluate each study.
Studies received scores from 0 to 4 based on how many of our criteria they satisfied, with only those achieving a score of 4
included in our final analysis. Starting with 295 papers cited in the three systematic reviews, we first removed 32 duplicates,
leaving us with 263 unique studies for initial evaluation based on titles and abstracts. During this initial screening, we found that
some studies met more than one exclusion criterion. Specifically, 110 papers were primarily focused on remote collaboration
settings and thus excluded; 36 studies did not directly address collaborative learning; 45 studies were focused on systems
designed not for student use; and 204 studies did not include direct feedback to students on their collaborative behaviours. After
adjusting for overlaps—where a single study could be excluded for multiple reasons—we were left with 18 papers that initially
seemed to meet all four criteria. The coding process followed an iterative approach, with regular meetings between the two
authors to refine criteria and develop coding strategies. One author served as the primary coder, conducting the first round of
coding across all papers and taking detailed notes to inform discussions during the meetings. The second author independently
reviewed the coding results to ensure accuracy and consistency. Any discrepancies or ambiguities were discussed and resolved
collaboratively during these meetings until consensus was reached. While inter-rater reliability was not formally calculated, the
collaborative and iterative nature of this process ensured the rigour and validity of the coding. A more detailed review of these
18 full-text papers resulted in the exclusion of an additional five papers that, upon closer examination, were used for neither
supporting collaboration skills development nor regulating collaboration behaviours. Moreover, by exploring the reference lists
of the selected papers, we identified two additional studies relevant to our criteria. This selection process is illustrated in Figure
2. As a result, we identified 15 collaboration systems, as summarized in Table 1. The system is sorted by the last names of the
lead authors, in alphabetical order.
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Figure 2. Flow diagram of study selection process.

In the next section, we use our proposed framework to analyze these systems. Our key questions are as follows: What has
been achieved so far in collocated CLA tools for developing collaboration skills or supporting collaborative behaviours? What
existing achievements can we build upon? What should be done next, and how should it be done?

3.2 Data Analysis
To comprehensively understand the current landscape of tools supporting collaboration skills development, we applied our
integrated framework to each identified system. Our analysis focused on 18 dimensions derived from the 12 components of our
framework. For the “actionable feedback” component, as detailed in Section 2.2.4, we further unpacked it into six specific
dimensions: feedback content, feedback function, feedback presentation, cognitive engagement, emotional engagement, and
applying feedback. We detail our criteria in Table 2. Each system was coded across these 18 dimensions, and the initial findings
were documented in a spreadsheet, with each column corresponding to one of the aspects listed above. This structured approach
allowed us to systematically evaluate how each system aligns with our framework and to identify areas of strength and gaps in
the use of theory, analytics operations, and pedagogical feedback design in the context of collaboration skills development.

Building upon these analyses, through the lens of our framework, we have identified 14 trends, illustrated in Figure 3, and
summarized them into four major gaps in the next sections. Our intention is not to critique any individual research, as each
study made valuable contributions within its scope, but to illuminate opportunities for enhancing the design and implementation
of an analytics-supported feedback system to develop collaboration skills.

3.3 Gap 1: Unexplored and Insufficiently Supported Collaboration Skills
The first gap we identified is in the collaboration skills targeted by the reviewed systems. While most systems aim to support
collaborative behaviours in specific contexts, only two studies explicitly define the skills they intend to improve. This reflects
a broader trend of focusing on immediate behavioural modification rather than long-term skill development. We evaluated
these systems by comparing with the collaboration skills inventory we previously identified, and we summarized the findings in
Table 3 for intrapersonal skills and Table 4 for interpersonal skills. In these tables, we mark the addressed skills and leave blank
those that are as yet unexplored. Our analysis reveals the following trends:
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Table 1. Overview of systems reviewed.

No. Authors System

1 Bachour et al. (2010) Reflect: An interactive tabletop that displays individuals’ speaking time
in real time

2 Balaam et al. (2011) An ambient display that visualizes non-verbal behaviour synchrony in
real time

3 Bergstrom and Karahalios (2007) Conversation Clock: Projected concentric rings that visualize individuals’
speaking time, volume, and simultaneous contribution in real time

4 DiMicco et al. (2004) Second Messenger: A shared display visualizing the amount of partici-
pants’ speaking time

5 Echeverria et al. (2017) DBCollab: A collaborative database design tool with a shared interactive
tabletop, displaying a dashboard of individual and group speaking time
and touch input after a collaborative design activity

6 Karahalios and Bergstrom (2009) Conversation Vote: A tabletop that visualizes participants’ contribution
and votes for ideas

7 Karahalios and Bergstrom (2009) Conversation Cluster: A tabletop that visualizes the classified content
created within the group over time

8 Kim et al. (2008) Meeting Mediator: A portable system that visualizes speaking time and
interactivity in the group in real time

9 Koh et al. (2020) A web-based tool showing a radar chart of self and peer ratings, with
prompts to help students make personal collaboration goals, follow steps,
and monitor progress

10 Kulyk et al. (2005) A shared display that visualizes individual’s speaking time, duration of
Terken and Sturm (2010) current turn, and visual attention from speakers and listeners in real time

11 Praharaj et al. (2018) A shared display that visualizes individuals’ speaking time and turn
taking in real time

12 Starr et al. (2018) A shared display that visualizes individuals’ speaking time
13 Tausch et al. (2014) Group Garden: A shared display that visualizes the number of ideas that

each participant contributed during brainstorming sessions
14 Tausch et al. (2016) A shared display that visualizes the number of ideas that each participant

contributed and group contribution during brainstorming sessions
15 Wong-Villacrés et al. (2016) A report showing students’ self-assessment and observers’ and peers’

rating in contribution, communication, and respect
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Table 2. Analysis dimensions and criteria.

No. Dimensions Criteria

1 Skill epistemology The collaboration skills or collaborative behaviours targeted
2 Constructs The constructs being operationalized
3 Behavioural indicators Observable behaviours indicating collaboration skills
4 Metrics Quantitative measures used to assess these indicators
5 Modality Modalities of data (e.g., audio, video) captured
6 Sensors/tools Specific systems used to capture these modalities
7 Features Data features extracted from the collected modalities
8 Models Computational models or algorithms applied to the features for analysis
9 Behavioural assessment Evaluation of collaboration skills based on the outcomes
10 Learning state estimation Inference of a learner’s skill level from behavioural assessments
11 Feedback content Information provided to learners about their collaboration
12 Feedback function The function of feedback provided (e.g., feedback on task or process)
13 Feedback presentation How feedback is delivered (e.g., timing, schedule, visualization)
14 Cognitive engagement How the system facilitates learners’ understanding of the feedback
15 Emotional engagement How the system facilitates learners’ emotional responses when receiving

the feedback
16 Apply feedback How learners use feedback to improve collaboration skills or collabora-

tive behaviours
17 Tracking progress Whether the system monitor learners’ development over time
18 Inform theory Whether the empirical findings contribute back to theories

Figure 3. Overview of the research gaps identified in current CLA tools for supporting collaboration skills development.
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Table 3. Intrapersonal skills targeted by the systems reviewed.

No. Papers Construct Individual Goal
Setting

Filling Role Ex-
pectation

Monitor Individ-
ual Progress and
Contribution

1 Bachour et al. (2010) Equal participation X
2 Balaam et al. (2011) Rapport
3 Bergstrom and Kara-

halios (2007)
Equal participation X

4 DiMicco et al. (2004) Equal participation X
5 Echeverria et al.

(2017)
Equal participation X

6 Karahalios and
Bergstrom (2009)—
Conversation vote

Equal participation
and contribution

X

7 Karahalios and
Bergstrom (2009)—
Conversation cluster

Equal participation
and contribution

X

8 Kim et al. (2008) Interactivity, domi-
nance

X

9 Koh et al. (2020) Coordination, mutual
performance monitor-
ing, constructive con-
flict, and team emo-
tional support

10 Kulyk et al. (2005)
and Terken and Sturm
(2010)

Equal participation
and equal attention

X

11 Praharaj et al. (2018) Equal participation X
12 Starr et al. (2018) Equal participation X
13 Tausch et al. (2014) Equal contribution X
14 Tausch et al. (2016) Individual contribu-

tion, group progress,
and equal contribu-
tion

X

15 Wong-Villacrés et al.
(2016)

Contribution, com-
munication, and
respect

X
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Table 4. Interpersonal skills targeted by the systems reviewed

No. Papers Construct Group
Goal
Setting

Co-
Planning
and Coor-
dination

Monitor
Group
Progress

Group
Evalua-
tion and
Adapta-
tion of
Strategies

Relationship
Building

Interaction
with Oth-
ers

Negotiation
and Argu-
mentation

Conflict
Resolu-
tion

1 Bachour et al. (2010) Equal participation X X
2 Balaam et al. (2011) Rapport X
3 Bergstrom and Kara-

halios (2007)
Equal participation X X

4 DiMicco et al. (2004) Equal participation X X
5 Echeverria et al.

(2017)
Equal participation X X

6 Karahalios and
Bergstrom (2009)—
Conversation vote

Equal participation
and contribution

X X

7 Karahalios and
Bergstrom (2009)—
Conversation cluster

Equal participation
and contribution

X X

8 Kim et al. (2008) Interactivity and dom-
inance

X

9 Koh et al. (2020) Coordination, mutual
performance monitor-
ing, constructive con-
flict, and team emo-
tional support

X X X X X

10 Kulyk et al. (2005)
and Terken and Sturm
(2010)

Equal participation
and equal attention

X X X

11 Praharaj et al. (2018) Equal participation X X
12 Starr et al. (2018) Equal participation X
13 Tausch et al. (2014) Equal participation X
14 Tausch et al. (2016) Individual contribu-

tion, group progress,
and equal contribu-
tion

X
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No. Papers Construct Group
Goal
Setting

Co-
Planning
and Coor-
dination

Monitor
Group
Progress

Group
Evalu-
ation,
Reflection,
and Adap-
tation of
Group
Strategies

Relationship
Building

Interaction
with Oth-
ers

Negotiation
and Argu-
mentation

Conflict
Resolu-
tion

15 Wong-Villacrés et al.
(2016)

Contribution, com-
munication, and
respect

X X
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1. Focus on equal participation. First, the systems we reviewed have a significant focus on equal participation. Out of the
15 systems analyzed, 12 primarily focus on equal participation as a key construct. We marked this construct as the skill
“monitoring individual and group progress” in Table 4. However, we acknowledge that the skill of monitoring individual
and group progress is multifaceted and can be operationalized in various ways. Equal participation is only one of the
relevant constructs.

2. Unexplored collaboration skills. Second, we noticed that several key skills have not been targeted. Specifically,
skills such as individual goal setting and role expectations in the intrapersonal category, as well as group goal setting,
negotiation, argumentation, and conflict resolution in the interpersonal category, are not being supported by the systems
we reviewed.

3. Uniform support across activities. Third, the support provided by these systems across different collaborative processes
appears consistent, regardless of the team’s specific activity—whether familiarizing with the task, understanding the
task, or discussing solutions. This uniformity suggests a lack of adaptation in the tools to the dynamic nature of group
activities.

4. Emphasis on measurable but non-actionable behaviours. Lastly, some systems emphasize measuring behaviours that,
while quantifiable, do not necessarily support effective collaboration directly. For example, non-verbal synchrony can be
measured and is an indicator of collaboration quality (Balaam et al., 2011), but it is a byproduct of effective collaboration
rather than a behaviour that can be directly supported through external interventions.

The underlying reasons for these trends are likely rooted in different research paradigms and conceptualizations of
collaboration. Researchers who view collaboration primarily as a method for learning often focus on quantifiable data, such
as speaking time or speech volume, as proxies for participation. They believe that joining the discussion and speaking for a
fair amount of time is a prerequisite for effective learning. However, if the goal is to develop collaboration skills, the focus
needs to shift to the skills themselves and the temporal dimension. This includes identifying which collaboration skills are
targeted, understanding how different skills are used in various phases of collaboration, and determining how these skills can be
developed over time. These considerations are crucial for providing pedagogical feedback that helps students develop and refine
their skills. The different goals and conceptualizations of collaboration contribute to the observed gap. For CLA tools aimed at
developing collaboration skills, it is essential to set clearer goals in system design that align with the actual development of
particular skills.

3.4 Gap 2: Lack of Validation in Operationalizing Theory
Moving on to the later part of the theory dimension of our framework, the second gap we identified involves operationalizing
the selected construct. This involves examining the behavioural indicators used as proxies to measure that construct. The
selection of behavioural indicators is important as they determine what is measured, how well the construct is assessed, and
how potentially accurate and useful the feedback could be. We summarized the behavioural indicators used in these studies in
Table 5 and identified three major trends:

1. Variability in operationalizing the same construct. We observed that the same construct has been operationalized in
varied ways. For example, equal participation has been quantified using seven different behavioural indicators: speaking
time, speaking volume, overlapping speech, turn-taking, silence, amount of gesturing, and self- and peer-perceived
dominance. Among all the indicators, speaking time appears 10 times, while all other indicators appear twice or once.

2. Lack of exploration of diverse indicators. There is a noticeable disparity in the number of indicators used across
different constructs, which indicates a significant disparity in the research focus. Among these, “equal participation”
is the most extensively studied, with multiple indicators dedicated to its assessment. In contrast, other important
constructs—such as respect, coordination, mutual performance monitoring, constructive conflict, and team emotion
support—are often evaluated using only a single indicator, typically self- or peer-reported surveys. This imbalance
reflects a broader research gap: while equal participation receives considerable attention, other critical constructs remain
underexplored.

3. Capturing multi-dimensional constructs through one-dimensional indicators. Some indicators do not fully capture
their intended multifaceted constructs. For example, inclusion in collaboration is a complex construct involving behaviours
such as active listening, acknowledging others, and valuing diverse perspectives. In the study by Terken and Sturm
(2010), visualizations of speakers’ and listeners’ eye gaze were used as indicators of inclusion and rapport. Although eye
gaze might suggest attention, it alone is insufficient to quantify inclusion.
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Table 5. Summary of constructs and behavioural indicators.

Constructs Behavioural Indicators Number of studies

Equal participation Speaking time 10
Speaking volume 2
Overlapping speech 2
Turn-taking 2
Silence 1
Amount of gesturing 1
Self- and peer-perceived dominance 1

Contribution Ideas proposed 3
Voting 1
Ideas alignment 1
Artifacts created 1

Rapport Eye contact 2
Simultaneous movement 1
Tempo similarity 1
Posture matching 1
Back channel responses 1

Communication Self and peer rating 1
Observer rating 1

Respect Self and peer rating 1
Observer rating 1

Coordination Self and peer rating 1
Mutual performance monitoring Self and peer rating 1
Constructive conflict Self and peer rating 1
Team emotion support Self and peer rating 1

The limited use of theory is not uncommon in MmLA research studies. For example, Schneider and colleagues (2021)
and Giannakos and Cukurova (2023) observed that many studies in multimodal collaboration do not explicitly mention the
theoretical frameworks employed. The reasons for the absence of guiding theory likely stem from a bottom-up inductive
approach. While starting with data can generate interesting insights, it also runs the risk of the “streetlight effect” (Ochoa,
2022). To avoid this issue, we recommend adopting more theory-driven and validated construct operationalization.

3.5 Gap 3: Limited Modelling Techniques
Within the analytics dimension of our framework, we focused on examining the calculation of behavioural indicators, the
extraction of features from data, the models employed, and the behavioural assessments given. For cases where no computational
model is used, we categorized them into three types: arithmetic calculations, which involve simple addition or subtraction;
manual coding, where human coders tag actions; and raw data, which involves presenting unprocessed data directly to
participants. We summarized the computational strategies used for each construct in Table 6 and the behavioural assessment in
Table 7. From this analysis, we identified four major trends:
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Table 6. Summary of metrics and models.

Constructs Behavioural Indica-
tors

Metrics Features Models Studies

Equal participation

Speaking time The difference between per-
fectly balanced participation
(i.e., 25% for a four-person
group); average segment
length

Duration of speak-
ing time

Arithmetic
calculation

Bachour et al. (2010), DiM-
icco et al. (2004), Echeverria
et al. (2017), Karahalios and
Bergstrom (2009), Kim et al.
(2008), Kulyk et al. (2005),
Terken and Sturm (2010), Pra-
haraj et al. (2018), and Starr et
al. (2018)

Speaking volume Pass a certain threshold; vari-
ation in speech volume

Speech volume Arithmetic
calculation

Bergstrom and Karahalios
(2007) and Kim et al. (2008)

Overlap speech Pass a certain threshold;
length of simultaneous
speaking divided by total
length of discussion

Duration of simul-
taneous speaking

Arithmetic
calculation

Bergstrom and Karahalios
(2007) and Kim et al. (2008)

Turn taking Total number of turns per in-
dividual

Each instance a
participant takes
over from either
conversation or si-
lence

Raw data Kim et al. (2008) and Praharaj
et al. (2018)

Silence Duration of silence Duration of si-
lence

Raw data Bergstrom and Karahalios
(2007)

Amount of gesturing Mean and variance of indi-
vidual’s movement

Body movement Unknown Kim et al. (2008)

Self and peer per-
ceived dominance

Mean and standard devia-
tion of rating from all partici-
pants; average score of peer
rating

N/A Unknown Kim et al. (2008)

Contribution

Ideas proposed Count the number of new
ideas proposed

N/A Arithmetic
calculation

Karahalios and Bergstrom
(2009) and Tausch et al. (2014,
2016)

Voting Count the number of votes
one gave and received

N/A Arithmetic
calculation

Karahalios and Bergstrom
(2009)

Ideas alignment Track similar ideas Words; themes Topic mod-
elling

Karahalios and Bergstrom
(2009)
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Table 6 – continued from previous page

Constructs Behavioural Indica-
tors

Metrics Features Models Studies

Artifact created Number and percentage of
actions

Position of pen
tips and shapes of
pen traces

Arithmetic
calculation

Wong-Villacrés et al. (2016)

Rapport

Eye contact

Count the number of times it happens

N/A Manual coding

Balaam et al. (2011), Kulyk et al.
(2005), and Terken and Sturm
(2010)

Simultaneous move-
ment

Balaam et al. (2011)

Tempo similarity in
gestures and move-
ments
Posture matching
Back channel re-
sponses

Communication and respect Self and peer rating
Average score of peer rating N/A Arithmetic calculation

Wong-Villacrés et al. (2016)
Observer rating

Coordination, mutual perfor-
mance monitoring, construc-
tive conflict, team emotional
support

Self and peer rating Koh et al. (2020)
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Table 7. Summary of behavioural assessment.

Constructs Behavioural Indica-
tors

Behavioural Assessment

Equal participation Speaking time Over-/under-participators are those who spoke more/less
than the mean participation level plus the standard devia-
tion of participation levels among all participants. Shorter
speech segments indicate higher interactivity.

Speaking volume Louder volume indicates the confidence of the speaker,
desire to lead or attempt to be heard over other speakers;
variation in speech volume is the variation in speech en-
ergy, which indicates dominance in a group.

Overlap speech Simultaneous contributions can indicate negotiation be-
tween speakers, back-channels, or a common reaction
such as laughing; less overlapping speech indicates people
are more likely to collaborate.

Turn taking More turns indicate a higher level of interactions.
Silence Allow participants to judge the current length of silence.
Amount of gesturing An indicator of communication skills
Self- and peer-
perceived dominance

Subjects with values higher than one standard deviation
over the mean were considered dominant (self and peer
ratings are highly correlated).

Contribution Ideas proposed More ideas proposed indicates better performance in brain-
storming activity.

Voting Voting indicates participation.
Ideas alignment None
Artifact created Compare with other members in the group.

Rapport Eye contact More eye contact indicates attention.
Simultaneous body
movement

More simultaneous body movement indicates more rap-
port among team members.

Communication, respect, co-
ordination, mutual perfor-
mance monitoring, construc-
tive conflict, team emotional
support

Self, peer, and ob-
server rating

Comparison of their self ratings with the average of ratings
from their team members

1. Self-designed computations. In line with the variability in operationalizing constructs identified in gap 2, we observed a
range of self-designed metrics used to quantify behavioural indicators. Common metrics include calculating the deviation
of an individual’s speaking time from the desired balanced speaking time. However, other metrics, such as the average
length of speaking segments, are also used. These computational strategies often rely on basic arithmetic calculations or
displaying raw data. This indicates that the potential for more advanced modelling techniques has not been fully explored.
Additionally, the absence of validated scales or thresholds guiding these calculation choices highlights the need for more
standardized and validated metrics.

2. Limited data fusion strategies. Another observed trend is the limited use of data fusion strategies. Many studies rely on
single-modality data derived from a single feature extracted from raw data. While such data can provide initial insights, a
more comprehensive understanding typically requires the fusion of multiple data modalities to construct higher-level
indicators (Ochoa, 2022). Although researchers often triangulate their findings with qualitative data, such as surveys or
interviews, or validate them against human coders’ results, there is a lack of studies where multiple data traces are fused
to develop a holistic model of students’ behaviours. This highlights a gap in leveraging the full potential of MmLA to
enhance the depth and reliability of behavioural assessments.

3. Self-interpreted behavioural assessment. The third trend we noted is the self-interpreted behavioural assessment,
where researchers subjectively interpret computational results. For instance, louder speaking volume has been interpreted
as an indication of both confidence and dominance within a group (Bergstrom & Karahalios, 2007). Similarly, variations
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in speaking volume have been associated with dominance (Kim et al., 2008). This issue is also related to the lack of
theoretical support connecting the indicators and the behavioural assessment, specifically whether and how strongly the
indicators provide evidence for the assessment. This leaves room for varied interpretations of behavioural data. Without
validated guidelines for interpretation, it becomes challenging to provide accurate and constructive feedback to students.

4. Lack of learning state estimation. In our framework, the ending point of the analytics dimension is learning state
estimation, which involves synthesizing various analyses to estimate students’ levels of collaboration skills based on
multiple behavioural assessments. Although none of the studies we reviewed fully achieve this, some have made progress
toward this goal. For instance, Koh and colleagues (2020) present a report on four different dimensions of collaboration
skills to students. While this report does not provide a comprehensive estimation of skill levels based on assessments in
each dimension, it aims to offer students more holistic feedback on their collaboration skills.

These findings align with trends identified by other researchers in the broader field. For example, Schneider and colleagues
(2021) observed that most multimodal collaboration analysis studies they reviewed relied on a single modality without fully
leveraging the potential of multimodal data to generate deeper insights. Similarly, they found that most studies used simple
calculations, such as arithmetic operations, rather than more sophisticated modelling techniques. The underlying reasons for
these trends also relate to the lack of theoretical guidance and varied conceptualizations of collaboration and collaboration skills.
Additionally, technical challenges and privacy concerns can also make capturing multimodal data difficult. The combination of
these factors highlights the need for more integrated and theory-informed approaches to effectively using multimodal data in
assessing and developing collaboration skills.

3.6 Gap 4: Missing Pedagogy
The final component of our framework is the pedagogy dimension. We examined feedback in terms of content, function,
presentation, cognitive and emotional engagement, how students apply the feedback, and whether the system or study tracked
students’ progress. For feedback content, function, and presentation, we primarily used definitions developed by Hattie and
Timperley (2007) and Narciss (2013). Specifically, following Hattie and Timperley (2007), we assessed whether the feedback
included information specifying the goals (feed up), past performance (feed back), and next steps (feed forward). We also
specified whether the feedback was addressed to the group or the individual. For feedback function, we evaluated whether it
focused on the task (FT), the process (FP), or self-regulation (FR), following Hattie and Timperley (2007)’s framework. Lastly,
we described the design of the feedback presentation. Our findings are summarized in Table 8.

Additionally, we summarized the student experience–related design considerations in Table 9. First, we examined whether
any design considerations addressed students’ sense-making processes, specifically if researchers considered whether students
could understand and make sense of the feedback. We summarized the results in the “cognitive engagement” column. If the
studies only asked students whether they understood the feedback, we labelled it as “post-survey” or “post-interview.” Next,
we examined whether affective factors such as emotion and motivation were considered in the design decisions and put the
results in the “emotional engagement” column. To better understand the observed changes when students received feedback,
we summarized the results in the “apply feedback” column. Lastly, we looked at whether and how the system tracked students’
progress, documenting this in the “track progress” column. Through these analyses, we identified three trends:

1. Limited feedback content scope. According to Hattie and Timperley (2007), feedback content should include feed back
(information about past performance), feed up (the goals they should achieve), and feed forward (the next steps). While
all the systems provide “feed back” on students’ collaboration performance, only two studies included the goals, and
only one study included the next steps. We also examined the level at which the feedback is addressed—whether it is for
the individual or for the group. Most studies included feedback that addresses both individual and group levels. Although
not explicitly stated, the feedback at the group level is expected to help individuals set goals for themselves by observing
others’ performance. However, studies have shown that this type of “social mirror” might not work for everyone (Soller
et al., 2005). The absence of explicit goals and next actionable steps could potentially make the feedback less actionable.

2. Emphasize visualization over timing, schedule, and adaptivity. According to Narciss (2013), the presentation of
feedback includes several dimensions, such as timing, schedule, adaptation, coding, and modes. Our analysis found that
all the studies focused on the mode of feedback, particularly on how to communicate ideas more efficiently using simple
visualizations like pie charts or line charts. Some studies iterated their visualizations based on testing results to improve
clarity. However, other crucial aspects of feedback presentation—such as timing, schedule, and adaptivity—are rarely
considered. This limited focus on visualization alone may overlook the potential benefits of well-timed and adaptive
feedback in enhancing students’ learning and collaboration skills.

3. Little attention to the mediating factors of feedback engagement. Another trend we observed is the limited
consideration of students’ cognitive and emotional engagement during the system design phase. Although some
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Table 8. Summary of feedback content, level, function, and presentation.

No. Systems Feedback
Content

Feedback
Level

Feedback
Function

Feedback Presentation

1 Bachour et al. (2010) Feed back Individual,
group

FR Colour-coded circles dis-
played on a tabletop

2 Balaam et al. (2011) Feed back Group FR Ripples on an ambient dis-
play

3 Bergstrom and Karahalios
(2007)

Feed back Individual,
group

FR Projected concentric rings of
coloured bars on a table

4 DiMicco et al. (2004) Feed back,
feed up

Individual,
group

FR Coloured histograms with
annotations of participating
states

5 Echeverria et al. (2017) Feed back Individual,
group

FR Pie chart and line graph

6 Karahalios and Bergstrom
(2009) [Conversation vote]

Feed back Individual,
group

FT Coloured rectangles

7 Karahalios and Bergstrom
(2009) [Conversation clus-
ter]

Feed back Group FT, FP Word cloud, timeline of top-
ics

8 Kim et al. (2008) Feed back Individual FR Coloured circles with differ-
ent postions and line thick-
ness

9 Koh et al. (2020) Feed back,
feed up, feed
forward

Individual FR Radar chart

10 Kulyk et al. (2005) and
Terken and Sturm (2010)

Feed back Individual,
group

FR Coloured circles on a table

11 Praharaj et al. (2018) Feed back Individual,
group

FR Line chart over time

12 Starr et al. (2018) Feed back Individual,
group

FR Coloured bar chart

13 Tausch et al. (2014) Feed back Individual,
group

FR A garden of flowers

14 Tausch et al. (2016) Feed back Individual,
group

FR A garden of flowers

15 Wong-Villacrés et al. (2016) Feed back Individual,
group

FR Table and pie chart

studies employed post-surveys or interviews to gauge how students understood and felt about the visualizations, none
incorporated these engagement factors into the initial design considerations. Furthermore, we found that only half of the
studies examined how students applied the feedback. Of these, five studies reported effectiveness for only a subset of
the group or only when the systems were in use. The lack of engagement factors could be a potential reason for this
limited effectiveness. Lastly, only two studies used repeated measures to examine students’ behavioural change over
time, with all other systems being evaluated only once. This suggests a need for more longitudinal studies to understand
the long-term impact of feedback systems on students’ collaboration skills.

While the systems we reviewed have made significant contributions to offering feedback that facilitates collaborative
behaviour modifications, their evaluation results are mixed and do not work for everyone. The reasons for these mixed results
can vary. From a pedagogical perspective, our analysis indicates that most feedback offered may not be as actionable as
intended. This is particularly crucial for CLA systems designed to develop collaboration skills, as these tools are not merely
socio-technical but also instructional systems. Therefore, to advance the design of CLA systems, it is essential to incorporate
pedagogically grounded feedback design principles.
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Table 9. Summary of Feedback Engagement

No. Systems Cognitive Engage-
ment

Emotional En-
gagement

Apply Feedback Track Progress

1 Bachour et al. (2010) Post-survey Post-survey A subset of group None
2 Balaam et al. (2011) Post-interview Post-survey Increase non-verbal

synchrony subcon-
ciously

None

3 Bergstrom and Karahalios
(2007)

Iterated design to
make it easy to
understand

None None The balancing
behaviour disap-
peared when the
visualization was
removed.

4 DiMicco et al. (2004) Add annotations Post-survey A subset of group None
5 Echeverria et al. (2017) None None None None
6 Karahalios and Bergstrom

(2009) [Conversation vote]
None None A subset of group None

7 Karahalios and Bergstrom
(2009) [Conversation clus-
ter]

None None None None

8 Kim et al. (2008) None None A subset of group None
9 Koh et al. (2020) None None None None
10 Kulyk et al. (2005) and

Terken and Sturm (2010)
None None None None

11 Praharaj et al. (2018) None None None None
12 Starr et al. (2018) None None None None
13 Tausch et al. (2014) None None Effective for all None
14 Tausch et al. (2016) None Post-survey Feedback on both in-

dividuals and groups
is more effective.

None

15 Wong-Villacrés et al. (2016) None Post-survey None Repeated measure
over time

3.7 Generalizability Gap
Lastly, a general gap we observed is the scale and setting of evaluation studies: they predominantly consist of small-scale,
one-time lab studies, limiting the generalizability of the findings. For instance, the size of participant groups ranged from a
single group of four to as many as 144 groups of three or four students, with the majority being university students or adults.
Furthermore, the scarcity of studies investigating the long-term effects of these systems is a significant gap. The lab-based
nature of most evaluations raises questions about the ecological validity of the findings, suggesting a need for more diverse and
longitudinal research designs to understand the impact of these tools in real-world settings. Although our framework does
not focus explicitly on user testing, the identified trends underscore significant gaps in the current approach to designing and
implementing automated feedback systems. These gaps highlight the need for studies that evaluate not only the immediate
effectiveness of these tools but also their capacity to support the long-term development of collaboration skills. Addressing
these concerns will be crucial for advancing the field and ensuring that these systems can meaningfully contribute to students’
collaboration skills development in diverse and dynamic educational environments.

3.8 Conclusion
By applying our framework to the selected systems, we identified four major gaps, spanning theory, analytics, and pedagogical
design dimensions. The first gap concerns the targeted collaboration skills, which consist of various sub-skills, some of which
are critical yet unexplored. Second, the approaches used to operationalize the selected constructs are often not theory driven or
pedagogically sound. Additionally, we observed a limited use of advanced modelling techniques, which, though not necessary,
have the potential to generate more comprehensive insights. Lastly, for a CLA system aimed at developing collaboration skills,
the feedback design from a pedagogical perspective should not be neglected. It is essential to consider feedback design from
both content and student perspectives to ensure that it is actionable and meaningful for students’ skills development. Previous
research has made valuable contributions by collecting multimodal data from participants, performing analytics, and presenting
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feedback on collaborative behaviours to help groups raise awareness and make changes. Building on this foundation, and with
the goal of creating more effective skill-development applications, we propose a set of research agendas in the next section.
These agendas aim to bridge the identified gaps and advance this area.

4. The Roadmap: Research Agenda

To bridge the four gaps we identified, we propose four corresponding research agendas. These agendas aim to outline a feasible
and actionable roadmap, moving from designing CLA tools that support temporary collaborative behavioural changes to
developing sustained collaboration skills over time.

4.1 Research Agenda 1: Move toward Contextualized and Nuanced Development of Collaboration Skills
To bridge the identified gap 1, “underexplored and insufficiently supported collaboration skills,” we propose the following two
research agenda items. The first aims to adopt a developmental perspective to add additional lenses on developing collaboration
skills, while the second focuses on building concrete steps to move in that direction.

4.1.1 Adopt a Developmental Perspective of Collaboration Skills Learning
First and foremost, we propose that, in addition to offering temporary support for collaboration, a developmental perspective on
collaboration skills learning should be adopted. This addition should occur at two levels: the content level and the student level.
The content level shift requires a thorough understanding of the skill itself from both theoretical and pedagogical perspectives:
what the skill entails, how its definition may vary across different contexts, how the skill can be learned, and what the different
phases and sub-goals of developing this skill are. The content generated by the systems should build toward achieving these
pedagogical goals. At the student level, we propose shifting the view of learners from mere information receivers to active
participants with varying learning trajectories and ways of engaging with the systems. This requires a thorough understanding
of students’ motivations, needs, challenges, prior knowledge, and skills. By centring on students’ individual learning paths,
the system can provide tailored support that addresses their specific needs.These shifts at both the content and student levels
ensure that collaboration theory and the complex, dynamic nature of the collaboration process are taken into consideration.
This approach ensures that the focus is on what is genuinely important for skill development and avoids providing uniform
support at all times.

We have observed some promising design approaches that are making progress toward this direction. For instance, the
Networking Performance Skill System employs evidence-centred design (ECD) to design the content delivery based on the
evidence from student interactions (Scalise et al., 2007). ECD integrates four process models: the student model, representing
students’ current knowledge and skills; the task model, defining tasks that allow students to demonstrate their knowledge;
the evidence model, which interprets performance using the first two models; and the assembly model, which guides the
presentation of learning tasks. This systematic approach adapts to students’ learning progression and adjusts the content based
on their current skill levels. Another example is the application of HCD in educational settings, where systems are developed
collaboratively with both students and teachers to address real-world educational needs. For instance, Echeverria Barzola
(2020) implemented an HCD-MmLA approach to deeply understand the nuanced and contextualized needs of teachers and
students in MmLA interface design. This method involves three stages: a co-design session that elicits needs and challenges in
teaching and learning practices, an inductive mapping stage that links context to learning analytics components such as data
and visualizations, and a theory-driven mapping stage that validates constructs identified in previous theories and literature.
This ensures that the design is not only theoretically robust but also centred around the actual needs of students and teachers.

These promising design approaches could pave the way for us to shift toward a developmental and dynamic perspective of
collaboration skills learning. Before advancing to this design phase, we recommend an initial and actionable step: compiling a
comprehensive inventory of collaboration skills. This inventory will serve as a critical foundation for future design and research.

4.1.2 Compile a Contextualized Collaboration Skills Inventory
Collaboration skills have been widely researched in education, communication, and management studies. Although we compiled
an initial list of skills in Section 3.1, it is by no means exhaustive or contextualized. To develop a comprehensive inventory, we
propose starting with an extensive literature review to identify a wide range of collaboration skills. This should be followed by
refining the list through discussion with diverse stakeholders, such as teachers, employers, and students. This collaborative
approach ensures that the skills list is not only detailed but also tailored to real-world requirements. Each skill should be
defined within its context, with clear descriptions of sub-skills and classification into different skill levels. These definitions and
classifications will guide both design and research of automated systems in the future. A notable example is the collaboration
skills taxonomy proposed by Lai and colleagues (2017), which classifies collaboration skills and team performance into five
levels: non-participant, participant, cooperator, coordinator, and conflict resolver. Each level is characterized by specific
behaviours. This taxonomy provides an initial framework for assessing and supporting collaboration skills.
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By compiling this inventory prior to the design and research phases, we then ensure that our focus remains on the skills that
students genuinely need to develop, rather than merely on data that is easily measurable. This approach also helps address the
issue of some critical skills that are currently underexplored.

4.2 Research Agenda 2: Move toward Theory-Driven and Validated Construct Operationalization
To address these issues, we advocate shifting to the theory-driven approach (Wise & Shaffer, 2015) to operationalize the
intended construct. This shift is to ensure that the constructs measured are both theoretically robust and empirically validated.
Inspired by emerging practices in the field, we propose two actionable research agenda items.

4.2.1 Use Existing Validated Instruments
After identifying a specific collaboration skill, an extensive literature review should be conducted across related fields to
determine if there are any existing validated measurement instruments that have already been operationalized with behavioural
indicators. For example, active listening, a well-researched construct in communication studies, has various validated
behavioural scales (Worthington & Bodie, 2017). While these instruments were initially created for human coders, recent
advances in MmLA and large multimodal language models offer the potential to accelerate the measurement process and
achieve accuracy levels beyond human capabilities. By leveraging sensors and algorithms to collect and analyze multimodal
data traces, guided by validated scales, this approach ensures that our measures are theoretically grounded and robust.

4.2.2 Develop Validated Instruments
When validated scales for behavioural indicators of an intended construct are unavailable, the initial step involves exploring
correlations between these indicators and validated scales. This exploration helps determine which data traces are significant
and how they relate to the construct within a specific context. For instance, joint visual attention (JVA) is a construct commonly
studied in MmLA. By exploring the relationship between JVA and the human coders’ results using the validated rating
scheme of collaboration quality (Meier et al., 2007), researchers have found that JVA positively correlates with high-quality
collaborative interactions (Schneider & Pea, 2013; Schneider et al., 2018). Additionally, Cukurova and colleagues (2018)
developed the Nonverbal Indexes of Students’ Physical Interactivity (NISPI) framework, which can be used to interpret key
parameters of students’ CPS skills with students’ non-verbal interaction data. They mapped nonverbal behaviours to four
validated CPS constructs: synchrony, individual accountability, equality, and intra-individual variability. These constructs cover
both individual and group levels of CPS. While these studies primarily focused on measurement rather than feedback delivery,
their findings could provide a strong foundation for automating the measurement of student behaviours and provide actionable
feedback on their collaboration skills.

4.3 Research Agenda 3: More Comprehensive Assessment Strategy
To address the gap caused by limited modelling techniques, we advocate for the adoption of more comprehensive assessment
strategies. Collaboration skills include a complex and multifaceted set of sub-skills, and each sub-skill involves multiple
constructs. Additionally, due to the dynamic nature of collaboration processes, adopting a developmental perspective is
necessary. Lastly, with the goal of developing collaboration skills, it is important to consider pedagogy—specifically, how the
assessment can be used to improve the teaching and learning of such skills. To move in this direction, we propose the following
two research agenda items.

4.3.1 Theoretically Comprehensive Measurement
As identified in our analysis and in other MmLA literature reviews as well (Giannakos & Cukurova, 2023; Schneider et al.,
2021), the use of theory in MmLA research is limited. There is a clear need for using theories to guide the analysis, assessment,
and interpretation of results (Wise & Shaffer, 2015). In the psychometric field, researchers are making progress toward
establishing theory-grounded measurements. For instance, Hao and colleagues (2019) proposed a general scoring strategy for
assessing CPS. This strategy incorporates three components: collaboration outcome–based measures, collaboration process–
based representations, and the mapping between these outcomes and processes. The outcome measures are binary, indicating
whether a problem is solved. The process-based representations extract features from three sources: manually annotated
communications; linguistic features; and metrics based on the amount, interactivity, and timing of communication. Lastly,
statistical or machine learning models are used to map between the outcome measures and the process representations. This
top-down approach ensures that the complexity of CPS assessment is not reduced to a simplistic single measurement or score.

Furthermore, we recommend measuring the effectiveness of these systems by adopting a developmental perspective. This
approach is in line with the principle of assessment proposed by Scalise and colleagues (2007), which suggests that assessments
should reflect the trajectory and progression of student learning. This principle advocates for evaluating the growth and
development of students’ understanding of knowledge and skills over time, rather than relying on a single measurement. By
considering both the dynamics of collaboration processes and students’ progression over time, this approach ensures a more
comprehensive evaluation and lays the foundation for more targeted and actionable feedback.
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4.3.2 Pedagogically Valid Data Fusion Strategies
To leverage the potential of multimodal data sources and gain deeper insights into students’ learning trajectories, performing
data fusion is essential (Ochoa, 2022). However, it is crucial to employ pedagogically valid strategies when fusing this data.
Before proceeding with data fusion, we recommend assessing the importance of each feature within pedagogical contexts. For
instance, it is important to differentiate features that are suitable for measurement from those that are appropriate for feedback.
Non-verbal synchrony, such as simultaneous body movements or electrodermal activity (EDA) synchrony, may be natural
results of effective collaboration but are not necessarily actionable for individuals seeking to improve. Moreover, understanding
what is pedagogically important to teach in the given context is crucial. We advocate for designing assessments that clearly
inform students about the quality of their skills, which can enhance their understanding and skills development.

4.4 Research Agenda 4: Promote Feedback Actionability through a Student-Centred Approach
To address the gap of “missing pedagogy,” we recommend compensating for this shortfall in two key areas: feedback content
and feedback engagement. Given that the development of collaboration skills is fundamentally pedagogical, it is crucial to
consider the entire spectrum of pedagogical feedback. This includes understanding internal feedback mechanisms, how external
feedback interacts with internal feedback, and other mediating factors in the feedback process. Additionally, introducing
participatory design and co-design principles from the field of human–computer interaction has the potential to advance our
understanding and practices in these areas. Based on these considerations, we propose the following two research agenda items.

4.4.1 Feedback Content: Clear Goals, Direct Paths, and Adaptivity
From the feedback content perspective, the systems we reviewed generally lack clear action goals and plans for students to
act upon. Furthermore, none of these systems appear to consider the temporal aspects of collaboration. However, the field
of learning analytics is already advancing in this direction. For example, in the CPS coaching system proposed by D’Mello
and colleagues (2024), the system was designed based on the CPS framework, which consists of three facets and several
subskills. At each stage, students received feedback on their previous performance, learned about a specific facet and its
indicators, applied what they learned in the next round of collaboration, and then received feedback again. In this cycle of
“collaborate-feedback-learn-collaborate-feedback,” students were given explicit goals and specific standards, and the feedback
served as scaffolds for them to reflect on and practise their efforts toward the goal. Another example is the analytics-supported
feedback tool proposed by Jung and Wise (2024), which not only provides a direct pathway to actions based on the analytics
but also aligns the timing of these analytics with different phases of learning activities. These approaches go beyond creating
easy-to-understand visualizations or dashboards; they integrate analytics with learning more seamlessly, enhancing both
adaptivity and relevance.

4.4.2 Feedback Engagement: Centring Students
Feedback should not be viewed merely as information delivered to students but as a dialogic process between the feedback
mechanism and the student. In the learning analytics community, some empirical models have been proposed to better
understand how instructors use dashboards. For example, in the model of teacher dashboard usage proposed by Van Leeuwen
and colleagues (2021), the process of seeing and acting upon feedback is not linear. Several teacher characteristics, such as
pedagogical knowledge, data literacy, professional routines, and age and gender, mediate the sense-making processes of using
teacher dashboards. To account for these mediating factors, the recent introduction of participatory design and co-design into
learning analytics represents an initial step toward understanding these learner factors. For instance, Sarmiento and colleagues
(2020) engaged students as co-designers for a learning analytics dashboard to centre their voices. Moreover, it is crucial to
understand the entire cycle of internal and external feedback processes. The interactive tutoring feedback model proposed
by Narciss (2013) detailed learner factors that mediate feedback effectiveness, including students’ goals, understanding of
standards, prior knowledge, and motivation. Before designing feedback, it is essential to consider these factors because the
development of collaboration skills requires specific learning conditions. By acknowledging these factors, we aim to design
systems that genuinely cater to learners’ conditions and needs, thereby improving the actionability of the feedback.

We propose these research agendas to bridge the identified gaps in the current systems of CLA, specifically those aimed at
changing students’ collaboration behaviours in collocated environments. By suggesting shifts in perspectives and practices and
providing examples, we aim for these agendas to serve as a roadmap for designing and developing effective analytics-supported
feedback systems that foster the development of collaboration skills.

5. Conclusion
In this paper, we have addressed the development of collaboration skills through analytics-supported feedback in collocated
environments. First, we proposed an integrated design and evaluation framework that incorporates theory, analytics, and
pedagogy (TAP). We then conducted a semi-systematic review of papers focusing on student-facing feedback systems aimed at
improving collaborative behaviours in collocated environments. Using the 15 criteria in our proposed framework, we explored
ISSN 1929-7750 (online). The Journal of Learning Analytics works under a Creative Commons License (CC BY 4.0) 361



the current landscape of this area. By comparing current practices with our framework, we identified 14 research trends and
summarized them into four major gaps: unexplored and insufficiently supported collaboration skills, lack of validation in
operationalizing theory, limited modelling techniques, and missing pedagogy.

To bridge these identified gaps, we proposed four research agendas. For addressing collaboration skills, we suggest shifting
the focus from temporary collaboration processes to supporting collaboration skills in a more nuanced and contextualized
way. To tackle the lack of validation in construct operationalization, we recommend using existing validated instruments or
developing new ones to ensure that construct operationalization is theoretically grounded. Regarding the limited modelling
techniques, we advocate for more comprehensive, theoretically grounded, and pedagogically valid assessment strategies,
recognizing that collaboration skills are multifaceted and inherently pedagogical. Lastly, for feedback design, we propose a
student-centred approach that focuses on clearer content and considers students’ cognitive and affective engagement to make
feedback truly actionable. Together, these research agendas outline a roadmap and initial steps toward designing effective
feedback systems for the development of collaboration skills.

5.1 Practical Implications
While the framework and research agenda are primarily aimed at researchers, educators and learning designers can also benefit
from integrating elements of the framework into their daily teaching and design practices. For example, if resources allow,
feedback design grounded in theoretical and pedagogical principles could be incorporated into the curriculum even before the
use of technology. Additionally, by collaborating with researchers and engaging in genuine research–practice partnerships,
educators and designers could not only implement systems to support the development of collaboration skills but also gain
valuable insights from the research and design process to enhance their own practices.

For researchers, while certain items in the proposed research agenda, such as compiling a collaboration skills inventory,
can be accomplished by a small team in a relatively short time, implementing the broader agenda and fully realizing the
framework will require interdisciplinary collaboration and long-term effort. Furthermore, ethical considerations must be
carefully addressed, including protecting students’ data privacy and ensuring the cultural responsiveness of CLA tools. Such
considerations are essential to ensure that the framework is equitable and beneficial for all learners, across diverse educational
and cultural contexts.

5.2 Limitations
This study should also be understood with its limitations. First, our focus on collocated environments, which are naturally suited
for implementing MmLA, limited the scope of our search, resulting in only 15 systems meeting our criteria. While including
systems in online environments would likely add more information to the identified gaps and expand the research agendas, the
main trends found in this paper are expected to remain valid. The scarcity of research in this field underscores the potential for
future studies in this direction. Second, we acknowledge that the systems reviewed may not represent an exhaustive list of all
available systems. This is partly due to the reliance on systematic reviews published in 2021, which did not include systems
developed after that time. However, since these reviews systematically covered research spanning the past 20 years, and we
conducted additional reference-based searches, we believe our analysis effectively captures the major trends and gaps in the
field. Our primary goal was to identify overarching themes and directions in the field rather than providing a comprehensive
inventory of all systems. Third, regarding the generalizability of this study, we note that most of the systems reviewed were
tested with university students or adults. This underscores the need for more research focusing on K–12 settings to ensure
broader applicability. Additionally, we did not discuss cultural contexts in our analysis. Future studies should investigate
how CLA tools can be made culturally responsive to better support collaboration skills development in diverse international
settings. Finally, our paper aims to shed light on the structures and designs of CLA systems for collaboration skills development
rather than evaluating their effectiveness. Future studies involving more statistical evaluation would be needed to assess the
effectiveness and generalizability of these systems.

Collaboration skills are among the most fundamental skills in the 21st-century workplace, and CLA tools hold significant
potential to help students develop these skills. Our study represents an initial step in addressing the development of collaboration
skills through learning analytics. We advocate for broader examinations and implementations of the theoretical, analytical, and
pedagogical aspects of these CLA tools. By doing so, we can enhance the effectiveness of these tools in developing essential
collaboration skills in students, ultimately preparing them for success in their academic, professional, and civic lives.
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