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Although eye tracking has been successfully used in science education 

research, exploiting its potential in collaborative knowledge construction 

has remained sporadic. This article presents a novel approach for studying 

collaborative knowledge construction in a simulation-based environment by 

combining both the spatial and temporal dimensions of eye-tracking data 

with video data. For this purpose, we have investigated two undergraduate 

physics student pairs solving an electrostatics problem in a simulation-

based environment via Zoom. The analysis of the video data of the students’ 

conversations focused on the different collaborative knowledge construction 

levels (new idea, explication, evaluation, and non-content-related talk and 

silent moments), along with the temporal visualizations of the collaborative 

knowledge construction processes. The eye-tracking data of the students’ 

gaze, as analyzed by epistemic network analysis, focused on the pairs’ spatial 

and temporal gaze behavior. We illustrate how gaze behavior can shed light on 

collaborative knowledge construction in terms of the quantity of the talk (e.g., 

gaze behavior can shed light on the different activities of the pairs during the 

silent moments), quality of the talk (e.g., gaze behavior can shed light on the 

different approaches when constructing knowledge on physical phenomena), 

and temporality of collaborative knowledge construction processes [e.g., gaze 

behavior can shed light on (the lack of) attempts to acquire the supporting or 

contrasting evidence on the initial ideas on the physical phenomena]. We also 

discuss the possibilities and limitations of gaze behavior to reveal the critical 

moments in the collaborative knowledge construction processes.
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Introduction

In science education, simulation-based environments have 
been used to foster collaborative knowledge construction (CKC) 
and guide students in building on each other’s ideas and thoughts 
while learning about scientific phenomena (Schellens and Valcke, 
2005; Liu et al., 2021). However, productive CKC processes in 
these environments rarely occur automatically (Jeong et  al., 
2019). Even though the (automatic) analysis of students’ verbal 
conversations could provide information to teachers and 
machines so that they can guide CKC processes (Lämsä et al., 
2021b), many nontrivial issues, such as moving from the 
retrospective modeling of learning processes to predictive 
analytics, must be solved before these applications can be more 
broadly adopted (Schneider et  al., 2021). In the field of 
multimodal learning analytics, various data modalities are 
combined to comprehensively understand if and how learning 
occurs (Olsen et  al., 2020). Ultimately, the aim is to use this 
information to support learning.

Collaborative knowledge construction analysis has 
typically focused on the quantity and quality of conversations 
via coding the utterances of video data and evaluation of 
learning outcomes (Jeong et al., 2014, 2019); in this context, 
the temporal analysis of CKC has gained increased attention 
(Lämsä et al., 2021a). In addition to the conversations captured 
with video data, CKC research could benefit from eye tracking 
(Olsen et  al., 2020). Although eye tracking has been 
successfully used in science education research (e.g., Hahn 
and Klein, 2022), only a few studies have investigated the role 
of gaze in CKC in science learning (for an exception, see 
Becker et al., 2021). Gaze similarity among students has been 
associated with higher-quality learning processes and 
outcomes (Olsen et al., 2020; Becker et al., 2021), although 
exceptions do exist (Liu et al., 2021). On the one hand, it is 
essential to develop improved gaze similarity indicators that 
reveal both the focus and timing of gaze and, thus, better 
reflect the kinematics of CKC in simulation-based 
environments. On the other hand, the contextual information 
of CKC processes (such as video data) and eye-tracking data 
would ensure that the processes are interpreted reliably 
(Molenaar, 2021).

In the current article, we  introduce a methodology of 
combined video and eye-tracking data analysis to study CKC 
kinematics in a simulation-based environment. We discuss the 
possibilities of this methodology for designing pedagogical 
practices for science education that can help us in understanding 
and guiding these CKC processes.

Literature review

Collaborative knowledge construction in 
simulation-based environments

Simulations work to model activities and processes by 
omitting irrelevant variables from the perspective of learning goals 
(Chernikova et al., 2020). Moreover, simulations provide users 
with certain control when they accomplish a given task 
(Chernikova et  al., 2020). Simulations have been applied in 
practicing authentic practices and procedures, for example, in the 
aviation (Mavin et al., 2018) and healthcare sectors (Cook et al., 
2013), and in various disciplines as a part of formal education 
(Chernikova et al., 2020). Simulations can be used in nondigital 
settings (e.g., simple patient simulations in healthcare) or digital 
settings (e.g., virtual reality flight simulations in aviation). In the 
current study, we  focus on computer simulations in science 
education. In the context of science education, computer 
simulations are programs that provide a representation of a 
scientific phenomenon through a model (Clark et al., 2009; de 
Jong and Lazonder, 2014). Computer simulations such as PhET 
(University of Colorado Boulder, 2022b) or WISE (UC Berkeley, 
2022) may improve learning outcomes by enhancing other forms 
of instruction, such as lectures or laboratories (Rutten et al., 2012; 
de Jong et  al., 2013). Moreover, simulations may facilitate 
collaboration among students during CKC processes (Lämsä et al., 
2018, 2020). This collaboration among students may be beneficial 
for gaining conceptual and procedural knowledge (Jensen and 
Lawson, 2011; Rutten et al., 2012).

In simulation-based environments, the user can interact with 
the simulation by exploring the effects of the given input variables 
to observe the effects on the output variables (Clark et al., 2009; de 
Jong and Lazonder, 2014). Within computer-mediated settings, the 
interaction between the students and simulation may take different 
forms (Figure 1). First, when using individual-based simulations, 
each student can individually interact with the simulation, 
requiring intensive verbal coordination of CKC processes between 
students (Figure 1A), which can be a challenge (Chang et al., 2017). 
Second, when using collaborative simulations, the students can 
interact with the simulation in a shared space collaboratively; 
hence, the coordination of CKC processes may be further fostered 
by assigning students distinct responsibilities (Figure 1B). Even 
though these latter simulation-based environments may benefit 
from the coordination of the CKC processes and, thus, facilitate 
interactions among students, they do not necessarily lead to 
higher-level CKC processes or learning outcomes compared with 
the former settings (Chang et al., 2017; Liu et al., 2021). Third, the 
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rapid adoption of communication apps, especially during the 
COVID-19 lockdown, shifted face-to-face sessions to Zoom  
or Teams. Sessions with screen sharing can also foster the 
coordination of the CKC process, even if individual-based 
simulations are used (Stevenson et al., 2022). Although one student 
sharing the screen interacts with the simulation and others monitor 
the simulation view from the screen, the sharing student can 
mediate the interaction between the simulation and others by 
implementing requests from others in the simulation environment 
(Figure 1C). In the current study, we focus on this third scenario.

Although this scenario inevitably assigns different roles to the 
students in the CKC processes, both sharing and monitoring 
students should effectively utilize a simulation-based environment 
as an external resource for explicating and evaluating ideas and 
thoughts (Jeong and Hmelo-Silver, 2010). Usually, students share 
their ideas and thoughts without building on previous ones, 
meaning that critical explication and evaluation of others’ ideas 
and thoughts and other higher levels of CKC are rare (Yang et al., 
2018). Students may also have challenges understanding visual 
representations of abstract concepts, such as fields (Klein et al., 
2018). These challenges highlight the role of the teacher and 
simulation-based environment in guiding CKC (Lin et al., 2013; 
Lehtinen and Viiri, 2017). In this respect, the eye-tracking analysis 
provides a view of students’ visual attention that could provide 
teachers and simulation developers with information on 
unnecessary or distracting visual objects, helping guide CKC and 
improve these environments.

Studying collaborative knowledge 
construction with eye tracking

In the current paper, we refer to gaze as “the act of directing 
the eyes toward a location in the visual world” (Hessels, 2020, 

p. 856) and gaze behavior as gaze similarities and dissimilarities 
over time. Tatler et  al. (2014, p. 6) have pointed out that “eye 
movements give us a window onto how perception operates across 
the course of a task, from the first intention to act and through the 
process of carrying out the task itself.” Strohmaier et al. (2020) 
showed that many studies using eye tracking to study learning 
processes assume that when a student’s gaze is focused on an 
artifact, the student processes the information being provided (see 
Just and Carpenter, 1980). This assumption, however, is a 
simplification because, even though the sharp image of the artifact 
is formed within a tiny area of the eye, which is called the fovea 
(Holmqvist et al., 2011, p. 21), humans can process information 
from the wider area around the artifact (parafoveal processing, 
Schotter et al., 2012).

One of the critical questions in CKC is how to capture a joint 
activity between pairs or small groups using eye tracking (e.g., 
Hayashi and Shimojo, 2021). So far, most studies have evaluated 
CKC processes by assessing how often students look at the same 
objects of the learning environment (Olsen et al., 2020; Becker 
et al., 2021; Sharma et al., 2021). For example, Becker et al. (2021) 
found that early gaze similarities concerning laboratory apparatus 
were positively associated with the learning outcomes in a 
collaborative laboratory. However, similar gaze patterns do not 
guarantee productive learning processes and outcomes (Schneider 
et  al., 2018). For example, high gaze similarity may result in 
low-level CKC processes and poor outcomes if the similarity is 
related to irrelevant objects (a synthesis by Hahn and Klein, 2022, 
indicated this to be true when learning individually in simulation-
based environments). Schneider et  al. (2018) addressed this 
challenge in the literature by augmenting spatial information from 
eye-tracking data and verbal information from audio recordings 
into cross-recurrence graphs that indicate “how and the extent to 
which streams of information come to exhibit similar patterns in 
time” (Coco and Dale, 2014, p. 2). Simulations often visualize 

A B C

FIGURE 1

The interactions (double-sided arrows) among the students and simulation with the (A) individual-based simulations, (B) collaborative simulations, 
and (C) individual-based simulations used with the screen-sharing functionality in computer-mediated collaborative knowledge construction. The 
current study focuses on the faded scenario (C), in which student 1 is sharing and student 2 is monitoring the screen.

https://doi.org/10.3389/feduc.2022.942224
https://www.frontiersin.org


Lämsä et al. 10.3389/feduc.2022.942224

Frontiers in Education 04 frontiersin.org

concepts that are abstract, nonlocal, and visually absent in the real 
world, such as fields and forces. Thus, rich visualizations result in 
several visual objects, which can complicate the interpretation and 
comparison of cross-recurrence graphs.

The analysis of students’ gaze behavior means identifying the 
temporal co-occurrences of their gaze events (see an overview of the 
temporal analysis methods in Lämsä et al., 2021a). For this purpose, 
an emerging method in the learning sciences is epistemic network 
analysis (ENA; Shaffer et al., 2016). The premise of ENA is that 
co-occurrences of (gaze) events are more important than the events 
as such (Shaffer et al., 2016; Andrist et al., 2018). ENA models the 
co-occurrences of the gaze events with nodes and edges: the areas 
of interest (AOIs) are depicted as nodes, and the co-occurrences of 
the students’ gaze events with these AOIs are depicted as the edges 
between nodes. An advantage of the ENA compared with other 
network analysis methods is that it allows for examining which 
(instead of how) nodes are connected (Bowman et al., 2021); from 
the perspective of CKC processes, this is important to understand 
which features of the simulation-based environment students are 
simultaneously looking at. Moreover, the ENA allows for 
comparisons of the networks by keeping the nodes and edges in the 
same location in the visualization of the networks (Bowman et al., 
2021); this facilitates a comparison of the students’ gaze behaviors 
between the pairs or small groups and between the CKC levels.

In the current study, we  introduce a novel approach for 
exploring CKC kinematics in a simulation-based environment. By 
kinematics, we  refer to the connections between the CKC 
processes and gaze behavior without considering their dynamics, 
which would imply understanding the causes of the observed 
CKC processes or gaze behavior. To illustrate our approach, we use 
video data of student pairs’ conversations to understand their 
CKC processes from the perspectives of the (i) quantity of the talk, 
(ii) quality of the talk, and (iii) temporality. We then apply ENA to 
eye-tracking data to explore what insights the student pairs’ gaze 
behavior provides regarding these CKC processes. We answer the 
following research questions (RQs):

RQ1:   What does the analysis of the video data tell about the 
pairs’ CKC processes?

RQ2:   What does the pairs’ gaze behavior tell about these 
CKC processes?

Materials and methods

Context and participants

The current study was conducted in an introductory electricity 
course at a Finnish university. We focus on the data from two 
student pairs who used the Charges and Fields PhET simulation 
(University of Colorado Boulder, 2022a) to solve an electricity 
problem (Figure 2). The students worked in different rooms via 
Zoom so that both saw the same assignment and simulation views 
of the split screen. One student shared (S) and the other monitored 
(M) the screen; in the rest of this paper, we refer to these students 

as 1S and 1M (the sharing student and monitoring student of pair 
1, respectively), and 2S and 2M (the sharing student and 
monitoring student of pair 2, respectively). The pairs constructed 
knowledge of electric field properties in the presence of a static 
negative charge and positive charge that could be moved about. 
The students were supposed to apply the superposition principle 
to explain how the direction and magnitude of the nonlocal 
electric field change when moving the positive charge.

Data

To answer RQ1, we video recorded the pairs’ conversations in 
Zoom and transcribed the pairs’ conversations (pair 1: 5.3 min. 
with 59 utterances; pair 2: 12.8 min. with 163 utterances) using the 
“unit of meaning” (Henri, 1992, p.  134) to identify episodes 
comprising a few utterances. We  then applied Veerman and 
Veldhuis-Diermanse (2001) to analyze the CKC level through 
theory-driven content analysis. We coded the episodes (13 and 38 
episodes) as either physics content–related talk, including the 
following CKC levels: (i) new idea, (ii) explication (elaboration on 
earlier ideas), and (iii) evaluation (critical discussion of and 
reasoning about earlier ideas), or non-content-related talk, 
including planning and technical talk (e.g., planning procedures 
or wondering how to invoke the simulation). The first author 
prepared a coding manual with the definitions and example 
excerpts of the codes. After this, the first author and the coauthor 
coded all the episodes of the pairs’ conversations, after which the 
disagreements (see the contingency table in Table 1) were resolved 
and definitions of the codes revised by all the authors (see Table 2).

To answer RQ2, we collected the eye-tracking data using Tobii 
Pro Glasses 2 (sampling frequency 50 Hz), which are mobile 
wearable eye trackers. Eye tracking allowed free movement of the 
participants so that the gaze outside the computer screen could 
also be  captured. The scene camera of the eye tracker had a 
resolution of 1,920 × 1,080 pixels, capturing 52° vertically and 82° 
horizontally. We used one-point calibration, and we verified the 
calibration by asking the participants to look at three different 
points on their surroundings (the points were left, right, and in 
front of them). We wanted to keep the data collection situation as 
authentic a learning situation as possible, and we  did not use 
chinrests, control students’ distance to the computer screen, nor 
control the gaze angles; however, the learning situation and 
simulation-based environment (Figure 2) provided satisfactory 
conditions for eye-tracking data collection (e.g., distance to the 
computer screen was approximately 0.5–1.0 m, and the targets in 
the environment were located within narrow area so that no large 
gaze angles were needed that improved the accuracy of the eye 
tracking; Tobii Pro AB, 2017). The data were analyzed in Tobii Pro 
Lab (Tobii Pro AB, 2022). We used the Tobii I-VT (Attention) as 
a gaze filter, which is the default preset for wearable eye trackers. 
The velocity threshold parameter was 100°/second. Blinks and 
saccades were cleaned from the data, and only fixation data were 
used in the coding and further analyses.
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To study the gaze behavior, we  first watched eye-tracking 
recordings to explore where students divided their visual attention 
when solving the given problem. Based on this exploration and 
the expert analysis of the problem itself (five authors have master’s 
or doctoral degrees from physics), we divided the screen view into 
AOIs (see Figure 2 and Table 3; the keyboard was an AOI only for 
the sharing student). The formed AOIs allowed “local analysis” 
(Hahn and Klein, 2022, p. 5), which differentiates the irrelevant 
and relevant features of the simulation view (Figure 2 and Table 3). 
The fixation data were manually coded in Tobii Pro Lab into the 
different AOIs based on the screen capture in Figure 2. The coding 
was done fixation by fixation, clicking that AOI in the screen 
capture to which the student’s gaze was located in the eye-tracking 
recording. The coding decisions were made based on the set of 
objects in the screen capture (e.g., sensor, moving charge, and 
static charge), not on the absolute position of the fixation in the 
eye-tracking recording (e.g., if the student’s visual attention was 
on the moving charge, it was coded as such, even though the 
position of the moving charge in the eye-tracking recording would 

have differed from that presented in Figure 2). Fixations unrelated 
to any AOIs were coded as being “outside screen” and excluded 
from further analysis. Two researchers coded the fixation data of 
one student (562 fixations, of which 160 were “outside screen”). To 
check the interrater reliability of the coding, we then calculated 
Cohen’s kappa (Cohen, 1960) and Shaffer’s rho separately for each 
code (AOI; Table 3) so that a high agreement in one code did not 
hide a low agreement in another code (Shaffer, 2017; Eagan et al., 
2020). Cohen’s kappa was >0.97 for all the codes (AOIs), indicating 
almost perfect agreement between the two coders (Shaffer’s rho 
was <0.05 for all the codes when we set 0.7 as a threshold value of 
Cohen’s kappa to indicate good reliability; Cicchetti, 1994).

Because the sampling frequency of the eye trackers was 50 Hz 
(a data point for each 20-ms interval), as a result, we had a time 
series of the gaze events in which all AOIs were assigned binary 
data for each 20-ms interval, here corresponding either to student 
visual attention (one) or the absence of student visual attention 
(zero). We excluded five AOIs (settings, objects, measuring tape, 
meters, and reset) because they rarely attracted students’ attention 
(Table  3); this exclusion also eased the interpretation of the 
epistemic networks by decreasing the number of nodes in the 
networks. For both student pairs, synchronization of the video 
and eye-tracking data enabled analysis of the CKC processes from 
the perspectives of the (i) quantity of the talk, (ii) quality of the 
talk, and (iii) temporality and gaze behavior.

Analysis

To answer RQ1 and to study the quantity of the talk, we first 
calculated the relative amount of time that the pairs used for 
non-content-related talk and physics content-related talk, 
including the following CKC levels: (i) new idea, (ii) explication, 
and (iii) evaluation. We also calculated the relative amount of time 

FIGURE 2

The assignment and simulation view the student pairs were looking at when they constructed knowledge on electric field properties in the 
presence of a negative static charge and positive movable charge. The areas of interest are labeled using colored shapes; the labels were not 
visible to the students. The students wrote their answers to the problem in the textbox on the left.

TABLE 1 The contingency table shows the agreements and 
disagreements in the coding of the conversations between two 
coders.

Coder 1

Non-
content-
related

New 
idea Explication Evaluation

Coder 2 Non-content-

related

27 0 0 0

New idea 0 7 0 0

Explication 1 0 12 1

Evaluation 0 0 0 3

All 51 episodes were coded by two authors.
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TABLE 3 The areas of interest (AOIs) and their total fixation durations 
in percentages during the collaborative knowledge construction 
processes of pair 1 (1S and 1M, duration 5.3 min) and pair 2 (2S and 
2M, duration 12.8 min).

AOI/Student 1S (%) 1M (%) 2S (%) 2M (%)

Assignment 13.0 13.6 7.4 3.5

Textbox 16.8 32.1 10.9 4.4

Keyboard 20.5 − 2.6 −

Sensor 4.2 0.4 17.8 15.6

Moving charge 5.8 1.5 12.7 6.8

Static charge 5.6 13.8 14.3 2.9

Settings 1.0 0.8 0.5 0.1

Objects 0.6 0.5 0.8 0.3

Measuring tape 3.3 4.9 0.0 0.0

Meters 0.6 0.1 0.4 0.0

Reset 0.0 0.0 0.0 0.0

Total 72.4 74.1 70.1 46.5

S and M refer to the sharing student and monitoring student, respectively. The shaded 
AOIs are used in further analyses, and the dashed line separates the AOIs referring to 
the problem and simulation view.

for silent moments. Second, to study the quality of the talk, 
we examined the quality of the conversations at the different CKC 
levels in terms of whether students’ ideas (and explication and 
evaluation of those ideas) were correct or not in the context of the 
given problem (Figure 2). Third, we studied the temporality of the 
pairs’ CKC processes by visualizing CKC level and non-content-
related talk as a function of time.

To answer RQ2, we  applied ENA to synchronized, binary 
eye-tracking data (see Shaffer et al., 2016; Andrist et al., 2018). The 
AOIs served as the nodes of the network (Figure 2). We considered 
that the gaze events within a 2-s time interval were connected, so 
we  used the moving windows of the size of a 100 rows (100 

rows × 20 ms/row = 2 s). We chose this 2-s time interval based on 
previous studies on the gaze similarity of pairs (Richardson and 
Dale, 2005; Schneider et al., 2018). The unit of analysis was a pair 
at different CKC levels (along with during non-content-related talk 
and during silent moments), so we created the adjacency matrices 
for both pairs at each CKC level separately. The adjacency matrices 
represent the strength of the connections between the AOIs of the 
two students at the different CKC levels (along with during 
non-content-related conversations and during silent moments). 
We used weighted sums so that more connections between the 
AOIs within a moving window also resulted in stronger 
connections between these AOIs. When building epistemic 
networks, we did not visualize the connections between the AOIs 
of an individual student; in other words, if the student focused on 
several AOIs within the 2-s time interval, the connections between 
these AOIs were not visible in the epistemic networks (Andrist 
et al., 2018). We made this decision to facilitate the interpretation 
of the networks.

After the adjacency matrices for each unit of analysis had been 
created, the matrices were converted into adjacency vectors 
(Bowman et  al., 2021) that were spherically normalized. This 
normalization eased the comparison of the networks when the 
duration of the CKC processes (and, thus, the number of gaze 
events) differed between pairs 1 and 2 (see Table 3). Finally, the 
dimensions of the adjacency vectors were reduced by singular value 
decomposition, after which the network nodes were positioned by 
applying an optimization method (see Bowman et al., 2021). The 
networks included two nodes for each AOI (see Table 3): one node 
for the sharing student and another for the monitoring student. The 
edges connecting the nodes provided a visualization of the gaze 
behavior: the thicker the edge, the more students had simultaneously 
focused on the corresponding AOIs within the two-second time 
interval. Figure  3 demonstrates this process with a fictional, 

TABLE 2 Coding manual for non-content-related talk and physics content–related talk that includes a code for each level of collaborative 
knowledge construction.

Content Code Definition Example excerpt

Non-content-related talk Planning, coordination and 

technical talk

Planning and coordinating procedures or 

wondering how to invoke the simulation

2M: Now we just write down very neatly that the electric fie … 

Hang on a second, the electric field itself …

2S: Yeah, so what was the question? Descr … the electric field …

Physics content–related talk CKC: New idea Presenting a new idea or thought in the 

context of the ongoing conversation

2S: Yes, it [the electric field] is at the smallest when it is here on 

the oppos … other side.

Physics content–related talk CKC: Explication Elaborating further on earlier ideas 2M: Yes, then at the largest when they are so that one [charge] is 

attracting it and another [charge] is pulling it in the same 

direction. Yes.

Physics content–related talk CKC: Evaluation Discussing critically and reasoning about 

earlier ideas

2M: Mm, while approaching how does it … [commenting on the 

written answer in the textbox]

2S: Or it can … What?

2M: How is it approaching … That is, while approaching?

2S: So, it is here like that. Here, when it’s farther away, and then, 

when it is approaching there, then that force starts to increase.

2M: Mm, okay. But does it increase when it is on the side, even 

though it is already approaching?

2S and 2M refer to the sharing student and monitoring student of pair 2.
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simplified dataset. We performed the ENA in RStudio (Version 
1.2.1335) by applying the rENA package (Marquart et al., 2021).

Results

In the following section, we cover the pairs’ CKC processes 
from the perspectives of the (i) quantity of the talk, (ii) quality of 
the talk, and (iii) temporality based on the analysis of the video 
data (RQ1, Section “Pairs’ collaborative knowledge construction 
processes based on the video data”). We  then illustrate what 
insights the pairs’ gaze behavior provides regarding these  
CKC processes (RQ2, Section “Pairs’ collaborative knowledge 
construction processes: Insights based on gaze behavior”).

Pairs’ collaborative knowledge 
construction processes based on the 
video data

Quantity of the talk
Figure 4 shows the relative amount of time that the pairs used 

for non-content-related talk and physics content–related talk, 
including the following CKC levels: (i) new idea, (ii) explication, 

and (iii) evaluation. The relative amount of time for silent 
moments is also shown in Figure  4. Pair 1 had more silent 
moments and less non-content-related talk, such as planning, 
than pair 2 (67% vs. 42 and 15% vs. 25%, respectively). Regarding 
the physics content–related talk, both pairs used a relatively 
similar amount of time to present new ideas (6 and 6%) and 
explicated those (13 and 17%), but pair 2 also evaluated the 
presented ideas 10% of the time.

Quality of physics content–related talk
Even though there were no differences between the pairs in 

the relative amount of physics content–related talk in presenting 
new ideas and explicating those (Figure 4), pair 1 exhibited low 
quality of physics content–related talk. The new ideas that the 
monitoring student (1M) presented to the problem did not 
include the magnitude of the electric field, instead focusing only 
on its direction. These ideas about the direction were also incorrect 
because 1M ignored the fact that the direction of the electric field 
was constantly changing when the positive charge was moved 
(starting time of the utterance at t = 1.9 min, see Figure 5A):

1M (Monitoring student): Well, inside those [the electric field 
lines], all of them are pointing toward the negative 
[static charge].

A

B

C

FIGURE 3

A fictional, simplified process for visualizing the epistemic network of two areas of interest (AOI1 and AOI2). S and M after the underscore refer to 
the gaze of the sharing student and monitoring student. (A) Weighted adjacency matrices represent the co-occurrences of gaze events in the two 
different time intervals (moving windows). (B) The cumulative adjacency matrix is calculated by summing the adjacency matrices presented in (A). 
The connections in the AOIs between the sharing and monitoring students are included in further analyses; the connections within an individual 
student are excluded (see the shadings in the matrices). (C) The arbitrary visualization of the epistemic network shows that the connections 
between AOI2_S and AOI1_M were stronger (a thicker edge between the nodes) than the connections between AOI1_S and AOI1_M (a thinner 
edge between the nodes). The sharing student focused their attention neither on the AOI1_S nor on the AOI2_S when the monitoring student was 
looking at AOI2_M.
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FIGURE 4

The relative amount of talk (in %) at the different collaborative knowledge construction (CKC) levels. The amount of non-content-related talk and 
silent moments has also been marked.

A

B

FIGURE 5

Visualization of the collaborative knowledge construction (CKC) process of (A) pair 1 and (B) pair 2. The duration of the CKC process was 5.3 min 
for pair 1 and 12.8 min for pair 2.

1S (Sharing student): Mm. Yes … And outside then … But 
does [the electric field] change if … Mm.

1M: Yes, so then it’s kind of … There, where the positive 
[moving charge] is, so then those [the electric field lines] 

are pointing away from its vicinity, but otherwise, it is 
always pointing toward the negative [static  
charge].

1S: Yes.
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Later, pair 1 only pondered and explicated how 1M’s incorrect 
ideas could be formulated to write in the textbox (starting time at 
t = 2.3 min; see Figure 5A):

1S: So, hmm.

1M: For a), all [the electric field lines] point toward the 
negative [static charge].

1S: Yes.

In contrast, the monitoring student of pair 2 (2M) presented 
fair ideas of the problem, even though 2M also focused more on 
the direction of the electric field than its magnitude (starting time 
at t = 1.4 min, see Figure 5B):

2M (Monitoring student): But it [the electric field] is doing 
that kind of pendular motion there.

2S (Sharing student): So it is. Yeah.

In the explication level, 2M provided physical explanations for 
the presented ideas and thoughts (starting time at t = 2.3 min; see 
Figure 5B):

2M: Let’s write this neatly down so that the direction of the 
force starts to oscillate then and … Then in part a), inside … 
Hmm … The direction of the [electric] field is changing, of 
course, depending on their lengths. Or no, depending on the 
… Hmm … Kind of position where the moving charge is 
going. Thus, a kind of oscillatory motion emerges. Because it 
is rotating 180° or, ahem, pi radians, it is always on the side 
where they kind of constructively interfere and half of which 
are destructive.

Pair 2 also evaluated the presented ideas (see an example in 
Table 2), while this CKC level was absent in pair 1’s conversation.

Temporality of CKC processes
Figure  5A shows that the CKC process of pair 1 moved 

straightforwardly from non-content-related talk to presenting new 
ideas and then to explication without evaluation. Non-content-
related talk, including planning and coordinating actions as 
examples, was rare later in the CKC process (see Section “Quantity 
of the talk”). Thus, pair 1 made their conclusions based on their 
initial and incorrect ideas and thoughts (see Section “Quality of 
physics content–related talk”), which they only explicated on 
further (no transitions from explication to presenting new ideas). 
Thus, pair 1 failed to solve the problem shown in Figure 2 correctly 
because they concluded the following in their joint answer in 
the textbox:

The electric field inside the circumference of the circle always 
points toward the [static] charge Q1.

[Outside the circumference of the circle and] close to the 
[moving] charge Q2, the electric field points away. When 
charge Q2 moves further, the electric field again points toward 
the [static] negative charge.

The answer reveals that pair 1 did pay attention to the 
direction of the electric field but not to its magnitude. They also 
failed to notice how the direction of the electric field constantly 
changed when the positive charge moved around the 
negative charge.

Figure 5B shows that pair 2 had several transitions between 
the CKC levels and non-content-related talk, meaning that pair 2 
frequently planned their actions (Section “Quantity of the talk”). 
These findings may relate to their problem-solving strategy, which 
separately considered the two aspects of the problem: the electric 
field inside (0–7 min) and outside the circle (7–13 min, Figure 5B; 
see also Figure 2). Pair 2 reached the highest CKC level when they 
evaluated their ideas in both parts of the problem. Pair 2 finally 
focused both on the magnitude and direction of the electric field, 
answering the problem more correctly:

[Inside the circumference of the circle], the direction [of the 
electric field] changes periodically; [and] the magnitude [of 
the electric field] increases when the [moving] charge Q2 
approaches the [chosen] point a.

[Outside the circumference of the circle], when the [moving] 
charge Q2 is on the same side of the circumference of the circle 
as the [chosen] point a, the [electric] fields add up.

The answer illustrates that pair 2 made relevant observations 
on electric field properties, despite a few careless statements, such 
as that electric fields add up only under certain conditions (“when 
the [moving] charge Q2 is on the same side of the circumference 
of the circle as the [chosen] point a”). We now explore what kinds 
of insights the pairs’ gaze behavior provides on these three 
perspectives of the CKC processes that we covered in sections 
“Quantity of the talk”, “Quality of physics content–related talk”, 
and “Temporality of CKC processes”.

Pairs’ collaborative knowledge 
construction processes: Insights based 
on gaze behavior

Gaze behavior sheds light on the silent 
moments and non-content-related talk

First, the pairs’ gaze behavior reveals that the silent moments 
had different purposes from the perspective of CKC (see section 
“Quantity of the talk”): Figure 6A indicates that pair 1 used these 
silent moments for writing their answer to the textbox (1S’s visual 
attention was on the keyboard, while 1 M’s visual attention was on 
the textbox). Figure  6B shows that pair 2 used these silent 
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A

B

C

FIGURE 6

Epistemic networks of the gaze behavior of (A) pair 1 and (B) pair 
2 during silent moments. S and M after the underscore refer to 
the gaze of the sharing student (1S/2S) and the monitoring 
student (1M/2M). The difference between epistemic networks 
(A,B) is presented in (C). The red edges show the connections 
between the nodes that were stronger among pair 1 than among 
pair 2. The blue edges show the connections between the nodes 
that were weaker among pair 1 than among pair 2.

moments for working with the simulation (1S’s visual attention 
was on the sensor, moving charge, and static charge, while 1 M’s 
visual attention was on the sensor), and both students also focused 
their visual attention on the textbox. The difference between these 
two networks is presented in Figure 6C, indicating that pair 1 used 
more time for formulating their answer to the textbox and less for 
working with the simulation than pair 2.

Second, the pairs’ gaze behavior indicates that the CKC 
processes during the non-content-related talk differed between 
the pairs, as was the case with the silent moments. The pairs’ gaze 
behavior in Figure 7 shows that the students in pair 1 paid more 

visual attention to the assignment and textbox than the students 
in pair 2 (Figures 7A,C). The students in pair 2 divided their visual 
attention more on the simulation view than the students in pair 1 
(Figures 7B,C).

Gaze behavior sheds light on the knowledge 
construction approaches

In section “Quality of physics content–related talk,” we found 
that pair 1 did not present correct ideas about the direction of the 
electric field, and both pairs ignored the magnitude of the electric 
field at the beginning of their CKC processes. When presenting 

A

B

C

FIGURE 7

Epistemic networks of the gaze behavior of (A) pair 1 and (B) pair 
2 during non-content-related talk. S and M after the underscore 
refer to the gaze of the sharing student (1S/2S) and monitoring 
student (1M/2M). The difference between epistemic networks 
(A,B) is presented in (C). The red edges show the connections 
between the nodes that were stronger among pair 1 than pair 2. 
The blue edges show the connections between the nodes that 
were weaker among pair 1 than pair 2.

https://doi.org/10.3389/feduc.2022.942224
https://www.frontiersin.org


Lämsä et al. 10.3389/feduc.2022.942224

Frontiers in Education 11 frontiersin.org

new ideas, pair 1 had gaze dissimilarities, so that both students paid 
attention to the moving charge but not simultaneously (Figure 8A). 
Pair 2 had gaze similarities, and they were both simultaneously 
paying visual attention to the moving charge (Figure 8B); these 
differences are also visible in the difference network in Figure 8C. It 
is remarkable that neither of the monitoring students paid attention 
to the sensor when they presented new ideas to the problem, even 
though the sensor provided information on the direction and 
magnitude of the electric field.

The pairs’ gaze behavior during the explication shows 
their different approaches when constructing knowledge on 
the properties of the electric field. Figure 9A shows that both 

1M and 1S focused on the textbox, with only a few fixations 
on the simulation view (note what we  found in section 
“Quality of physics content–related talk”: pair 1 explicated 
how 1M’s incorrect ideas could be  formulated in the 
textbox). In contrast, Figure  9B shows that 2S and 2M 
focused their attention on the sensor, while 2S also focused 
on the moving charge (note that pair 2 aimed to provide 
physical explanations of the presented ideas during the 
explication, as we  found in section “Quality of physics 
content–related talk”). These differences between the pairs’ 
gaze behaviors are also visible in the difference network in 
Figure 9C.

A

B

C

FIGURE 8

Epistemic networks of the gaze behavior of (A) pair 1 and (B) pair 
2 when presenting new ideas. S and M after the underscore refer 
to the gaze of the sharing student (1S/2S) and monitoring student 
(1M/2M). The difference between epistemic networks (A,B) is 
presented in (C). The red edges show the connections between 
the nodes that were stronger among pair 1 than among pair 2. 
The blue edges show the connections between the nodes that 
were weaker among pair 1 than among pair 2.

A

B

C

FIGURE 9

Epistemic networks of the gaze behavior of (A) pair 1 and (B) pair 
2 during explication. S and M after the underscore refer to the 
gaze of the sharing student (1S/2S) and the monitoring student 
(1M/2M). The difference between epistemic networks (A,B) is 
presented in (C). The red edges show the connections between 
the nodes that were stronger among pair 1 than among pair 2. 
The blue edges show the connections between the nodes that 
were weaker among pair 1 than among pair 2.
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Gaze behavior sheds light on the temporality 
of CKC processes

As we have seen in sections “Gaze behavior sheds light on the 
silent moments and non-content-related talk” and “Gaze behavior 
sheds light on the knowledge construction approaches”, both 
students of pair 1 focused on the assignment, textbox, and 
keyboard, except during the short phase when they presented new 
ideas regarding the problem and focused on the simulation view 
(Figure 8A). This kind of gaze behavior implies that pair 1 had a 
few moments when they could have questioned the presented 
incorrect ideas to the problem; for example, monitoring student 
1M hardly focused their visual attention on the sensor that 
provided information on the direction and magnitude of the 
electric field. Even though the sharing student (1S) focused their 
attention on the sensor when they presented new ideas, 1S did not 
question 1M’s incorrect ideas about the problem (see section 
“Quality of physics content–related talk”). Based on the gaze 
behavior in the explication level (Figure 9A), neither 1M nor 1S 
tried to find supporting or contrasting evidence to the presented 
ideas because neither student consulted the simulation view 
during this CKC level.

Regarding pair 2, the edges (the blue lines) between the nodes 
(the AOIs) in Figures 6–10 show that pair 2 was more focused on 
the simulation view than pair 1 (particularly, see Figures 6C–10C). 
During the physics content–related talk, the visual attention of 1M 
and 1S was almost entirely on the simulation view (see new idea 
in Figure  8B, explication in Figure  9B, and evaluation in 
Figure 10). Pair 2 also used silent moments and non-content-
related talk both for working with the simulation and formulating 

their solution to the problem in the textbox. This kind of gaze 
behavior constantly gave food for thought to the students (making 
new observations, explicating and evaluating those, and writing 
them down) that might be associated with the frequent transitions 
between the CKC levels and non-content-related talk that 
we found in section “Temporality of CKC processes.”

Discussion

By combining video and eye-tracking data, we  have 
introduced a novel approach to exploring CKC kinematics in a 
simulation-based environment. To illustrate our approach, 
we  used video data of two student pairs’ conversations to 
understand their CKC processes from the perspectives of the (i) 
quantity of the talk, (ii) quality of the talk, and (iii) temporality 
(RQ1). We then applied ENA to eye-tracking data to explore how 
gaze behavior can shed light on CKC processes in terms of these 
three perspectives (RQ2). As examples, we  found that gaze 
behavior can shed light on (i) the learning activities of the pairs 
during the silent moments and non-content-related talk; (ii) the 
chosen approaches when constructing knowledge on physical 
phenomena; and (iii) (the lack of) attempts to acquire the 
supporting or contrasting evidence on the initial ideas on the 
physical phenomena.

Many studies have indicated that students’ gaze similarities 
play a role in the learning processes and outcomes in collaborative 
learning settings (Schneider, 2019; Olsen et al., 2020; Becker et al., 
2021). Our findings emphasize that instead of treating gaze 

FIGURE 10

Epistemic networks of the gaze behavior of pair 2 during the evaluation (pair 1 did not evaluate their collaborative knowledge construction 
process). S and M after the underscore refer to the gaze of the sharing student (2S) and monitoring student (2M).
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similarity merely as a binary variable and investigating the extent 
to which students are or are not looking at the same objects, 
comprehensive attention should be paid to investigating how gaze 
behavior can facilitate or hinder the ongoing CKC processes. In our 
study, pair 1 had a straightforward transition from presenting new 
ideas to explicating them (RQ1), and they hardly consulted the 
simulation view at the higher levels of their CKC process (RQ2, 
Figure 9). From the perspective of guiding students in their CKC 
processes, it is crucial to capture the critical moments of their CKC 
processes, such as the phase in which pair 1 presented new idea 
about the problem (Sections “Quality of physics content–related 
talk” and “Gaze behavior sheds light on the knowledge construction 
approaches”, Figure 8). The analysis showed that student 1 M did 
not focus their visual attention on the sensor but only on the static 
and moving charges that did not provide information about the 
electric field. After that, pair 1 started the explication level by 
writing down their ideas and thoughts in the textbox, here without 
critical explication and evaluation of the presented ideas (Sections 
“Temporality of CKC processes” and “Gaze behavior sheds light on 
the temporality of CKC processes”, Figure 9). As a form of guidance 
in these situations, students could be made aware of each other’s 
gaze behavior and prompted to focus their visual attention on the 
relevant features of the simulation (Hayashi, 2020). The 
information on students’ gaze behavior and its relation to the CKC 
process can also help teachers and developers of educational 
technology, for example, in how to visualize abstract concepts, such 
as fields, so that the selected representations can be  effectively 
utilized as external resources of learning (Klein et al., 2018).

When considering the gaze behavior of the pairs, attention 
should also be paid to student roles during the CKC process. In our 
study, both pairs had one student sharing the screen and another 
student monitoring the screen. These different roles were visible in 
the gaze behavior of the students of pair 2. We  found that the 
sharing student’s (2S) gaze behavior was more scattered compared 
with the monitoring student’s (2M) gaze behavior during the 
physics content–related talk (Figures  8B, 9B). This behavior is 
logical because 2S had to divide their visual attention between 
multiple objects in the simulation view while controlling everything 
on the screen. Respectively, during the explication level, 2M was 
able to monitor the electric field by focusing their visual attention 
on the sensor (Figure 9B). From the perspective of these different 
roles, gaze dissimilarities between the students seem inevitable, 
emphasizing the consideration of contextual information on CKC 
processes when interpreting eye-tracking data and analysis (Liu 
et al., 2021). At best, the gaze dissimilarities between students could 
trigger critical discussion of the presented ideas and lead to higher 
CKC levels and improved learning outcomes.

Our study has certain limitations, such as using only two 
student pairs to illustrate our approach. This limit could 
be overcome in the future because the ENA scores (the summary 
statistic of the corresponding network) could be used to study the 
similarities and differences in the pairs’ gaze behavior with larger 
sample sizes (for more details, see Shaffer et al., 2016; Andrist et al., 
2018). In these cases, it is important to include only the necessary 

AOIs (the nodes of the epistemic networks) into the analysis so that 
the epistemic networks are easily interpretable. Moreover, the 
eye-tracking data analysis has some limitations when the data are 
collected in authentic, uncontrollable settings, as in our case: for 
example, the students were able to move freely during the data 
collection, so their visual scene was constantly changing when they 
moved their head and moved the objects in the simulation view. In 
our study, we aimed to improve the validity and reliability of the 
interpretations by analyzing the video data from three perspectives: 
the quantity of the talk, the quality of the physics content–related 
talk, and the temporality of CKC processes; and then exploring 
how eye-tracking data and analysis can shed light on CKC 
processes in terms of these three perspectives.

Despite these limitations, our study has several implications for 
future research. We  illustrated how gaze behavior reflects the 
overall progress of CKC processes (Sections “Temporality of CKC 
processes” and “Gaze behavior sheds light on the temporality of 
CKC processes”) and the different CKC levels (Sections “Quality of 
physics content–related talk” and “Gaze behavior sheds light on the 
knowledge construction approaches”). In particular, gaze behavior 
could be used to capture the different activities that the pairs (or 
groups, in general) conduct within a specific CKC level, during 
non-content-related talk, or during silent moments. For example, 
even though the students were silent even over half of the time (as 
was the case with pair 1), their gaze behavior during these silent 
moments may help us understand their success or failures in the 
CKC process. In our study, the gaze behavior of pair 1 indicated 
that they used these silent moments for writing their answers in the 
textbox, even though they had not made proper observations of the 
properties of the electric field. The gaze behavior of pair 2 indicated 
that they also used these silent moments for working with the 
simulation; this behavior might contribute to their iterative CKC 
process, in which they moved back and forth between the CKC 
levels and non-content-related talk.

As a methodological implication, we followed and extended 
Andrist et al.’s (2018) work by applying ENA to study gaze behavior 
in an authentic simulation-based environment. Our approach 
considered the spatial and temporal dimensions of the eye-tracking 
data, both of which provided essential information about the CKC 
processes. Our approach complements (instead of compensating 
for) the cross-recurrence quantification analysis, in which the focus 
is on the temporal alignment of students’ gazes, here without 
spatial information about their visual attention. Thus, our study 
provides a novel approach for exploring CKC processes by 
combining video data and both spatial and temporal information 
from eye-tracking data. In the future, these explorations, together 
with learning outcomes, should be further investigated with larger 
sample sizes and in more diverse contexts. Future studies should 
also focus not only on the kinematics, but also the dynamics of 
these constructs, hence examining whether and why similar gaze 
behavior can lead to dissimilarities in the CKC process and its 
quality. Visualizations of CKC processes and gaze behavior could 
help the teachers and developers of educational technology design, 
implement, and refine productive CKC processes in 
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simulation-based environments with appropriate forms of 
guidance. Contrary to the mobile, wearable eye trackers that 
we used in the current study, screen-based eye trackers could ease 
eye-tracking data analysis and visualization in computer-supported 
settings. Through the understanding of gaze behavior, one could 
envision a future where teachers use such trackers to guide and 
synchronize students’ gaze in real time. Therefore, it is crucial to 
involve teachers and students in co-designing these visualization 
tools to increase their usability, transparency, and acceptability 
among practitioners (Buckingham Shum et al., 2019).

Conclusion

Typically, eye-tracking data analysis in CKC settings has 
focused on whether students are looking at the same objects but 
has done so without analyzing whether these objects are relevant 
to the problem at hand. We have illustrated how gaze behavior 
can shed light on CKC regarding the quantity of the talk, quality 
of the physics content–related talk, and temporality of CKC 
processes. These kinds of approaches may help teachers, 
researchers, and developers of educational technologies 
understand and guide CKC processes by showing the critical 
moments in these processes and revealing the features in the 
simulation environment that attract unnecessary visual attention. 
In the future, which kind of gaze-based indicators appropriately 
reflect the temporality of CKC processes and complement cross-
recurrence quantification analyses should be  considered. For 
example, when the CKC processes have low quality or move in 
the wrong direction, gaze dissimilarities could trigger critical 
discussion of the presented ideas and lead to higher CKC levels 
and better learning outcomes. Therefore, gaze dissimilarity can 
occasionally be essential for rising to higher-level CKC processes 
and for favorably advancing the solutions to a given problem.
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