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Abstract

Monitoring how learning progresses is a prerequisite for individual students to self-regulate their
learning and for a group of students to regulate their collaborative learning. This dissertation
investigates how students become aware of their progress during collaborative learning through
metacognitive monitoring and social interaction. It examines how students monitor their learning
together, how individual monitoring interplays with group-level regulation of learning, and how
metacognitive monitoring is reflected in the interpersonal physiology of the students.

The study used data from multiple levels (physiological, psychological, and social) of
collaborative groups. Three datasets were collected. The first data collection occurred in a high
school students’ health education course, the second in university students’ business simulation
tasks, and the third in a secondary school students’ advanced physics course. The primary data
source was the videos of these contexts, which were complemented with physiological data
(electrodermal activity), performance measures (log data, quiz scores, course exam), and self-
reports. The results are reported in three empirical articles.

The results suggest that groups perform better when students participate equally in social
interactions to monitor their task progress. Further, students who are less accurate in their
monitoring seem to benefit more from group-level regulation for their learning than more accurate
students. Increased physiological arousal and physiological synchrony relate especially to social
interactions, signaling that the task is not progressing toward the group’s goal.

The findings highlight that the pivotal role of metacognitive monitoring is reflected in social
interactions and physiology. Theoretically, the dissertation supports the view that multiple
systemic levels are involved in the self-regulatory processes of collaborative learning.
Methodologically, the study illustrates the potential and limitations of using physiological
measures to study metacognition during collaboration. The implications for practice are that
students’ participation in monitoring collaborative learning should be supported and that
individual differences in metacognitive skills should be acknowledged when collaborative
learning is designed.

Keywords: collaborative learning, electrodermal activity, interpersonal physiology,
metacognition, monitoring, self-regulated learning, socially shared regulation of
learning
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Tiivistelmä

Oman oppimisen tarkkailu on edellytys sekä yksilön itsesäätelylle että ryhmän yhteisöllisen
oppimisen säätelylle. Tämä väitöstutkimus tarkastelee, kuinka oppijat tulevat metakognitiivisen
tarkkailun ja sosiaalisen vuorovaikutuksen kautta tietoiseksi yhteisöllisen oppimisensa etenemi-
sestä. Tavoitteena on selvittää, miten oppijat tarkkailevat oppimistaan yhdessä, miten yksilön
tarkkailu yhteisvaikuttaa ryhmätason oppimisen säätelyn kanssa ja miten metakognitiivinen tark-
kailu heijastuu oppijoiden fysiologiaan.

Tutkimus perustuu kolmeen osatutkimukseen, joista ensimmäisen ainesto kerättiin lukiolais-
ten terveystiedon kurssilta, toinen yliopisto-opiskelijoiden yrityssimulaatiotehtävästä ja kolmas
yläkoululaisten syventävältä fysiikan kurssilta. Tutkimuksessa hyödynnettiin aineistoa yhteisöl-
lisen oppimisen usealta tasolta (fysiologinen, psykologinen ja sosiaalinen). Ensisijainen aineisto
olivat videot, joita täydennettiin fysiologisilla mittauksilla (elektrodermaalinen aktiivisuus), suo-
riutumismittauksilla (simulaation lokitiedot, tietotestit, kurssikoe) ja itsearvioilla. Tulokset on
raportoitu kolmessa empiirisessä artikkelissa.

Tulosten perusteella ryhmät menestyvät keskimäärin paremmin yhteisöllisessä oppimisessa,
kun ryhmänjäsenet osallistuvat tasapuolisesti tehtävän edistymisen tarkkailuun. Lisäksi oppi-
laat, joiden oman oppimisen tarkkailu on epätarkkaa, vaikuttaisivat hyötyvän enemmän ryhmä-
tason säätelystä kuin tarkkailultaan tarkemmat oppilaat. Lisääntynyt fysiologinen aktivaatio ja
synkronia ryhmän jäsenten kesken liittyvät erityisesti vuorovaikutukseen, jossa opiskelijat tark-
kailevat, ettei tehtävä etene kohti ryhmän tavoitetta.

Metakognitiivisen tarkkailun keskeinen rooli yhteisöllisen oppimisen säätelylle vaikuttaa hei-
jastuvan sosiaalisessa vuorovaikutuksessa ja fysiologiassa. Teoreettisesti väitöskirja tukee näke-
mystä siitä, että yhteisöllisen oppimisen säätelyprosesseissa on mukana useita systeemisiä taso-
ja. Metodologisesti tutkimus havainnollistaa fysiologisten mittareiden käytön mahdollisuuksia ja
rajoitteita metakognition tutkimukselle yhteisöllisen oppimisen kontekstissa. Tutkimuksen
perusteella osallistumista yhteisöllisen oppimisen tarkkailuun kannattaisi tukea. Lisäksi yksilöl-
liset erot oppijoiden metakognitiivisissa taidoissa olisi hyvä tiedostaa yhteisöllistä oppimista
suunniteltaessa.

Asiasanat: elektrodermaalinen aktiivisuus, ihmistenvälinen fysiologia,
metakognitiivinen tarkkailu, metakognitio, oppimisen itsesäätely, sosiaalisesti jaettu
oppimisen säätely, yhteisöllinen oppiminen





 

“Never without the shock of contact with the thought of 
others . . . would thought as such come to be conscious 

of itself.” 
 

Jean Piaget 
  



8 

 



9 

Acknowledgements 

I still remember when I first heard about self-regulated learning and collaborative 

learning. This happened during a lecture given by Professor Sanna Järvelä, and 

after the introduction, I knew that I wanted to study these phenomena further. I was 

fortunate to get a research assistant position from Sanna’s team and later even 

luckier to have her supervise my PhD journey. Not only has Sanna taught me what 

learning processes are all about, but also and especially how internationally 

recognized learning science is done in practice. Thank you, Sanna, for your trust 

and continuous encouragement to carry out research with novel methods, but in 

addition for the support when research and life have surprised me with challenges. 

I also want to thank Jonna Malmberg, a co-supervisor who has greatly influenced 

my PhD journey. Thank you, Jonna, for sharing your enthusiasm for learning 

science and giving me a unique chance to participate in research projects as an 

equal colleague early on. 

I am honored and deeply grateful to Professor Jeffrey Greene for agreeing to 

be the opponent in my defense, and I am very much looking forward to our 

discussion. I also feel privileged to have had Professor Lucia Mason and Associate 

Professor Ellen Kok review this dissertation. I value your time and effort in giving 

insightful and constructive feedback. During the PhD process, I was lucky to 

receive invaluable support from an excellent follow-up group, including Tarja-

Riitta Hurme, Heikki Kontturi, and Anja Keskinarkaus. Special thanks to Heikki 

for inspiring and encouraging me towards research already during my bachelor’s 

studies with his research. 

Words cannot do justice to the spirit of LET, the Learning and Educational 

Technology Research Unit I have had the privilege to be part of. Nothing beats a 

conversation with researchers who share an interest in learning science. I will be 

forever thankful for the co-author, colleague, and mentor Muhterem Dindar who 

has openly shared his insight regarding research and life philosophy. You have 

helped put things into perspective with humor when needed. Márta Sobocinski was 

the one who graciously provided advice to help the newcomer when I first entered 

the LET coffee room. I am grateful for still receiving your invaluable advice and 

support, Márta. With Héctor Pijeira-Díaz, we shared an interesting learning journey 

toward electrodermal activity (EDA) as a novel measure in the field. I am still 

amazed by your scientific systematicity and exceptional attitude to conquer 

whatever challenges are ahead. Special thanks for peer support go to Tiina 

Törmänen, who has shared the same phases of a PhD journey from the start. I put 



10 

the highest value on our theoretical and methodological discussions, always finding 

shared meanings and new perspectives in research. Hanna Järvenoja, thank you for 

sharing your expertise, providing constructive feedback, and kindly reminding me 

that metacognition is just one part of the picture in a learning process. Thank you, 

Jaana Isohätälä, for giving support and an example of how self-regulation of a PhD 

process is carried out effectively. Special thanks to everyone in KTK301 for the 

support and a chance to goof around and laugh yourself into tears every once in a 

while. 

This dissertation would not have been possible without financial support from 

the Academy of Finland, Eudaimonia Institute, the University of Oulu Graduate 

School, and the Faculty of Education. I am also very grateful for the students and 

teachers who made the research possible. Further, I want to thank the exceptional 

LeaF research infrastructure and Antti Siipo for helping to run the data collection 

in a variety of challenging settings.  

Thank you, friends and relatives. Special thanks to our sports club Raimo for 

the refreshing leisure activities which have helped to detach from academic work 

now and then. Years pass by, but Raimo friendship stays forever. Thank you, my 

parents-in-law, Sirpa and Seppo Alanen, for supporting the family, for example, 

when dad has traveled to present his work at conferences. Thank you (and 

apologies), my brother, Topi, for sharing the journey before and during the academy. 

I value our honest discussions regarding the academy and life, sitting on sauna 

benches in Manamansalo. The deepest gratitude I feel for my parents, Seija Haataja 

and the late Ilkka Haataja. Thank you, mother, for inspiring interest in the human 

mind and its wonders. Thank you, father, for sharing your wisdom and curiosity to 

learn. Thank you both for your love and encouragement to reach for my dreams. 

Finally, come the closest ones. Thank you, my beloved wife, Tiina, for your 

support. I am fortunate to have you by my side. You are the one who draws my feet 

to the ground when my mind keeps flying on research clouds. Thank you for 

expressing love and forgiveness, even when I have not been at my best. Aarni and 

Ohto, you are the biggest miracles that came into being during this journey. Thank 

you for bringing joy and inspiration to each day. I love you so much. 

In Oulu, September 20, 2022 Eetu Haataja 

  



11 

Abbreviations 

ANS Autonomic nervous system 

COPES Conditions, operations, products, evaluations, and standards 

CoRL Co-regulation of learning 

EDA Electrodermal activity 

GEE Generalized estimating equations 

MdRQA Multidimensional recurrence quantification analysis 

PS Physiological synchrony 

SRL Self-regulated learning  

SSRL Socially shared regulation of learning 

  



12 

 



13 

List of original publications 

This thesis is based on the following publications, which are referred throughout 

the text by their Roman numerals:  

I  Haataja, E., Malmberg, J., & Järvelä, S. (2018). Monitoring in collaborative learning: 
Co-occurrence of observed behavior and physiological synchrony explored. Computers 
in Human Behavior, 87(October), 337–347. https://doi.org/10.1016/j.chb.2018.06.007 

II  Haataja, E., Malmberg, J., Dindar, M., & Järvelä, S. (2022). The pivotal role of 
monitoring for collaborative problem solving seen in interaction, performance, and 
interpersonal physiology. Metacognition and Learning, 17(April), 241–268. 
https://doi.org/10.1007/s11409-021-09279-3 

III  Haataja, E., Dindar, M., Malmberg, J., & Järvelä, S. (2022). Individuals in a group: 
Metacognitive and regulatory predictors of learning achievement in collaborative 
learning. Learning and Individual Differences, 96(April), Article 102146. 
https://doi.org/10.1016/j.lindif.2022.102146 

  



14 

  



15 

Contents  

Abstract 

Tiivistelmä 

Acknowledgements 9 

Abbreviations 11 

List of original publications 13 

Contents 15 

1  Introduction 17 

2  Theoretical framework 21 

2.1  Self-regulated learning theory ................................................................. 22 

2.1.1  Information processing perspective on self-regulated 

learning ......................................................................................... 23 

2.1.2  Regulation in collaborative learning ............................................. 28 

2.1.3  Systems view of regulation in collaborative learning – 

From social interactions to physiology ......................................... 30 

2.2  Metacognitive monitoring in collaborative learning ............................... 32 

2.2.1  Core components of monitoring in collaborative learning ........... 33 

2.2.2  Target ............................................................................................ 33 

2.2.3  Valence ......................................................................................... 35 

2.2.4  Participation .................................................................................. 36 

2.2.5  Accuracy ....................................................................................... 38 

3  Aim 41 

4  Methods 43 

4.1  Learning process research with multiple data channels .......................... 43 

4.2  Participants and context .......................................................................... 45 

4.2.1  Study I .......................................................................................... 45 

4.2.2  Study II ......................................................................................... 46 

4.2.3  Study III ........................................................................................ 47 

4.3  Data and data analysis ............................................................................. 47 

4.3.1  Video observation ......................................................................... 48 

4.3.2  Electrodermal activity .................................................................. 49 

4.3.3  Monitoring accuracy ..................................................................... 51 

4.3.4  Learning achievement and performance ....................................... 52 

4.3.5  Statistical analysis ........................................................................ 52 

4.4  Evaluation of the research ....................................................................... 53 

4.5  Ethical considerations ............................................................................. 56 



16 

5  Overview of the original articles 59 

5.1  Monitoring in collaborative learning: Co-occurrence of observed 

behavior and physiological synchrony explored ..................................... 59 

5.2  The pivotal role of monitoring for collaborative problem solving 

seen in interaction, performance, and interpersonal physiology ............. 60 

5.3  Collaborative interactions and monitoring accuracy as predictors 

of students’ learning achievement ........................................................... 61 

6  Main findings and discussion 63 

6.1  Monitoring together in collaborative learning ......................................... 63 

6.2  The role of individual monitoring in relation to group-level 

regulation for learning ............................................................................. 65 

6.3  The pivotal role of monitoring reflected in interpersonal 

physiology ............................................................................................... 67 

7  Conclusions 71 

7.1  Theoretical implications .......................................................................... 71 

7.2  Methodological implications ................................................................... 74 

7.3  Practical implications .............................................................................. 75 

7.4  Directions for future research .................................................................. 76 

References 79 

Original publications 95 



17 

1 Introduction 

Learning is an active process. This means that the learner has an active mind that 

does not simply store the content provided but is guided by their own goals and 

metacognition: thinking about one’s own thinking. In practice, learners make many 

decisions about what, how, when, and where to learn. The consequences of these 

decisions are reflected in the effectiveness of learning and, eventually, in learning 

achievements. The learner does not make the decisions randomly, as those can be 

affected by teachers and given task instruction, as well as by the learner’s own prior 

learning experiences and especially, in a given moment, by the learner’s view about 

the current state of learning progress. This learner’s skill—to be aware of and guide 

their own learning process—is at the core of learning skills, which is also 

increasingly acknowledged as an important goal for education. For example, the 

Finnish National Curriculum (Finnish National Board of Education, 2016) aims to 

develop students’ learning to learn skills that lay the foundation for lifelong 

learning. The Organisation for Economic Co-operation and Development (OECD, 

2018) also considers that future workers’ cognitive skills and readiness to learn play 

a fundamental role in the future, where workers need to share and assimilate new 

knowledge. Therefore, students are encouraged to learn to set learning goals, 

become aware of their ways of learning, and hold good strategies to change the 

learning process when required. This process, referred to as self-regulated learning 

(SRL), has been widely studied, and its central mechanisms on individuals are well 

documented (Panadero, 2017; Puustinen & Pulkkinen, 2001; Winne & Hadwin, 

1998). SRL means that learners make active decisions on their learning process 

based on awareness of its progress (Winne, 2015b), which also requires that 

learners think about their thinking, referred to as metacognition (Butler & Winne, 

1995; Flavell, 1979; Nelson & Narens, 1990).  

Metacognitive monitoring is a pivotal part of SRL (Winne, 2001). It is a 

process that assesses the state of learning progress in relation to goals and therefore 

a prerequisite for changing the ways of learning toward more efficient ones (Butler 

& Winne, 1995). For example, after reading a book chapter, a learner might notice 

that it is still challenging to explain the meaning of a concept to a friend and 

therefore decide to summarize the learning content themselves. This means that 

self-regulated learners metacognitively monitor what works in their learning 

process and what needs to be changed, resulting in more efficient learning (Dignath 

& Büttner, 2008; Jansen et al., 2019). However, learners are not always 

metacognitively active or accurate in their views of learning progress (Winne & 
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Jamieson-Noel, 2002). That means learners might not monitor whether they are 

making progress, or if they do, they might be overconfident about what they have 

already learned. Inaccuracy of monitoring can make a difference in the learning 

process as it affects the strategies learners decide to use and can therefore be 

reflected in learning outcomes (Dunlosky & Rawson, 2012; Hacker & Bol, 2019). 

For example, learners can think that they hold sufficient knowledge on a topic to 

be able to apply it to advanced tasks, but in reality, they might need practice in 

basics. It is not yet well-known how these types of individual metacognitive 

processes play in collaborative learning.  

The ability to monitor one’s own thinking seems to be inherently intertwined 

with the human’s social capacity to put oneself into others’ point of view (Heyes et 

al., 2020; Kuhn, 2022; Piaget, 1928, p. 204). Learning is also increasingly taking 

place in social settings where such capacities are needed. For example, in 

collaborative learning, students share learning tasks and work together to learn. In 

fact, the core mechanism supporting learning in collaboration (Jeong et al., 2019)—

the social interaction aiming toward a shared understanding of a problem 

(Roschelle & Teasley, 1995)—asks for frequent metacognitive monitoring (Kuhn, 

2015, 2022). Collaborative learners must explicitly express their views about their 

own and their group members’ thinking through social interaction, making the 

metacognitive processes partly visible and shared from individual minds. What 

follows is that the decisions about learning also need to be made together, 

acknowledging how “we as a group” are currently progressing. Therefore, in 

collaborative learning, regulation can extend from “I” level of SRL to “We” level 

of socially shared regulation of learning (SSRL) (Järvelä & Hadwin, 2013). This 

switch to SSRL can be further supported by co-regulation of learning (CoRL), 

which often manifests as transitional stimulation of regulation through social 

interaction (Hadwin, Järvelä, & Miller, 2018). 

Understanding how learners monitor and regulate their learning together is 

crucial, as many of the complex problems demand learning and understanding in 

collaboration. Currently, there are groups socially interacting in various settings 

(schools, workplaces, and other organizations) aiming to form a shared 

understanding of wicked problems. The development of technology undoubtedly 

allows us to gather and analyze data that can help with these problems. 

Nevertheless, to actually understand and solve such problems together, learners 

have to metacognitively monitor and ask themselves questions such as “What do 

we currently know?,” “Are we making progress in our understanding?,” and “Is our 

current strategy working?.” Therefore, research is needed to better understand how 
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monitoring manifests itself in various collaborative learning settings, which is also 

a prerequisite for effectively supporting the learning process.  

The fact that collaborative learning is complex—involving multiple interacting 

agents, each holding their temporally unfolding thoughts, feelings, and motivations, 

which simultaneously form a group with shared regulatory processes—makes 

studying metacognition and regulation during it a challenging task. Metacognitive 

monitoring can become partly visible in social interactions among students as they 

discuss their progress with the task and learning, but this is only one part of the 

picture. For example, it is challenging to capture the alignment of thoughts and 

feelings among students because everything is not expressed in the discussion. 

Recent technological advances have made it possible to apply multiple high-

resolution temporal data channels to study regulation in collaborative learning. 

However, since many of these data channels are still not direct indicators for 

thinking or learning, more research is needed to better understand how the data 

derived from these channels are positioned relative to SRL theories and their 

potential to trace learning processes.  

This dissertation aims to respond to this challenge and investigate how 

metacognitive monitoring is manifested in collaborative learning through multiple 

data channels. The theoretical lens used is adopted from information-processing 

oriented theories of SRL (Winne & Hadwin, 1998) and research that applies the 

approach to collaborative settings (Hadwin, Järvelä, & Miller, 2018; Järvelä, 

Malmberg, Sobocinski, & P. A. Kirschner, 2021). Methodologically, all sub-studies 

are grounded in video observation, which has been complemented with other data 

sources. This dissertation is based on three empirical studies conducted in three 

different contexts, focusing on metacognitive monitoring in the context of 

collaborative learning. The results contribute empirical evidence of the role of 

metacognitive monitoring and its relations with learners’ performance and learning 

achievement. This research also serves as a steppingstone for future studies by 

involving novel methodological aspects in collaborative learning research, such as 

the psychophysiological data used to study metacognitive monitoring and 

metacognitive monitoring accuracy studied in a collaborative context. 
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2 Theoretical framework 

This dissertation investigates how metacognitive monitoring manifests at multiple 

levels of collaborative learning. The theoretical foundation of the dissertation 

builds upon the three main theoretical perspectives introduced in Figure 1. The first 

is SRL theory, which explains how learners can make important decisions about 

their learning process. From SRL theories, this dissertation follows, in particular, a 

branch of metacognitively oriented approaches stemming from an information 

processing perspective (Winne, 2001). In particular, Winne and Hadwin’s (1998) 

theory describing conditions, operations, products, evaluations, and standards 

(COPES) in SRL offers theoretical tools to understand how learners’ monitoring of 

their thinking relates to other subprocesses that serve learners in reaching their 

learning goals 

 

Fig. 1. An overview of the theoretical background of the dissertation. 
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However, as the contexts of the sub-studies in this dissertation are collaborative 

learning, a theory describing how regulation unfolds on a group level as CoRL and 

SSRL is introduced as a second central theory of this dissertation (Hadwin, Järvelä, 

& Miller, 2018; Järvelä & Hadwin, 2013). Hadwin, Järvelä, and Miller’s (2018) 

model builds upon the COPES model and describes the dynamic interplay of 

individual cognitive processes and situated group interaction processes aiming 

toward learning goals. It helps to understand why and how students negotiate and 

reciprocally interact about their metacognitive monitoring, and what role that plays 

for individuals and groups in reaching their goals. 

 The third approach, focusing especially on alignment of learning theory and 

research method (Hilpert & Marchand, 2018), is a complex systems perspective, 

which complements a widely acknowledged view that SRL unfolds over time 

(Azevedo, 2014), involving several facets (e.g., cognition and emotion) and 

subprocesses (e.g., monitoring, control) that reciprocally interact with each other 

on multiple levels (Hadwin, Järvelä, & Miller, 2018; Volet et al., 2009). The 

complex systems perspective also affords this dissertation the theoretical 

integration of a potential methodological tool—physiological measures—for 

studying SRL and SSRL.  

Finally, a metacognitively oriented COPES model, theory of SSRL, and 

complex systems perspective share a theoretical sub-element—a description of a 

core feedback mechanism aiming to reach the goals—which is control theory 

(Butler & Winne, 1995; Carver et al., 1996). As this theory allows for the 

integration and understanding of the role of metacognitive monitoring on multiple 

levels of collaborative learning, it will also be introduced concerning each 

theoretical approach.  

The following sub-chapters will introduce each theoretical approach, 

especially from the perspective of metacognitive monitoring and its role in the 

regulation of learning. The theoretical framework starts from the foundations of 

information processing in SRL, moves toward the regulation of learning in a 

collaborative context, and finally aims to bridge the characteristics of the theories 

with the methodological approach used. 

2.1 Self-regulated learning theory 

Theories of SRL emerged in the 1980s to explain how learners can master and 

control their own learning process (Zimmerman, 2001). Research started with 

empirical findings showing that students make important decisions about their 
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learning and therefore play an active role in their learning process (Winne & 

Marzouk, 2019). The theory of SRL acknowledges that students can set goals, plan 

their ways of working, monitor their progress, and control the process if needed. 

SRL contrasts with a view of learners reacting to their learning environment and 

rather emphasizes students’ proactive role in planning, executing, and reflecting the 

learning process (Zimmerman, 2002). What follows is that students also hold their 

personal aims, perseverance, and adaptive skills.  

Different theoretical models have been developed to describe the central 

mechanisms and processes of SRL. What unites these models is that SRL is 

considered cyclical, consisting of different phases (e.g., forethought, performance, 

reflection) and subprocesses (e.g., monitoring, control) (Panadero, 2017; Puustinen 

& Pulkkinen, 2001). Many of the models also acknowledge that SRL is 

multifaceted, involving cognitive, motivational, emotional, and behavioral facets. 

Given that the current study has its focus on investigating how students together 

metacognitively monitor their learning process, two theoretical models 

emphasizing this will be introduced next. The first model is Winne and Hadwin’s 

(1998) COPES model, which considers learners thinking about thinking as a 

fundamental core, engine, and prerequisite for SRL. It is grounded in information 

processing theories, control theory, and metacognition research (Butler & Winne, 

1995; Winne, 2001). The second model, building upon Winne and Hadwin’s (1998) 

model, is Hadwin, Järvelä, and Miller’s (2018) SSRL model, which also takes a 

more multidimensional perspective to regulation as a group-level phenomenon, 

acknowledging also the sociocultural tradition. 

2.1.1 Information processing perspective on self-regulated learning 

Much of the current view about learning stems from the revolution of cognitive 

theories in psychology during the 1950s, when cognitive approaches were 

influenced by an analogy of the human mind processing information like a 

computer. This line of theories was often referred to as information processing 

theories, and they were especially developed to explain problem-solving processes 

(Simon & Newell, 1971). Central to the information processing view were the 

operations that were applied for the information derived through sensory input. The 

cognitive operations are executed in a limited working memory, allowing one to 

learn and store the information in practically limitless long-term memory as 

schemas that can be retrieved when needed. Thus, the ability to retrieve specific 
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information from long-term memory to working memory has been considered to 

signal that learning has taken place (Sweller et al., 2019).  

Although information processing theories have been useful in explaining how 

cognition and memory operate, many of the theories do not explain in detail how 

learning processes can be self-regulated, referring to, for example, how learners 

make decisions about which strategies are used to guide cognitive operations for 

learning. This type of question was considered important, as learning research 

following the cognitive turn suggested that students were not just passively 

applying cognitive operations for learning content but were also monitoring their 

own thinking and making decisions about their learning strategies (Flavell et al., 

1970). 

In 1979, Flavell introduced this thinking about thinking—cognition about 

cognition—as metacognition, and it gained interest, especially in relation to 

learning and memory. Metacognition was considered to be central to learning, as it 

involved knowledge of self and different tasks, strategies, and metacognitive 

experiences. One of the following influential models—especially for information 

processing-oriented theories of SRL—was a metamemory model from Nelson and 

Narens (1990), which involves a detailed description of two central regulatory 

processes of metacognition: monitoring and control of cognition. In the model, the 

two main components of metacognitive regulation are monitoring and control, 

which afford the interaction between object-level cognitive processes and meta-

level metacognitive processes. On the one hand, metacognitive monitoring allows 

the learner to become aware of his/her own cognitive operations. On the other hand, 

metacognitive control makes it possible to adjust this processing if monitoring 

suggests a need for it. Nelson and Narens (1990) ran many experiments, finding 

evidence for their model. However, their model does not yet pay much attention to 

goals, different conditions, and phases in the learning process, which are likely to 

affect how learning unfolds.  

A few years later, Butler and Winne (1995) presented a theory that did not just 

take into account the metacognitive processes relevant for learning but also 

emphasized how learners’ monitoring and control of learning occurs in relation to 

one’s goals and internal (e.g., prior knowledge) and external conditions (e.g., task 

and resources). 

At the center of the model is an internally generated feedback process (see Fig. 

2), which shares some of the key characteristics introduced in control theories that 

model the regulation of goal-directed systems (Powers, 1973; Winne, 1995). 

Control theories, also referred to as cybernetics, describe how a system regulates 
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itself by making adjustments based on the perceived discrepancy between the 

outcomes of its previous actions and its desired goal state. Desired goal state— a 

reference signal—can involve a variety of standards that are being monitored. 

When applied to living systems, such as human learning, this type of control system 

can be considered active agents with their own goals and capable of learning to 

control their environment to serve those goals (Powers, 2008, p. 169). Butler and 

Winne (1995) fused this regulatory theory into metacognitive theories and proposed 

that metacognition is the engine that allows awareness of discrepancies and the 

control of learning. This means that a self-regulated learner metacognitively 

monitors cues about progress toward the goals and standards set and makes 

adjustments to cognitive operations through control, if needed. 

 

Fig. 2. Metacognitively grounded feedback loop consisting of goal profile, the current 

state of work on a task, and the discrepancy profile that monitoring creates. In this case, 

monitoring starts a negative feedback loop, as there is a discrepancy between the 

standard and product of variable D (Redrawn and modified from Butler & Winne, 1995). 
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Butler and Winne’s (1995) model introduces the core of SRL as a 

metacognitively grounded control system, where metacognitive monitoring has a 

central role. Therefore, this dissertation places special emphasis on this part of the 

model. However, the model was further developed by Winne (1997) and resulted 

in a more detailed description, which is often cited as the Winne and Hadwin (1998) 

COPES model. Next, this model will also be introduced, as it gives an overview of 

the SRL process as a whole and the role of metacognitive monitoring in it. 

Winne and Hadwin’s (1998) model describes in detail the function of a self-

regulated learner’s cognitive system. The model has been named with the acronym 

COPES to reflect its main components. Letter C stands for the conditions of 

learning. These conditions involve learners’ own internal cognitive conditions, such 

as motivation, prior knowledge, and knowledge of learning strategies, as well as 

the acknowledgment of the external task conditions, such as task materials, task 

instruction, and time constraints affecting the SRL.  

Conditions set the stage for the cognitive operations that learners apply in their 

working memory to process information and learn. Winne (1985) named five 

SMART cognitive operations that are applied: searching for information, 

monitoring (comparing information and keeping track of cognition), assembling 

(putting bits of content together to chunk information), rehearsing (keeping content 

actively in working memory), and translating (making new representations of the 

content). Some of these operations are primitive and unconscious, and some can be 

acquired study tactics and strategies (e.g., monitoring).  

Operations result in cognitive products (see Fig. 2) that differ depending on the 

operation and the phase of the learning process. For example, during task execution, 

rehearsal can result into product of new subject matter knowledge retrievable from 

long-term memory. With regard to the SRL, the products have a special role as 

information used to form evaluations of the current state of learning. 

Comparison and evaluations of products are done by contrasting them with 

standards set for learning (see Fig. 2). These standards reflect the learner’s goal 

and aim profile and stem from cognitive conditions such as motivation and prior 

knowledge. Standards can hold a multivariate profile involving elements of 

cognitive products as well as aspects of motivation, emotion, and behavior. 

Learners might, for example, hold a cognitive aim to comprehend a specific level 

of vocabulary and, simultaneously, an emotional aim to keep the learning process 

enjoyable throughout studying.  

Comparisons of cognitive products and standards form evaluations that hold 

information about the difference or match between them. In practice, this is learners’ 
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awareness of the current situation of the learning process relative to how they think 

it should be. This can be, for example, judgment if the task has been understood 

well enough. Central for acquiring evaluations is metacognitive monitoring, which 

acts to make the comparison between the profile of cognitive products and the 

standards set1. 

Monitoring is pivotal in SRL. It is the cognitive process that assesses states of 

progress relative to goals and generates feedback that can guide further action. 

(Butler & Winne, 1995, p. 259) 

The process of forming evaluations through metacognitive monitoring is crucial for 

SRL, as based on evaluations, the learner either decides to continue in a similar 

manner or to metacognitively control and change aspects of the conditions (e.g., 

study material) or operations (e.g., study strategy). In other words, metacognitively 

monitored discrepancies between goals and the perceived state of learning can be 

considered to start a pivotal negative feedback loop, which aims to reduce the 

perceived discrepancy.  

Learners’ achievement resulting from cognitive products (e.g., new schemas in 

long-term memory) can be considered to depend on how this self-regulatory 

process formed by COPES functions (Winne, 1996, 2001). As a central piece of 

SRL, the effects of monitoring could be far reaching. If the learner is able to 

accurately monitor and evaluate learning progress and holds sufficient learning 

strategies to adjust when needed, then learning is more likely to progress. However, 

if the conditions for learning are not optimal, or the learner holds noncalibrated 

evaluations of the learning progress, performance is likely to be compromised 

(Winne & Jamieson-Noel, 2002). 

Taken together, COPES (Winne & Hadwin, 1998) offers a detailed description 

of the relations in an individual’s cognitive system2, which affects how SRL unfolds. 

An area of the model that does not receive a detailed introduction here are the four 

loosely sequenced phases the learner goes through during the process (task 

 
1 According to Winne and Hadwin (1998), monitoring can take metacognitive or non-metacognitive 
forms. For example, when a student monitors whether a word in a text matches the term mentioned in 
the task instruction, no meta-level standard is involved. Therefore, monitoring can be considered non-
metacognitive. However, when cognitive processing is compared to meta-level standards, such as 
easiness to retrieve terms from a memory, monitoring can be considered metacognitive by nature. 
2 Although COPES theory has a strong emphasis on cognition and metacognition, Butler and Winne 
(1995) also considered how the process of metacognitively self-regulating learning evokes affective 
processes. For example, the authors refer to a control-process theory of affect by Carver and Scheier 
(1990). Carver and Scheier’s view is that confidence, doubt, and affective reactions arise when the 
learner monitors the rate of progress toward goals relative to the set standards. 
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definition, goal setting and planning, enacting study tactics and strategies, and 

adaptation). These aspects are not under foci, because empirical sub-studies of this 

dissertation mostly focus on the task execution phase, in which monitoring is also 

most visible in collaborative learning interactions (Sobocinski et al., 2020).  

The empirical evidence for the existence and relevancy of COPES processes 

has been presented especially in computer-based learning environments, where 

different processes have been traced with computer log events (Malmberg et al., 

2010; Rakovic et al., 2022; Winne et al., 2017). However, much of the learning 

occurs in social settings, such as work teams and collaborative learning in schools. 

This has raised the question of how groups formed by several self-regulated 

learners can regulate their learning processes together. 

2.1.2 Regulation in collaborative learning 

Collaborative learning is extensively applied in education. It is characterized by 

group members’ attempts to share their conception of the task and problem at hand 

(Baker, 2015; Roschelle & Teasley, 1995). This evokes social interactions 

involving elaborations of each group member’s view of the task. These interactions 

can also activate the cognitive processes of individual students, resulting in positive 

learning effects (Webb, 2013). However, this positive effect cannot be taken for 

granted, as the groups often face cognitive and socio-emotional challenges that can 

compromise learning (Hadwin, Bakhtiar, & Miller, 2018; Koivuniemi et al., 2018; 

Näykki et al., 2014). What seems to differentiate the success of the group in these 

situations is that some groups are able to regulate and overcome these challenges 

by 1) becoming aware of the challenge and 2) changing the tactics and strategies 

into more effective ones (Hadwin, Järvelä, & Miller, 2018; Järvelä & Hadwin, 

2013). This means that over time, groups are able to adapt to their learning by 

finding and utilizing more efficient ways of working (Järvelä & Hadwin, 2015; 

Sobocinski et al., 2020). 

Hadwin, Järvelä, and Miller (2018) described the process of regulation and 

adaptation in their SSRL model. The model involves elements from Winne and 

Hadwin’s (1998) COPES model but extends it to involve group-level regulation in 

dynamic contexts. Therefore, it involves elements from the socio-cognitive, 

sociocultural, and situative theories of learning. Regarding the socio-cognitive 

perspective, the model acknowledges that learners hold agency but are influenced 

by and acting upon social context (Hadwin et al., 2005; Zimmerman, 1989). 

However, the model also takes into account the socio-cultural view that regulation 
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of learning is socially embedded and internalized through social interaction 

(Hadwin et al., 2011; McCaslin 2009) and the situated view that acknowledges the 

dynamic interplay between learners, tasks, teachers, peers, parents, and context 

(Hadwin, Järvelä, & Miller, 2018; Järvenoja et al., 2015).  

Following this, the regulation of collaborative learning is considered to involve 

three types of regulation: SRL, CoRL, and SSRL, which do not occur in isolation 

but act in interplay (Hadwin, Järvelä, & Miller, 2018).3 Primarily, CoRL can serve 

to switch between modes of SRL and SSRL. For example, a student in a group can 

evoke CoRL by pointing out that the task is not progressing as planned and that a 

change in ways of working is needed. If other group members built upon this 

awareness, and students would together decide on controlling actions, the group 

would be socially sharing their regulation of learning. However, if CoRL raises the 

awareness and control of a single student in a group, then it guides the regulation 

toward SRL of that particular student (Hadwin, Järvelä, & Miller, 2018).  

Metacognitive processes of monitoring and control are also central for 

regulation in collaborative learning (Järvelä, Malmberg, Sobocinski, & P. A. 

Kirschner, 2021). However, in collaborative learning, monitoring is not just an 

individual activity, but group members together negotiate their view of the current 

state of affairs. Individual students may increase their awareness of others in a 

group, which can also be built upon by others. This is crucial in coordinating group 

efforts toward a shared goal, but it can also make monitoring more accurate for a 

group (Bahrami et al., 2010) and for individual students (Winne et al., 2013). 

Monitoring can be targeted in comparison to group and individual standards 

(Hadwin, Järvelä, & Miller, 2018). 

Overall, when the foci of self-regulation broaden from individual to also 

consider the group, the number of possible interactions between system elements 

increases compared to individual SRL. This is especially true if both the group level 

of regulation and its interaction with the individual level of regulation are taken 

into account (Volet et al., 2009). This evokes challenges for studying the 

phenomenon, as it can be difficult to model such reciprocal and temporally 

changing relations.  

 
3 CoRL and SSRL are often considered as processes unfolding on a group-level, which is an addition to 
more individual-focused SRL model of COPES. 
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2.1.3 Systems view of regulation in collaborative learning – From 

social interactions to physiology 

The regulation of learning involves subprocesses (e.g., monitoring, control) and 

facets (e.g., cognition, motivation, emotion) which interact over time (Hadwin, 

Järvelä, & Miller, 2018; Winne & Hadwin, 1998). This has led several researchers 

to consider SRL from a system perspective. For example, in addition to Butler and 

Winne (1995), Boekaerts and Niemivirta (2000) suggested that SRL is manifested 

through control systems (metacognition, motivation, emotion, etc.) that involve 

feedback loops to reduce the discrepancy between goals and the current state of 

affairs. Although metacognition is likely a central component affording SRL, its 

interactions with other control systems should be studied further:  

… future research should address the dynamics of the interacting control 

systems that affect each student’s learning process as well as his or her 

relationship with significant others. (Boekaerts & Niemivirta, 2000, p. 446)  

From this perspective, collaborative learning involves students as reciprocally 

interacting agents of a system (Greeno, 2011; Salomon & Globerson, 1989), which 

through regulation self-organizes itself into group behaviors for reaching its goals. 

Thus, a collaborative learning group can be considered a multilevel4 self-regulatory 

system (Volet et al., 2009). Building upon the ideas of groups as social systems, 

Volet et al. (2009), among others (Efklides, 2008; Hadwin, Järvelä, & Miller, 2018; 

Järvenoja et al., 2015), emphasized the importance of considering both individual 

and group levels in regulation, as well as the unfolding real-time multimodal and 

multilevel processes (physiological, psychological, interpersonal) from which the 

regulation emerges. However, the empirical evidence and the discussion about the 

implications of multiple levels and multimodality for regulation in collaborative 

learning are still emerging (Järvelä, Malmberg, Haataja, et al., 2021). 

The aforementioned temporal interactions between system components on 

multiple levels make collaborative learning a complex phenomenon to study. One 

approach to investigating the principles of such systems stems from complex 

systems theory (Jacobson et al., 2016). Defining characteristics of complex systems 

are temporal interactions between agents or components, which afford self-

 
4 In this dissertation, “level” as a concept is used as a heuristic tool to describe a system of collaborative 
learning group. According to Brooks and Eronen (2018), “levels” can be used to impose structural 
assumptions on such system to generate hypotheses regarding it, or to point a relevance of an aspect of 
the system that should be explored to advance a research problem. 
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organization and emergence of higher-level behaviors of the system (Richardson et 

al., 2014). Studying learning processes through a complexity lens has been 

considered a potential approach as it provides tools to model temporal processes 

and interactions, which are acknowledged in many theories but have been difficult 

to empirically demonstrate (Hilpert & Marchand, 2018). It has also been proposed 

as one way to bridge a more individualistic cognitive learning research tradition 

with a situative tradition acknowledging contextual and temporal social aspects of 

learning (Jacobson et al., 2016). Recently, the approach has gained interest, 

especially in SRL research (Li et al., 2022; Reimann, 2021; Reimann et al., 2014) 

and collaborative learning (Kapur et al., 2008; Ricca et al., 2020) as both involve 

some mental processes that interact and affect the resulting higher level of learning 

behaviors. In the regulation of collaborative learning, complexity manifests itself 

in each student holding their own thoughts, feelings, and motivations, which 

temporally interact within and between students, affording group-level regulation 

(Hadwin, Järvelä, & Miller, 2018). In practice, students’ verbal and non-verbal 

participation builds reciprocal interaction with other students and communicates 

explicitly and implicitly about their regulatory facets (cognition, motivation, and 

emotion) on the individual and group levels. For example, Hadwin, Järvelä, and 

Miller (2018) mentioned confidence as one metacognitive temporally changing 

condition for both individual- and group-level regulation, as it is likely to affect 

how individuals regulate learning, as well as the regulation of other students and 

the functioning of a group as a whole. 

Theoretically, a group in collaborative learning can be considered to form a 

hierarchy of feedback loops (Powers, 1973), in which the highest level manifests 

itself on a group level through social interactions serving the regulation of a group 

toward their shared learning goal. The highest level relates to lower levels involving 

individuals’ cognitive operations and even on the most basic level of regulation the 

physiology (Blair & Raver, 2015; Hoyle & Dent, 2018; Sterling, 2012). The 

hierarchical structure of this self-regulatory control system does not necessarily 

mean that higher levels of a system supersede or subsume lower levels but rather 

that they use lower levels as means to action (Powers, 2008, p. 144; Reimann, 2021). 

From this perspective, metacognitive monitoring of challenges in learning has a 

special function as it can, through social interactions and shared mental 

representations, trigger a regulatory negative feedback loop on a group level, which 

can also manifest as adjustments on lower levels of a system, such as regulation of 

the autonomic nervous system (ANS) of individuals (Goldstein, 2019; Goldstein & 

Kopin, 2017; Sterling, 2012). This hypothesis has preliminary support from some 



32 

performance monitoring studies suggesting that especially sympathetic nervous 

system—which serves to act when facing challenges—becomes activated when 

monitoring suggests there is a discrepancy between the current state and the set 

standards (Balzus et al., 2021; Hajcak et al., 2004; Ullsperger et al., 2014). This is 

not to say that learners’ would consciously control their own physiology but rather 

that metacognitive monitoring can be reflected as activation in regulation of 

physiology to prepare the body to act. In regards to research methodology, this also 

raises the question of whether it is possible to gain insight into dynamic processes 

on one level of analysis (e.g., metacognitive monitoring and group-level regulation) 

by observing the dynamics at another level of analysis (e.g., ANS) (Gorman et al., 

2017).  

In collaborative settings, this methodological question has been approached 

from the perspective of interpersonal physiology, which refers to temporal 

interactions in physiological processes between multiple people (Palumbo et al., 

2017). A more specific phenomenon is physiological synchrony (PS), which refers 

to identified interdependence in the physiological processes of two or more 

individuals. So far, results about the role of PS in collaboration have been mixed. 

Some studies have linked it to better performance (Montague et al., 2014; Pijeira-

Díaz et al., 2016), whereas others have observed the opposite (Mønster et al., 2016). 

However, there are studies linking PS identified from EDA (electrical properties of 

the skin) to situations where the group acknowledges challenges (Malmberg et al., 

2019) or high effort (Dindar et al., 2020) with their task. This has been hypothesized 

to follow from the fact that arousal determined from EDA reflects to great extent 

the activation of the sympathetic nervous system (Dawson et al., 2017), which by 

classical definition (Cannon, 1915) serves “fight or flight” behaviors. The fact that 

current sensor technology and computational procedures afford measuring 

interpersonal physiology rather easily makes it an attractive method for exploring 

how learners monitor and regulate when facing challenges together during 

collaborative learning (Järvelä, Malmberg, Haataja, et al., 2021). However, the 

empirical evidence of its relevance and the discussion of the ontological position 

of interpersonal physiology in the (S)SRL theory framework has so far been limited. 

2.2 Metacognitive monitoring in collaborative learning 

One reason for impaired collaborative learning is that students are not always aware 

of the challenges in their learning process (Koivuniemi et al., 2018), which can also 

prevent the needed change in strategies. This may obstruct the students in forming 
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a shared and accurate conception of a problem at hand, compromise the knowledge 

co-construction (Vuopala et al., 2019), and eventually, negatively affect the 

cognitive products (Khosa & Volet, 2014), the knowledge, skills, and schemas the 

learner leaves the situation with (P. A. Kirschner et al., 2018). Therefore, learners’ 

monitoring of their own and peers’ thinking processes and expressing these views 

in interactions has been considered to play a fundamental role in determining the 

effectiveness of a collaborative learning process (Järvelä, Malmberg, Sobocinski, 

& P. A. Kirschner, 2021; Näykki, Järvenoja, et al., 2017). In this dissertation, the 

term metacognitive interaction is used (see Study III) as a general term to refer to 

social interactions with a function to monitor or control cognitive processes such 

as task understanding and prior knowledge. This category of interactions has been 

identified earlier from collaborative tasks (Artz & Armour-Thomas, 1992; 

Dillenbourg et al., 1995) and focuses more on planning, monitoring, and choosing 

how to carry out the cognitive operations than often more broadly used term 

cognitive interactions, which also involves doing and carrying out these operations 

(e.g., reading, exploring, implementing). Following this, the term monitoring 

interaction is used (see Studies I and II) as a specific term under metacognitive 

interactions that hold a function to monitor groups’ cognitive, behavioral, and 

affective processes. 

2.2.1 Core components of monitoring in collaborative learning 

Given that in collaborative learning, metacognitive monitoring not only operates in 

an individual’s cognitive system (Järvelä, Malmberg, Sobocinski, & P. A. Kirschner, 

2021; Winne & Hadwin, 1998) but is also externalized in social interactions (Rogat 

& Linnenbrink-Garcia, 2011; Winne et al., 2013) raises several important aspects 

for its study. Next, specific features in monitoring interactions—target, valence, 

and participation—are discussed. Further, the dissertation investigates how the 

accuracy of individual metacognitive monitoring interplays with group-level 

regulatory processes for learning achievement. 

2.2.2 Target 

Traditionally, monitoring research on individual learners has focused on monitoring 

targeted toward memory and retrieval (Nelson, 1996; Nelson & Narens, 1990). 

Students were asked about their judgments of learning concerning future test 

performance or feelings of knowing. However, collaborative learning involves 
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cognitive, affective, and behavioral processes that ask for continuous explicit 

monitoring and control to support efficient regulation (Järvelä et al., 2018). In 

collaborative learning, metacognitive monitoring can be targeted at many aspects 

of the learning process, such as prior knowledge, task understanding, or task 

progress (Lee et al., 2015; Näykki, Järvenoja, et al., 2017). At the beginning of a 

task, students can monitor how well they have understood the task or what they, as 

individuals and groups, know about the topic in advance. They may also monitor 

the confidence they or their peers possess to start with. During task execution, 

students monitor and compare their cognition, behavior, and affect in relation to the 

explicit and implicit standards that they hold (Hadwin, Järvelä, & Miller, 2018). At 

the end of the task, the students might consider the quality of their task product and 

level of learning.  

Studies investigating the targets of monitoring in collaborative learning are 

scarce but emerging. Näykki, Järvenoja et al. (2017) studied teacher education 

students throughout a 3-month course and described differences in interaction 

between high-performing and low-performing groups. Their data-driven video 

observation distinguished monitoring targets of task understanding, task progress, 

content understanding, and monitoring interest. The results of the study suggested 

that higher performing groups monitored more of their content understanding, and 

the frequency of this remained high throughout the tasks. The authors concluded 

that in addition to monitoring one’s own content understanding, successful 

collaborative learning involves group members who actively monitor each other’s 

task understanding and task progress (Näykki, Järvenoja, et al., 2017).  

Sobocinski et al. (2020) studied nine groups of high-school students learning 

collaboratively during a physics course. Their video observation resulted in 463 

events of monitoring observed in interactions, from which most (74.5%) were 

coded during the task enactment phase (see Winne & Hadwin, 1998) and were 

targeted toward cognition. By contrast, emotions and motivation were rarely 

monitored. The authors of the study hypothesized that this could partly be explained 

by the fact that the study took place during students’ collaborative exam and 

therefore, they might have been exceptionally focused on cognitive aspects to 

complete the task. Instances of monitoring cognition and behavior were also almost 

always followed by a reaction from a group member, which was less frequently the 

case for monitoring emotion and motivation (Sobocinski et al., 2020).  



35 

2.2.3 Valence 

Put simply, metacognitive monitoring of the learning process may suggest whether 

learning is on track or off track. A negative discrepancy between the current state 

of learning and the set standards can be considered as monitoring with negative 

valence.5 However, meeting the expected standards or exceeding those indicates 

that monitoring holds a positive valence. The valence of monitoring (Azevedo, 

2014; Azevedo et al., 2010) makes a crucial difference in the learners’ regulatory 

decisions, as monitoring with positive valence often suggests that no control is 

needed, and monitoring with negative valence starts a negative feedback loop 

inviting strategic control to be applied (see Fig. 2). The learner might, for example, 

monitor with a positive valence that a sufficient level of understanding has been 

achieved as it is easy to discuss the main principles of a task with other group 

members. By contrast, the realization that the result of the task does not sound 

sensible implies monitoring with negative valence and pivotally indicates a need 

for adjustments in cognitive processes. Although some attempts have been made to 

study the valence of monitoring with individual students (Azevedo et al., 2010), 

very few studies have investigated it in collaborative learning settings.  

The study conducted by Sobocinski et al.(2020) is one of the few studies that 

has investigated the valence of monitoring in collaborative learning interactions. 

They used the valence of monitoring as a pivotal characteristic to distinguish 

between on-track sequences involving monitoring with positive valence, and 

adaptation aiming sequences involving monitoring with negative valence. In their 

data, gathered from a collaborative learning exam, monitoring with positive 

valence was more frequent than monitoring with negative valence. The authors 

explained that the result suggests that all groups were able to complete the task 

quite easily, and this might not have demanded that students adapt through 

monitoring with negative valence.  

Another study closely related to the valence of monitoring is a study by 

Koivuniemi et al. (2018) in which the researchers investigated teacher education 

students’ reflective interpretations of challenges they faced during collaborative 

learning. Through interviews, they found that students mostly reported cognitive 

and motivational challenges, from which especially cognitive ones were almost 

always solved with strategic activity such as constructing a common understanding 

 
5 Monitoring with negative valence is closely related to challenges in learning. In this dissertation, a 
challenge is considered a condition that inhibits students from progressing toward their goals.  
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of task-related issues. By contrast, their analysis of case groups pointed out that if 

the group does not attend to recognized cognitive challenges, this may create a 

series of new challenges, and eventually also lead to motivational and emotional 

issues, unequal participation, and lower satisfaction with group learning. In light of 

these findings, monitoring with negative valence plays a significant role in groups’ 

effective regulation.  

It is important to point out how the valence of monitoring differs from 

emotional valence. This is because, although a discrepancy between the perceived 

progress and set standards can evoke emotions, the valence of monitoring in 

learning is not necessarily coupled with emotional valence. Traditionally, 

emotional valence refers to the dimension of pleasantness and unpleasantness of a 

feeling (Bradley & Lang, 1994), which may occur for various reasons. The valence 

of monitoring, however, refers to the evaluated discrepancy of a cognitive process 

relative to set standards (Azevedo & Witherspoon, 2009), which of course can also 

evoke positive and negative emotions (Carver & Scheier, 1990; Törmänen et al., 

2021), but it may not necessarily do so. For example, learners may monitor that 

they are not progressing with the task as planned, indicating monitoring with 

negative valence, but knowing that there is still time to adjust ways of working, 

their feeling might still be pleasant and therefore emotionally positive. Therefore, 

the valence of monitoring can be considered to hold a more regulatory perspective 

than merely an affective one. 

Simultaneously, it has to be acknowledged that it is difficult for learners to 

obtain direct information about cognitive processes, and therefore pleasantness of 

a feeling is often used as a cue for metacognitive monitoring. For example, an 

individual or a group may experience unpleasant feelings when they aim to learn a 

new topic that demands great effort. Depending on the expectations and standards 

the learners hold for feelings, this can result either in monitoring with negative 

valence and interpretation that learning is not progressing, or in monitoring with 

more positive valence grounded on the belief that learning is often hard work and 

can give rise to unpleasant feelings. Thus, it is a common source of miscalibration 

for metacognitive monitoring to use pleasant feelings and fluency as cues for 

learning progressing effectively (Efklides, 2017; Heyes et al., 2020).  

2.2.4 Participation 

Participating in interaction builds a fundamental ground for collaborative learning 

to occur (Clark, 1989; E. G. Cohen, 1994; Salomon & Perkins, 1998). It is needed 
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to build a shared understanding of the problem, and therefore it is inherently tied 

into a collaboration process (Roschelle & Teasley, 1995). It is also important to 

note that a certain degree of symmetry is always expected from the collaborating 

participants (Dillenbourg, 1999). Collaboration, by definition, involves reciprocal 

interactions and is therefore contrasted with the division of labor and unbalanced 

contributions.  

From a metacognitive point of view, reciprocal communication of monitoring 

can share important information about an individual’s estimates of the current 

situation with the task as well as the confidence of those views (Greeno, 2011; 

Schnaubert et al., 2021). This can result in a more accurate view of the group’s task 

progress, especially when the group members’ monitoring accuracy is close to each 

other (Bahrami et al., 2010). Further, for SSRL to occur, group members must share 

their views about “how we as a group are doing?” and that asks for explicitly 

negotiated monitoring interactions (Hadwin, Järvelä, & Miller, 2018).  

From an information processing perspective, participation in social interaction 

promotes information exchange between cognitive systems and can therefore 

change conditions in each individual’s cognitive schemas (P. A. Kirschner et al., 

2018). However, communicating and coordinating knowledge held by each group 

member can also be considered to form a collective working memory, one larger 

than single working memory, thereby holding potential benefits for problem-

solving and learning (F. Kirschner, Paas, P. A. Kirschner, & Janssen, 2011). The 

precursor for the benefits of collective working memory is that useful information 

is being exchanged through transactive activities (P. A. Kirschner et al., 2018). 

Although explicit thinking about thinking is a metacognitive process, it likely 

utilizes the same cognitive working memory resources as other cognitive 

operations. Therefore, the benefits of information exchange in groups potentially 

apply to metacognitive monitoring as well (Järvelä, Malmberg, Sobocinski, & P. A. 

Kirschner, 2021).  

From the very beginning of collaborative learning research, the importance of 

monitoring together in collaboration has also been acknowledged in empirical 

studies. For example, Miyake (1986) observed pairs that aimed to learn and 

understand how a sewing machine works. Based on observations, the authors 

discussed the benefits of working together on such tasks and concluded that 

working together seems to offer a checking mechanism for validating the solutions 

and understanding, which is less frequent when working individually. Brown and 

colleagues focused on some studies (Brown & Palincsar, 1987; Palinscar & Brown, 

1984), especially on metacognitive processes during peer interaction, and 
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demonstrated that reciprocal interactions are crucial in supporting comprehension 

monitoring and lead to better performance. In a seminal work on collaborative 

learning research, Roschelle and Teasley’s (1995) case study about solving a 

physics simulation problem collaboratively demonstrated that collaboration asks 

not only for monitoring one’s understanding but also monitoring of the 

understanding of others. Recently, Isohätälä et al. (2020a) examined collaborative 

learning interactions especially from a participation perspective, and found that 

monitoring interactions targeting performance often involves increased 

participation in a group. They proposed that these moments may help groups to 

coordinate and develop shared understandings of their learning, and that future 

studies should investigate how participation and types of social interaction relate to 

regulation and outcomes of collaborative learning.  

2.2.5 Accuracy 

Active metacognitive monitoring does not necessarily mean that it is accurate. Thus, 

the learners’ view of their cognitive products and learning is based on cues that are 

often uncertain and can result in overestimation or underestimation of their current 

level of progress in learning (de Bruin et al., 2017; Koriat & Ma’ayan, 2005; 

Thompson et al., 2013). This can further result in inaccuracies when estimating if 

there is a discrepancy between the current and desired state of cognitive products 

(Winne & Jamieson-Noel, 2002), which serves as an unsteady ground for the 

decisions students make in the following steps of the learning process (Metcalfe & 

Finn, 2008). In practice, metacognitive monitoring accuracy refers to the absolute 

difference between students’ estimate of performance and their actual level of 

performance (Nietfield & Osborne, 2005).  

The accuracy of metacognitive monitoring has been extensively studied with 

individual students (Bol & Hacker, 2012), and it seems that students who are more 

accurate in their monitoring also learn more. Higher accuracy in monitoring allows 

for a more efficient selection of learning strategies and is therefore fundamentally 

tied to SRL (Hacker & Bol, 2019). Although the importance of monitoring accuracy 

has been acknowledged in individual learning settings, very few studies have 

investigated it in collaborative learning settings.  

The role of monitoring accuracy in a collaborative group is likely to involve 

two dimensions. On the one hand, individual students’ monitoring accuracy can 

improve the performance of the group as a whole. On the other hand, collaboration 

as a process can improve the monitoring accuracy of individual students. Winne et 
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al. (2013) proposed that CoRL in particular might be an important part of this 

interplay. 

If one participant is off-track or not calibrated well in metacognitive 

monitoring or metacognitive control, this compromises collaborative work. … 

Coregulation implies reciprocity—group members assist each other to 

calibrate or realign one another’s metacognition in the service of regulating 

contributions to the collaborative task. Thus, they distribute responsibility to 

optimize each group member’s metacognitive activity and calibration. (Winne 

et al., 2013, p. 446) 

So far, most studies investigating monitoring in collaborative learning have relied 

on observations of social interactions. The strength of this approach is that it allows 

for seeing how students negotiate and build up their awareness of learning progress 

through monitoring. However, very few studies have investigated the relationship 

between monitoring accuracy and collaborative learning processes. Bol et al. (2012) 

found that practicing the calibration of metacognitive monitoring accuracy in 

groups results in better accuracy and learning achievement than individual practice. 

There is also preliminary evidence that taking tests collaboratively reduces 

differences between students’ performance and metacognitive confidence scores 

(De Carvalho Filho, 2010). Furthermore, recently, Kolić-Vehovec et al. (2021) 

found collaborative learning structured by prompts targeted at key concepts of the 

course to be effective for improving monitoring accuracy and conceptual 

understanding of the students. 
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3 Aim 

The central role of metacognitive monitoring for individual and collaborative 

learning has been acknowledged in SRL theories (Järvelä & Hadwin, 2013; 

Veenman et al., 2006; Winne, 2011; Winne et al., 2013). Still, how students monitor 

together and alone during collaborative learning and how this relates to their 

learning are not well understood. Further, theory (Järvelä et al., 2010; Volet et al., 

2009) suggests that regulation of collaborative learning involves the interplay of 

multiple levels (physiological, psychological, social), but empirical evidence for 

this is still scarce.  

This dissertation aims to investigate how metacognitive monitoring manifests 

at multiple levels of collaborative learning. Three empirical studies were carried 

out to reach this aim and to advance the theoretical understanding of the role of 

metacognitive monitoring in collaborative learning. This understanding is also 

needed to effectively support students in learning in collaboration.  

First, the dissertation explores which facets (cognition, behavior, motivation, 

emotion) of regulation students target their monitoring, how valence of monitoring 

is manifested in collaborative interactions, and how equally students take part in 

monitoring interaction. Second, the dissertation takes a closer look into individual 

monitoring and how it interplays with group-level regulation for learning 

achievement. Third, the study investigates how monitoring relates to the level of 

interpersonal physiology, which has been considered a potential tool to research 

regulation in collaborative learning (Järvelä, Malmberg, Haataja, et al., 2021). 

The empirical aim of this dissertation is to address the following question: 

1. How do students monitor together during collaborative learning? (see Studies 

I and II) 

2. What is the role of individual monitoring in relation to group-level regulation 

for learning? (see Study III)  

3. How is monitoring reflected in interpersonal physiology? (see Study I and II) 
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4 Methods 

Learning science is an interdisciplinary research field with constantly evolving 

research methods. One of the biggest methodological challenges for the field has 

been that many processes relevant to learning – such as thinking and feeling – are 

not visible for the naked eye. Therefore, different types of online process measures 

have been explored as potential tools to reveal the learning process. This evolution 

of learning research methods acts in dialogue with theory. That is to be said, on the 

one hand, theoretical premises of the phenomenon guide the methodological 

decisions, but on the other hand, new methodologies may offer tools to explore and 

develop an understanding of the phenomenon from new perspectives. This 

dissertation involves both approaches, as it involves methods aligning with core 

aspects of collaborative learning theory, such as video observation targeting 

collaborative interactions, as well as more exploratory approaches, such as 

psychophysiological measures studied in relation to monitoring interactions.  

The sub-studies of the dissertation were carried out in collaboration with two 

research projects. Study I was part of the SLAM project funded by the Academy of 

Finland, and Studies II and III were conducted in the CLEVER project funded by 

the Eudaimonia Institute, University of Oulu. The overarching objective in these 

projects was the aim to make visible the complex learning processes, and especially 

what triggers students’ regulation of learning in collaborative learning. The aim was 

pursued with a combination of multiple methods. Next, the methodological 

approach of the dissertation will be introduced, after which each research context 

will be described in detail. 

4.1 Learning process research with multiple data channels 

As the understanding of SRL has transformed from seeing it as a trait to a view of 

it as a temporal process of events, there has been a quest for methods that could 

trace and make visible how it unfolds over time (Greene & Azevedo, 2010; Winne, 

2010). For example, in regards to metacognitive monitoring, it would be important 

to identify the moments when a learner metacognitively monitors that learning is 

not progressing according to the standards set (Winne, 2010). One useful method 

for identifying metacognitive subprocesses of SRL, such as monitoring and control, 

has been the think-aloud protocol in which learners are asked to constantly speak 

aloud what they are thinking during the task (Greene et al., 2011). Another method 

often used to study the COPES model is computer log file based event analysis 
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(Winne et al., 2017) where students’ actions in the virtual learning environments 

are interpreted from an information processing perspective. However, these 

methods are difficult to apply in face-to-face collaborative learning settings as such, 

because the natural flow of social interactions could be easily disturbed by these 

protocols.  

Fortunately, social interactions in collaborative learning can also make visible 

some of the metacognitive processes (Järvelä, Malmberg, Sobocinski, & P. A. 

Kirschner, 2021), and video observation offers a way to systematically analyze 

those (Derry et al., 2010). Nevertheless, video observation also involves challenges 

of its own. First, it is a laborious process, especially if the aim is to investigate the 

unfolding of regulation over longer periods of time (Järvenoja et al., 2018). Second, 

observation of social interactions only reveals the metacognitive processes that are 

brought to the group level through participation in social interactions (Järvelä et al., 

2019). This has led to the search for online process measures that could potentially 

at least help to locate the pivotal moments in regulation (Järvelä et al., 2020) or 

alignment of individual students’ metacognitive processes. Due to advancing 

technology, many novel online measurement tools have become available for 

researchers. Eye-tracking and physiological measures are examples of highly 

intensive process data channels which, due to connection with cognitive and 

affective processes, hold the potential to advance understanding about SRL 

processes and metacognitive monitoring (Reimann et al., 2014). So far, studies 

have suggested that some of the relevant metacognitive processes, such as 

monitoring, are reflected in learners’ physiological signals (Malmberg et al., 2019). 

However, the strength of this relation has been limited and should be explored 

further. Therefore, this dissertation also contributes to exploring how monitoring, 

which becomes visible in social interactions, is also reflected in psychophysiology. 

There has also been discussion about the methodological restrictions to 

validating the existing SRL models. In his synthesis of the methodological 

challenges of SRL research, Panadero states: 

… SRL models are comprehensive models. Therefore, the validation of the 

models becomes complex, as it requires either (a) conducting one study with a 

very large number of variables, or (b) conducting a number of studies with a 

narrower approach. (Panadero, 2017, p. 23) 

Following the approach a) proposed by Panadero sets a challenge for the research, 

as it demands that researchers adopt methodological tools that can deal with 

multiple temporally measured variables, and in a collaborative setting, with data 
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coming from multiple levels (individual, group). Methodologically, this 

dissertation contributes to some of the first steps in applying this type of temporal 

multichannel and multilevel methods for regulation research in collaborative 

learning. 

4.2 Participants and context 

Three empirical studies were carried out in educational contexts. All studies 

involved elements of problem solving to foster collaborative learning. Problem 

solving is considered a fruitful approach for collaborative learning, as it asks for 

students to continuously share their conceptions of a problem with each other 

(Roschelle & Teasley, 1995). From an information processing theory perspective, 

this is also likely to activate students’ metacognitive processes, such as monitoring 

their task and content understanding (Webb, 2013; Winne & Hadwin, 1998). 

Therefore, it was considered a potential approach for instruction in the studies of 

this dissertation.  

Studies I and III involved a collaborative macro script, which provided 

structural support and guidance for the students in each phase of their collaboration. 

The purpose of the scripts was to smooth the communication and regulation in a 

group (Järvelä & Hadwin, 2013), reduce the extra load from the learners (Kirschner 

et al., 2006), and promote high-level socio-cognitive activities for learning (Fischer 

et al., 2013). However, special attention was paid to the fact that the collaboration 

of the students would not be over-scripted (Dillenbourg, 2002) in a way that too 

detailed instruction would be presented to the students. Such an approach would 

have left no room for the students to monitor and control the learning process 

themselves (Järvelä & Hadwin, 2013), which was under the interest of this study.  

4.2.1 Study I 

The participants of the first study (see Article I) were high school students (n = 48). 

Students worked in groups of three, forming 16 groups in total. Due to movement 

artifacts in the data, a subsample of three groups and nine students was used for 

further analysis in Article I.  

Students were recruited from a teacher training school. Students’ attendance in 

the study was extra activity in their health education course. However, their 

attendance or performance on the task did not affect their course grading. 
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The groups were assigned based on students’ prior knowledge on the topic of 

nutrition and self-reported SRL evaluations using the Motivated Strategies for 

Learning Questionnaire (MSLQ) (Pintrich et al., 1993). The groups were made as 

homogenous as possible in terms of these two dimensions so that further 

comparisons between the groups would be possible.  

The task of the students in Study I was to design a healthy breakfast for a case 

person with given food ingredients. For this, they received a task instruction with 

case description including the special needs of the case person, information about 

healthy breakfast with nutritional guidelines, and an online spreadsheet where the 

ingredients could be listed. The students were also allowed to search for extra 

information from the internet during the task.  

Task materials were structured into the WeSPOT learning management system 

(Mikroyannidis et al., 2013) based on a collaborative macro-script of five phases. 

In the first phase, the students were asked to activate their prior knowledge about 

the topic based on the case description. In the second phase, students were guided 

to plan their collaborative work and set the standards for their task product. The 

third phase involved asking students to search for information that would be useful 

for them to design the breakfast. The fourth phase scripted students to evaluate, 

discuss, and complement their findings. In the fifth phase, the students were asked 

to check their answers and communicate the results. Overall, the students had 75 

minutes to finish their breakfast design. 

4.2.2 Study II 

In the second study, the participants were volunteer university students (n = 77). 

Students were randomly assigned to work in groups of three, forming 26 groups in 

total, from which one group was left with two members. Due to challenges with the 

data quality, seven groups had to be excluded from the data set, which resulted in 

19 groups and 57 students in the final data set.  

Students worked with a computer-based complex problem-solving task on 

which they ran a simulated shirt production company. The goal of the simulation 

was to maximize the value of the company. To achieve this, the students could 

adjust the relationships between 24 variables (e.g., employee wages, storage costs, 

store locations, advertisement costs, and shirt prices) of the simulation. The 

simulation started with an exploration phase in which the students were guided for 

six simulated months to explore and learn how the system works. This was 

followed by a 12-month performance phase, in which they were asked to maximize 
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the company value. The current study focused on the exploration phase of the 

simulation, as it was more focused on learning.  

4.2.3 Study III 

The participants of the third study were 7th grade secondary school students (n = 

90). The study was part of students’ physics course, and participation in the study 

was voluntary. Teachers of the course assigned the students into groups (k = 30) of 

three, which stayed the same throughout the course. The course involved four 90-

minute lessons about light and sound. The students also took a collaborative and 

individual course exam.  

The pedagogical design utilized the flipped classroom principle so that students 

familiarized themselves with the contents of each lesson in advance (Järvenoja et 

al., 2020). At the beginning of each lesson, the teacher still briefly introduced the 

topic to make sure everyone had a preliminary understanding of the basic concepts 

for each lesson. After this, the teacher instructed students’ on collaborative task 

aiming toward co-construction and shared understanding of the topic. For example, 

in one lesson, the groups were provided with four different main themes for the 

investigation of light and sight (1. Illumination, 2. Intensity, 3. Propagation, and 4. 

Reflection of light). Before executing the task, the groups were asked to plan and 

set goals for their collaborative learning. After executing the task, the groups were 

prompted to reflect on how they did with the task, after which the students took an 

individual 5–6 item quiz and made a post-diction evaluation of how many items 

they think they got correct in the quiz. The collaborative tasks were designed 

together with the science teachers to ensure that they followed the curriculum 

requirements. 

4.3 Data and data analysis 

The data and analysis methods used for each empirical article are listed in Table 1. 

Video data served as a ground for all three sub-studies. In Studies I and II video 

was complemented by EDA data and in Study III with monitoring accuracy data 

derived from self-reported post-dictions. Further details of the data and analysis 

procedures have been described in the original articles. 
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Table 1. Data sources and analysis methods in the empirical articles. 

Data Analysis method I II III 

Video Disciplined observation • • • 

 Detrending moving average cross-correlation •   

 Generalized Estimating Equations  •  

 Bayesian Multilevel Modelling   • 

Electrodermal activity Physiological concordance •   

 Multidimensional Recurrence Quantification Analysis  •  

 Generalized Estimating Equations  •  

Simulation performance Generalized Estimating Equations  •  

Exam grade Bayesian Multilevel Modeling   • 

Post-diction self-report Bayesian Multilevel Modeling   • 

4.3.1 Video observation 

All three studies utilized video data. In Studies I and III, 360-degree cameras were 

used, as they allowed simultaneous recording of multiple groups. For audio 

recording, Study I involved individual remote microphones for each student. In 

Studies II and III, each group had a microphone placed in front of them. Overall, 

Study I involved 3 h 45 min, Study II 27 h 3 min, and Study III 225 h of video. As 

a first step of the processing, each of the 360 videos was split and cropped to 

involve only one group in each recording, and the possible separate audio tracks 

were merged into the video track (Keskinarkaus et al., 2016).  

Next, a video observation analysis was carried out. Video observation analysis 

has a long tradition in collaborative learning research (Chi, 1997; Vogel & 

Weinberger, 2018). Some of its benefits are that it affords a temporal moment-by-

moment investigation of interactions occurring in groups involving verbal and 

gestural communication. This is especially useful when studying temporally 

unfolding phenomena such as monitoring and regulation in collaborative learning. 

In the sub-studies of this thesis, social interactions were analyzed by coding and 

counting, which stems from the disciplined observation approach (Derry et al., 

2010). This aims toward systematicity and reliable judgments of individual 

observers by applying theory-informed coding schemes to video data. One of its 

benefits is that prior coding schemes can be utilized later for different purposes, 

and the data can further be analyzed quantitatively (Vogel & Weinberger, 2018). Its 

limitation is that some of the contextual and situated process descriptions cannot 

be reached without involving more qualitative video observation analysis 

approaches.  
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In this dissertation, the coding schemes were developed based on theories and 

prior coding schemes regarding metacognitive and regulatory interactions in 

collaborative learning (Azevedo, 2014; Azevedo & Witherspoon, 2009; Greene & 

Azevedo, 2007; Rogat & Linnenbrink-Garcia, 2011; Whitebread et al., 2009). At 

the beginning of each video coding process, the coding categories were adjusted 

based on the views of several experienced researchers. The reliability of the coding 

scheme was ensured with inter-rater reliability coding, where at least 10% of the 

data was coded individually by two separate coders.  

Studies I and II utilized an utterance-level coding of monitoring interactions, 

which meant that the start and end of each utterance involving monitoring were 

marked into a timeline. In Study III, the video data corpus was significantly larger; 

therefore, the video was segmented into 30-second intervals, and the occurrence of 

metacognitive interaction, CoRL, and SSRL were coded for each segment. The 

resulting video codes afforded further analysis of durations and frequencies. In 

Study II, the participation of each individual student was also coded, which allowed 

the further analysis of equality of participation (duration).  

4.3.2 Electrodermal activity  

The physiological measures used in this dissertation were based on EDA, referring 

to the electrical properties of the skin. In general, measures of EDA reflect the 

sympathetic branch of the ANS and are considered to increase with arousal and 

“fight or flight” response (Dawson et al., 2017).  

Study I utilized EDA measures with an Empatica E3 sensor using 4 Hz 

frequency (Garbarino et al., 2014). In practice, the Empatica sensor bracelet 

measures the conductivity of the skin through steel electrodes placed on the internal 

surface of the wrist. In Study II, Shimmer GSR3+ sensors were used, and separate 

gel electrodes were placed on the palmar surface of the skin (Burns et al., 2010). In 

both studies, the sensors were attached by the researcher to the non-dominant hand 

of the participants. 

After the data collection, the signals were first inspected for clear movement 

artifacts, which were corrected when possible. As there are individual differences 

in the level and variability of EDA, the signals were next standardized, which set 

each recording’s mean value to 0 and standard deviation to 1 (Ben-Shakhar, 1985). 

In Study II, the signal was further decomposed into a rapidly changing phasic EDA 

component and a more slowly varying tonic EDA level component (Benedek & 

Kaernbach, 2010). The slope of the tonic EDA component was used to indicate a 
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change in physiological arousal so that positive values signaled an increase and 

negative values a decrease, regarding the time segment under interest. By contrast, 

as a phasic component reacts faster to unfolding changes in the context, it was used 

for further analysis of PS. 

Physiological synchrony 

PS refers to the interdependence between individuals’ physiological processes 

(Palumbo et al., 2017). Different ways to measure this interdependence have been 

developed, two of which were applied in this dissertation. Study I derived measures 

of PS based on the physiological concordance index. Physiological concordance is 

a method that compares slopes of two signals throughout the recordings and has 

usually been applied for original non-decomposed EDA signals. From momentary 

physiological concordance values, it is possible to calculate a single session index 

to describe the level of synchrony for the whole session. In Study I, a moving 

window (60 s) version of SSI was also used to indicate temporal changes in 

synchrony. The challenge with the physiological concordance index—and most 

other signal coupling indices—is that it can only be applied for a pair of signals at 

a time, and therefore its use for more than two participants leads to several dyads 

within the group and, eventually, the aggregation for possible group score needs to 

be performed. In Study I, this was done by averaging the synchrony values of three 

possible dyads in a three-person group. This type of statistical aggregation can be 

considered a compromising procedure. Therefore, in Study II, a multidimensional 

recurrence quantification analysis (MdRQA; Wallot, Roepstorff, & Mønster, 2016) 

was applied to indicate PS. The benefit of MdRQA is that it allows computation of 

synchrony between more than two signals, which is important when aiming to 

accurately identify the higher-order behavior of a group with more than two 

members (Rosas et al., 2022; Wallot, Mitkidis, et al., 2016). It is also applicable for 

non-stationary types of data, in which mean and variance can change over time. 

MdRQA utilizes a phase space-based recurrence plot, which shows the patterns of 

recurrences between the signals. From the plot (see Fig. 3), it is possible to derive 

several indices describing different characteristics of interdependency between the 

signals. For example, the recurrence percent (%REC) describes how much 

synchrony there overall exists between the signals.  
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Fig. 3. Phasic EDA signals of three group members and the resulting recurrence plots 

from the MdRQA analysis for high synchrony and low synchrony moments (Adapted 

under CC-BY 4.0 license from Study II © 2022 Authors). 

4.3.3 Monitoring accuracy 

Study III involved a measure of metacognitive monitoring accuracy. The measure 

was based on the students’ global post-diction after a quiz considering the contents 

of the collaborative learning session. In practice, this meant that in Study III, the 

students filled out a 5–6 item factual quiz after each collaborative session, and after 

the quiz, they were asked how many items they thought they got correctly. The 
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absolute difference between the number of correct items and the post-diction was 

used to indicate accuracy (Hacker et al., 2000).  

4.3.4 Learning achievement and performance 

Study II involved a measure of performance that was drawn from the Tailorshop 

simulation (Danner et al., 2011), which was the task for the students. As the goal 

of the simulation was to increase the value of the simulated company, a change of 

a company value in an imaginary monetary unit was used to indicate the 

performance of the group.  

Study III involved an individual exam as a measure of the learning achievement 

of the students. The exam was designed and graded by physics teachers. It involved 

tasks from all areas of the course and a common scoring rubric. The scale of the 

exam grade was from 4–10 with 0.25 increments.  

4.3.5 Statistical analysis 

Study I involved case groups and time-series analyses of the coupling between 

observed monitoring behavior and PS. Cross-correlation is a way to estimate the 

coupling between two time series. However, the challenge with cross-correlation is 

to distinguish the effects of possible non-stationarity, such as trends and 

autocorrelation into the coupling. Therefore, in Study I, detrending moving-average 

cross-correlation (DMCA) was used to minimize the effect of non-stationarity on 

the result (Kristoufek, 2014), and block bootstrapping was used for significance 

testing.  

The second study aimed to investigate the relations between observed 

monitoring behaviors and PS. Since there was a nested repeated measure structure 

in the data—meaning multiple observations from each group were not 

independent—a generalized estimating equations (GEE) were used. GEE adjusts 

the standard errors of the analysis based on the dependency in clusters and therefore 

minimizes the risk of type 1 error in prediction (McNeish et al., 2017).  

Study III involved a two-level structure of predictors (individual and group) 

and a level 1 dependent variable (individual learning achievement), and therefore 

a Bayesian multilevel approach was used (Nalborczyk et al., 2019). Bayesian 

statistical analysis is a promising approach to estimating the strengths of the effects 

and allows the involvement of prior information about the effects in the model 

(Peterson & Kaplan, 2016). However, as there were very few prior results, in this 
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case, weak priors were used. Bayesian multilevel models seem to provide 

comparable results with small sample corrected frequentist multilevel models when 

priors are not strongly violated (McNeish, 2016).  

4.4 Evaluation of the research 

This dissertation utilized multiple methods to study how metacognitive monitoring 

unfolds in collaborative learning, which should be considered when evaluating the 

presented research. The sub-studies involved elements from both quantitative and 

qualitative research, reminding mixed-methods approaches. However, quite early 

in the analysis procedure, the qualitative video data were quantified through a 

disciplined observation framework (Derry et al., 2010). Therefore, most of the 

evaluation of validity and reliability is also discussed from the quantitative research 

perspective of multimodal process data.  

The validity of research can be further divided into internal and external 

validity. Internal validity ensures that the explanation of a particular process or 

event provided in the study can actually be sustained by the data (L. Cohen et al., 

2011). Therefore, the operationalization of theoretical concepts plays a key role in 

validity. In this study, theories of SRL offer years of grounding discussion on what 

regulation means, which also offers a good starting point for this dissertation. 

Although metacognition and regulation in collaborative learning are rather young 

areas of research, they involve theoretical frameworks that are already established, 

operationalized, and evidenced in data (Panadero, 2017; Panadero & Järvelä, 2015). 

Methodologically, operationalization of theoretical concepts took place, especially 

in video analysis of social interactions in collaborative learning. Video observation 

supports validity in many ways. Assuming that the original video data is technically 

good quality, video observation also allows the adjustment of the research 

instrument in the later stages to fit the research aim. For example, coding schemes 

can be adjusted to suit the phenomenon under interest, which was also the case in 

this dissertation. The use of video recordings also allows the triangulation of 

different points of view to clarify whether the phenomenon seen in the video 

matches the definitions. In this dissertation, such discussions took place when the 

video coding scheme for each sub-study was developed. The reliability of each 

coding scheme was further verified through double coding of a significant portion 

(>10%) of the data. These procedures showed a sufficient level of agreement (K = 

0.64–0.79) among the coders, which signals the validity and reliability of the 

method.  
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Regarding validity, measures of EDA are a fairly direct result of the sweat 

gland activity of the skin, which further reflects the sympathetic nervous system 

activity of the ANS, considered physiological arousal in general (Dawson et al., 

2017). An issue often raised in discussion regarding the validity of EDA as a 

measure is a variation between individuals in their baseline level of EDA. Studies 

in this dissertation took the approach where the signals were standardized within 

the individual to bring the values into a comparable range (Ben-Shakhar, 1985). 

Although standardization does not offer a perfect solution, it makes the comparison 

of EDA values for each moment between the students more valid.  

Furthermore, PS has been broadly defined as the interdependence between the 

physiological signals of two or more participants. Therefore, many methods can be 

considered valid for indicating PS. Often, validating evidence is presented to show 

that the synchrony between signals does not occur due to chance but real 

interdependence. This type of verification was provided in Studies I and II by 

comparing shuffled groups and the real ones. In practice, this meant that PS was 

also calculated for groupings of EDA signals, in which the students were not 

actually working together. The values of PS between these two conditions were 

compared. Since the real groups showed significantly higher synchrony, the method 

was considered to reach actual synchrony occurring due to the collaboration 

process.  

Regulation in collaborative learning as a research phenomenon creates several 

challenges for statistical conclusion validity. Its temporal and nested nature builds 

dependencies on the data, potentially biasing the conclusions made (Janssen et al., 

2013). For example, collaboration unfolds in time, and therefore, several measures 

from the same group can be taken during the session. However, many statistical 

tests assume that the observations are independent, which in the data coming from 

the same group is not the case because measures following each other tend to 

correlate with each other. Treating such data as independent raises the risk of Type 

I errors in statistical conclusions. Therefore, Study II used GEE to take such 

dependency into account when testing the relationships between the variables. 

Study I also aimed to take the tendency of time-series data to auto-correlate into 

account. Another type of dependency emerges when individuals positioned in 

groups are the units of analysis. Individuals in the same group can for example start 

to align in their behavior, building dependency on the data. Study III addressed 

such dependency by utilizing multilevel modeling regarding the questions dealing 

with individuals nested in groups. Nevertheless, the results should still be 

interpreted with particular caution, as the sample size—a common challenge in 
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collaborative learning—was limited on the higher levels of the model6. Statistical 

tests also relate to construct validity, as sometimes variables can be very close to 

each other and may therefore bias the results. In this dissertation, collinearity 

diagnostics were used to ensure that the variables were not too similar to be used 

as predictors and to verify that coded behaviors were different.  

Studying collaborative learning during authentic tasks can support the 

ecological validity of the research (L. Cohen et al., 2011). In Study III, for example, 

tasks were part of students’ actual coursework. Such settings ensure that student’s 

motivation to attend is likely authentic, and that their efforts to learn reflect their 

actual needs. However, gathering data from real classrooms can also be challenging, 

as it can result in missing data, reducing the research’s reliability. Ecological 

validity is also not always easy to couple with external validity, which is interested 

in the extent to which generalization can be made from a sample to a population 

(Teo, 2013). It should be acknowledged that this dissertation allows limited 

generalization due to quite specific tasks and non-representative study samples.  

The reliability of research is closely related to the stability of the research 

instruments, that is, how consistently they measure what they are supposed to 

measure (L. Cohen et al., 2011; Teo, 2013). It can refer to the stability of a test over 

time, but in observational studies, it can also refer to equivalence regarding inter-

rater reliability. In this dissertation, the first steps in developing each video coding 

scheme involved several iterations where researchers and research assistants 

discussed each code’s defining features to ensure that the phenomenon of interest 

was recognized reliably from students’ social interactions. Each sub-study utilized 

inter-rater reliability statistics (Cohen’s kappa) to confirm that a sufficient level of 

consistency in observations was reached. In practice, in each sub-study, at least 10% 

of the data were double-coded by two independent researchers, and the resulting 

codes were compared. All coding schemes were based on prior theory and utilized 

previously used codes, which were further tailored to serve the specific research 

questions of this dissertation. Overall, video observation can be considered a solid 

grounding for research, as it captures the actual behaviors seen during the 

collaboration of students (Derry et al., 2018). This is especially the case for group-

level phenomena, such as metacognitive interactions and group-level regulation of 

learning. 

In addition to video observation, Study III utilized a monitoring accuracy 

measure. A limitation of the reliability of the instrument was the number of items 

 
6 In Study II, the groups were also randomly assigned to reduce the likelihood of confounding factors. 
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used and the fact that students did not give post-dictions for each item separately 

but estimated their success for the whole quiz. Nevertheless, the resulting variable 

of monitoring accuracy was fairly convergent over time for individual students 

(Cronbach’s alpha = 0.61, McDonald’s omega = 0.66). A short quiz and global post-

diction, in which the students did not report their confidence on each item 

separately, also ensured that students’ workflow was not distracted too much, which 

supports the ecological validity of the study.  

In this dissertation, learning outcomes were measured as group performance 

(see Study II) and learning achievement (see Study III). A group performance 

measure derived from the Tailorshop computer simulation can be considered a 

relatively well-established way to show problem-solving performance (Danner et 

al., 2011). However, it should be acknowledged that it is not a direct measure of 

learning. Furthermore, the end of the course individual exam can be considered to 

measure students’ learning achievement regarding the course contents.  

Regarding the reliability of physiological measures, the EDA signal can be 

interfered by movement artifacts, which was the case for many groups in Study I. 

The reliability effect of such artifacts was reduced by visually inspecting the quality 

of the signal and concentrating on groups where such issues did not appear. 

Furthermore, in Study II, such artifacts were reduced by a more stable task setting 

and gel-electrodes, often providing more solid contact. Therefore, more data could 

be used in the later analysis steps than in Study I. Furthermore, In Study I, the index 

of PS was based on calculations over dyads, which were aggregated to the whole 

group. It may have potentially reduced the information of the signals, therefore 

possibly reducing the measure’s reliability. However, in Study II, the index was 

based on three signals, resulting in more reliable values regarding the group level 

behaviors (Gordon et al., 2021; Wallot, Roepstorff, & Mønster, 2016).  

4.5 Ethical considerations 

The decisions regarding studies presented in this dissertation were made following 

the guidelines of the Finnish National Board on Research Integrity (2019) 

appointed by the Finnish Ministry of Education and Culture, which promotes the 

responsible conduct of research, prevents research misconduct, promotes 

discussion, and spreads information on research integrity in Finland. 

The ethical questions were already part of the design phase of the studies where 

the decisions on research aims and methods were made. The emphasis on these 

decisions from an ethical point of view was to ensure that the studies would cause 
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no harm to the students. Given that the use of physiological measures in Studies I 

and II dealt with the integrity of students, statements for each sub-study were 

applied from the Ethics Committee of Human Sciences of the University of Oulu, 

following the national guidelines. The application involved a detailed plan on how 

participants were informed and how data were collected, analyzed, and stored. In 

practice, the studies were carried out only after a supportive statement was received 

from the institute.  

Most importantly, all studies involved a procedure of informed consent, which 

meant that participants were first told about the study and the use of the data, which 

would be gathered in an age-appropriate manner, after which participants’ written 

consent was asked. In Studies I and III, which involved minors, consent were asked 

from both students and their parents asked. Participation during all data collections 

was voluntary for the students, and they had the right to withdraw from the study 

at any time if they wished to do so. The withdrawal did not cause any extra effort 

or harm to the students, and the withdrawn students could learn the same content 

as the participating students.  

When the physiological sensors were attached by the researchers, participants 

were first told about the measure itself. Participants were told that EDA measures 

reflect cognitive and emotional processes. The sensors were sensitively attached to 

ensure the participants were comfortable with the sensor. Participants were also 

encouraged to ask any questions regarding the sensors.  

After collection, the data were pseudonymized so that the names and 

identifying information of each student were replaced with running ID numbers. 

However, faces as identifying information could not be removed from the video 

data, and therefore special care was taken that only the members of the research 

team had access to the data. The data corpus of each study was stored in secured 

and backed-up network drives administered by the University of Oulu IT services. 

Only the pictures of students who gave permission were used to demonstrate the 

research when presenting at conferences.  

The research was funded by the Academy of Finland and the University of 

Oulu Eudaimonia research institute. All funders have been openly reported in 

publications, and no sponsors with potential interests were involved. 
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5 Overview of the original articles 

This dissertation is grounded in three empirical articles. The articles are a result of 

collaborative efforts, but the author of this dissertation has been the first author of 

all of them. The contribution of each empirical article in relation to dissertation 

aims and the authors’ part in the making of the articles are presented in Table 2. The 

design of each empirical study is briefly introduced in the following sub-chapters.  

Table 2.  Overview of the aims and author’s role in empirical articles. 

Article Aim Author’s participation 

I To explore targets of students monitoring and co-

occurrence of monitoring interactions with physiological 

synchrony. 

First author, Data collection, video 

analysis, statistical analysis, reporting 

II To investigate the relation of metacognitive monitoring, 

problem solving performance, and interpersonal 

physiology. 

First author, research design, theory, 

data collection, video analysis, 

statistical analysis, reporting 

III To investigate how metacognitive monitoring processes 

on multiple levels (individual and group) of collaborative 

learning relate to learning achievement. 

First author, research design, theory, 

data collection, statistical analysis, 

reporting 

5.1 Monitoring in collaborative learning: Co-occurrence of 

observed behavior and physiological synchrony explored 

Theories of SRL have emphasized the importance of monitoring learning, as it 

holds the potential to make students aware of how they are progressing and can 

trigger control and change if needed. The emerging empirical research suggests that 

the importance of monitoring applies in collaborative learning settings (Näykki, 

Isohätälä, et al., 2017; Näykki, Järvenoja, et al., 2017), but the evidence is still 

limited. One of the reasons for the lack of studies has been that monitoring is 

difficult to trace and capture—especially in face-to-face settings. 

Psychophysiological measures have been considered one potential data channel to 

shed light on unfolding monitoring processes as they have been linked to the 

phenomenon on an individual level (Hajcak et al., 2003). Study I aimed to explore 

how students in a group monitor their cognition, behavior, and affect together 

during collaborative learning. The study also examined the co-occurrence of 

monitoring with PS as a potential research method. These aims led to two research 

questions. The first question asked how students in a group monitored their 

cognitive, affective, and behavioral processes during their collaboration. The 
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second question asked how observed monitoring co-occurs with PS during the 

collaborative learning session.  

The study involved three groups of high school students learning about 

nutrition in groups of three. The learning session was video-recorded, and 

monitoring interactions and their targets (cognition, behavior, and affect) were 

coded from the video. PS between the students was determined using the 

physiological concordance index. The study results showed that these case groups 

mostly monitored their cognition and behavior, whereas motivation and emotion 

were explicitly targeted in monitoring interactions the least. The PS determined 

from students’ EDA signals showed higher values than what could be expected to 

occur by chance, which supports the view that students synchronize physiologically 

with each other during collaborative learning. Timeseries analysis and detrending 

moving average cross-correlation suggested that PS occurred more when students’ 

monitoring interactions were frequent. However, statistically, the connections 

between PS and monitoring interactions could be considered weak. Overall, Study 

I suggested that there would be a need for further studies with more extensive 

samples and more fine-grained coding of monitoring interactions to increase the 

reliability and validity of the results. 

5.2 The pivotal role of monitoring for collaborative problem solving 

seen in interaction, performance, and interpersonal physiology 

Study II of the dissertation built upon the findings from Study I. Further review of 

the theory of monitoring suggested that it would be essential to consider the valence 

of monitoring interactions (see Sub-chapter 2.2.1), as it is central for showing the 

need for controlling actions (Azevedo, 2014). Further, emerging evidence from 

other studies (Isohätälä et al., 2020a; Pino-Pasternak et al., 2018) suggest that 

reciprocal monitoring interactions are potentially crucial for a group to build a 

shared model of the current state of affairs with the task and could therefore be 

important for group success. Observing the role of physiological arousal as an 

anticipatory regulatory mechanism (Kreibig & Gendolla, 2014; Sterling, 2012) to 

respond to monitored challenges clarified its possible role in the regulation of 

learning. From this point of view, a collaborative group of learners was considered 

to form a system involving multiple levels of self-regulation (social, psychological, 

physiological) (Volet et al., 2009), and the study aimed to assess whether the pivotal 

role of monitoring could be observed on the levels of such a system. Three research 

questions approached these aims. The first asked whether the valence and equality 
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of participation in monitoring interactions relate to group performance. The second 

and third questions investigated whether the group's interpersonal physiology 

(arousal, PS) relates to the valence of the monitoring and equality of participation 

in monitoring interactions. The study participants were university students running 

a business simulation in groups of three students.  

The video observation analysis was carried out on an utterance level, and the 

valence of monitoring interactions was identified. Equality of participation in 

monitoring was determined from statistical dispersion based on the standard 

deviation of durations that each student verbally contributed to monitoring. In 

practice, the highest value of equality meant that all students attended perfectly 

equal durations in monitoring interactions. By contrast, the lowest value indicated 

that only one student participated in monitoring interactions. EDA data were 

decomposed into tonic and phasic components. The tonic component was used to 

determine arousal, and the phasic component was used to determine PS through 

MdRQA analysis. The results of the GEE analysis suggested that monitoring with 

positive valence and equality of participation in monitoring interactions were 

related to better performance in exploring the simulation. Further, variables of 

interpersonal physiology (physiological arousal and PS) were associated with the 

valence of monitoring interactions. However, interpersonal physiology showed no 

relation to equality of participation in monitoring interactions. Overall, the study 

supported the importance of monitoring interactions for problem-solving 

performance, and the view of monitoring with negative valence as pivotal, resulting 

in adjustments on multiple systemic levels of the collaborative group. 

5.3 Collaborative interactions and monitoring accuracy as 

predictors of students’ learning achievement 

Although Study II demonstrated some of the effects of monitoring interactions and 

their valence, it did not consider whether students’ monitoring was accurate—a 

theme highly neglected in collaborative learning research. Another essential aspect 

only briefly touched upon in collaborative learning settings was the role of CoRL 

and SSRL concerning individuals’ metacognitive monitoring and resulting 

cognitive products. Therefore, Study III aimed to investigate the role of these 

variables in relation to learning achievement. The hypothesis was that more 

frequent interactions involving metacognition, CoRL, and SSRL in groups would 

relate to the higher learning achievement of individual students. Based on prior 
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research with individual learners, metacognitive monitoring accuracy was also 

considered to relate positively to achievement (Hacker & Bol, 2019). 

The study context was a secondary school physics course in which the students 

learned collaboratively in groups of three about the topics of light and sound. 

Students filled out a quiz immediately after each collaborative session, from which 

monitoring accuracy was determined. Students’ learning achievement was assessed 

with an individual exam. In this study, the video data corpus was large (225 hours), 

and therefore, a similar level of detailedness in coding could not be held as with 

Studies I and II. Thus, the video recordings were divided into 30-second segments, 

from which the types of interactions were coded. First, metacognitive interactions, 

referring to verbal interactions targeting cognition, were coded. In the second round, 

coding identified interactions involving CoRL and SSRL. In regulation, learners 

had to clearly express observation of an obstacle or challenge in their learning 

process and involve a regulatory initiation (control), which led to strategic change 

in the groups’ activities.  

To consider the multilevel (individuals in groups) structure of the data, 

Bayesian multilevel models (Nalborczyk et al., 2019) were used in the statistical 

analysis. The study results showed a positive relation between metacognitive 

interactions and individual students’ learning achievement. However, the effect of 

CoRL on achievement was moderated by monitoring accuracy and metacognitive 

interactions. CoRL was positively related to learning achievement when coupled 

with a high frequency of metacognitive interactions, but the relationship was 

negative when there was a low frequency of metacognitive interactions. Further, 

frequent CoRL seems more beneficial for students with lower monitoring accuracy. 
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6 Main findings and discussion  

This dissertation aimed to investigate how metacognitive monitoring manifests at 

multiple levels of collaborative learning. Three empirical studies were conducted 

to fulfill this aim, and all the results have been reported in detail in three empirical 

articles. In what follows, the main findings from those results are discussed in light 

of this dissertation’s overarching aims and research questions.  

6.1 Monitoring together in collaborative learning 

The first aim of this dissertation was to investigate how students monitor together 

during collaborative learning. Monitoring interactions were approached through 

dimensions of target, valence, and equality of participation in monitoring 

interactions—all previously pointed out as essential to study further in a 

collaborative context (Azevedo, 2005; Isohätälä et al., 2020a; Järvelä et al., 2016; 

Näykki, Järvenoja, et al., 2017; Pino-Pasternak et al., 2018; Rogat & Linnenbrink-

Garcia, 2011). The results of Study I showed that in regards to target, students 

mostly monitored their cognition (56.4%) and behavior (35.9%). This means that 

students in the groups expressed more utterances targeted toward monitoring 

thinking and behavior processes than motivation and emotion. The result is not all 

surprising, considering the goal of the task. The groups were instructed to design a 

healthy breakfast from the given ingredients with the help of a learning 

management system. Under these task conditions, we expected that the goals and 

standards (see Fig. 2) students adopted—against which they contrasted their 

monitoring—were related to their design, which was a highly cognitive task. The 

reason for frequent monitoring of behavior could also be that some of the tools 

provided (e.g., the WeSpot learning management system) were new for them. 

Therefore, students had to place a particular emphasis on monitoring how these 

serve their problem solving. The lack of monitoring emotion and motivation in 

interaction aligns with other studies suggesting that students rarely explicitly 

communicate their emotions during collaborative learning (Dindar et al., 2019; 

Järvenoja & Järvelä, 2013; Näykki, Järvenoja, et al., 2017; Sobocinski et al., 2020). 

In this case, the reason might also be that the stakes of the task for the students were 

low, as the task was an extracurricular activity. Further, as the task was done only 

once and demanded only a short duration of effort, students might have been less 

likely to feel a need to monitor their level of motivation. However, studies in other 

settings with more authentic goals have shown the importance of emotion and 
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motivation regulation for groups tackling challenges (Koivuniemi et al., 2018; 

Mänty et al., 2020; Näykki et al., 2014).  

The valence of monitoring interactions, which refers to the monitored 

discrepancy between the perceived current state and the desired one—was 

investigated systemically in Study II conducted with university students. A 

descriptive result deserving attention is a large amount of monitoring in which 

valence was neither negative nor positive but could be considered neutral. In 

practice, this meant that monitoring interaction targeted a cognitive process in 

problem solving, but the discrepancy in relation to the standards set was not 

explicitly stated. These interactions could be related to knowledge construction 

activities in which monitoring group thinking might be more about pointing out 

perspectives than explicitly estimating discrepancies with the standards set.  

From the valence categories (positive, neutral, negative), only monitoring with 

positive valence predicted better performance in the following step of the business 

simulation. The importance of positive interactions, such as monitoring strengths, 

was previously described in a study by Isohätälä et al. (2020a). The authors 

emphasized how such interactions can also help groups jointly coordinate their 

learning as a collective and keep cognition-oriented activities going. This 

dissertation provides preliminary correlational support for those prior findings; 

however, verifying the actual causality would need further studies. From the 

perspective of the SRL feedback loop (see Fig. 2), the findings suggest that when 

the students monitor that the strategy works, they enter a positive feedback loop. 

Considering that monitoring has been somewhat accurate, this would likely be 

reflected in better performance in the next steps of the problem-solving process. 

In addition to valence, another aspect that has been described as relevant in 

monitoring interactions is the level of participation (Isohätälä et al., 2020b). In this 

dissertation, Study II approached participation, especially from the perspective of 

equality 7 . The results showed that equality of participation in monitoring 

interactions varied between groups. The groups also tend to keep their equality in 

participation on a certain level throughout problem-solving. This result from a face-

to-face collaborative learning setting complements the earlier findings from online 

learning settings, suggesting that the distribution of interactions between group 

members often stays relatively fixed from the start of the collaboration (Kapur et 

al., 2008). From a complex systems perspective, the result would suggest that the 

 
7 In Study II, equality of participation referred to the equality of durations that the students in a group 
verbally participated in monitoring interaction in each transition episode. 
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group as a system holds some attractor state (Gorman et al., 2017; Jacobson et al., 

2016)—a level of equality in participation—towards which it tends to gravitate 

over time in monitoring interactions. As these interactions form a group-level 

understanding (Clark, 1989; Greeno, 2011) of how learning progresses (see Fig. 3), 

which informs control of the learning process, it potentially affects the overall 

functioning of the group. Some correlational support for this relation (see Study II) 

suggests that in addition to monitoring with positive valence, equality of 

participation was a significant positive predictor of the group’s performance. Thus, 

when group members attended to monitoring interactions more equally; the group 

also tended to perform better. This result aligns with theories emphasizing the role 

of mutual interactions and participation in effective collaborative learning (Clark, 

1989; Dillenbourg, 1999; Roschelle & Teasley, 1995; Salomon & Perkins, 1998). 

Further, from a metacognitive monitoring perspective, involving different group 

members’ views in interaction can improve the accuracy of the estimate of the 

group’s current situation with the task (Bahrami et al., 2010), which may result in 

better decisions and performance of a task. From an information-processing 

perspective, mutual interactions can also give rise to collective working memory, 

with some of its benefits for solving the problem together (F. Kirschner, Paas, & 

Kirschner, 2011; P. A. Kirschner et al., 2018).  

Taken together (see Aim 1), studies conducted in these contexts suggest that 

students target their explicit monitoring interactions mostly toward cognition and 

behavior (see Study I). Within these monitoring interactions, students can—but do 

not always—communicate about the discrepancy between the current state of the 

learning task and set standards. This valence in monitoring interactions relates to 

the following groups’ performance (see Study II). The groups also tend to differ in 

how equally their group members participate in monitoring interactions, which is 

also a predictor of performance in problem solving.  

6.2 The role of individual monitoring in relation to group-level 

regulation for learning 

Aim 2 of the dissertation was rooted in the fact that very few studies have 

investigated the relationship between group-level regulation (CoRL and SSRL) and 

individual students’ learning achievement. Furthermore, practically no studies have 

considered the role of individual monitoring accuracy in that relationship.  

The descriptive results of Study III with secondary school students suggested 

that CoRL and SSRL were not very frequent among the collaborating groups. 
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Therefore, unfortunately, SSRL also had to be excluded from further analysis. This 

lack of CoRL and SSRL is a result found in other studies as well (Hogenkamp et 

al., 2021; Järvelä et al., 2015) and could, in this case, be partly explained by the age 

of the students, especially since there was no direct intervention to support CoRL 

and SSRL. Seventh graders are quite young and still developing their social and 

self-regulatory skills (Hoyle & Dent, 2018), which might be a prerequisite for 

social forms of regulation to occur spontaneously.  

Nevertheless, the multilevel analysis still provided insight into group-level 

metacognitive interactions, CoRL, and individual-level monitoring accuracy 

concerning an individual’s learning achievement. First, CoRL did not seem to have 

any positive main effect on learning achievement. This lack of main effect could 

be partly explained by the operationalization of regulation, especially as a strategic 

response to challenges (Hadwin, 2021). This means that frequent CoRL may also 

reflect a high number of challenges. However, the results did not suggest the 

existence of a negative main effect on learning.  

Interestingly, further moderation analysis showed that the relationship between 

CoRL and learning achievement was positive when coupled with frequent 

metacognitive interactions but negative when there were fewer metacognitive 

interactions. The result aligns with some of the preliminary findings from the study 

by Salonen et al. (2005), who suggested that regulation on a social level can be 

coupled with two different conditions: one in which there are active metacognitive 

interactions building awareness of one’s own and group member’s thinking, and 

another in which those are missing and CoRL initiations are therefore ill-informed. 

Salonen et al. (2005) further hypothesized that CoRL coupled with metacognitive 

interaction could lead to better results for students, which is supported by the 

correlational results of this dissertation.  

Another moderating effect of CoRL relates to its hypothesized interplay with 

an individual’s monitoring accuracy (Winne et al., 2013). The results suggest that 

a higher frequency of CoRL relates to higher achievement for the students holding 

lower monitoring accuracy, but the case seems to be the opposite for the students 

with higher monitoring accuracy. In other words, among students with less accurate 

monitoring, those in groups in which CoRL was frequent did better on the 

individual exam than those in groups with less CoRL. The result aligns with the 

expectation that CoRL can serve as a switch supporting SRL (Hadwin, Järvelä, & 

Miller, 2018), especially for students who are possibly inaccurately monitoring 

their learning progress (Winne et al., 2013). However, the opposite relationship for 

students with more accurate monitoring also raises the question of whether this 
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benefit for students with less accurate monitoring comes with a price for the 

metacognitively more accurate ones? As the evidence in this dissertation is 

correlational, more studies are needed to draw stronger conclusions.  

In addition to its moderating effect, metacognitive interaction also had a 

positive main effect on learning achievement. This means that students in groups 

with a higher frequency of metacognitive interaction, on average, also did better on 

the exam. The importance of metacognitive interactions for collaborative learning 

has been acknowledged before (Hurme et al., 2006; Kuhn, 2015; Kuhn et al., 2020). 

Students’ interaction about their thinking likely supported their proper task 

execution, transactive actions (Järvelä, Malmberg, Sobocinski, & P. A. Kirschner, 

2021; P. A. Kirschner et al., 2018), and knowledge construction (Hurme et al., 2006; 

Vuopala et al., 2019). Therefore, groups lacking metacognitive interaction could 

greatly benefit from interventions supporting this type of interaction.  

Furthermore, individuals’ monitoring accuracy showed a slight tendency for a 

positive relation with achievement, but the statistical analysis did not show a 

significant main effect. This result is consistent with previous mixed results 

(Hacker et al., 2000; Nietfield & Osborne, 2005) between global monitoring 

accuracy and achievement. It could also be that metacognitive interactions and 

group-level regulation in collaborative learning reduce some of the effects of 

monitoring accuracy seen in purely individual settings. 

In summary, the relation between CoRL and learning achievement depended 

on metacognitive interaction and individuals’ monitoring accuracy. It highlights the 

complex interplay of group-level regulation and individual metacognitive 

processes with regard to learning achievement in collaborative learning. 

6.3 The pivotal role of monitoring reflected in interpersonal 

physiology 

Concerning the third aim of this dissertation, Studies I and II explored the relation 

of monitoring with students’ interpersonal physiology. The starting point for this 

aim was studies carried out with individuals, which highlight the association 

between EDA and monitoring (Balzus et al., 2021; Hajcak et al., 2003; Ullsperger 

et al., 2014), which could potentially be used to reveal some of the regulatory 

processes involved in collaborative learning as well. As a first step concerning the 

interdependency of physiology between students, it was necessary to confirm the 

existence of a phenomenon of PS at a level higher than what could be expected to 

occur by chance. Both Studies I and II found supporting evidence for this. Further, 
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Study II especially suggested that the level of PS tends to be group dependent in 

such a way that some groups show consistently higher synchrony than others. 

Reiterating the temporal consistency in equality of participation in monitoring, this 

could be considered a preliminary indicator of some type of attractor state of the 

system (collaborative group) toward which the level of PS is inclined. 

Considering that monitoring interactions in groups make group members 

together aware of their current situation, Study I also investigated the cooccurrence 

of observed monitoring interactions and PS. For the two case groups, there seemed 

to be temporal coupling between these two processes. However, the strength of the 

correlation was limited. Still, the results provide preliminary evidence of the 

connection between group monitoring processes and PS. The fact that the 

connections did not apply to all groups suggests that the characteristics of each 

group might reveal more about the underlying mechanisms of this relationship. The 

study also pointed out a need for analysis methods that would consider the 

synchrony of a group as a whole so that compromised aggregations, such as 

averaging, would not be needed. Overall, the study suggests that PS derived from 

EDA data has some potential to shed light on temporal collaboration processes. 

However, it seems to depend intensely on other data modalities for meaningful 

interpretation. 

Based on the links found between monitoring interactions and PS, Study II 

aimed to untangle some of the characteristics of monitoring interactions in more 

detail. Given that the valence of monitoring is a crucial determinant for activating 

control in regulation (Azevedo, 2014; Azevedo & Witherspoon, 2009), a hypothesis 

was set so that arousal and PS would be especially linked to situations where the 

students monitoring interactions involve monitoring with negative valence. Since 

PS has previously been related to reciprocal interactions in a group (Schneider et 

al., 2020), synchrony and arousal were also tested as predictors of equality of 

participation in monitoring. However, this relationship did not receive reliable 

support in this study. Different factors could explain this. For example, the PS 

indices, the task, and the operationalization of social interaction characteristics in 

this study differed from those indicated in previous studies (Schneider et al., 2020; 

Slovák et al., 2014).  

However, the results supported the hypothesis that physiological arousal and 

synchrony relate to the valence of monitoring interactions. Specifically, an increase 

in arousal and higher PS were related to more monitoring with negative valence, a 

decrease in arousal was related to more monitoring with neutral valence, and a 

lower synchrony was related to more monitoring with positive valence. This aligns 
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with allostatic theories of physiological regulation, suggesting that arousal and 

synchrony could serve an anticipatory purpose in responding to an observed 

challenge (Sterling, 2012), possibly also on a group level (Saxbe et al., 2020; 

Schulkin, 2011). Overall, the results give preliminary support that metacognitive 

monitoring—especially with negative valence—is reflected on different systemic 

levels (social, psychological, physiological) of the collaborative learning group 

(Volet et al., 2009). 
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7 Conclusions  

This dissertation aimed to investigate how metacognitive monitoring manifests at 

multiple levels of collaborative learning. Three empirical studies were carried out 

to reach this aim and to advance the theoretical understanding of the role of 

metacognitive monitoring, which is needed to effectively support students in 

learning collaboratively. Multiple methods were used to study monitoring during a 

learning process, and the results from the analysis have been introduced in the 

chapters of this dissertation above. Overall, the results give rise to several 

overarching conclusions that can contribute to the scientific discussion about the 

roles of metacognitive monitoring and SRL, CoRL, and SSRL in collaborative 

learning. Next, these conclusions are presented in light of the theoretical, empirical, 

and practical implications of the findings.  

7.1 Theoretical implications  

Cognitive theories emphasize that at the core of learning are the cognitive 

operations forming knowledge and skill representations—schemas—into long-

term memory (Winne, 2001). Building upon this, information processing-oriented 

SRL theories have offered explanations of how learners themselves can, through 

metacognition, become aware of this process and make decisions regarding their 

learning to reach their goals (Winne, 2015a). However, learning often takes place 

in collaborative settings, where learners do the work for learning together. This has 

led to the development of theories that describe how students can plan, monitor, 

and control their collaborative learning process together (Hadwin, Järvelä, & Miller, 

2018). Central to all self-regulatory processes is monitoring the current state of 

affairs relative to the desired one, which in the case of learning is manifested 

through metacognition (Butler & Winne, 1995; Winne, 2018). This means 

metacognitive monitoring is a pivotal requisite for noting a need for regulatory 

control and adjustments on multiple systemic levels (see Fig. 4) of the group (Volet 

et al., 2009), and can therefore have outreaching consequences for individuals’ and 

groups’ learning (Greeno, 2011; Salomon & Perkins, 1998). The results of this 

dissertation provide observational support for this view. 
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Fig. 4. The hierarchical structure of a collaborative learning group as a self-regulatory 

system, with relations from group-level monitoring interactions to individual 

metacognitive monitoring, and regulation of physiology. The position of dissertation 

aims 1, 2, and 3 in relation to the theory has been marked in the figure (Modified from 

Butler & Winne, 1995, and Hadwin, Järvelä, & Miller, 2018). 

This dissertation highlights the central role of metacognition—thinking about 

thinking—in collaborative learning. This demonstrates that to execute their task 

successfully, students need to discuss on a group level how they understand the task, 

how they are progressing with it, and how good their task product is. These 

demands make individual metacognition inherently tied to collaborative learning 

(Frith, 2012; Järvelä, Malmberg, Sobocinski, & P. A. Kirschner, 2021). Since the 

primary aims for learning are usually cognitive, it is often the priority target and 

standard that is explicitly monitored and discussed in the group. This priority of 

cognitive products as targets for monitoring interaction does not mean that 

regulation of motivation and emotions would not be needed, but rather that, 

understandably, explicit monitoring of emotion and motivation occurs less often in 

collaborative interactions (Järvenoja et al., 2013).  

Furthermore, the pivotal role of metacognitive monitoring culminates in its 

valence, referring to the monitored discrepancy between the current situation and 

set standards (Azevedo et al., 2010). The valence of monitoring signals whether the 

group is on track or off track, which guides the next steps of collaboration. As 



73 

expected from the theory (Hadwin, Järvelä, & Miller, 2018; Winne & Hadwin, 

1998), the valence of monitoring becomes partly visible in collaborative 

interactions, and following the principles of hierarchical control systems (see Sub-

chapter 2.1.3) is even reflected in the interpersonal physiology of the students. In 

particular, monitoring with negative valence activates control by informing 

students that something needs to be changed. In the optimal case, it allows students 

to change their strategies to more effective ones.  

However, not all monitoring interactions explicitly express valence as a 

discrepancy. This suggests that in collaborative learning, some monitoring 

interactions do not function as explicit internal feedback for goal-directed purposes 

but rather as exploratory monitoring interactions possibly serving problem-solving, 

reasoning (Ackerman & Thompson, 2017), and knowledge co-construction 

(Vuopala et al., 2019). Hence, students can monitor their thinking processes from 

many perspectives, not just concerning clear pre-established learning standards 

(Winne, 1997). This variety of monitoring targets would possibly need more 

attention in SRL theory, which initially stems from self-study contexts (Winne & 

Hadwin, 1998). Previously, regulation was theoretically distinguished from 

knowledge co-construction as explicit strategic decisions in relation to learning 

goals (Järvelä & Hadwin, 2013). Further research is required to understand how 

these two types of activities possibly interplay in collaborative learning (Vuopala 

et al., 2019).  

This dissertation also underlines the importance of participation in monitoring 

interactions together (see Sub-chapter 2.2.4). It is not just the individual 

metacognitive monitoring affording group progress, but rather social interactions 

and participation in monitoring interactions that permit the performance of the 

group as a whole (Greeno & Engeström, 2014; Salomon & Perkins, 1998). Hadwin, 

Järvelä, and Miller’s (2018) theory suggests that building a shared view by 

monitoring progress together is also a prerequisite for SSRL. Students need to align 

their views about the progress to build up the regulatory acts efficiently upon each 

other (Järvelä & Hadwin, 2013). In the opposite case, the efforts to regulate are 

likely to talk past each other. 

Furthermore, this dissertation illustrates some of the top-down and bottom-up 

processes between levels discussed in theories of learning (Greeno & Engeström, 

2014) and its regulation (Efklides, 2008). Bottom-up direction was demonstrated 

in Study II, as individuals’ equal participation in monitoring interactions showed a 

relation to top in group level performance. By contrast, a top-down direction was 

demonstrated in Study III, in which groups’ metacognitive interaction and CoRL 
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were related to following individuals’ learning achievement. Aligning with the 

theoretical discussion regarding regulation (Winne et al., 2013), the relation of 

CoRL with learning achievement depended on individuals’ own metacognitive 

monitoring accuracy, demonstrating the interplay of top-down and bottom-up 

processes. Although correlational, these findings align with theoretical views 

emphasizing the interplay between individual and group levels in the regulation of 

learning (Hadwin, Järvelä, & Miller, 2018; Järvenoja et al., 2015; Volet et al., 2009). 

Taken together, although individual metacognitive monitoring is a necessity and a 

starting point for regulation in collaborative learning (Järvelä, Malmberg, 

Sobocinski, & P. A. Kirschner, 2021), social interaction affords a top-down flow of 

regulatory processes from group level to individuals and can even be seen in the 

regulation of physiology.  

7.2 Methodological implications 

This dissertation utilized multiple methods to study how metacognitive monitoring 

manifests in collaborative learning. The results of the three sub-studies suggest that 

such combinations of techniques offer research potential. For example, the results 

showed that physiological data relate to sub-processes of SRL, such as valence of 

monitoring (see Study II). More specifically, PS derived from EDA seems to reflect 

the negative feedback loop mechanism of a group and could therefore be 

informative for studying regulation in collaborative learning. Furthermore, the 

results suggest that modeling collaborative learning with complex systems methods 

holds the potential to make new intensive temporal data channels into use in 

collaborative learning research by reflecting the higher-level state of the group as 

a system (Hilpert & Marchand, 2018; Jacobson et al., 2016; Mayo & Gordon, 2020; 

Rosas et al., 2022). Previous research has acknowledged the potential of complex 

systems for studying self-regulation (Blair & Raver, 2015; Dent & Hoyle, 2015; 

Hoyle & Dent, 2018) and collaboration (Ricca et al., 2020) in educational settings, 

but the number of empirical studies is still limited. 

However, Studies I and II also suggest that the strength of the links between 

physiology and monitoring interactions is limited. One of the biggest challenges 

regarding physiological measures is that they primarily reflect general stress 

responses (Cannon, 1915), which may relate to self-regulatory processes toward 

many types of goals (e.g., social, wellbeing), not just self-regulation of learning. As 

physiological data in most studies can explain a limited percentage of variation in 

cognition and behavior, it remains a big question whether, on their own, they can 
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be reliably used to trace SRL, CoRL, or SSRL processes. One proposed solution 

for this challenge has been data triangulation, which refers to an approach in which 

several data sources are used to validate the findings. Triangulation could have 

great potential to find groups that show non-adaptive patterns in data over time. 

However, combining data streams with different granularities from different 

ontological levels is not easy and demands tools for technical and theoretical 

integration. In such cases, intense multidisciplinary collaboration is needed.  

This study also points out the limits of between-person and between-group 

analysis and the importance of considering within. Study I suggested that temporal 

coupling of PS with group monitoring behaviors varied between groups, so that for 

one of the groups, the relation was not found. It has long been known that students’ 

individual characteristics moderate the effects on learning (Winne, 1996, 2017). It 

is also known that groups differ in their collaboration dynamics (Kapur et al., 2008). 

This means that relationships between different regulatory sub-processes, such as 

monitoring and control with learning, might act differently depending on the group. 

There has been an emerging trend toward models looking into longitudinal data to 

build intraindividual and intragroup models, which could possibly take into account 

such variability (Moeller, 2022). Novel data streams involving intensive 

longitudinal data afford such approaches to be developed further and, in the future, 

possibly also be used for adaptive support (Molenaar, 2022).  

7.3 Practical implications  

When the data for this dissertation were collected, we heard students reminding 

each other of the importance of all group members participating in the collaborative 

work. This may have reflected the wish to share workloads equally and avoid social 

loafing. However, students may also be aware of the potential benefits of joint 

participation in collaborative learning processes. Nevertheless, the results of this 

dissertation support the view that such equality in participation in monitoring could 

be beneficial for a group’s learning and might therefore deserve attention in 

teaching and support. Students should be taught about the potential benefits of 

monitoring their learning progress. There already exist examples of supporting 

regulation through different scripts and prompts in planning and reflection (Järvelä 

et al., 2015; Miller & Hadwin, 2015), but just-in-time support for monitoring might 

need more attention. For the support to be effective, it should be adaptive, that is, 

it targets the relevant aspects in collaboration in timely manner (Järvelä & Hadwin, 

2015). In practice, teachers could observe whether students discuss their learning 
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and thinking processes (metacognitive interaction) in collaboration and ask 

questions to activate such talk, if needed. However, knowing that there usually exist 

several groups in classrooms, this task is not easy. 

In the future, different adaptive technologies could provide just-in-time 

feedback, helping teams learn to work more efficiently (Wiltshire et al., 2022). This 

dissertation provides preliminary evidence that physiological sensor data (i.e., 

wearable sensors) could serve as one channel to develop such support. 

Simultaneously, it should be acknowledged that several technological and ethical 

challenges regarding such tools remain (Yan et al., 2022), and educators should be 

critical in adopting them for general use before convincing evidence of their 

benefits and reliability has been provided. When used, such tools should aim to 

fade scaffolds so that teams still hold agency for their regulation and would not get 

over-reliant on such technologies. 

Simultaneously, the relationship between monitoring and physiological arousal 

has preliminary implications for learning design. Considering that the results of this 

study link monitoring with negative valence to an increase in arousal and knowing 

that sympathetic activation is a stress for the body, it would be important to consider 

the resources that students hold when facing tasks with high self-regulatory 

demands (Blair & Raver, 2015). In other words, students who are better equipped 

with resources, such as prior knowledge and strategies, are likely to experience 

lower levels of physiological arousal (Pecchinenda & Smith, 1996). Arousal in the 

short term could be beneficial, but the effects of high arousal in the long term are 

considered detrimental (Goldstein, 2021; Sterling, 2012). Therefore, it would be 

essential to consider that tasks with high uncertainty or high demands for SRL or 

SSRL would be coupled with strategies for recovery (Mastromatteo et al., 2021; 

Saxbe et al., 2020). Otherwise, the students might, understandably, rely on 

strategies that ensure their well-being, but their learning might be compromised 

(Boekaerts & Niemivirta, 2000; Wirz et al., 2018). This does not suggest that 

learning challenges inviting regulation should be avoided but rather that 

challenging tasks must be acknowledged and proper support should be provided. 

7.4 Directions for future research 

Although an increasing interest in metacognition and regulatory processes in 

collaborative learning has emerged in recent years, many endeavors remain 

unexplored. For example, studies with individual students show that different types 

of cues, such as fluency, inform metacognitive monitoring. These cues give rise to 
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the learner’s metacognitive confidence and certainty, therefore affecting decisions 

on strategies used (Ackerman & Thompson, 2017). The types of cues that students 

use to inform their metacognitive monitoring in collaborative learning remain 

unclear. Do students, for example, consider fluent social interaction to be a sign of 

better learning? How are heated arguments and discussions interpreted from the 

metacognitive perspective of learning? Can these types of cues be learned? Some 

metacognitive interactions are also likely communicated by very subtle cues in 

communication, such as tone of voice and facial expressions (e.g., confidence). 

These interactions may be important determinants of how students form their 

shared views about the current state of affairs in learning. Thus far, a large-scale 

analysis of such elements in interactions has been very challenging. However, the 

development of tools such as facial expression recognition and speech recognition 

has the potential to advance the understanding of those aspects. It would also be 

essential to continue to explore how accurate groups and individuals are in their 

monitoring of progress with collaborative learning and how that interplays with 

CoRL and SSRL.  

Future studies should also consider the role of metacognitive monitoring in the 

feed-forward type of regulation in collaborative learning. This dissertation focuses 

on control theory, as it describes the role of metacognitive monitoring in affording 

the regulation of the discrepancy between the set standards and the products. It 

emphasizes the importance of the negative “corrective” feedback loop, which can 

be considered a rather reactive form of regulation. However, many theories 

emphasize the proactive nature of self-regulation. 

There is more to self-regulation than control by means of feedback loops. 

(Bandura & Locke, 2003, p. 94) 

For example, before the actual learning takes place, students set standards (Winne 

& Hadwin, 1998), consider their efficacy (Bandura & Locke, 2003), and anticipate 

psychologically and even physiologically (Sterling, 2012) to meet the demands of 

the task. These predictive feed-forward processes affect what, how, and when 

students metacognitively monitor, but research on these issues in collaborative 

learning remains scarce. For example, it is still unclear how students 

metacognitively monitor the early cues of forthcoming challenges in their 

collaboration and how they allow subtle control before the actual challenge arises.  

Concerning evolving learning science methods, multimodal multichannel data 

have attracted much attention (Azevedo & Gašević, 2019). Though these methods 

afford possibilities to conquer and explore new aspects in SRL and SSRL (Järvelä 
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et al., 2019), several authors (Azevedo & Gašević, 2019; Winne, 2019) have 

discussed the challenges these methods hold concerning, for example, theoretical 

assumptions, analysis, and reporting of the results. Simultaneously, as multimodal 

data affords to investigate temporally unfolding processes on multiple levels, it 

raises several ontological and epistemological questions regarding SRL and SSRL. 

There would be a need—especially due to the rapid advancement of available 

methodologies—to continue the discussion in learning sciences (Reimann, 2021; 

Winne, 2019). Some of these recent discussions and proposals for integration stem 

from the complex system approach (Hilpert & Marchand, 2018; Jacobson et al., 

2016; Moeller et al., 2022). The future will show whether such approaches could 

align the foundational socio-cognitive, socio-cultural, and situative learning 

theories with novel empirical methods acknowledging the complexity of learning.  
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