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Abstract. This study investigated students’ collaborative inquiry learning with
5t grade (N=58, M.,,=11.3 years) and 6™ grade (N=74, M.,=12.4 years) partic-
ipants. Students were divided into two- and four-person groups to study wheth-
er group size affects their learning with asymmetric collaborative simulations.
They worked in online digital learning spaces using tablet computers and com-
municated face-to-face. The Collaborative Rate of Photosynthesis Lab from the
Go-Lab portal (golabz.eu) was used to establish the condition of asymmetric
collaboration, and tasks related to it were developed to assess students’ inquiry.
To assess students’ collaboration, we used an adapted self-assessed collabora-
tion skills instrument to measure three dimensions: contribution, interaction
with others and team learning. The results show that collaboration did not statis-
tically significantly differ depending on group size in the 5™ grade, but did in
the 6™ grade, with 2-person groups reporting better collaboration. Regarding
students’ inquiry, analysis of performance on the asymmetric collaborative
tasks showed that there were no statistically significant differences between
groups in either grade. However, the inquiry task scores were generally low
(28% and 40% for 5™ and 6™ graders respectively), indicating that asymmetric
collaborative inquiry is challenging for students in these grades.
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1 Introduction

Preparing young people for the future demands integrating 21st-century skills like
collaboration and communication, problem-solving and critical thinking into the
school curriculum. However, a challenge remains in determining effective ways of
teaching these skills, as well as reliably assessing them [1]. Collaboration skills have
received recent attention from international educational assessment initiatives like
PISA and ATC21S, which have both attempted to measure students’ collaborative
problem-solving skills [2, 3]. In general, supporting and developing students’ collabo-
ration skills is among several important goals relevant to all educators. In science,



collaboration is valued because research on the way scientists work in groups sug-
gests that making successful discoveries is more likely when scientists distribute rea-
soning among several people, so as to better generate and evaluate alternative repre-
sentations of a problem [4].

To identify situations as collaborative, Dillenbourg [5] identifies four features:
peers at more or less the same level, able to perform the same actions, having a com-
mon goal and working together. To further characterize the first two features, he sug-
gests that the degree of symmetry in a collaborative situation is a key factor, and alt-
hough most collaborative situations are generally symmetrical, a slight degree of
asymmetry may be desirable in triggering conflict, which in turn can facilitate learn-
ing through conflict resolution.

Technology-enhanced solutions to facilitate collaboration skills have demonstrated
promising results. Chen et al. [6] synthesized 425 empirical studies in a meta-analysis
and found that computer-supported collaboration had significant positive effects on
knowledge gain (ES [effect size] = 0.42), skill acquisition (ES = 0.64), and student
perceptions (ES = 0.38).

1.1  Effect of group size on collaboration

Previous research suggests that the size of a collaborative group can affect individual
learning outcomes and also group results. However, there is no consensus about what
an optimal group size should be. Some studies suggest that pairs are best because then
disruption of thought is minimized [7]. Slavin [8] found that learning outcomes were
better for pairs compared to four or more member groups. At the same time, other
studies suggest that larger groups (i.e., three or more students) give better opportuni-
ties to bring out multiple perspectives and form a better final result [9]. A meta-
analysis by Sung et al. [10] analyzing different mobile computer-supported collabora-
tive learning studies found that larger groups (i.e. four or more members) had better
outcomes than smaller groups (i.e. two or three members).

1.2 Measuring collaborative skills in educational contexts

As the definition of collaborative learning has multiple views, the dimensions of col-
laboration skills connect to cultural, domain-specific and numerous other factors.
Several self-assessment tools have been developed to measure different dimensions of
collaboration skills. One of the difficulties in assessing collaboration skills is the ab-
sence of a well-validated and reliable instrument applicable to a variety of situations.
For example, the team self-diagnostic learning framework measures only teamwork
skills [11]. The Collaborative Self-Assessment Tool (CSAT) was developed as a gen-
eral-purpose tool to help teachers model successful collaboration skills, and focused
on both intrapersonal (motivation/participation; quality of work; time management;
preparedness; reflection) and interpersonal (contribution; team support; team dynam-
ics; interactions with others; role flexibility) skills [12]. Hinyard et al. [13] adapted
CSAT to focus on student perceptions of collaboration skills and created an 11-item
scale consisting of three dimensions of collaboration: information sharing, team learn-
ing, and team support.



1.3 Asymmetric Collaboration

One way of assessing students’ collaborative problem-solving skills, developed by the
Assessment and Teaching of 21st Century Skills (ATC21S) project, involved using
computer-based tasks to distribute resources and information differently (i.e. asym-
metrically) between two collaborators [2]. For example, in a computer simulation
about balancing a beam, one student could place weights on only the left side of the
balance, whereas another student, working remotely on another computer, could place
weights on only the right side. Both students could see the effect of the weights on
their individual computer screens, but neither could complete the task without de-
pending on the other. Positive interdependence is mentioned by Johnson & Johnson
[14] as one of five essential elements of cooperative learning. The authors define
positive interdependence as the perception that team members are obliged to rely on
one another in order to succeed.

Tasks involving asymmetric collaborative simulations bear a resemblance to the
hidden profile task. The hidden profile task describes a condition where prior to a
decision-making group beginning a discussion, information is asymmetrically distrib-
uted among group members, with some information being common to all members
(shared information) and some information unique to individual members (unshared
information); the shared information favoring a less optimal decision than when both
shared and unshared information are considered together [15]. Research using the
hidden profile task has found that groups rarely discover the optimal decision because
they tend to focus on shared information at the expense of unshared information [15,
16, 17]. Improving performance on the hidden profile task generally requires getting
group members to more thoroughly consider unshared information.

The effect of group size on the hidden profile task has been mixed [16]. Cruz et al.
[18] found that small groups were better at solving the hidden profile task and sug-
gested that social loafing in larger groups prevents a thorough discussion of unshared
information. On the other hand, Stasser and Stewart [19] found that larger groups
mentioned and repeated more unshared information than smaller groups, noting that
the larger groups tended to have longer discussions. Mennecke [20] found that group
size did not affect the proportion of shared or unshared information mentioned.

1.4 The Current Study

Asymmetric collaborative simulations offer a potentially promising way to extend
inquiry learning with computer simulations to include a stronger emphasis on collabo-
ration. However, it is not clear what the optimal group size should be for learning
with asymmetric collaborative simulations to be most effective. The main research
question addressed in this study is: To what extent does group size affect students’
inquiry and collaboration in using computer-based asymmetric collaborative simula-
tions?



2 Method

Two experiments, one with a 5™ grade class and another with a 6™ grade class of stu-
dents at a public school in Tartu, Estonia were conducted. A total of 132 students
participated. In the 5™ grade experiment there were 58 students (28 girls, 30 boys, M
=11.3 years) and in the 6™ grade experiment there were 74 students (43 girls, 31 boys,
M = 12.4 years). The large size of these classes was due to the fact that this school
applies an open classroom methodology for teaching science in grades 4 to 6, which
can accommodate larger classes. The open classroom approach enables flexible use of
space, furniture, equipment and digital technology to promote collaboration and
group-based learning. In our study, students were divided into 2-person and 4-person
groups. The groups worked on an inquiry learning activity using iPad tablet comput-
ers and communicated face-to-face. Students in 2-person groups had one iPad device
per student, while students in 4-person groups had one iPad device per pair of stu-
dents.

2.1  Materials

Asymmetric collaborative simulations

Two asymmetric collaborative simulations, available from the Go-Lab Portal (go-
labz.eu), were used in this study. The first one, the Collaborative Seesaw Lab
(https://www.golabz.eu/lab/seesaw-lab; see Figure 1 top), was used as a demonstra-
tive example to familiarize students with the type of task associated with using an
asymmetric collaborative simulation. It allowed students to place masses on a seesaw
and share masses between each other. In one version of this simulation, a student
could place masses only on the left side of the seesaw. In the other version, a student
could place masses on only the right side. The effects of the masses on the seesaw
were simultaneously seen by both students, but the location and weight of the masses
of the collaborating partner were hidden (see Figure 1 top). The task associated with
this simulation required students to determine if it is possible to balance the seesaw
using either two or three masses. The second simulation, the Collaborative Rate of
Photosynthesis Lab (https://www.golabz.eu/lab/rate-of-photosynthesis-collaborative-
lab; see Figure 1 bottom), was used in the learning phase and the tasks associated with
it were scored for the purposes of assessing students inquiry in this study. The Col-
laborative Rate of Photosynthesis Lab shows an aquatic plant immersed in a glass of
water situated in a room with a desk lamp and a window. In one version of this simu-
lation (labeled as Version A), a student can control the season of the year, whereas in
the other version (labeled as Version B), a student can control the intensity of the desk
lamp. The effects of both variables are seen simultaneously to both students. Further-
more, by clicking on the play button in the simulation, the aquatic plant begins to
release bubbles due to the process of photosynthesis releasing oxygen gas. A time
counter indicates the number of seconds that have elapsed and animation in the simu-
lation, as well as text labeled “Number of bubbles”, indicate how many bubbles have
been emitted.
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Fig. 1. (top) The Collaborative Seesaw Lab simulation: (a) Version A allows a student to inter-
act with only the left side of the seesaw, and (b) Version B allows a student to interact with
only the right side of the seesaw. (bottom) The Collaborative Rate of Photosynthesis Lab simu-
lation: (a) Version A allows a student to control only the season of the year (indicated by seeing
green foliage and blue sky through the window during summer and seeing snow during winter),
whereas (b) Version B allows a student to control only the light intensity of the lamp.

Teacher co-creation of learning materials

The lesson plan of how to instruct and use the asymmetric collaborative simulations
with students was co-created with the teacher in whose classes the two experiments
were conducted. The teacher gathered appropriate instructional material to introduce
photosynthesis to his students and provided feedback on how to best implement the
lesson in his classes. He had prior experience using iPads for group work in his clas-
ses and saw the benefits of enriching his 5" and 6™ grade science classes with tech-
nology-enhanced learning materials.

Learning environment

For the current study, two inquiry learning spaces (ILSs) were created in the Go-Lab
authoring environment (https://graasp.eu/). The Go-Lab (Global Online Science Labs
for Inquiry Learning at School) environment is an online open educational resource
aimed at facilitating the use of online labs and digital resources by science teachers
[21]. Inquiry learning spaces in Go-Lab can contain rich multimedia and educational
resources that work well for in-class group work using smart devices [22]. The two
spaces we created were identical except for the fact that they included different ver-
sions of the asymmetric collaborative simulations and had slightly different tasks, as
explained below. Links to English translated versions of these ILSs (the actual ILSs
used in the study were in Estonian) are available at https://graasp.eu/s/cw6fmu and
https://graasp.eu/s/unixjc and referred to as Version A and Version B respectively.



2.2 Measures

Two measures were used in this study, one to assess students’ inquiry and another to
assess their collaboration. Students’ inquiry was assessed according to their perfor-
mance on an open-response question requiring use of the Collaborative Rate of Pho-
tosynthesis Lab. Students were asked to answer either the question “In this simula-
tion, how does the rate of photosynthesis in the aquarium plant depend on the light
intensity of the lamp?” (henceforth referred to as Task A) or the question “In this
simulation, how does the rate of photosynthesis in the aquarium plant depend on the
season of the year?” (henceforth referred to as Task B). The version of the task was
paired with the version of the simulation in which the variable mentioned in the task
was not available for the student to manipulate. We presumed that this interdependen-
cy condition would oblige students to collaborate more in solving their respective
tasks, since the variable being asked about could only be controlled by their part-
ner(s). Answers to the task were coded according to the following rubric: 2 points for
completely correct, 1 point for partially correct and O points for incorrect. The correct
answer for Task A is that the rate of photosynthesis increases as light intensity in-
creases. The correct answer for Task B is that the rate of photosynthesis does not
depend on the season of the year. This apparently contradictory finding is because the
aquatic plant was placed indoors, and the temperature of the water did not change as
the season of the year changed. In the simulation, a thermometer paced in the glass of
water showed that the water temperature remained constant. In any case, the task
expects students to perform experiments, and base their conclusions on data obtained
from experimental trials, which for the case of the season of the year variable indi-
cates that the number of bubbles released over a predefined time interval remains
constant. Interrater reliability of Tasks A and B showed very good agreement, Co-
hen’s kappa of .76 and .84 respectively. The disagreements were discussed to reach
consensus on assigning a final code.

To measure students’ collaboration, the self-assessed collaboration skills question-
naire of Hinyard et al. [13] was adapted for use. It presumably measures three dimen-
sions of collaboration: information sharing, team support and team learning. We se-
lected 4 items, out of 11, related to these dimensions which were judged to be most
relevant in a short-term intervention like the one in our study. Items related to collab-
oration over a longer period of time were excluded or rephrased in a way that students
could interpret them in the context of the collaboration in this study. The adapted
items we used were “I shared information easily with my partner”, “I acknowledged
my partners’ efforts”, “I supported my partner” and “I sought out different views than
my own during the collaboration”. The internal consistency reliability of these items
was good (Cronbach’s alphas equal to .80 and .83 for 5™ and 6™ grade students re-
spectively). Since 4-member groups required a pair of students to share an iPad while
working in Go-Lab, we decided not to integrate the questionnaire online, but instead
printed it on paper. This enabled us to collect responses from all individuals involved
in the study.



2.3  Procedure

Both experiments followed the same procedure. The total time of an experiment was
135 minutes. Figure 2 presents a flowchart of the lesson plan showing how the exper-
iment was conducted. The structure of inquiry phases in the lesson plan was based on
the inquiry-based learning framework of Pedaste et al. [23], in which learning is struc-
tured according to an inquiry cycle model. For completeness, all the phases and asso-
ciated activities are mentioned in Figure 2, but the main focus of this study was on
students’ inquiry as assessed on the asymmetric collaborative tasks found in phase 6,
and students’ collaboration as assessed in phase 7.

The first phase of the lesson involved the teacher forming 2-person and 4-person
groups and distributing two iPads per group. This was followed by the second phase,
in which the teacher introduced students to the Go-Lab learning environment and to
an example task involving an asymmetric collaborative simulation. Next, in the third
phase, students worked collaboratively to complete the example task. The fourth
phase involved the teacher demonstrating to students the correct answers to the exam-
ple task and highlighting the importance of sharing unique information in order to
successfully solve such a task. The fifth phase began a new topic about photosynthe-
sis and included background reading; quiz questions were used to ensure that students
read the information found in the text. The sixth phase included Task A or Task B
depending on which version of the ILS was used. The seventh phase involved stu-
dents completing an adapted version of the self-assessed collaboration skills ques-
tionnaire. The remaining phases involved generating a hypothesis, conducting exper-
iments with another simulation about the effect of temperature on photosynthesis,
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7
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Fig. 2. Lesson plan of this study showing various inquiry phases, the approximate amount of
time spent in a phase, learning activities and learning objectives. TThe time for phases 5 to 11
was not separately determined since groups worked at their own pace, but altogether lasted
about 70 minutes. See the ILS links https://graasp.eu/s/cw6fmu or https://graasp.eu/s/unlxjc for
details regarding the exact content in an ILS phase.
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making conclusions, answering a post-test quiz and a debriefing by the teacher. They
were not the focus of this study and therefore not discussed further. The final debrief-
ing by the teacher, phase 12, did include a review and demonstration of the correct
responses to Tasks A and B.

3 Results and discussion

The aim of this research was to study how group size affects students’ inquiry and
collaboration in using computer-based asymmetric inquiry tasks. Tasks A and B were
used to assess students’ inquiry and an adapted self-assessed collaboration skills ques-
tionnaire used to assess their collaboration.

Table 1 presents the inquiry scores for 5" and 6% grade groups. Although 2-person
groups performed better than 4-person groups on the combined score of Tasks A and
B, the results did not reach statistical significance. The highest score was obtained
from 6™ grade students working in pairs (61%) and the lowest score from 5" grade
students working in 4-person groups (20%). Analysis of students’ collaboration (Ta-
ble 2), shows that group size did not statistically significantly differ in the dimensions
of sharing, support or learning for 5™ grade groups, but did for 6 grade groups. Stu-
dents working in pairs in the 6™ grade reported higher collaboration skills in all di-
mensions of collaboration compared to students working in 4-person groups.

One possible reason why 6" grade students reported better collaboration in 2-
person groups is because they are more experienced working in such sized groups. At
the school where they study, the students start working in the open classroom begin-
ning in 4th grade for math and science lessons. The teacher we co-created the lesson
plan with describes that group work is most often in pairs. Accordingly, by the sixth
grade, students have ample experience with pair work and may prefer it compared to
larger sized group work. The teacher also mentioned that social loafing can be an
issue with larger sized groups.

Table 1. Inquiry scores for 5™ and 6" grade groups. Tasks A and B were each scored out of a
maximum of 2 points.

Grade Inquiry 2-person groups  4-person groups Mann-Whitney U
Task N M (SD) N M (SD) U z p
5 Task A 10 0.90(0.88) 10 0.40(0.70) 335 -1.384 .166

TaskB 10 0.20(0.63) 10 0.40(0.84) 450  -.610 542

Task A+B 10 1.10(129) 10 0.80(1.32) 405  -776 438

6 Task A 7  1.14(090) 15 067(0.72) 360 -1244 213
Task B 7 129(095 15 0.87(0.99) 405  -938 348

Task A+B 7 243(1.40) 15 153(1.13) 310 -1582  .114




Table 2. Self-assessed collaboration ratings of 5 and 6™ grade individuals. Items were rated on
a 7-point Likert scale ranging from completely disagree to completely agree.

Grade Collabora- Individuals in 2-  Individuals in 4- Mann-Whitney U
tive dimen- person groups person groups
sion N M (SD) N M (SD) U z p
5 Sharing 20 6.0 (1.4) 38 59(16) 379.0 -0.18 .986

Support 20  5.6(1.6) 38 55(16) 3610 -316  .752
Learning 20 4.8(1.7) 38 52(1.9) 3065 -1.235 217
6 Sharing 14 6.9 (0.5) 60 54(12) 1305 -4.891 <.001
Support 14 6.9 (0.2) 60 52(14) 710 -4891 <.001
Learning 14 6.1(0.9) 60 53(1.3) 266.0 -2.226 .026

As previously mentioned, inquiry task scores were higher for 2-person groups but
did not reach statistical significance. The inquiry scores were generally poor for all
groups (see Table 1). To better understand why scores were low, we analyzed the
types of errors students made in solving the inquiry tasks. Three types of errors were
coded:

1. Syntax. These errors relate to students answering the open-ended questions ambig-
uously or using poor grammar, e.g. “bubbles coming”, “then bubbles come faster”,
“In winter, the plant makes less nutrients.”

2. Collaboration. These errors relate to a student not answering his or her task ques-
tion but answering as if they had the same question as their partner.

3. Inquiry. These errors relate to students not thoroughly conducting experiments in
the simulation, such as changing more than one variable at a time and thereby ob-
taining incorrect results, e.g., “Slowly in winter (every 10-30 seconds) but fast in
summer (every 6 seconds)”.

The error categories were independently coded by two raters and a good interrater
reliability (kappa = .73) was obtained. Table 3 summarizes the results of the error
analysis in terms of number of errors made by the different groups. Students working
in 4-person groups made more errors and in the 5" grade the types of errors were
mostly Syntax. In the 6 grade the errors were also mostly Syntax, but also several
errors were made in the Inquiry type. In addition, 2-person groups in the 6" grade
made the least amount of errors. Sixth grade students have the most practice working
in 2-person groups, and therefore one may hypothesize that this might be the reason
why they made fewer mistakes compared to the other groups. Task A students did not
make Inquiry type errors. Only Task B students made these errors, indicating that it
was easier to answer the question about how light intensity affects the rate of photo-
synthesis, perhaps relying on prior knowledge rather than conducting experiments,
compared to answering the question about the influence of the season of the year
variable.
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Table 3. Number of errors made by grade 5 and grade 6 students on Tasks A and B.

Task Error 5t Grade Groups 6" Grade Groups

Category 2-person 4-person 2-person 4-person

N No. of N No. of N No. of N No. of

errors errors errors errors
A Syntax 10 3 10 6 7 0 15 5
Collaboration 10 0 10 1 7 0 15 2
Inquiry 10 0 10 0 7 0 15 0
B Syntax 10 2 10 2 7 0 15 2
Collaboration 10 3 10 2 7 2 15 1
Inquiry 10 3 10 2 7 0 15 5
TOTAL 11 13 2 15

Similar to the poor performance on the hidden profile task, working on asymmetric
collaborative inquiry tasks proved to be challenging for students. However, unlike the
hidden profile task, the asymmetric collaborative inquiry activity in this study strong-
ly suggested to students the need to unshared information in order to successfully
solve the tasks (i.e., a demo activity with a practice asymmetric collaborative simula-
tion explicitly highlighted the importance of relying on unshared information and the
main task itself asked students to examine a variable that their version of the simula-
tion did not even allow on to manipulate). Nevertheless, task performance was gener-
ally low for both 5™ and 6" grade students (35% and 25% for 5 grade 2-person and
4-person groups, and 71% and 50% for 6™ grade 2-person and 4-person groups re-
spectively). Similarly, Chang et al. [24] studied asymmetric collaboration in the con-
text of physics problem-solving and found that 6 out of 10 groups were unable to
formulate plans that would have led them to successfully solve their problem. All in
all, the results suggest that more guidance or practice may be necessary for students to
perform better on asymmetric collaboration inquiry activities. Particularly interesting
would be a longitudinal study to see whether practice with different asymmetric col-
laborative simulations, over several lessons, has an effect on students’ inquiry and
collaboration. In addition to the two simulations used in this study, the Go-Lab portal
(golabz.eu) currently offers two other asymmetric collaborative simulations: the Col-
laborative Rabbit Genetics Lab (https://www.golabz.eu/lab/collaborative-rabbit-
genetics-lab) and the Collaborative Dollhouse Electricity Lab
(https://www.golabz.eu/lab/collaborative-dollhouse-electricity-lab).

4 Conclusion

As interest towards integrating collaboration skills with inquiry learning increases, we
believe that asymmetric collaborative simulations offer a promising way to structure a
beneficial learning experience. However, more research is needed to study the instruc-
tional conditions and support that can best utilize the potential of asymmetric collabo-
ration for enhanced inquiry learning.
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We also have to keep in mind that teachers play a crucial role in supporting stu-
dents’ collaborative learning. Van Leeuwen and Janssen [25], in a review of teacher
guidance during collaborative learning, highlight that teachers can facilitate produc-
tive collaborative learning by giving feedback, prompting and questioning students,
and guiding students to be self-directed learners. These general strategies are also
promising for supporting collaborative inquiry learning.

In the future, a longitudinal study should be carried out with a larger sample size
where students are more supported in asymmetric collaboration and with inquiry-
tasks that cover a range of different subjects.
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