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ABSTRACT

The purpose of this study was to explore how Educational Robotics (ER) can support
students’ development of metacognitive thinking as a key element for collaborative
knowledge construction in Computer-Supported Collaborative Learning (CSCL)
settings. The work adopts a Design-based Research (DBR) methodology, to address the
development of metacognitive skills via ER while documenting design principles for
successful implementations, based on collected evidence of cycles of work. The study
consists of three sequential cycles in real classroom settings in primary education. The
first cycle explored the use of ER in supporting collaborative knowledge construction as
well as the mediating role of ER in supporting students' group metacognitive processes.
The second cycle investigated the potential added value of ER in promoting students'
metacognitive thinking and mathematical problem-solving. In the third cycle, the study
examined how different ER learning design approaches could influence student
learning. The third cycle presented differences between a structured and an unstructured

ER curriculum in supporting students’ learning.

Overall, findings from this dissertation provide an in-depth understanding of how ER
can be used in real classroom settings for facilitating metacognitive thinking as a key
element for collaborative knowledge construction. Moreover, through the analysis of
different curriculum structures, the dissertation provides evidence that ER is a useful
metacognitive medium whose learning benefits can be maximized through a structured
curriculum design using pre-designed tasks, in combination with guided
experimentation at the beginning of each session. This study is one of very few,
adopting a design-based research methodology, to address the development of
metacognitive skills via ER, therefore, it contributes to the scarce literature on the use of
ER as tools for promoting metacognitive thinking and collaborative knowledge
construction. The results of this study contribute significantly to the research conducted
in the design and implementation of these interventions. Implementation of research can
build on this project's elements and ground the use of ER as a metacognitive tool. The
dissertation concludes with practical guidelines and implications for educators who wish
to incorporate these into their curricula towards the goal of increasing metacognition

and collaborative knowledge construction.



Keywords: educational robotics, computer supported collaborative learning,
metacognition, collaborative knowledge construction, problem-solving, classroom,

primary education, designed-based research
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Iepidnqyn

YKOmOG NG LEAETNG NTAV VAL OLEPEVVIOEL TG 1) EKTOLOEVTIKY] POUTOTIKN UTOPEL VoL
VIOoTNPIEEL TNV OVATTTLEN TNG HETAYVOOTIKNG OKEYNG TV LotV ¢ Pacikd ctoryeio
Y10, T1] GLUVEPYOTIKT OIKOSOUNGT) TG YVOONG G€ TEPPAAAOVTA GUVEPYATIKNG LaBnong
vrootnplopevn and vmoroyioty. H epyacia vioBetel pio pebBodoroyio Epevvag
Boaciopévn 6Tov oXESICUO Yo TNV SIEPEVVIIOT UETUYVOOTIK®V 0eE10THTMOV UECH TNG
YPNONG EPYOAEIDV EKTOOEVTIKNG POUTOTIKNG, EVA TEKUNPLOVEL TIG APYES GYEOLOGLOV
Y10 EMTUYNLLEVES VAOTIONGELS, e BACT) TOL GLAAEYEVE GTOLXEID TV KOKA®V EPYOAGLNG.
H pelém amoteleiton amd Tpelg o000y ko0 KHKAOVG GE TPAYUATIKEG TAEELS OTNV
mpoTofadua exmaidocvot. O Tp®dTOG KOKAOG dlEpEHVNGE TN XPNOT| TNG EKTOLOEVTIKNG
POLTOTIKNG Y10 TNV VLOGTNPIEN TG GLVEPYATIKNG OIKOOOUNOTG TG YVOONG KaBdg Kot
TOV SLOUECOAAPNTIKO TNG POLO GTNV VITOGTNHPIEN GLVEPYOTIKMOV LETOYVOCTIKMV
de&lottov. O debTepog KOKAOG diepedvioe TV a&io TN EKTAOEVTIKNG POUTOTIKNG
GTNV TPODONGN TOV LETAYVOSTIKOV 0eEL0TATOV KOl TNG ETIALONG Lo UATIKOV
mpofAnpdtwv. Xtov tpito KOKAOo, 1 LEAETN £EETOGE MG OLPOPETIKEG TPOGEYYIOELS
oyed1G OV Ba pmopovoay va emnpedcsouvy ) pabnomn. O tpitog KOKAOC TaPOLGINGE
dtapopéc petalh evog dounpévou Kot vog U SoUNUEVOD TPOYPAULOTOS GTTOVOMV

EKTOUOEVTIKNG POUTOTIKNG Y1t TV VOGS THPLEN TS pédnonc.

2VVolKd, Ta evpnpata TG STpPig TapEyovv Hia €1 fABog Katavonsn Tov TPOToL
LLE TOV OTO10 1) EKTOOEVTIKY) POUTOTIKT] UTOPEL VO YPNCHLOTOMOEL GE TPOUYHATIKES
oLVONKeG TAENG Y TN SIELKOAVVGT TNG LETOYVOGTIKNG GKEYNG ®G Pacikd oTotyeio yia
TNV GLVEPYATIKT] 01KOdOUN O TG YvOons. Emmiéov, pécm g avéivong evog
doUNUEVOL Kat EVOG U1 SOUNUEVOL TPOYPAULOTOS GTOVIMV, 1) S1TPIPN TapExEL
otoyyeio Yo T ¥PNOIUOTNTO TG EKTOOEVTIKNG POUTOTIKNG (OC £VOL LETAYVOOTIKO
€PYOAELD TOV 0010V T LOONGLAKA OPEAT LTOPOVV VO LEYIGTOTON OOV HEGH EVOG
GLVOLAGHOD SOUNUEVOL Kot LN SOUNUEVOD TPoypdppatog omovdmy. H pedétn avt
elvan pio ammd Tig Ayeg mov v1oBeTOLV pio EpeLVNTIKY pebBodoroyia Baciouévn otov
GYEOGUO pE OKOTTO TNV aVATTLEN LETAYVOOTIKOV OEE0TNTOV HEC® TNG YPNONG TNG
EKTTOOEVTIKNG POUTOTIKNG, EMOUEVOC, GLUPAALEL 6T oavia BiBAloypagio oyeTKd pE
TN (PNON TG OG EPYOAEID YLl TNV TPODONGN TG HETAYVOOTIKNG GKEYNG KOl TNG
GLVEPYATIKNG 01KOSOUNOTG TG Yvdons. Ta amoteléopata tng HeAETNG GLUPAAAOVY

ONUOVTIKA GTNV £PELVA TOL OEEAYETOL GTO GYEOIAGUO KOl TNV VAOTOINGT OVTOV TV

xii



napepPacewv. AAAoL peLVNTEG LITOPOVV VO, BOGIGTOVV 6T GTOLXEID AVTOV TOV £PYOV
Kot voL OePleMDOOoVY TN ¥PNON TNG EKTOOEVTIKNG POUTOTIKNG (OC LETUYVOOTIKO
epyareio. H dtatpifny obokANp@OVETOL LE TPOKTIKEG 0ONYIEC KOl TPOEKTAGELS Y10
EKTTOOEVTIKOVG TTOV ETOVOVY VO TIG EVOMUATMGOVY GTO TPOYPELUATO GTTOVODV TOVG

pe oTdHYO0 TNV aENON TOV LETAYVOOTIKGOV OEEI0THTMV KOl TNG CUVEPYOATIKNG

01KOJOUNONG TG YVOONG,.

A£€EEIC KAEWO14: EKTTOLOEVTIKY] POUTOTIKT, CUVEPYOTIKN AN O™ VTOGTNPILOUEVT OO
VTOAOYIOTH, LETAYVMGT], GUVEPYATIKT OIKOSOUNGT TNG YVOONGS, EXIALGN TPOPANLATOC,

TPOTORAO EKTTaidELOT, Epevva. faCIOUEVT GTOV GYESIAGUO.
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Introduction

Robotics has been endorsed as an educational tool by many researchers (Petre & Price,
2004, p. 147). Many researchers argue that robotics is motivating for students since it is
concrete and complex, and it is pedagogically valuable because it allows students to use
and extend their knowledge to diagnose and fix problems. ER is now considered a
powerful teaching and learning tool that enables students to put their ideas into practice
by creating a mechanical artifact and controlling it with a simple and easy-to-use
programming environment (Alimisis, 2009). ER is seen as an interdisciplinary activity,
which is mainly based on STEM and contributes notable benefits at all levels of
education (Rogers & Portsmore, 2004). Over the past decade, it has attracted
researchers and teachers' interest for supporting learning and developing students'
cognitive and social skills (Alimisis, 2013). ER is introduced to many learning
environments as a teaching and learning tool (Eguchi, 2014), which transforms
classrooms into dynamic learning spaces that support students: (a) in the development
of higher-order thinking skills, (b) in the creation of multiple representations of
understanding of the subject (Jonassen, 2000), (c) in constructive communication and
cooperation among them and (d) in the development of their learning by solving
complex authentic problems (Gura, 2007; Blanchard et al., 2010; Calik et al., 2014,
2015).

ER enables students to implement abstract design ideas, reflect on these ideas, and
directly observe the results of this effort (Druin & Hendler, 2000). In this way, students
go from the stage of "learning about technology," which predominates the educational
systems, to the stage of "learning with technology" (Carbonaro et al., 2004). ER
activities promote problem-solving as they focus on researching and analyzing complex
real-world problems (Torp & Sage, 2002). By designing and programming a robot to do
even a simple task, students' creativity and problem-solving skills are enhanced
(Tappert, 2002). An important aspect of ER is their gamification, as an essential factor

in motivating students, especially in primary education (Atmatzidou et al., 2008).

Prior to 2012, no systematic reviews of robotics in education had been published
(Benitti, 2012). In her report, Benitti noted the lack of rigorous quantitative research on

ER. Only ten of the 70 articles found, discussed the effectiveness of ER as a teaching



tool employed quantitative methods. However, a methodological flaw was found in
40% of the studies that used experimental designs. All except one of the studies used
LEGO robotics in the educational activities. Most of these activities were not integrated
into classroom activities; they were done in after-school or summer camp programs. In
general, the results of the studies showed learning gains with the use of robotics, but
there were cases where there was no significant increase in student learning. Many
studies focused on self-directed learning experiences that significantly increased
learning in STEM areas. However, some of the studies reported nonsignificant
increases, and it was impossible to isolate the variables that contributed to the success
due to methodological challenges. Thinking skills, science process skills, problem-
solving and social interaction/ teamwork skills were the common focus of the studies,
but the results were mixed. Therefore, ER seems to be a relevant tool for improving
learning. However, the assertion needs to be supported with empirical evidence to
discover how to use robotics to develop specific skills.

More recent reviews or single studies show that the use of robots in education is
growing, yet some of the same trends continue and more obstacles pertain. Many
robotics programs described in the literature for school children ages 6 through 17
typically have taken place in robotics competitions (Sklar et al., 2007), after school
programs (Barker & Ansorge, 2007), robotics summer camps (Williams et al., 2007), or
regular classrooms (Rogers & Portsmore, 2004). These programs usually consisted of
one or multiple robotics challenges that required the students to work in groups to
design and program the robot to meet certain goals, such as having the robots play
soccer or dance or transport items along a path with obstacles. A general structure of the
design and teaching and learning process in these programs is missing. Indeed, a few
researchers have pointed out the need to explore appropriate educational models and
practices for robotics activities to create a fruitful learning environment for students
(Williams & Prejean, 2010; Eteokleous-Grigoriou & Psomas, 2013). Karim et al. (2015)
pointed out that even though robotics has been widely used, most activities are short-
termed and developed informally through extra-curricular activities. The explanation is
primarily associated with the time-consuming unintuitive overwhelming design process

which requires excellent inventory and project management skills. Consequently,



teachers’ control over the classroom is reduced, which worsens due to the absence of

formally structured curricula linking traditional and robot-based education.
1.1 Skills development via ER

Current research has focused on the learning benefits of ER activities relevant mainly to
cognitive skills such as problem-solving, programming, and critical thinking. Benitti
(2012), in her review, stresses that the results in the area of skills development are
inaccurate and suggests the need for elaborated assessment tools as a necessity for this
exploration. Overall, empirical evidence in the area presents a positive picture on
problem-solving (Chambers et al., 2008; Castledine & Chalmers, 2011), sequencing
skills (Kazakoff et al., 2013), creativity (Sullivan, 2011) programming and
computational thinking (Bers et al., 2014; Atmatzidou & Demetriadis, 2016) and
language skills (Sugimoto, 2011; Chen et al., 2011). In addition, although collaboration
and teamwork skills are reported peripherally in the literature, some studies support the
assumption that the application of ER proved to be a highly motivating activity for the

students, fostering collaboration among them (Mitnik et al., 2009; Ardito et al., 2014).

Existing literature regarding the use of ER to teach math and science concepts suggests
that robotics are valuable tools to increase learning in specific concept areas. ER
activities to teach mathematics concepts were first introduced in the 80s by Papert, who
used the LOGO platform to teach geometry. Robots helped his students see the
relationships between programming, mathematics, and robot movement. After many
years, Walker and Burleson (2012) reproduced Papert’s results using the iRobot Create
in drawing two-dimensional geometric primitives and advanced complex shapes. Other
studies reported that ER significantly helped in improving students' skills with fractions,
ratios, decimals, and coordinate estimation (Nugent et al., 2008; Nugent et al., 2009;
Rogers & Portsmore, 2004; Barker & Ansorge, 2007). ER has also been used in science
education to examine the relationship between distance, time, speed, and velocity in the
general topic of kinematics (Mitnik et al., 2008; Mikropoulos & Bellou, 2013; Mitnik et
al., 2009). Studies also showed that robots helped students in the construction and
interpretation of graphs relating to kinematics variables such as time, speed, and
acceleration (Mitnik et al., 2008; Alimisis & Boulougaris, 2014). Furthermore, there

seems to be a direct relationship between robotics and Technology and Engineering, as



robots are technological tools and products of Engineering and Technology. However,
the correlation to the other two areas of Science and Mathematics might not be clear
(Stergiopoulou et al., 2017). The use of ER to teach STEM concepts is not a new idea;
in fact, the literature on this subject covers a wide array of topics from elementary to
graduate education. However, much work remains to be done to assess their

effectiveness.
1.2 Metacognitive skills

Metacognition has been defined as "one's knowledge concerning one's own cognitive
processes, or anything related to them." Metacognitive skills help individuals process
and retain information through self-recognition and reflection. Metacognitive skills
allow someone to organize and evaluate his/her thought process related to learning and
problem-solving. Therefore, having well-developed metacognitive thinking skills is
associated with improved learning. Metacognitive skills typically start developing
during childhood and allow individuals to learn different school subjects. These skills
continue to grow and evolve throughout the teenage years and into adulthood as

individuals move from educational to professional settings.

Metacognitive skills typically fit into three distinct categories of the learning process (a)
planning, (b) monitoring, and (c) evaluation. The first phase of metacognition, the
planning phase, asks individuals to question what they want to learn, what existing
knowledge they can use to help them learn, what they need to focus on to learn and
what time frame they have to achieve comprehension. The monitoring phase occurs
throughout the learning process. During this phase, individuals ask questions relating to
how well they are retaining information, whether to slow or quicken the pace at which
they learn depending on the subject's difficulty and whether they need to seek additional
guidance to help them learn. The evaluation phase is the final phase during the
metacognitive process. During this phase, individuals evaluate their learning ability
during the monitoring phase. They question whether what they learned could help them
in other areas, determine weak areas where they need to complete additional work, and
reflect on what they should have done differently to maximize their learning

experience.



Metacognitive skills are essential because they help individuals understand their
learning processes and how they learn effectively. In addition, metacognitive skills help
people learn information quickly and retain information for their educational
development. This is because they understand the methods, they need to use to educate
themselves and overcome potential learning barriers. Generally, we do not know what
we are doing when we do it, but it is very hard to improve a process that we are engaged
in if we do not have a sense of what we are doing in the moment. If one aim of
schooling is to prepare children to be lifelong learners, then it is important to help
students become aware of themselves as learners and to take control of their own
activities. The vast majority of students spontaneously pick up metacognitive
knowledge and skills to a certain extent from their parents, their peers, and especially
from their teachers (Jaleel, 2016). However, students show a considerable variation in
their metacognitive ability (Muijs & Bokhove, 2020). Learners often show an increase in
self-confidence when they build metacognitive skills. Self-efficacy improves motivation

as well as learning success.
1.3 Identifying the problem

To thrive in the 'fourth industrial revolution’ will require humans to be able to adapt and
to do so quickly. We will need a ‘tool kit’ of learning strategies to make fast
improvements. To choose the right tool we will need to be able to reflect on what’s
working for us and what isn’t. This metacognitive skill is crucial for future proofing
students beyond the school gates. It also has significant benefits for grade attainment,
behaviour, and well-being in the classroom (Kuhn, 2021). Reflecting on our own
thoughts is how we gain insight into our feelings, needs, and behaviors, and how we
learn, manage, and adapt to new experiences, challenges, and emotional setbacks. It’s
the running conversation we have in our heads, mentally sounding ourselves out and
making plans. Teaching (and training) students to use it proactively to overcome
obstacles can be a powerful tool for life. More and more studies continue to report that
students who are taught to use metacognitive strategies early on are more resilient and

more successful, both in and out of school (Jacobson, 2020).

In case of absence of metacognition, the problems are many, as documented in the

research by Dunning et al. (2003). They found that “people tend to be blissfully



unaware of their incompetence, lacking insight about deficiencies in their intellectual
and social skills.” They identified this pattern across domains, from test-taking, writing
grammatically, thinking logically, to recognizing humor and problem-solving skills.
They elaborate that if people lack the skills to produce correct answers, they are also
cursed with an inability to know when their answers, or anyone else’s, are right or
wrong. The study documented that increased metacognitive abilities to learn specific
(and correct) skills, how to recognize them, and how to practice them is needed in every
context. Taking such research reports into account, it becomes immediately relevant to
invest on exploring tools for supporting the development of skills such as

metacognition.

ER is an innovative teaching tool that actively engages students in the learning process
and aims to enhance and develop higher order thinking skills (Blanchard et al., 2010).
Several studies report that ER activities have positive effects on the level of
collaboration between students, the development of critical thinking and problem-
solving skills (Petre & Price, 2004; Norton et al., 2007; Castledine & Chalmers, 2011),
cognition and computational thinking (e.g., La Paglia et al., 2010; Benitti, 2012). At the
same time, despite robotics' rapid acceleration in the 1990s (after it has emerged from
Seymour Papert's work in the 1980’s), ER is still not the outstanding tool expected to
be. In fact, ER technology has had a slow adoption by schools and educators. Few
schools use robotics regularly, as part of their curriculum. ER activities are often
occasional and are done as fun, extracurricular activities. In many of the initiatives
reported in the literature, the chosen robotic platform is the consistent (Lego) and the
topics taught via ER are around STEM ideas, but not necessarily linked to the

curriculum.
1.4 Identifying the research gap

Unfortunately, the benefits of ER activities or complete programs remain largely
undocumented. While there is a substantial amount of published literature about ER,
most publications focus on descriptions of implementations of programs (Benitti, 2012),
and evidence of learning tends to be anecdotal (Silk & Schunn, 2008). With respect to
quantitative studies on ER, many suffer from small sample sizes, use instruments that

have not undergone validity checks, and conduct interventions of limited duration



(Barker & Ansorge, 2007; Laughlin, 2013; Nugent et al., 2008; Wolfgang et al., 2003).
Few studies have used experimental designs with comparison or control groups;
however, their picture is unclear as to how the groups have received comparable
lessons. Some studies used multiple sites, but did not coordinate the curriculum, making
it uncertain whether the groups received comparable lessons (Hussain et al., 2006;
Lindh & Holgersson, 2007). Furthermore, most of the studies conducted their evaluation
within a few months of the intervention. Given these issues, it is difficult to conclude
whether ER activities or complete robotics programs deliver meaningful benefits for

their participants.

Overall, there are virtually no studies dealing with the complexity of real-life settings
when ER activities are integrated into the curriculum. Robotics alone is not enough to
change students' thinking and lead to high learning outcomes (Alimisis, 2013). Robotics
tasks should be supported by an appropriate teaching framework that will give them the
necessary added value to significantly improve and enhance their teaching (Papert,
1993; Eteokleous-Grigoriou & Psomas, 2013). Limited research has been conducted to
determine the best practices and strategies for designing and implementing ER
activities. To date, the evidence suggests that the development of technology skills
stemming from participation in ER activities depends on the implementation approach.
Notably, there seems to be a connection between the type of ER approach implemented
within an educational setting and the impact on technology skills development (Eguchi,
2014; Nugent et al., 2008). For example, evidence suggests that ER classes and projects
could positively impact technology skills development (Nugent et al., 2014), although
the same cannot be said about ER competitions. There is indeed a huge gap in research
that systematically designs and changes the learning environment over time, collecting
evidence of the various changes toward the documentation of conceptual models or
design principles that can facilitate a successful integration of ER. The present work
does exactly this. By adopting the Design-Based Research (DBR) methodology, it
addresses the development of metacognitive skills via ER while it documents design
principles for successful ER implementations, based on collected evidence for cycles of

work.



1.5 Research design and research questions

The overarching goal of this work was to explore how ER can support students’
development of metacognitive thinking as a key element of collaborative knowledge
construction. In an effort to implement theoretically designed learning environments in
real-world classrooms, this dissertation employed Design-Based Research methodology
(Brown, 1992; Collins, 1992; Design-based Research Collective, 2003; Barab, 2006;
Reeves, 2006). DBR deals with the complexity of real-life settings by systematically
designing and changing the learning environment over time, collecting evidence of the
various changes which recursively feed into future designs (Brown, 1992; Collins,
1992; Barab, 2006). The research questions are investigated in three phases work which

is organized as follows:
(1) identification and analysis of the problems in the use of ER in real contexts

(2) reviewing of the literature on the use of ER technologies in education for promoting

various skills

(3) enactment of ER activities in three CSCL settings for promoting students'

metacognitive thinking as a key element of collaborative knowledge construction

(4) examining the intervention holistically, with an eye to claiming success through a set
of instructional design elements that generate "heuristics for those interested in enacting
innovations in their own local contexts” (Design-Based Research Collective, 2003, p.
6).

The theoretical understanding is considered the final step of a DBR study, resulting in
conceptual models or design principles that can facilitate a successful solution. Figure 1
presents the stages of this DBR and communicates how each of the stages operates with
one another, in order to inform conceptual models or design principles and strengthen

the design of our interventions.

All the interventions were conducted in real classroom environments in elementary
schools in Cyprus. The Lego Mindstorms EV3 toolkit was used. The content for the
activities came from (a) the national curriculum on mathematics and science education,

and (b) the EV3 STEM problem-solving curriculum.



Identification and
analysis of the problems
in the use of ER in
authentic settings

Development of design
informed by ER
literature and
constructionism

Reflection to produce a set
of guidelines for using ER
activities for promoting
metacognition and
collaborative knowledge
construction

Setting the
context;
identification and
analysis of the
state- of-the-art in
the use of ER in
authentic settings
for promoting
metacognition and
collaborative
knowledge
construction

Analysis

Identification of
some key
characteristics of
previous
implementations that
could be useful for
the development of
our design

Development

Iterative cycles of
testing and refinement
of solutions in practice

Iterative cycles

Chronicle the
interventions
holistically, with an eye
to claiming success
through a set of
guidelines

Figure 1: The stages of this DBR (adopted from Reeves, 2006).

Guidelines for
implementing ER
activities

In sum, the DBR cycles and research questions (RQs) addressed are summarised

below. Figure 2 is a schematic representation of the research questions used in the three

cycles of the investigation aimed at the overarching goal to explore how ER can support

students’ development of metacognitive thinking as a key element of collaborative

knowledge construction.

- DBR Cycle 1 explored the use of ER in supporting collaborative knowledge

construction and group metacognition in addition to providing insights into

classroom practice and students' interaction with the technology and their peers.



- DBR Cycle 2 extended our understanding of the added value of ER in

promoting students' metacognitive thinking and mathematical problem-solving

at an individual level of analysis.

- In DBR Cycle 3, the study examined how different ER learning design

approaches could influence student learning. Namely, this cycle presented

differences between a structured and an unstructured ER curriculum in

supporting students’ learning.

Cycle 1: Patterns of
collaborative
knowledge
construction in an ER
learning environment

RQ1.1: How ER might be
effective in engaging students in
collaborative knowledge
construction?

RQ1.2: Under what conditions
can collaborative knowledge
construction be promoted in the
ER learning environment?

RQ1.3: What are the elements of
collaborative knowledge
construction evident in the ER
learning environment?

RQ1.4: How does ER activate
group metacognitive processes?

RQ1.5: What is the relationship
between collaborative and
metacognitive talk as evident in
the ER learning environment?

Cycle 2: The added
value of ER in
promoting students’
metacognitive
thinking

RQ2.1: Can ER activities
improve students’
metacognitive thinking?

RQ2.2: What dimensions of
metacognition are more
impacted by ER

RQ2.3: How can ER activities
promote students’ skills
related to logical-
mathematical problem-
solving?

Cycle 3: The effect of
a structured versus
an unstructured ER

curriculum

RQ3.1: Are there differences
between the groups in the type
and the number of
programming errors, their
ability to identify and debug
errors and their levels of
engagement?

RQ3.2: Are there differences
between the groups in
students’ perceived group
metacognitive processes, their
group cohesiveness, and their
collaboration quality?

RQ3.3: How is the CSCL
ecology shaped from a
metacognitive perspective?

Figure 2: DBR cycles and RQs of the study

10




1.6 The importance of this work

ER appears to be a promising tool for investigation in education. Although quite some
work has been done in the area, there are still many unanswered questions. Namely,

more research is needed to confirm that ER can be beneficial for learning.

If one aim of schooling is to prepare children to be lifelong learners, then it is important
to help students become aware of themselves as learners and to take control of their own
activities. By gaining metacognitive awareness, students can become aware of
themselves as learners and are conscious of what they learn and why and how to use the
information they learn. Students’ ability to reflect on their problem-solving strategies is
essential; their metacognitive beliefs, decisions, and actions can be determinants of
learning success or failure (Garofalo & Lester, 1985). An important contribution of this
work is the presentation of empirical findings on how ER can promote students’

metacognitive thinking.

The study further contributes to the growing body of research applying sociocultural
theories to understand learning. Namely, a contribution of this work is the consideration
of ER in the direction of metacognitive thinking as a social practice, by presenting
empirical findings on how ER can support (group) metacognition in CSCL settings.

This research further attempts to understand and define appropriate ER activities that
can promote students’ metacognitive thinking as a key element of collaborative
knowledge construction in CSCL settings. While ER has great potential to assist in
teaching, learning gains are not guaranteed with a simple application of robotics; there
are several factors that can determine the outcome (Benitti, 2012). One such factor is the
level of structure that educators adopt in their activities; there is very little work focused
on the level of structure and guidance that educators should adopt in their ER activities.
A contribution of the present work is the holistic and details presentation of the learning
environment, including activities, structures, and processes for the enactment of

students’ metacognitive thinking through an authentic classroom learning experience.

Overall, this research provides educators, researchers, and practitioners with a better
understanding of the possibilities of using robotics technologies in educational contexts,
leading to new perspectives of its use. A set of guiding principles for classroom

integration, including classroom practice and teaching method are documented for
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educators while an agenda for future research aims to guide future researchers in the

field. The work is one of very few, adopting a design-based research methodology, to

address the development of metacognitive skills via ER while documenting design

principles for successful ER implementations, based on collected evidence for cycles of

work.

1.7 Structure of the dissertation

This dissertation is structured in eight chapters, in addition to this introduction. The

structure is the result of the Design-Based Research (DBR) methodology adopted in this

work and elaborated in the third chapter. In summary,

Chapter 1: Introduction

Chapter 2: Conceptual framework. This chapter introduces the relevant scientific
paradigms that underpin the emerging area of ER and the specific variables
explored in the dissertation. This chapter brings together a number of related
concepts under a conceptual framework that guides the work in this dissertation.
Chapter 3: Review of the Literature. This chapter examines the development in
the field of robotics in education based on the results of recent empirical
research conducted in the field.

Chapter 4: Research Methodology. This chapter details the DBR methodology,
and the different phases of data collection and analysis involved in this
dissertation. In this chapter, DBR is defined along with its features and
justification of its appropriation for its use.

Chapter 5: DBR Cycle 1. Exploring patterns of collaborative knowledge
construction in an ER learning environment.

Chapter 6: DBR Cycle 2. Documenting the added value of ER in promoting
students’ metacognitive thinking.

Chapter 7: DBR Cycle 3. Understanding the effect of a structured versus an
unstructured ER curriculum on students’ learning outcomes.

Chapter 8: Discussion. This chapter discusses the findings of the different phases
of this research, taking into account results from all previous chapters. Insights

for researcher and practitioners and direction for future research are presented.
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2 Conceptual framework

This dissertation aims to present a holist understanding of the use of ER in educational

settings, by drawing on current learning theories, knowledge on the design of learning

environment, and conceptual and operational definitions of key variables related to

metacognition and knowledge construction. The conceptual framework of the study

presented in Figure 3 and elaborated below.

Learning Environment

~

/

STEM Activities/

I

Problem Scenarios

Materials

CSCL

Robots

Tablet and
software

Instructional Design

[ Structured curriculum }
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Learning Theories

Collaborative
Knowledge Construction

=

Focus on
Metacognition as
key element
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Interactivity
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Figure 3: Conceptual framework of the study
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2.1 Constructivism

Piaget’s constructivism is based on the belief that the learner must actively build
knowledge and skills (Huitt, 2003) and is focused on how children make meaning in
relation to the interaction between their experiences and their ideas. The world is not
just sitting out there waiting to be uncovered but gets progressively shaped and
transformed through the child's personal experience (Ackermann, 2001). Social
constructivism scholars, strongly influenced by Vygotsky's (1978) work, emphasize
more on the social dimension noting that knowledge is first constructed in a social
context and is then appropriated by individuals (Bruning et al., 1999). Individuals make
meanings through the interactions with each other and with the environment they live
in. Knowledge is thus a product of humans and is socially and culturally constructed
(Prawat & Floden, 1994). According to this approach, the learning environment should
provide authentic activities integrated into real-world problems, to encourage expression

and personal involvement in the learning process and support social interaction.
2.2 Constructionism

Constructionism and its ideas can be traced backward to the constructivist education
ideas of Jean Piaget. Papert stated "the fundamental principle of constructivism is that
we learn better by doing and we learn even more if we combine our doing with talking
and thinking about what we have done™ (Papert, 1999, p. VI). Papert (1999) also
clarified that there exists a difference between constructivism and constructionism. He
stated that constructionism goes beyond the “learning by doing” philosophy of
constructivism and should be thought of as “learning by making.” The opposition is
definite, but constructionism involves not only teaching of concepts but also
determining what children of the future demand to know to carry on with creating new

ideas and technology.

While constructionism is an extension of Piaget’s constructivism, the former focuses on
new technologies and on the significance of making them aid the learning process

(loannou & Makridou, 2018). Constructionism adds to the constructivist perspective the
idea of artifact construction through the assistance of digital media and computer-based

technologies. Constructionism also highlights how children are involved in a
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conversation about artifacts, and how these conversations promote self-directed learning
and finally make easier the construction of new knowledge. In other words, it
emphasizes on the importance of an artifact with which the students are engaged with,
and on the idea that computers can be used as a tool for applying knowledge and
exploring new ideas (Papert, 2000). This artifact should be shared and visible to the

world.
2.3 Computer supported collaborative learning

Computer Supported Collaborative Learning (CSCL) is a pedagogical approach where
learning occurs through social interaction using a computer. This kind of learning can
be described by the sharing and construction of knowledge among students working
with technology as their primary mean of communication or as a shared resource (Stahl
et al., 2006). The central notion of CSCL is that knowledge building is achieved through

interaction with others.

The field draws heavily from several learning theories (i.e., distributed cognition,
problem-based learning, group cognition, cognitive apprenticeship, and situated
learning) that highlight that knowledge is the outcome of students interacting with each
other, sharing, and building knowledge as a group. CSCL has roots in constructivist and
social cognitivist learning theories (Resta & Laferriere, 2007). Therefore, the origins of
collaborative epistemology as linked to CSCL can be found in Vygotsky's social

learning theory, with the zone of proximal development and the internalization theory.

In CSCL, cooperation though different from collaboration, contributes to the success of
ateam in CSCL. The difference can be stated as: cooperative learning focuses on the
effects of group interaction on individual learning, while collaborative learning is more
about the cognitive processes at the group unit of analysis. In the late 1980s and early
1990s, Scardamalia and Bereiter's work (Scardamalia & Bereiter, 1994) have led to the
addition of some other vital notions to CSCL such as knowledge-building communities

and knowledge-building discourse.

An ER learning environment can potentially contribute to knowledge-building
processes. Given the fact that students engage in a design and construction process, the
constructionism approach allows for immediate and ongoing feedback and encourages
collaboration and sharing (Chambers et al., 2007). Knowledge-building is, therefore,
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formed through a dual pathway, through interaction with the artifact and interaction
with peers. The use of ER, as tangible learning objects, allows enriching the learning
experience by providing instant feedback and subsequent reflection, achieving full
immersion of students into the robot-centered collaborative learning environment. ER
technologies are fully compatible with the nature of collocated CSCL by providing a
way to infuse real-world experiences to the CSCL setting through the hands-on nature
of collaborative activities. The literature shows that while most ER interventions take

place in CSCL settings, they do not tend to rely on a CSCL framework.
2.4 Collaborative knowledge construction

In the last 20 years, researchers have seriously studied learning in small groups, and the
nature of cooperation and interaction have turned into a focal issue for research on
learning in social settings. Essential to collaborative learning is knowledge construction
where the collaborative learning aims at co-constructing knowledge upon sharing
information in groups for solving given tasks (Alavi & Dufner, 2005). The idea of joint
construction of knowledge, which is based on a constructionist framework, allows
learners to experience a greater level of understanding (Kafai & Resnick, 1996) because
they must construct their own knowledge to learn the truth (Tam, 2000). The creation of
new ideas and understandings lies at the heart of knowledge construction. Students by
focusing on the process of creating ideas and carefully considering their value, they can
become more skilled at thinking critically and creatively. The process of collaborative
knowledge construction encourages students to investigate deeper about a subject so
that can reach their highest potential level of development. The development of new
understanding is coming as a combination of prior knowledge and skills with new
experiences. New ideas or understandings can be considered any idea or understanding
is new to them. When students generate new ideas, we should be interested in the
process by which they generate these ideas and not on how important these ideas are.
Oksanen et al. (2017) trying to determine the concept of knowledge construction gives
the following definition: “Knowledge construction is a collaborative process which aims
to produce new understanding or knowledge which exceeds something that anyone

alone could not achieve. It is also essential that knowledge construction is based on each
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other’s’ ideas and thoughts.” The principal points of this definition are the aspect of the
generation of new ideas and understandings, and the aspect of collaboration.

2.5 Metacognition

According to Larkin (2006), there is not a general definition of the concept of
metacognition and its composition in the literature. Despite not having a broad
definition, there are features and dimensions of metacognition that are consistently
referred across the field. For example, researchers widely agree that metacognition can
be divided into a knowledge dimension and a skill dimension: “knowledge of cognition”
and “regulation of cognition.” These dimensions of metacognition are described and
used to guide this study. For the purpose of this study, metacognition is defined as the
understanding, awareness, and control of one’s cognitive processes (Baker, 2011).
Researchers also disagree with the most proper approaches to measure metacognition
due to various and inconsistent definitions. In an effort to understand both the nature
and the operation of metacognition, researchers proposed various definitions, such as:

e “one’s knowledge concerning one’s own cognitive processes and products, or
anything related to them” (Flavell, 1976, p. 232).

« "knowledge about executive control systems" and the “evaluation (of) cognitive
states such as self-appraisal and self-management” (Brown et al., 1994).

« "knowledge and awareness of one's own cognitive processes” (Mayer, 2003).

« "involves an awareness of the mental processes and strategies required for the
performance of any cognitive endeavor. This knowledge is manifested in the
form of strategic control of the processes necessary for successful performance”
(Schmitt & Newby, 1986)

o “thinking about thinking or a person’s cognition about cognition” (Wellman,
1985, p.1).

« metacognition and reflection are considered in educational psychology texts to
be concerned with the process of monitoring, regulating, and controlling an
individual’s thinking about their thinking. It is useful to consider reflection as
the verb of the process of thinking about thinking whereas metacognition is the

adjective used to describe the awareness of thinking (Daniels, 2002).
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According to Steinbach (2008), in recent years, many words synonymous with
metacognition have been used. Some researchers use the word self-management for
metacognition (O’Neil & Spielberger, 1979) while others prefer the word
metamentation (Bogdan, 2000). Furthermore, Veenman, et al. (2006) state some
different terms used in the relevant literature in connection with metacognition, such as

metacognitive beliefs, executive skills, meta-components, and judgments of learning.
2.5.1 Precursors to metacognition

Flavell is recognized as a foundation researcher in metacognition. However, his work
was rooted in Piaget's theory of cognitive development (Inhelder & Piaget, 1958).
Piaget suggested a stage theory of cognitive development for children at specific ages,
originating an apparent reference to a concept similar to metacognition when he
proposed the formal operational stage of cognitive development. He suggested that
children in this stage should advance from a concrete understanding of the world to be
able to think with more abstract terms. To achieve this, children should be able to make
and test hypotheses and think of possible results in problem situations, which supposes
the use of metacognition. In other words, Piaget proposed that to enter this stage, a child
should have to acquire the capacity to think on its own thoughts, making, in this way,
one of the first references to the concept of metacognition.

Vygotsky emphasized the distinction between the spontaneous development of a
concept and the development of a scientific concept. He claimed that the first is
developed through everyday life, while the second through formal education. As he
noted, "the conscious use of concepts simultaneously implies that concepts can be
controlled voluntarily" (Vygotsky, 1986, p174). This idea is close to the concept of
metacognition, where children know what they know and when they should be applied.
Indeed, the concept of metacognition was already in the theories of Vygotsky and
Piaget; however, in the area of cognitive psychology, empirical evidence led to a
definition and exploration of metacognition.

2.5.2 Dimensions of metacognition

When Flavell first conceptualized metacognition, he thought that it consisted of two

central dimensions, with a third dimension added later. The two original dimensions,
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according to Flavell (Flavell, 1979), were "metacognitive knowledge" and
"metacognitive regulation.” The third dimension was added later and termed
"metacognitive experiences.” In his model, metacognitive knowledge refers to the
knowledge or beliefs an individual holds. He divided metacognitive knowledge into
person, task, and strategy sub-categories. Person category refers to the knowledge of
oneself cognitive processing, the task category includes the knowledge of what a task
requires, and the strategy involves the knowledge of strategies that are available to
achieve the goal. Although Flavell acknowledged "metacognitive experience™ as the
third dimension of metacognition, he highlighted the importance and study of the other
two dimensions. The third dimension in Flavell's model, metacognitive experiences,
involved the control and regulation of one's cognitive processes and was described as
'items of metacognitive knowledge that have entered consciousness' (Flavell 1979, p.
908). For instance, during the problem-solving process, a child may remember a
previous problem that was related. These metacognitive experiences may lead the
learners to revise their goals and strategies. Adding on Flavell's (1979) model of
metacognition, Efklides (2002; 2008) viewed metacognition as having three main
dimensions: metacognitive knowledge, metacognitive skills, and metacognitive
experiences. All three dimensions were deemed to be crucial for successful learning
(Efklides, 2002; 2008).

The three dimensions of metacognition, as described earlier, are not entirely separated,;
there are overlapping features across them. Elements and information from each other
are not only interdependent but also consistently enhance each other and are used to
inform the learning process. For instance, metacognitive regulation can borrow
information from metacognitive experience. When someone has a feeling of

uncertainty, then he can revise the strategies used (Papleontiou-Louca, 2003).

Metacognitive knowledge includes three types of categories that may be related (person,
task, and strategies). It can be described as the thoughts and beliefs of someone about
his own cognitive capabilities. Flavell extended this category by adding the thoughts
and beliefs about the cognitive processes of others. According to Brown (1987),
metacognitive knowledge is the metacognitive dimension that may develop later than
the other two.
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The main alternative in the literature on Flavel's model is Brown's model (1987), which,
as opposed to Flavell's model, was created to be used in an educational context. Like
Flavell's model, Brown proposed that metacognition is composed of two interacting
dimensions: knowledge of cognition and regulation of cognition. In Brown's model,
metacognitive knowledge was revised and broken down into three categories which,
however, are directly related to the initial categories as proposed by Flavell. These
categories, as proposed by Brown (1987), are (a) declarative, (b) procedural, and (c)

conditional knowledge.

Declarative knowledge is knowledge about things (Figure 4); it is fact-based and
objective knowledge. It is what people know about themselves as learners. Procedural
knowledge is the knowledge about how to do things, how to perform tasks. It includes
knowledge about procedures and strategies that are used to execute actions to solve a
problem. Conditional knowledge is the knowledge of why and when to do things, why,
and when to use a particular strategy. It has to do with the steps that can be taken to
learn, the understanding and application of strategies to enhance learning (Schunk &
Zimmerman, 1994, 1998).

Regulation of cognition indicates an individual's actions or mental activities to control
their own cognition and includes three types of control: planning, monitoring, and
evaluating (Cooper & Sandi-Urena, 2009). Planning refers to goal setting, activating
previous knowledge, determining time, choosing suitable strategies, and predicting
possible learning outcomes. The monitoring dimension comprises the self-testing skills
to control and check the progress of one's learning (Schraw & Moshman, 1995). It can
be used to identify problems and to modify learning behavior when needed (Desoete,
2008). The development of monitoring skills is slow in children and needs precise
instruction to develop (Glenberg et al., 1987). Evaluation relates to reviewing the
outcome and procedures of one's learning, considering the goals (Schraw & Moshman,
1995).

Flavell (1979) explained metacognitive experiences as “any conscious cognitive or
affective experience that accompany or pertain to any intellectual enterprise” (p. 906).
Flavell (1987) highlighted the value of teaching students how to interpret these affective
experiences. Affective experience, as part of metacognitive experiences, is essential

because if a person has the feeling that a task is difficult to solve, this feeling may
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trigger metacognitive reflection and changes in goals or strategies (Papaleontiou-Louca,
2008). Later, Efklides (2001) identified different categories of metacognitive

experiences: feeling of familiarity, feeling of confidence, difficulty, feeling of

satisfaction, estimate of solution correctness, and effort expenditure. She also joined

Flavell (1979) in linking metacognitive experiences to triggering metacognitive

knowledge.

Metacognitive
Knowledge:

Thoughts and beliefs

about one’s cognitive

capabilities (Flavell,
1979).

Can be in relation to:
-person (self)
-task

-strategies

Declarative- “Knowing
that”

Procedural- “Knowing
how”

Conditional-“Knowing

K when”

Metacognition:

Understanding, control, and
awareness of one’s cognitive
processes (Baker, 2011;
Papleontiou-Louca, 2003; Thomas,
2012)

Can be broken down into:

Metacognitive Regulation:

Monitoring and control of one’s
learning (Flavell, 1979)

Metacognitive regulation contains
three main dimensions: planning,
monitoring, evaluating

Figure 4: Dimensions of metacognition
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Metacognitive
Experiences:

Affective experiences
(judgments and feelings)
that people have about
their learning and
knowledge of their
learning (Ben-David &
Orion, 2013).

Feelings of:
-familiarity
-difficulty

-confidence/satisfaction

/

2.6 Metacognition of group processes in CSCL environments

Research has shown that metacognition can be performed at an individual level; it has

been mostly studied as an individual process thus neglecting the role of social regulated

behavior during collaborative activities (Zion et al., 2015). The processes of individual

metacognition are well established, and there is a debate around moving the emphasis

21



from the individual to the collective aspect. The collective knowledge management
processes and how information is managed and controlled by the group during
knowledge building should be analyzed (Jarveld et al., 2015). While the development of
regulated learning skills in CSCL activities was considered (Jarveld et al., 2015), there
are few contributions and tools to the metacognition of group dynamics and group

awareness.

Over the last three decades, several researchers have recognized the role of social
interaction in mediating and sharing metacognitive knowledge (Brown et al., 1983;
Paris & Winograd, 1990). Group metacognition is a component of a broader educational
view of promoting self-regulation and refers to the capacity to reflect on the cognitive
skills of the group during group work (Biasutti & Frate, 2018). In other words, group
metacognition is about group members thinking of the way the group processes
information and the expectations they have about how the group performs the tasks
(Hinsz, 2004). This kind of thinking includes the extent to which group members are
informed about their abilities in choosing and arranging information, as well as their
skills in planning, monitoring, and evaluating aspects of their collaborative work
(Biasutti & Fratte, 2018).

Shared metacognition is manifested in different disciplines. Mead (1934) described how
argumentation with a generalized other affects thinking. However, he largely ignored
the use of cognition, whereas Vygotsky's (1978) alike ideas were affected the cognitive
development theories. Similar ideas are manifested in the area of transactive memory
research. Transactive memory research is considered a distinct area from metacognition
and explores how knowledge is spread among group members and how successful

mutual knowledge is used.

Furthermore, within the field of social psychology, the information processing model
supports the idea that socially shared metacognition refers to members' knowledge of
what other group members know. According to Tindale and Kameda (2000), the degree
of sharedness among group members is linked to group performance. In addition,
Mathieu et al. (2000) described the role of shared cognition in team effectiveness,
claiming that it is not only the overlap of knowledge among team members that is
predictive of team outcomes but also the synergy of the knowledge organizations.
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The significance of general cognitive characteristics during collaborative learning has
been investigated in many research fields but has rarely been extensively applied in
metacognitive research. Several words such as team cognition, shared cognition, group
awareness and transactive memory have often been used for highlighting the value of
group knowledge and collective mental constructs. In group cognition, shared
knowledge is constructed effectively when members can collectively process
information and follow communication approaches that support fair rates of information

sharing across members (Grand et al., 2016).

In social learning situations, metacognitive awareness is required to understand
individual and others cognition, to interpret the situational data, and make effective
control decisions (Nelson et al., 1998). Group awareness can be considered as another
critical factor for team effectiveness. Various conceptualizations have been proposed for
this construct, including behavioral, social, and cognitive awareness (Bodemer &
Dehler, 2011). Behavioral awareness relates to the students' activities, while social
awareness refers to the consciousness of others' presence and the participation of group

members. Cognitive awareness is related to the knowledge of members of the group.

Regulated learning is another concept related to metacognition. According to Hadwin
and Oshige (2011), there are three types of regulation in collaborative tasks: (a) self-
regulated learning in which students take control of their own cognition, (b) coregulated
learning where students' self-regulatory processes are supported by other team
members, technologies and contextual aspects, and (c) socially shared regulation of
learning where group members work together to regulate their collective cognition.
Regulated learning is guided by metacognition and involves the regulatory dimensions

of metacognition, such as planning, monitoring, and evaluating.

Previous work in the area of regulated learning in CSCL settings has shown that it is
crucial to stimulate students' metacognitive thinking and adapt their actions to the
particular cognitive challenge (Jarveld et al., 2015). In CSCL, students have to plan
collectively, formulate collaboration strategies, monitor and track the group work and
evaluate the outcome of their efforts. These actions are recognized as essential aspects
for the advancement of group cohesion and the development of effective learning
(Jarveld et al., 2015) as students become conscious of their abilities as learners and are

able to assess and regulate their cognition.
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Research on metacognition in small groups is scarce; what research has been carried out
has produced conflicting results (Goos et al., 2002). For example, Goos and Galbraith
(1996) showed that students’ interactions could support or block metacognitive
decisions depending on the students’ capacity in assigning metacognitive roles. Stacey
(1992) demonstrated that students’ problem-solving performance decreased when they
worked in groups. Due to the lack of monitoring and evaluation processes, the correct
solution had been dismissed. Previous studies in the area of metacognition in
collaborative settings have proposed that metacognition is socially shared (liskala et al.,
2004) and appears through social discourse (Lin, 2001), with members of a group
serving as external regulators (Azevedo, 2005). Additionally, Jermann (2004)
demonstrated that students are able to not only regulate their own activity but also

control how their teammates operate.
2.7 ER and constructionism

Most scholarship cites cognitive constructivism as the theoretical framework that
undergirds the teaching and study of ER. There is evidence that Papert’s
constructionism, which highlights the importance of a public demonstration, is a more
relevant model (Papert & Harrel, 1991). Indeed, the foundations of ER lie in Papert’s
ideas that children can learn mathematics in a more meaningful way when working with
computers and the LOGO programming language (Papert, 1980). Papert (1980),
observed the potential of computers in education and noted the issue of mixing old
instructional methodologies with new technologies. He believed that the dissociated
model of learning math was problematic as was saying that people cannot do math just
because they do not get the way it is taught in school; they just need to find a different
route to get there. Therefore, Papert proposed the use of new technologies, such as
computers and robots to change the nature of learning at school (Julia & Antoli, 2016).

He developed the LOGO programming language and explained that LOGO is
something more than just a programming language and a learning environment. He
emphasized that learning is more than merely getting right or wrong answers; learning
is about life and making things work. For example, in the LOGO environment, when a
child had a question, the instructor was not to give the child the answer but rather

encourage the child to “play Turtle” and act it out. He suggested that this taught the
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child a method rather than an isolated program. Turtle geometry could develop a
mathematics (learning) strategy (i.e., making sense of something in order to learn it) and

syntonic learning (i.e., acting things out) could make the learning process concrete.

ER can be considered as an extension of LOGO and turtle graphics involving the
construction and programming of physical objects. Children interact with robots as a
physical object (although the programming is happening digitally) and employ their
knowledge and skills to solve real-world problems. Having its foundations on theories
of Piaget, Papert and Vygotsky, ER aims to develop students’ higher-order thinking
skills through discovery, problem-solving and collaboration (Blanchard et al., 2010;
Gura, 2007) in an attractive, engaging and gamefull learning environment.

There are, however, criticisms of constructionism and constructivism. Studying a
programming project with elementary school aged students in a constructivist setting,
Bruckman et al. (2013) found that while some students mastered the material, the
majority of students learned little with large amounts of time off task. Other researchers
note that while constructivism is a good cognitive model of learning, it has been
difficult to translate into useful instructional practices. Gordon (2009) highlights
misuses that have led to poor implementations, while Windschitl (1999) discusses
inadequate teacher training, and the difficulties in creating a constructivist culture in the
classroom. One practice that draws particular criticism is pure discovery learning, where
students are left in a low guidance environment where they are supposed to discover and
construct understanding by themselves. Mayer (2004) states that without sufficient
guidance students learn inefficiently and sometimes construct the wrong conceptions.
Studying children working in Logo, Kurland and Pea (1985) found that the students
created the wrong mental model for recursion. Citing empirical studies and cognition

theories, Lehrer (1986) similarly calls for more guided learning.
2.8 Productive failure

Structuring problem-solving activities to boost student performance is a fundamental
theoretical and design issue in education (Tobias & Duffy, 2009). Structuring may take
various forms, such as structuring the problem itself, offering scaffolding, prompts,
metacognitive support, and scripting, as well as providing tools, resources, and content.

Empirical work has shown that students tend to benefit from such support when
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engaged in complex problem-solving. Researchers have therefore focused on various
techniques for structuring activities to help students achieve performance success.
Kapur (2008), on the other hand, espouses the concept of productive failure, which is
grounded on the position that engaging students to try, and even fail, to solve complex
problems can, under certain conditions, be productive for developing a deeper
understanding of a concept. Kapur’s idea was to intentionally design failure in ways that
are actually productive for learning. Though such a process may initially cause a failure
to generate “canonical solutions” (i.e., correct solutions; see Kapur, 2008), it has a
hidden efficacy in that it prepares students to see and learn from a suitable instructional
intervention later on; this can consolidate student-generated solutions into canonical
solutions. The notion that students can learn from their own failed problem-solving
efforts is now empirically grounded. A recent meta-analysis from Darabi et al. (2018)
on this exact topic revealed a moderately positive result for the effect of learning from

failure.

Kapur (2008, 2011) offers examples of the idea of learning from failure. For example,
in a series of studies, the students had to work on either ill-defined or well-defined
tasks. The results of these studies revealed that students who had worked on ill-defined
tasks outperformed students who worked on well-structured ones. It was shown that
struggling with a higher degree of complexity promoted students’ ability to develop
important structures for problem-solving. The results were further confirmed in
subsequent studies (Kapur, 2016; Kapur & Lee, 2009), where “productive failure” was
compared with the approaches of “lecture and practice” and “direct instruction”. Despite
students from the “productive failure” condition failing in their problem-solving efforts,
the results showed that they outperformed the students from the “lecture and practice”
and “direct instruction” conditions in both conceptual knowledge and transfer of
knowledge. In short, the results over a decade of the application of productive failure
(Kapur, 2008, 2011) show that the outcomes of this instructional practice are beneficial
to students in terms of (a) conceptual understanding, i.e., understanding what they
know, (b) ability to transfer knowledge to novel problems, and (c) affective aspects of

learning.
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2.9 Debugging as a productive failure

The research on debugging goes back to the 1970s (Fitzgerald et al., 2010) and includes
a huge variety of topics such as (a) the type of bugs that occur, (b) the causes of bugs,
(c) strategies employed in debugging, and (d) ways to improve learning and teaching of
debugging (see McCauley et al., 2008). One aspect of the research has heavily focused
on the question of “what goes wrong” when students are learning programming.
Hristova et al. (2003), for example, examined the patterns of student errors to compile a
comprehensive list of typical errors. In addition, some research has investigated the
strategic approaches to debugging by novices, describing a wide variety of debugging
practices (e.g., Fitzgerald et al., 2010). This body of work informs current research on
block-based programming, although the tools and languages used for programming

today are different from those used decades earlier.

Between 2016 and 2019, UCLA, 9 Dots, and UC Berkeley collaborated on an initiative
called “Debugging failure: Fostering youth academic resilience in computer science”.
The project focused on designing, implementing, and evaluating small coding
workshops to foster a culture of productive failure practices among primary and lower
secondary school students. The students had access to a wide range of debugging tools
such as automatic syntax checkers, ways to step line by line through code, and objects
for modelling code. The instructors guided students through these tools using a five-step
debugging process that prioritized students’ agency and self-refection. As part of this
project, DeLiema et al. (2019) examined the process of debugging to foster critical self-
refection. The study explored two classroom designs targeting students’ growth,
specifically by looking at how they responded to failure. Results showed that, when
asked to reflect about debugging students generated ideas around critical thinking
strategies. Results further showed that instructors’ modelling, prompting for, and
reflecting on critical thinking strategies with students during failure was an effective

instructional strategy.

More recently, Fields et al. (2021) examined the idea of debugging by design using e-
textiles. In the study, students created and then solved buggy projects for each other.
The researchers used a constructionist approach for productive failure, with the students

themselves designing the challenging problem sets. The results demonstrated high
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levels of interest and engagement with the learning by design approach, greater
confidence in debugging, as well as improved abilities to detect and fix bugs.

The practice of debugging presents significant learning challenges (and opportunities)
for students completing complex tasks. It also presents instructional challenges to
teachers in helping their students to succeed. More recent pedagogical approaches
debugging exercises as opportunities or contexts for productive failure, which may
result in learning. From this point of view, each programming error represents a

meaningful step towards helping the students to learn.
2.10 Curriculum structures in ER research

Given the small number of studies that compared different curriculum structures, the
results do not present a comprehensive picture. For instance, a study by Lee et al. (2013)
investigated the effect of the curriculum structure in encouraging collaborative
interactions, using a structured ER curriculum compared with an unstructured
curriculum. The sample included a total of 19 kindergarten children (mean age 5.68
years) participating in a 5-day ER workshop. The 19 children were randomly divided
into two groups: the treatment group and the control group. The control group was
taught using an instructionist approach in which students learned to programme by
engaging in pre-designed challenges while the treatment group followed a
constructionist approach in which students did not have structured practice, but instead
explored various concepts on their own. The amount of social interaction was measured
using a collaboration web, which was a sheet of paper with a child’s picture surrounded
by pictures of everyone else in the class. Students should draw arrows to show children
that they helped and children that helped them during the activity. The results
demonstrated that the constructionist group was linked with a significantly greater
amount of collaboration than the instructionist curriculum group. Therefore, according
to this study, a less structured learning approach is more useful in order to encourage

collaboration.

A second study explored the development of students' individual metacognitive and
problem-solving skills in ER activities using different levels of metacognitive guidance
in two groups (Atmatzidou et al., 2018). The students of each age group were involved

in an 18-h group-based activity after being randomly distributed in two conditions:
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“minimal” (with minimal metacognitive and problem-solving guidance) and “strong”
(with strong metacognitive and problem-solving guidance). The minimal guidance
group used worksheets of increasing difficulty, whilst the strong guidance group was
prompted to follow specific metacognitive and problem-solving strategies. Evaluations
were based on the Metacognitive Awareness Inventory measuring students’
metacognitive awareness and, on a think-aloud protocol asking students to describe the
process they would follow to solve a certain robot-programming task. The results
suggested that (a) strong guidance in solving problems can have a positive impact on
students’ metacognitive and problem-solving skills and (b) students can reach the same
level of metacognitive and problem-solving skills development independently of their
age and gender. Therefore, according to this study, ER activities, through the
appropriate guidance, which means following specific prompting and responding in
writing, can improve the students’ metacognitive and problem-solving skills to a
statistically significant degree. And as is obvious, ER can be a vehicle for the
development of metacognitive and problem-solving skills in students of Elementary and

High School grades.

Overall, there is a widespread assumption that ER can be useful in increasing
engagement and motivation in learning (Anwar et al., 2019; Kim et al., 2015; Ruiz-del-
Solar & Avilés, 2004). Student engagement is positively impacted by the physical
presence of robots, making the results of programming immediately available and
providing a formative evaluation of the learning process (Gyebi et al., 2016). However,
there is a lack of research in the field of ER that compares how different curriculum
structures may impact student engagement. Outside the area of ER, research studies
have generally found positive to mixed results concerning the relationship between
student-centred learning environments and student engagement. For example, in a study
by Wu and Huang (2007), students reported significantly higher emotional engagement

in a student-centred environment compared to a teacher-centred environment.
2.11 Conceptual framework summary

In sum, the overarching goal of this work was to explore how ER can support students’
development of metacognitive thinking as a key element of collaborative knowledge

construction. The conceptual framework for this study draws on the theoretical roots of
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constructivism and constructionism, the design of CSCL learning environments using
ER to improve students’ metacognition and collaborative knowledge construction.
Based on this conceptual framework, it is expected that students experiencing ER in the
CSCL setting will be engaged in collaborative knowledge construction, building on
their prior knowledge, and experimenting with failure to improve their metacognitive
skills. Learning environments design choices such as structured vs unstructured
curriculum and variables such as debugging skills, level of engagement, collaboration
quality and group cohesiveness among others are expected to interplay with the

observed outcomes from the ER experience.
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3 Review of the literature

This chapter identifies the research experience in the use of ER and presents the most
recent issues, ideas, and challenges around the use of ER in education. The chapter
provides a holistic view of empirical research in the field, along with some brief history

of the evolution of this technology.

3.1 The evolution of ER

The idea of using robotics in education is due to Seymour Papert, who created the
MicroWorlds platform and the Logo programming language. The idea of a microworld
based on a constructivist approach to learning is at the heart of robotics (Papert, 1980).
A microworld can be described as a small word through which students can navigate,
explore, and test courses of action and information. In the 1960s, Papert was concerned
about how students think and learn from constructivist approaches (Papert, 1980).
Constructivism invites students to create their own understandings of the world and
construct their own knowledge (Martin-Stanley & Martin-Stanley, 2007). Papert moves
a further step towards constructivism with the development of the theoretical framework
of constructionism, which requires students to transform their understanding into
concrete designs (Papert & Harel, 1991). In this framework, students are expected to
solve a problem or circumstance to which they may apply. Students must design and
plan a potential approach and control artifacts to check their ideas. The manipulation
and testing of solutions and the creation of artifacts are important for constructing and
producing knowledge as students gain an understanding of their results (Jonassen &
Strobel, 2006).

Along with colleagues, Papert created the Logo programming language to facilitate
science, math and art concepts through a computer and, ultimately, enable robot control
and problem-solving (Rieber, 2005). Based on the emergence of artificial intelligence,
the Logo was developed in 1967 to manipulate a robot on a screen. Today, more than
160 Logo language versions have been established in the last 40 years. There are several
versions of the Logo which are used in classrooms around the world, such as Turtle
Tracks, RoamerWorld, LogoWriter, NetLogo and LEGO Logo.
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Another essential aspect of ER is that students are better connected to a robot depicting
a specific object. Gray Walter, in the 1950s, explored this idea by creating a robot
named “turtle” as it resembled a turtle shell (Papert, 1980). Based on these ideas and the
evolution of ER, Papert developed his own Logo-based turtle. The physical presence of
a turtle made it easier for students to grasp abstract ideas that were normally deemed too
complicated because they watched the actions of an object they could respond to
(Rieber, 2005). Robotics was adopted in classrooms in the early 1980s when the LEGO
TC Logo appeared. Lego TC focused on the usage of the Logo language and the idea of
the physical presence of a "turtle” robot to induce movement and formation of shapes as
a result of students’ programming commands. The kit fused the easy-to-learn LOGO
programming language, with the useful LEGO manipulatives. Therefore, rather than
staying restricted to the computer monitor, the robot was now a hand-made object
constructed of LEGO's (Resnick & Ocko, 1991).

Towards the end of the 1980s, the Roamer robot has appeared as a three-tier design
model composed of Roamer, Tronix (electronics that could be added) and Inventa
(building materials). This kind of robot encouraged students to develop their designs
using various materials and operate autonomously through a computer software. In the
1990s, hundreds of Logo software versions were produced, such as Turtle Math and
LEGO Logo used as an enrichment to the formal instruction (Resnick, 1993). With the
critical advances in computer science, several updated versions of robots are used

worldwide in education.

In elementary education, most robot’s programming interfaces have moved from text-
based programming to block-based programming. About 20 years ago, the MIT Media
lab introduced the idea of block-based programming. In contrast to text-based
programming, block-based eliminates the need to learn the syntax of a language and
enables learners to focus their mental energy on the logic of their programmes, rather
than on the semantics. This idea made teaching and learning the fundamental concepts
of computer science accessible to younger learners with no previous coding experience.
At the same time, this idea generated a new strand of research on scaffolding novice
programmers with the use of direct manipulation interfaces (Weintrop & Wilensky,
2015). This became more popular once robots were introduced in education, and as a

result, block-based programming is now often paired with ER. However, there is a
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critique about the efficiency of block-based programming in practicing fundamental
programming (Grover et al., 2015) as learners sometimes tinker with reusable code,
remixing to create a functioning code without understanding the logic behind it
(Brennan & Resnick, 2012).

At the same time, some robots continue to use LOGO programming or have moved to
C+ and Java languages (Sklar et al., 2007). Nowadays, most robots permit students to
program on a robot and also download from a computer program to a robot. Since 1998
LEGO has been utilizing the Smart Brick, a keypad connected to students’ designed
objects that act as the brains of the device. Given the growing availability, ease of use
and reduced prices, ER is more commonly used in secondary education, whereas the

usage of robots in elementary education is considered to be an extracurricular activity.

3.2 Empirical work on metacognition in ER

Broadly defined, metacognition is a person’s awareness of his or her own thought
processes and the ability to regulate these processes (Goos et al., 2002). Studies have
shown that metacognition is associated with math and problem-solving ability
(Cornoldi,1997) and course grades (Young & Fry, 2008), and that metacognitive ability
can be developed (Bransford et al., 2000). Hypothetically, the use of ER has the
potential to foster metacognitive development. Students working in small groups (as in
ER teams) can achieve a group metacognition where the members work as peer
reviewers of each other’s ideas and processes (Goos et al., 2002). However, work on

this subject is still in its infancy.

An initial study conducted by Lai (1990) aimed to explore the effectiveness of the Lego-
Logo environment (Table 1). The study involved 24 students (ages 10 to 11) for eight
sessions (one and a half hours each) and was intended to promote the development of
metacognitive thinking in a student-centered CSCL environment. Students had to
identify the goals of their Lego-Logo task, plan for a solution, implement their solution,
test their hypotheses, debug their programs, and finally evaluate their solutions. They
were also encouraged to reflect upon their thinking by asking themselves metacognitive
questions and answering them in their logbooks. The data provided evidence that this

learner-centered environment was a solid experience that encouraged the development
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of metacognitive thinking, planning, and debugging skills and the acquisition of both
programming concepts and control technology concepts. The results also showed that
this was an exciting learning environment for young students as participants
demonstrated their satisfaction when they had successfully operated their models.
According to the authors, the environment was stimulating because students were able

to control and own their learning process.

In a second study (Lai, 1993) from the same author with 13 students (8 to 10 years old),
the results showed that students increased their metacognitive thinking during the
learning experience in a LEGO / Logo environment. Specifically, learning in this
environment enhances students' high-order thinking skills, such as self-monitoring and
evaluation. The impact of the LEGO / Logo environment on their willingness to work
together was similar for boys and girls. Comparing these two studies, Lai reported that
the younger students (8-9 years old) from the second study, increased their knowledge
more than older students (10-11).

A similar study conducted by Lo Ting-kau (1992) used LEGO TC building materials
and the LEGO TC Logo programming language as a vehicle to explore the development
of students' problem-solving skills and metacognitive thinking. The study involved
seven students (aged 14-19) of a secondary school who worked in pairs and were also
encouraged to reflect on their thinking. The results showed that the LEGO TC Logo
learning environment contributes to students' active problem-solving and promotes
metacognitive knowledge. The study results of Lo Ting-kau (1992) generally support
Lai’s (1990; 1993) research findings showing further that the use of LEGO-Logo in the
classroom may provide a rich environment for problem-solving. It was also evident that
LEGO construction and Logo programming activities enabled learners to carry out
investigations involving both heuristic and algorithmic problem-solving strategies,
enhancing concept development and the acquisition of a variety of metacognitive and

cognitive skills.

Ishii et al. (2006) proposed a framework for designing and improving the learning
environment for creativity in engineering. Based on that framework, they designed and
practiced a Lego robot-based course at a university level. The study involved 91 first-
year students, who recorded their actions on reflection sheets and graphs and used an

online support environment. It was found that students' idea generation skills were
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improved while their metacognitive skills were activated. According to the authors, the
ratio of students who reconsidered the functions of the programs improved from 19% to
38%, indicating that the number of students who undertook autonomous reflection

increased due to having experienced reflection in the classes.

McWhorter (2008) examined the possible link between self-regulated learning and
LEGO Mindstorms robotic activities in teaching computer programming concepts in an
introductory university computer programming course. The study involved 83 students
divided into two groups, the control group (n = 40), which used traditional
programming and the experimental group (n = 43), which used LEGO Mindstorms. The
areas of motivation, learning strategies, and mastery of the course objectives were
investigated using the Motivated Strategies for Learning Questionnaire (MSLQ). While
the results revealed an improvement in the development of metacognitive skills in both
groups, the statistical analysis failed to report any significant differences between the
traditional control group and the experimental LEGO Mindstorms group.

Lin and Liu (2011) investigated the relationship between learning motivation and
learning strategies in ER learning involving 37 primary school students (Year, 3, 4, 5
and 6) who participated in the World Robot Olympiad 2010. The Robotics Motivated
Strategies for Learning Questionnaire (RMSLQ) was used to collect data about student
learning motivation and learning strategies. The results indicated that students showed
high motivation and used a variety of learning strategies. It was also found that
cognitive, metacognitive and resource management strategies had a significant positive
correlation with students' control beliefs. Control beliefs have to do with the perceived
presence of factors that may facilitate or impede performance of a behavior. This
finding suggests that students' control belief was a critical element in robotics learning;

students with more control belief used more metacognitive strategies.

In another study, La Paglia et al. (2010) investigated the process of building and
programming Lego Mindstorms robots as a metacognitive tool. The data collection
included guantitative data and qualitative observations from a sample of 12 children
(aged 8-10 years) attending an Italian primary school. The results showed that ER
activities could be intended as a new metacognitive environment that allows students to
monitor and control their learning in an autonomous and self-centered way. In addition,

the results revealed that during the programming phase, students made a higher number
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of self-corrections than during the construction phase; during the construction phase,
they preferred to request help rather than using self-corrections. However, the authors
stated that additional research with a larger sample should be carried out to confirm

these results.

In their most recent study, La Paglia et al. (2011) investigated the improvement of
metacognitive skills in mathematics through the process of building and programming
robots. The study involved 30 secondary school students (mean age: 11 years) and
assigned them to the control (which did not use robots) or the experimental group
(which used robots). The researchers used as a pre-post assessment, the Mathematics
and Cognition Questionnaire, which examines attitudes, beliefs, and control procedures.
The results showed that ER activities could help students to (a) improve their attitude
towards mathematics and (b) reflect on their learning and on their control dimensions
such as planning, monitoring and evaluation. In particular, the results showed a
statistically significant increase in performance on all metacognitive indicators for the
experimental group compared to the control group. In general, beyond the effectiveness
of ER activities to develop students' metacognitive thinking, this study showed that
robots could be used to modify dysfunctional beliefs that may influence mathematics

learning.

Gaudiello and Zibetti (2013) tried to identify and classify the heuristics that are
spontaneously applied by 6-10 years old children interacting with robots. Two studies
are described: an exploratory investigation into the control of a Lynx AL5A arm and a
pilot study about the control of a Lego Mindstorms NXT®. Two issues related to
control heuristics are addressed: the heuristic shift and the perceived and objective level
of task difficulty. Based on a proposed classification system for children's control
heuristics, the researchers recorded the nature of the actions performed by each child
when he/she controlled the robot. They additionally used language markers of children's
verbalizations and errors made during problem-solving as indicators to understand the
task difficulty. The results showed that three main types of heuristics emerge: (a)
procedural, (b) declarative and (c) metacognitively oriented. Particularly, they observed
that procedural-oriented heuristics occurred more frequently in both robots while
metacognitive-oriented heuristics occurred more frequently than declarative-oriented

heuristics with the Lego robot. The extensive use of metacognitive-oriented heuristics
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when children control Lego robots seems to confirm evidence in the literature that this
kind of robot should increase metacognitive attitudes during knowledge acquisition.

Keren and Fridin (2014) demonstrated how the Kindergarten Social Assistance Robot
(KindSAR) could be used to teach geometric thinking and promote metacognitive
development by engaging children in interactive play activities. The study involved 17
preschool children (aged 4-6 years). During the activities, their reactions and
performance were recorded on video for further analysis. To measure children’s
learning, they developed a novel measure of cognitive learning, called "velocity of
learning.” The results showed that children exhibited positive interaction with the robot
and a high level of enjoyment while their performances in metacognitive tasks and

geometric thinking improved statistically significantly while they "played™ with robots.

Huang et al. (2014), explored metacognition by studying the reflection journals of 17
college students and the change in general self-efficacy and robotics self-efficacy during
a semester of ER course. The study results showed that (a) students had increased use of
metacognition in terms of planning and evaluation in their reflection journals during the
last weeks of the course compared to the first weeks, (b) records of existing knowledge,
views and learning showed a declining trend. Also, the results revealed that self-efficacy
in students' knowledge and skills about robotics increased significantly. Therefore,
according to the researchers, reflection journals can be a beneficial tool for teachers in

supporting students to practice metacognition and become active learners.

One more study exploring the development of students' metacognitive skills in ER
activities is that of Atmatzidou et al. (2018). The study investigated the development of
metacognitive problem-solving skills in the context of robotic activities, using Lego
NXT, and implementing different modes of metacognitive guidance in two student
groups at two different age groups. The students of each age group were involved in an
18-h group-based activity after being randomly distributed in two conditions: minimal
(with minimal metacognitive and problem-solving guidance) and strong (with strong
metacognitive and problem-solving guidance). The minimal guidance group used
worksheets of increasing difficulty, whilst the strong guidance group was prompted to
follow specific metacognitive and problem-solving strategies. The researchers used the
Metacognitive Awareness Inventory (MAI) as a pre-post assessment tool to assess

students' metacognitive skills and a think-aloud protocol asking students to describe the
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process they would follow to address a robot-programming task. The results

demonstrated that stronger guidance had a larger impact on students' metacognitive and

problem-solving abilities. Therefore, the authors argued that ER is a metacognitively

powerful learning tool, whose learning benefits can be maximized within an appropriate

guidance framework.

Table 1: Context of the studies and major findings

Studies

Level/Participants

Robot

Major findings

1. Lai, (1990; 1993)

24 students (aged 10
to 11)

14 students (aged 8
to 10) Elementary

Lego/
Logo

ER activities enhanced concept
development and acquisition of
metacognitive and higher-order
thinking skills, such as self-
monitoring and evaluation

n

Lo Ting-kau,
(1994)

7 students (aged 14-
19). High

Lego TC
Logo

Robots’ construction and
programming activities enabled
learners to carry out
investigations involving both
heuristic and algorithmic
problem-solving strategies,
enhancing concept
development, metacognitive
and cognitive skills

w

Ishii et al. (2006)

91 students
University

Lego
Mindstorms

Learners’ idea-generation skills
were improved, and their
metacognitive skills were also
activated through the
experience with robotics

4.  McWhorter,
(2008)

83 students
University

Lego
Mindstorms

ER activities had not a positive
effect on the development of
students self-regulated skills,
but this was not statistically
significant

o

La Paglia et al.
(2010)

12 children (aged 8-
10)

Lego
Mindstorms

ER activities may be intended
as a new metacognitive
environment that allows
students to monitor and control
their learning

6. Lin & Liu, (2011)

37 students
Elementary

Unspecified

Students participating in ER
activities showed high
motivation and used a variety
of learning strategies using ER.
It was also found that
cognitive, metacognitive and
resource management
strategies had a significant
positive correlation with
students' control beliefs.

7. LaPagliaetal.
(2011)

30 students
Secondary

Unspecified

ER activities could help

students to (a) improve their
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attitude towards mathematics
and (b) reflect on their learning
and on their control dimensions
such as planning, monitoring
and evaluation

8. Gaudiello &
Zibetti, (2013)

26 students (aged 6—
10) Elementary

Lynx AL5A
and Lego
Mindstorms
NXT®

The results showed that three
main types of heuristics
emerge: (a) procedural, (b)
declarative and (c)
metacognitively oriented.

9. Keren & Fridin,
(2014)

17 students (aged 4-
6). Kindengarden

KindSAR

Children exhibited positive
interaction with the robot and a
high level of enjoyment while
their performances in
metacognitive tasks and
geometric thinking improved
statistically significantly

10. Huang et al.
(2014)

17 students
University

Unspecified

Writing reflection journals can
be a useful tool for teachers in
helping students practice
metacognition

11. Atmatzidou et al.
(2018)

52 students
Elementary and High

Lego
Mindstorms
NXT®.

Stronger guidance has a larger
impact on students’
metacognitive and problem-
solving skills

3.3 Collaborative knowledge construction in ER

The research tradition building on the socio-constructivist perspective is interested in

cognitive processes relevant to collaborative knowledge construction (Fischer et al.,

2002). The underlying assumption of this approach is that the cognitive processes and

outcomes of collaborative work are related. This type of research has focused on

studying the relationship between the cognitive aspects of student interaction and

individual learning. Positive results of collaborative interactions have been explained by

the notion that peer interaction stimulates the elaboration of knowledge and hence

promotes individual cognitive gains (Van Boxtel, 2001). These individual gains are

typically measured in pre- and post-test designs as refinement or change of conceptual

knowledge structures. Thus, the main interest is in studying how collaboration

contributes to individual knowledge construction, the mental content of individual

minds.

The socio-constructivist perspective is based on the Piagetian view of learning

according to which individuals actively construct knowledge by a process of
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equilibration. This means that individuals aim to hold a consistent, equilibrated
conception of their world. Knowledge construction occurs when individuals
accommodate cognitive structures to better represent the context. In accommodation the
present knowledge structures or concepts are reorganised or new knowledge is
constructed. From the viewpoint of learning, the state of disequilibrium of cognitive
structures is important in enhancing the process of equilibration. According to neo-
Piagetians (e.g., Mugny & Doise, 1978), the socio-cognitive conflict, causing the state
of disequilibrium, is one of the central mechanisms in collaborative knowledge
construction (Kruger 1993). In many studies the students’ difference in terms of
knowledge or perspectives is stressed as a prerequisite for cognitive conflict (e.g.,
Dillenbourg, 1999) and learning (Kneser & Ploetzner, 2001).

In peer interaction a socio-cognitive conflict may take place through another central
mechanism of collaborative knowledge construction; namely externalisation (Fischer et
al., 2002) or verbalisation (Van Boxtel, 2001). By externalising their knowledge, ideas,
values, presumptions, perspectives, and views students may become aware of their
knowledge gaps and misunderstandings, and this pushes them to reconsider their
conceptions to solve the cognitive conflict. Elicitation — asking questions and
explanations — motivates externalisation further (Fischer et al., 2002). By receiving and
giving explanations and answers, thus explaining, and clarifying their own thoughts,
students can complement their understanding and correct their misconceptions (Webb &
Palinscar, 1996). In order to enhance learning in collaborative situations, where the task
is shared and usually a problem has to be solved, it is not enough to have a cognitive
conflict, but it must also be solved by coordinating different ideas, perspectives or
views. Fischer and colleagues (2002) describe three types of such coordination; quick
consensus building, integration-oriented consensus building and conflict-oriented
consensus building. In many studies the negotiation to overcome a contradiction is
reported to be a significant predictor of higher learning outcomes (Light et al., 1994;
Chan, 2001; Nastasi & Clements, 1992).

An ER class can potentially contribute to the collaborative knowledge construction
process. In a learning environment, ER has the role of mindtools. The term “mindtools,”
as proposed by Jonassen (2000) in the sense of cognitive tools, represent the

constructionism dimension of constructivism. Using ER as mindtools, in a classroom,
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we apply constructivism -- students construct a physical object, while at the same time
they construct problem-solving knowledge. Learning is no longer teacher-centered, but
knowledge is actively constructed by the learner (Harel & Papert, 1991). Students can
change or negotiate their existing knowledge into explicit knowledge. Knowledge
construction is therefore, formed through a dual pathway; through interaction with the
artifact and through interaction with peers. Several studies indicate that ER can be used
as mindtools supporting knowledge construction through the design of meaningful
artifacts in authentic projects, learning by doing, facing cognitive conflicts, and learning

by reflection and collaboration (Mikropoulos & Bellou, 2013; Jonassen, 2000).
3.4 Metacognition and problem-solving skills in ER

Metacognitive and problem-solving skills are distinct but profoundly interrelated and
interdependent. For example, Van der Stel and Veenman (2010) found metacognition to
be a powerful predictor of students’ success in completing complex learning tasks. It
was also recognized as an effective strategy for improving student learning (Chin &
Brown, 2000). Therefore, a student with developed metacognitive skills knows when
and how he learns best, uses strategies to overcome problems, and regulates problem-
solving processes.

Problem-solving is the most important cognitive activity in which students apply their
knowledge and monitor behavior to solve problems (Jonassen, 2000). Learning to solve
problems enables students to learn how to monitor their knowledge, identify when they
have a gap in learning, and comprehend why the content is being learned and how it is
useful (Barrows, 1996).

However, the literature has shown that students have difficulties in problem-solving
(Lorenzo, 2005). Therefore, the research supports that in order to help students learn
how to solve problems, it is crucial to make problem-solving strategies a part of their
thinking processes (Fulop, 2015). Metacognition is a crucial element in supporting
problem-solving skills. According to Jacobse and Harskamp (2012), metacognition is
used in mathematical problem-solving to monitor solution processes, regulate problem-
solving episodes, make, and implement a solution plan, and verify the answer. In

addition, several studies claim that metacognitive processes help students overcome
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obstacles that occur during problem-solving (Pugalee, 2001) and improve their
problem-solving performance (Kramarski & Mevarech, 1997).

Meanwhile, problem-solving activities provide ideal opportunities for students to reflect
on and analyze their thinking (Du Toit & Kotze, 2009) and enhance their metacognitive
skills (Siegel, 2012). According to Kuhn (2000), a promising approach to fostering
metacognitive development focuses on the idea of exercising, at an external, social
level, the cognitive forms we would hope to become operative as well at the individual
level. As Kuhn (2000) explained, the meta-level directs and is modified by the
performance level. The meta-level directs the application of strategies but the feedback
from this application is directed back to the meta-level. As a result, the feedback leads
to enhanced meta-level awareness. This includes an enhanced meta-level awareness of
the use of different strategies to achieve the goal of a task. Then, the strategy changes,
in turn, feedback to further understanding in the meta-level, in a continuous cycle.
Therefore, collaborative problem-solving with ER looks promising for the application
of the cycle/model described by Kuhn (2000). ER activities have a clear performance
level through the immediate feedback from the execution of a program which is directed

and leads to enhanced meta-level awareness.

The benefits of using ER activities for the development of these skills have been the
focus of some studies. The literature has shown that playing with robots allows students
of different ages to improve their planning (La Paglia et al., 2011), reasoning and
problem-solving skills (Atmatzidou et al., 2018). For example, La Paglia et al. (2011)
investigated the improvement of metacognitive skills in mathematics using ER. The
results showed that ER activities could help students to reflect on their learning and on
their control dimensions such as planning, monitoring and evaluation. Jordan and
McDaniel (2014) explored how peer interaction affected the way in which students
handled uncertainty during collaborative problem-solving with ER. They found that
peer interaction was meaningful as students counted on the supportive social response to

perform their uncertainty strategies.
3.5 Summary

Overall, previous studies in the literature contribute to a better understanding of ER’

value in promoting students' metacognitive skills. Many researchers report that ER
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activities can improve students' cognitive and metacognitive skills as well as problem-
solving skills. Yet, a more precise analysis is required. Overall, most studies evaluated
students' metacognitive skills through observation, questionnaires, or verbal interviews.
Most of them have a small sample indicating that further research with larger samples is
required. A few studies use experimental designs to compare the effect of the
intervention and produce comparative results in terms of students' metacognitive
development. Moreover, some studies have applied quasi-experimental research designs
to compare the effect of different curriculum structures to support students'
metacognitive and problem-solving skills. Furthermore, the effect of social interaction
in supporting group metacognitive processes during ER problem-solving activities is
largely ignored in the literature. Last but not least, there is indeed a huge gap in research
that systematically designs and changes the learning environment over time, collecting
evidence of the various changes toward the documentation of conceptual models or
design principles that can facilitate a successful integration of ER for the promotion of
metacognitive thinking. This is the gap that this dissertation aims to address. By
adopting the DBR methodology, it addresses the development of metacognitive skills
via ER while it documents design principles for successful ER implementations, based
on collected evidence for cycles of work.
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4 Methodology

DBR as a methodology and paradigm for educational inquiry, blends empirical
educational research with theory-driven design of learning environments for
understanding how, when, and why educational innovation works in practice (The
Design Based Research Collective, 2003). DBR was employed in this work, in order to
address ER learning design to promote student metacognitive thinking as a key element

of collaborative knowledge construction.

This chapter has four sections. First, the principles of DBR are elaborated along with its
appropriation for this work, challenges, and strengths of this paradigm for educational
inquiry. Second, the DBR context, cycles of work, and RQs of the study are presented.
Third, the procedures, including participants in each cycle, data collection and

instrumentation, are described.

4.1 Design-Based Research (DBR)

Educational researchers and practitioners accept that educational research is separated
from the problems of everyday practice. Therefore, this assumption creates a need for
new research methods that can solve problems of practice (National Research Council,
2002) and lead to the development of “usable knowledge” (Lagemann, 2002). DBR
appears as an emerging methodology and paradigm that can help create and extend
knowledge about learning environments and bridge the gap between theory and

practice.

Educational research differs from research in other areas in a number of ways. One of
those ways is the difficulty that researchers and practitioners have in controlling all the
variables in educational research. They have interactions amongst students, students,
and teachers, amongst classrooms, amongst the broader school culture, which cannot be
controlled. One of the educators' and educational researchers’ difficulties is to
understand the full range of different variables and dynamics in the classroom. In
educational research, researchers and practitioners are not just interested in
understanding learning; they also want to improve it. They want to help students learn

better. Therefore, when a teacher observes something, and s/he recognizes a reason why
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students have trouble learning some material, it is difficult (and rather unethical) not to
intervene and help the student learn. In sum, DBR is often used in education to improve
teaching and learning. DBR is the idea of creating tools, protocols, behaviors as probes

into classroom interaction and for the learning process.

What we do in DBR is to build a tool that would work if our theory of learning is
accurate. For example, if we believe that students learn better from individualized
feedback (theory), we will create a tool that uses individualized feedback or give
students individualized feedback. Based on how that tool improves learning (or not), we
would reflect on our original theory. If the tool gives students individualized feedback,
but they do not improve their understanding of some material, then we might conclude
that the theory used to justify that tool was false. And if that tool does work, we would
conclude that, because students learned, because of the use of this tool, the theory about
individualized feedback supporting learning must be accurate. In short, in DBR, we are
designing tools, then using those tools as probes into the phenomenon that those tools

are designed to address.

DBR is a methodology designed by and for educators that strengthen educational
research'’s impact in practice (Brown, 1992). It is an emerging educational paradigm that
explores learning in real environments where the action occurs and produces usable
insights and progressing theories of learning and teaching. DBR involves an iterative
process of design, enactment, analysis, and redesign, in which the connection between
interventions and social interactions are refined, supporting teaching, and learning and
providing solutions in educational problems (Collins, 1992; Design-Based Research,
2003). In this process, a flexible design method is used where "subjects" are considered
co-participants in the design and in the analysis process (Barab & Squire, 2004). The
essential aim of DBR is to report and propose insights regarding the potentials and
opportunities, as well as good practices for implementing these effectively in learning
contexts. From this perspective the DBR framework intends to advance and strengthen

the theory in naturalistic learning environments.

Wang and Hannafin (2005) define DBR as: "systematic but flexible methodology aimed
to improve educational practices through iterative analysis, design, development, and
implementation, based on collaboration among researchers and practitioners in real-

world settings, and leading to contextually sensitive design principles and theories.” (p.
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6). Therefore, the outcome of DBR does not only include an increase in theoretical
knowledge, but also adds a societal and educational contribution (Edelson, 2002;
Reeves, 2006). While only few studies report overall DBR procedure (McKenney &
Reeves, 2013), a review reveals positive findings for this method (Anderson &
Shattuck, 2012).

Barab and Squire (2004) clarified that DBR is not a cookbook method; it is a collection
of approaches intended to study the activity in naturalistic settings, developing theories,
artifacts, and practices through multiple iterations. According to Bell (2004), DBR
involves the intentional design of empirical research and theorizing on what occurs in
authentic contexts where the designed objects come to be used. In addition, Bell (2004)
explained that DBR in education focuses on promoting innovation across many
theoretical perspectives and various educational phenomena and linking research and

design to reinforce our understanding of learning-related phenomena.

According to the Design Based Research Collective (2003), DBR has the following
basic principles: (1) the designing of learning environments is linked with the
development of theories of learning; (2) the research takes place through consecutive
cycles of design, intervention, analysis, and redesign; (3) the communication and
collaboration between researchers and practitioners is essential during the
implementation period; (4) the research procedure takes place in authentic learning
settings to understand the way of learning in its complexity in where is actually occurs;

and (5) the design involves mixed methods of collecting the data.

As an emerging methodology, DBR faces some challenges and accepts some criticism.
The immaturity of the methodology is one of the critiques of DBR. According to Kelly
(2004), DBR is more a loose set of methods than a rigorous methodology. He claims
that DBR studies are described as a series of processes rather than defining the inherent
underlying conceptual structure. Dede (2004) further claimed that it is not easy to
determine whether to continue or quit an iterative design as there are no rules to judge
its effectiveness. Even when the design is seen to be efficient in a particular context, it
can be challenging to evaluate if appropriate design principles can be developed. An
effective design that was good for generating design principles could be dismissed
because of its inefficiency in a particular context. To be developed into a rigorous

methodology, these methodological challenges need to be addressed (Kelly, 2004).
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DBR has been criticized for being one more formative evaluation technique. Indeed,
DBR shares and extends conventional evaluation approaches, but in general, these
extensions are essential and describe major changes in aims, scope, and methodology.
However, DBR researchers make sense of the discrepancies of DBR as compared to the
formative evaluation: (1) DBR closely ties design interventions with existing theory; (2)
DBR may result in theory generation - not only testing existing theory and (3) the
naturalistic context in which DBR takes place is the minimum level under which the
variables are intersecting i.e., we cannot go back to the laboratory to test theoretical
hypotheses (Barab & Squire, 2004).

Another challenge encountered by design-based researchers is to report what counts as
credible evidence. This leads us to the heart of the discussion about the method's
reliability, validity, and generalizability. The critique of DBR in terms of validity refers
to whether a researcher who is involved in conceptualization, design, evaluation and
redesign reports data with credibility (Barab & Squire, 2004). Since design-based
researchers work closely with participants, unexpected influences may result from their
presence in the context. The influence of the researcher-designer may affect research
outcomes. This paradigm shift requires improvements in how researchers plan and
implement such approaches and how they interact with participants. This critique is a
common one for many forms of qualitative research. Neither of these approaches claims

that the researcher's bias is removed from the research process.

On the contrary, some qualitative advocates argue that the researchers, with their biases
and deep knowledge of the context, are the strongest research tool. Anderson and
Shattuck (2012) argue on this, that this inside knowledge adds as much as it detracts
from the research validity. DBR utilizes the notion of consequential validity (i.e., how
research data are used do not exceed the research's capability and the action-related
consequences of the investigation). Barab and Squire (2004) encourage researchers who
employ DBR to be transparent in their arguments that exceed the local context and
express recognition of their limitations. In terms of validity, design-based researchers
claim that the evidence for validity is the changes it produces in the context of the
application (Messick, 1994). The Design-Based Research Collective (2003) argues that
in DBR the issue of the validity of findings is often addressed by the partnerships and

the continuous cycles of design, enactment, analysis, and redesign, which end up in
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"increasing alignment of theory, design, practice, and measurement over time." Critics
also consider these interventions as "taint" in the research context. The answer from
DBR capitalizes on the value of these interventions, as they provide the refinement and
testing of efficient instructional models. Each new application is an extension of the
theory as its specific characteristics are situated in local dynamics (Barab & Squire,
2004).

Another criticism of DBR is the replicability. According to critics of the method, it
often does not make a significant contribution to theory. In addition, the highly
contextual nature of DBR is seen as making it difficult to generalize to other contexts. A
DBR study needs to support "petite generalizations™ (Stake, 1995), describing insights
into the potentials and opportunities that emerge and approaches for navigating these
potentials and opportunities. Therefore, the aim of this method is to elaborate and
problematize the completed design and implementation in a way that delivers insights
into the dynamics of the local context. It does not involve only a simple description of
the design and its context but should involve theory work that promotes theory
generation. However, if success means that a particular form of intervention could be
effective in other settings, then the intervention should be investigated in various
settings. DBR researchers should leave the whole design open, offering with this way a
rich description of the local dynamics in an endeavor to advance theory that will be of
use to others (Barab & Squire, 2004). As a research method that attempts to improve
practice and advancing theory, DBR researchers must engage in work that will be useful
to others. It is also important that DBR researchers not simply share the designed
artefacts but do so by providing the evidence of “triangulation, thick description,
systematic analysis of data with carefully defined measures, and consensus building
within the field around interpretation of data” (Design-Based Research Collective,
2003).

Regarding the data utilization, DBR has been characterized as over-methodologized.
According to Dede (2004), only a limited volume of collected data is analyzed to report
findings. DBR researchers need to record the entire design process using various
research methods in real-world settings. The data are extensive and comprehensive,
requiring extended time and resources to collect and analyze (Collins et al., 2004).

Therefore, a large amount of data is often dismissed, and research quality may
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negatively be influenced. The gap separating the methodology used to collect data and
its meaningful use in reporting requires it to be reduced.

4.2 DBR context, cycles, and RQs

The overarching goal of this work was to understand and define the appropriate ER
activities that can promote students’ metacognitive thinking and collaborative
knowledge construction. The work completed in three cycles, with an eye to claiming
success by “generating heuristics for those interested in enacting innovations in their
own local contexts” (The Design Based Research Collective, 2003, p. 6). This inquiry
envisioned to draw connections to theoretical assertions (see theoretical framework of
the study) that transcend the local context but are by no means decontextualized
principles or grand theories that function with equal effect in all contexts (Anderson &
Shattuck, 2012; Barab & Squire, 2004). Overall, by demonstrating how ER can be used
in real educational contexts to support students' metacognitive thinking as a key element
of collaborative knowledge construction, we provide theoretical ideas and detailed
instructions that can guide educational practice. The DBR attempted to inform theory
and practice on the use of ER as a tool for promoting thinking skills. Based on the
overarching goal of the work, a set of research questions were formulated to be
addressed in three cycles. Each of these cycles operates with one another to inform
theory and strengthen the design of a theory and practical guidelines. The DBR context

of this study is illustrated in Figure 5.
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Identification and
analysis of the problems
in the use of ER in
authentic settings

Development of design
informed by ER
literature and
constructionism

Reflection to produce a set
of guidelines for using ER
activities for promoting
metacognition and
collaborative knowledge
construction

Setting the
context;
identification and
analysis of the
state- of-the-art in
the use of ER in
authentic settings
for promoting
metacognition and
collaborative
knowledge
construction

Analysis

Identification of
some key
characteristics of
previous
implementations that
could be useful for
the development of
our design

Development

Iterative cycles of
testing and refinement
of solutions in practice

Iterative cycles

Chronicle the
interventions
holistically, with an eye
to claiming success
through a set of
guidelines

Guidelines for
implementing ER
activities

Figure 5: The DBR context of this dissertation (adopted from Reeves, 2006).

Below we elaborate on the researcher’s decision for three cycles of work, i.e., the

decision to “continue or quit the iterative design” (Dede, 2004) considering the

overarching goal of the work (exploring how ER can support students’ development of

metacognitive thinking and collaborative knowledge construction).

The implementation of the intervention in Cycle 1 made feasible the identification of (a)

the effectiveness of unstructured ER activities in supporting collaborative knowledge

construction (b) the conditions under which collaborative knowledge construction can

be promoted with an unstructured ER curriculum, (c) the core elements of collaborative

knowledge construction, (d) details of the metacognitive processes such as features of

ER that activate group metacognition and the relationship among metacognitive and
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collaborative talk using an unstructured ER curriculum. Yet, the design of Cycle 1 was
insufficiently detailed to account for the overarching research question of this
dissertation or for addressing emerging patterns. We also recognized that in Cycle 1
student groups often struggled with the challenges because of the unstructured
curriculum. Therefore, our initial plans changed; the exploration of other instructional
practices which could better promote learning became the focus of investigation. To
inform the design, with the purpose of improving students’ metacognitive thinking as a
key element of collaborative knowledge construction, we tried to use a structured
curriculum. Therefore, the outcomes from Cycle 1 provided explanatory details that
specified our expectations and became the focus of investigation during Cycle 2.
Considering the results from Cycle 1, we tried to expand our design in order to explore
its effectiveness and validate the results of Cycle 1. In Cycle 1, we saw features of ER
that activate metacognitive processes, we saw the conditions under which collaborative
knowledge construction could be promoted and we saw the effectiveness of ER to
support collaborative knowledge construction. But these findings were grounded on
observational data. Therefore, a more rigorous study design, considering the use of a
control group, was adopted in Cycle 2, to extend our knowledge, improve our design,
validate the previous results, and address the overarching research question of this

dissertation.

The implementation of the intervention with a structured curriculum in Cycle 2 helped
as to (a) address the problem faced in Cycle 1 and (b) address the effectiveness of ER
activities to support individual metacognition, (c) explore in which dimensions of
metacognition can be supported in the learning experience and (d) explore for learning
gains in logical-mathematical problem-solving. The results of the two previous cycles
(Cycle 1 and Cycle 2) helped to inform the design of the 3rd intervention. The purpose
of Cycle 3 was to compare the effect of the curriculum structure and to have measurable
results regarding the effectiveness of each approach. In sum, in the previous cycles,
especially in Cycle 2, we recognized that students’ debugging processes involved
metacognitive elements. Therefore, in Cycle 3, we focused on students debugging
processes as a part of their metacognitive thinking. In Cycle 2 the focus was on
individual metacognition while in Cycle 1 we saw that these processes involve

collective aspects. Therefore, in Cycle 3 group metacognition became the focus of our
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investigation. Since all ER interventions in this dissertation were conducted in CSCL
settings we also considered the role of social interaction in mediating and sharing

metacognitive knowledge (Brown et al., 1983).

Considering the results of the previous cycles in the implementation of Cycle 3 we
expanded our design adding the variable of the curriculum structure. We supposed that
this approach could refine our understanding of the learning issues involved. Therefore,
in Cycle 3 we sought to explore the effect of the curriculum structure in: (a) the type
and the number of programming errors, (b) students' ability to identify and debug
programming errors (c) students’ level of engagement, (d) students’ perceived group
metacognitive processes, (e) group cohesiveness and (f) collaboration quality. In
addition, considering the role of social interaction we tried to explore how the different
levels of cognition such as individual, group and community level involved in group

metacognition.

In sum, the DBR cycles and research questions (RQs) addressed in each DBR cycle

were as follows:

- DBR Cycle 1 explored the use of ER in supporting collaborative knowledge
construction and group metacognition in addition to providing insights into classroom
practice and students' interaction with the technology and their peers. In Cycle 1, we
explored patterns of collaborative knowledge construction to unfold its' elements in an
ER learning environment. We examined how ER might be effective in engaging
students in higher levels of collaborative knowledge construction (RQ1.1). We also
explored the conditions under which collaborative knowledge construction can be
promoted (RQL1.2), identified the elements of collaborative knowledge construction in
our ER context (RQ1.3) and explored ER as instructional tools that can activate group
metacognitive processes (RQ1.4). Finally, this cycle explored the relationship between

collaborative and metacognitive talk (RQ1.5).

- DBR Cycle 2 extended our understanding of the added value of ER in promoting
students' metacognitive thinking and mathematical problem-solving at an individual
level of analysis. In Cycle 2, we addressed the effectiveness of ER activities in
supporting the development of students’ metacognitive thinking (RQ2.1). Mainly, this
cycle aimed to reveal how ER activities influenced metacognitive skills and
mathematical problem-solving (RQ2.3) through a structured curriculum. By applying a
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quasi-experimental research design using a control group, we also aimed at identifying
which metacognitive dimensions were impacted more by this kind of activity (RQ2.2).

- In DBR Cycle 3, the study examined how different ER learning design approaches
could influence student learning. Namely, this cycle presented differences between a
structured and an unstructured ER curriculum in supporting students’ learning in terms
of group metacognition, collaboration quality and group cohesiveness (RQ 3.2), as well
as debugging skills and engagement (RQ3.1). Finally, we aimed at addressing how the
individual, group, and community levels of cognition were involved in the process of

knowledge building and group metacognition (RQ 3.3).

Figure 6 is a schematic representation of the research questions used in the three cycles
of the investigation aimed at the overarching goal to explore how ER can support

students’ development of metacognitive thinking and collaborative knowledge
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construction.

Cycle 1: Patterns of
collaborative
knowledge
construction in an ER
learning environment

RQ1.1: How ER might be
effective in engaging students
in collaborative knowledge
construction?

RQ1.2: Under what conditions
can collaborative knowledge
construction be promoted in
the ER learning environment?

RQ1.3: What are the elements
of collaborative knowledge
construction evident in the ER
learning environment?

RQ1.4: How does ER help to
activate group metacognitive
processes?

RQ1.5: What is the
relationship between
collaborative and
metacognitive talk as evident
in the ER learning
environment?

Cycle 2: The added
value of ER in
promoting
students’
metacognitive
thinking

RQ2.1: Can ER activities
improve students’
metacognitive thinking?

RQ2.2: What dimensions of
metacognition are more
impacted by ER

RQ2.3: How can ER
activities promote students’
skills related to logical-
mathematical problem-
solving?

Cycle 3: The effect
of a structured
versus an
unstructured ER
curriculum

RQ3.1: Are there differences
between the groups in the
type and the number of
programming errors, their
ability to identify and debug
errors and their levels of
engagement?

RQ3.2: Are there differences
between the groups in
students’ perceived group
metacognitive processes,
their group cohesiveness,
and their collaboration
quality?

RQ3.3: How is the CSCL
ecology shaped from a
metacognitive perspective?

Figure 6: DBR cycles and RQs of the study

4.3 Participants, procedures, data collection and instrumentation

4.3.1 Participants

In Cycle 1, the sample was composed of a teacher and 14 elementary students (six boys
and eight girls) in Grades 4-5 and 6 (9-11 years old) who attended a public elementary
school in Cyprus and participated in five sessions of ER activities for 1.5 months. One

of the students (female) had special educational needs and learning difficulties while the
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participating students had no previous experience in robotics. The instructor was a male
teacher (author of this dissertation) who was both participant and observer of students’

activities and his role provided access to a wide range of data.

In Cycle 2, the sample was 42 primary school students (4th graders) from two public
elementary schools in Cyprus (24 girls, 18 boys). The 42 students were not randomly
assigned to two conditions. Therefore, two non-equivalent groups were formed. The
experimental group consisted of one class of 21 fourth-grade students (13 girls and 8
boys), and the control group consisted of another class of 21 fourth-grade students (11
girls and 10 boys) from a different school of the same region. The mean age in the
experimental group was m=9.68 years old (SD=0.26) and for the control group was
m=9.76 years old (SD=0.32). Two children of the experimental group and one from the
control group were students with special educational needs and motor impairments (two
boys and one girl). Only two students from both groups had previous experience with
programming and ER. Designing the technology-enhanced learning experience was a
task undertaken by a teacher and an educational technologist. The instructor was a male
teacher (author of this dissertation) who was both participant and observer of students’

activities.

In Cycle 3, the sample was 35 primary school students (Year 3, 20 boys, and 15 girls)
from two classes at the same school in Cyprus. The classes naturally formed the
comparison groups: the structured curriculum group (16 Year 3 students, 9 boys and 7
girls, divided into 4 groups) and the unstructured curriculum group (19 Year 3 students,
11 boys and 8 girls, divided into 5 groups). For the ER experience, students worked in
mixed gender and ability groups of 3 or 4, to allow for different problem-solving
approaches to develop. Three of the participating students (two in the unstructured
curriculum group and one in the structured curriculum group) had prior experience with
ER and programming, while four were students with special educational needs and
learning difficulties (two in each group). The experience, consisting of STEM problem-
solving activities, was implemented during 10 sessions over three months. The
instructor was a male teacher (author of this dissertation) who was both participant and

observer of students’ activities.

To sum up, all participants were elementary students attending mainstream public

elementary school in Limassol, Cyprus. Before the study started, all the necessary
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release forms from the Cyprus Ministry of Education, Culture, Sport, and Youth were
obtained (see Appendix IlI). Students in all cycles participated in the study after
providing proper consents (see Appendix Il1). Table 2 shows the participants involved

in the three studies.

Table 2: Three cycles of empirical research in school

Participants | Context | Intervention period | Technology

Cycle 1 | 14 students STEM 1.5 months Lego Mindstorms EV3
9-11 years old | Education | (5 sessions)
1 teacher

Cycle 2 | 42 students STEM 2 months Lego Mindstorms EV3
9 years old Education | (8 sessions)
1 teacher

Cycle 3 | 35 students STEM 3 months Lego Mindstorms EV3
8 years old Education | (12 sessions)
1 teacher

4.3.2 Procedures

In all three cycles, the intervention was conducted in a real classroom setting. Designing
the technology-enhanced learning experience in all cycles of the research was a task
undertaken by a teacher and an educational technologist. The Lego Mindstorms EV3
toolkit was used. The content for the activities came from (a) the national curriculum on

mathematics and science education, and (b) the EV3 STEM curriculum.

In Cycle 1, the teacher presented students with a challenge and a mat. There was no
clear path to the solution; students could adopt any strategy to come to a solution to the
challenge. The teacher acted as a facilitator, supporting students’ thinking without
providing any answers. Upon completion of each task, a debriefing phase took place;
groups demonstrated their strategies in addressing the challenge and answered questions
asked by the teacher and students in other groups. The teacher facilitated discussion on
best strategies and reflection on what kinds of problem-solving and STEM skills were

learned.

Cycle 2 took place in two classes, with the ER structured design only for the
experimental group. The control group did not participate in any ER activities. The first
two sessions for the experimental group were introductory lessons with introductory

activities to support students to get familiar with the EV3 environment. During this
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phase, essential programming details associated with this setting were explained to them
by presenting examples (directional commands, sensors, loop, and wait for). The next
six sessions were STEM problem-solving activities; the students’ groups should
program a robot using a tablet or a computer to solve different problems according to
the instructions and conditions of the activity. The student-groups first completed the
worksheet activities with the teacher's help and then continued with the session's final
challenge. The teacher’s role was to provide information, ideas, and feedback as needed.
Both the worksheets and the teacher's guidance facilitated the student groups in
implementing ideas that were related to the final challenge. This also served as

preparatory work for the session’s challenge.

In Cycle 3, a different approach was followed. We used two different classes of third
graders as comparison groups. Students of the first class were part of an environment in
which they were instructed how to program their robot by participating in pre-designed
tasks using worksheets as a reference before the final challenge (labelled as the
structured curriculum group). In the second classroom, students were part of an
unstructured approach in which they did not have structured practices, and instead were
provided with 80 minutes of free time to investigate ideas and concepts by themselves
but limited to the purpose of solving a challenge (labelled the unstructured curriculum
group). Both groups took part in two introductory sessions and eight sessions of the

same problem-solving activities for 80 minutes each.
4.3.3 Data collection and instrumentation

Following the DBR approach, we collected data using various methodologies. During
Cycle 1, we focused more on qualitative measures, using a video recording of all the
sessions. For Cycle 2 quantitative data were collected to examine how ER activities can
promote students’ individual metacognitive thinking. In Cycle 3 both quantitative and
qualitative data were gathered to examine the effect of the curriculum structure on
students’ group metacognitive thinking, debugging skills and collaboration quality by
mapping students’ interaction with the robot and their peers in CSCL settings. The
following sections describe each data collection method used for this research (see
Table 3).

57



4.3.3.1 Metacognitive Awareness Inventory [MAI]

The metacognitive awareness scale was adapted from Schraw & Dennison (1994), and
it was used as pre- and post-assessment, to assess the development of students’
metacognitive thinking. The MAI questionnaire was given to the experimental group
before and after the learning experience in Cycle 2. For the control group, it was given
in two different times, the same as the experimental group (first implementation when
the instrument was given to the experimental group and second, after two months as a
post-test assessment). The MAI questionnaire is a 52 items self-report instrument
consisted of multiple items which can assess individual metacognitive awareness in two
factors; knowledge of cognition and regulation of cognition (see Appendix IV). The
participants answered these items by indicating their degree of agreement with each
record, on a 5-point Likert scale. The first factor, “knowledge of cognition,” consists of
17 items and can be classified into three subscales: declarative knowledge, procedural
knowledge, and conditional knowledge. The second factor, “regulation of cognition”
(35 items) consists of five subscales: planning (goal setting), information management
(organizing), comprehension monitoring (assessment of one’s learning and strategy),
debugging strategies (strategies applied to correct failures) and evaluation (evaluation of
performance). The reliability and validity of the MAI have been recorded in several
previous studies (e.g., Baker & Cerro, 2000; Panaoura & Philippou, 2003).

4.3.3.2 Visualization and Accuracy Instrument [VisA]

The VisA test instrument was given to all participants before and after the learning
experience to further investigate the development of students’ metacognitive thinking in
Cycle 2. VisA combines students’ prediction and postdiction judgments, and
visualizations to assess online metacognition and especially the combination of
metacognitive monitoring and regulation, which are interrelated used during problem-
solving (Jacobse & Harskamp, 2012). Students responded to four mathematical
problems. In each problem students were asked to distribute their solutions into four
steps: (a) read and rate their confidence in solving the problem correctly (prediction
judgment), (b) draw a sketch to visualize the problem (visualization), (c) solve the
problem, and (d) rate their confidence for having found the correct answer (postdiction
judgment) (see Appendix V).
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4.3.3.3 Mathematics test

For assessing mathematical knowledge gains in Cycle 2, we used the data from the four
problem-solving tasks from the two administrations of the VisA instrument. We looked
for the correctness of their solutions (not their judgments). Each correct task was scored
with 25 marks, and the maximum possible score was 100 marks. The four tasks were
adapted from the released 4th-grade assessment questions from previous studies of
Trends in International Mathematics and Science Study (TIMSS).

4.3.3.4 Debugging test

Following the learning activities, in Cycle 3 the students were given a debugging test -
developed based on categories of common programming errors - that put forward ten
tasks. The test gave the students a scenario in which they had to find the error in a
programme; they were told the purpose of the programme and were supplied a
screenshot of the EV3 programming interface. Students had to circling the error
block(s) and write down how they would fix it (see Appendix 1V). Each task was scored
out of a total of ten marks (five marks for finding the error and five for a correct

proposal to overcome the error). The maximum possible score for the test was 100.

4.3.3.5 Engagement survey

In Cycle 3, a post-experience survey aimed at evaluating student engagement was
administered. Student engagement was measured using a 5-point Likert scale, with 33
items derived from the Math and Science Engagement Scales (Wang et al., 2016). The
scale was developed considering a multidimensional viewpoint of engagement and is
comprised of four subscales: (a) cognitive engagement (b) behavioural engagement, (c)
emotional engagement, and (d) social engagement (see APPENDIX 1V). Since the
instrument measures student engagement in math and science, we modified the items by

substituting the word "math/science™ with "STEM".

4.3.3.6 Collaboration quality Rubric

The Collaboration Quality Rubric was adopted from Menekse et al. (2017), who
developed this rubric for assessing the collaboration quality in groups in robotics

competitions, based on prior research on collaborative learning (see APPENDIX 1V).
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The rubric has four indicators in a three-level rating, combining: (a) the quantity of the
discussion and the depth of knowledge-building (b) the elaboration of ideas, (c) the
collective nature of decisions and (d) the use of questions in examining the ideas
elaborated (Menekse et al., 2017). The instrument was administered in the two last
sessions of Cycle 3. Video data from sessions 9 and 10 of Cycle 3 was used as sampling
to assess the quality of collaboration in each team.

4.3.3.7 Focus groups

One week after the learning experience in Cycle 3, 16 students participated in semi-
structured focus group interviews (two focus groups for each condition, 50-60 minutes
each). The focus group interviews were organised into two sessions (see APPENDIX
IV). The first session looked to enrich our understanding of the students’ common errors
during programming. The interviews included questions that prompted students to
remember errors that they encountered and how they managed to overcome these errors
(e.g., What difficulties did you face during programming? How did you overcome the
difficulties?). The second session was aimed at providing additional evidence for
student engagement (e.g., Do you think ER activities were useful to you? [Cognitive
engagement]. How did you feel, while you were working on robotics activities in class?
[Emotional engagement]). The focus group data were video-recorded and transcribed

for analysis using a thematic approach.

4.3.3.8 Group cohesiveness survey

At the end of Cycle 3, a post-interventional survey aiming at evaluating group
cohesiveness was administered right after the intervention for both groups. Group
cohesiveness was measured using an individual 5-point Likert scale questionnaire with

eight items (e.g., “I am glad I belong to this group”, “I am an important part of this
group”) based on Gillies’ (2003) study on small cooperative groups (see Appendix 1V).

4.3.3.9 Group Metacognition Scale (GMS)

We used the Group Metacognition Scale (GMS) (Biasutti & Frate, 2018) as pre- and
post-assessment to analyse the development of students’ group metacognitive skills.
The GMS is a 20-item scale for assessing the metacognition of groups (see Appendix

IV). The items are divided equally into four subscales: (a) knowledge of cognition (e.g.,
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“we know our strengths as learners”), (b) planning (e.g., “we determine what the task
requires”), (c) monitoring (e.g., “we ask questions to check our understanding”) and (d)
evaluating (e.g., “we make judgments on the difficulty of the task™). The scale
introduces a collective aspect to measuring metacognitive skills during CSCL and can
be used for evaluating the level of reasoning in groups engaging in collaborative
activities. The students answered the 20 items by indicating their degree of agreement

on a 5-point Likert scale.

4.3.3.10 Video recorded collaborative sessions

All classroom activity in the three cycles was video recorded. Two cameras were placed
in the room to fully cover student interaction and technology use. Verbal contributions
were captured separately via audio recorders next to each team; audio was later synced
with the video. The video material of the collaborative sessions was intended to provide
communication examples and rich information about the physical interaction of the
students. Collecting video and audio material also allowed us to view what students did

in the learning setting, capturing behaviour that would otherwise have gone unreported.

4.3.3.11 Screen recorded data

In Cycle 3, the tablet screens and dialogue by the nine teams in both groups were
recorded using Mobizen Screen Recorder. One of the challenges we encountered during
Cycle 1 was to use the audio data from students’ discussion to give meaning on what
they were doing on their tablet using the programming interface of their robots. The
absence of screen-recorded data in Cycle 1 made our analysis quite challenging and
may have left unreported behaviour or programming actions. Therefore, in Cycle 3 we
decided to record the tablet screens of the students during the sessions as this could
provide insights on several points of interest such as students’ debugging skills and

common errors during programming.

Table 3: Data collection and purpose of the three Cycles

Phase Data collecting method | Purpose

Cycle 1 | Video & audio recording | Investigate patterns and unfold the elements of
collaborative knowledge construction

Explore the mediating role of the technology in our
context
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Cycle 2 | Metacognitive Investigate the value of ER as metacognitive tools
Awareness Inventory Insight into the influence of ER on particular
(MAI) dimensions of metacognition
Investigate students’ accuracy on performance
Visualization and judgments, as another evidence of metacognitive
accuracy instrument development
(VisA)
Explore improvement in mathematical problem-
Mathematics test solving
Cycle 3 | Video & audio recording | Insight into students’ interaction with technology and

Tablet Screen recording

Debugging test

Engagement survey

Focus group with each

group

Collaboration Quality

Rubric

Group cohesiveness
survey

Group Metacognition
Scale (GMS)

peers

Identify the type and the frequency of students’
programming errors

Explore the effect of the curriculum structure on
debugging skills

Evaluate the outcomes of the curriculum structure on
students’ engagement

Insight of the process adopted for debugging and
confirm the findings for the list of the common
programming errors.

Confirm the high levels of engagement

Examine the impact of the curriculum structure on
collaboration quality

The impact of the curriculum structure on group
cohesiveness

The impact of the curriculum structure on group
metacognitive processes
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5 Chapter 5: DBR Cycle 1

Results of this study are published in the proceedings of the 13th International
Conference of the Learning Sciences (ICLS) 2018 (Socratous & loannou, 2018) and the
International Conference on Computer Supported Collaborative Learning (CSCL) 2019

(Socratous & loannou, 2019a).

This first cycle of research aimed to field-test our design and explore the mediating role
of ER in our context. Namely, DBR Cycle 1 explored the use of ER in supporting
collaborative knowledge construction (RQ1.1) and the conditions under which
collaborative knowledge construction can be promoted (RQ1.2). In Cycle 1, we aimed
to unfold the elements of collaborative knowledge construction (RQ1.3), identify details
of the metacognitive processes during students’ interaction with the robot and their
peers, and document the educational potential of ER as instructional tool for supporting
group metacognition (RQ1.4). Finally, this cycle (see Figure 7) explored the

relationship between collaborative and metacognitive talk (RQ1.5).

Findings from Cycle 1 revealed the effectiveness of ER to engage students in
collaborative knowledge construction in the STEM field. The findings also
demonstrated elements of ER and teamwork that can promote collaborative knowledge
construction in an ER learning environment. In addition, the results from this
investigation demonstrated that CSCL activities using ER can engage students in
collaborative knowledge construction with prevalent elements of metacognitive
processes, questioning, and answering. Furthermore, the study showed the instrumental
role of the technology in supporting students' metacognitive thinking; namely, the
embodied interaction, direct feedback and openly accessible programmability were
tightly coupled with group metacognitive processing and overall collaborative
knowledge construction. Finally, DBR Cycle 1 showed some initial evidence for a
temporal relationship between collaborative and metacognitive talk in problem-solving
with ER.
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Cycle 1: Patterns of
collaborative
knowledge
construction in an ER
learning environment

RQ1.1: How ER might be
effective in engaging students
in collaborative knowledge
construction?

RQ1.2: Under what conditions
can collaborative knowledge
construction be promoted in
the ER learning environment?

RQ1.3: What are the elements
of collaborative knowledge
construction evident in the ER
learning environment?

RQ1.4: How does ER help to
activate group metacognitive
processes?

RQ1.5: What is the
relationship between
collaborative and
metacognitive talk as evident
in the ER learning
environment?

Cycle 2: The added
value of ER in
promoting
students’
metacognitive
thinking

RQ2.1: Can ER activities
improve students’
metacognitive thinking?

RQ2.2: What dimensions of
metacognition are more
impacted by ER

RQ2.3: How can ER
activities promote students’
skills related to logical-
mathematical problem-
solving?

Cycle 3: The effect
of a structured
versus an
unstructured ER
curriculum

RQ3.1: Are there differences
between the groups in the
type and the number of
programming errors, their
ability to identify and debug
errors and their levels of
engagement?

RQ3.2: Are there differences
between the groups in
students’ perceived group
metacognitive processes,
their group cohesiveness,
and their collaboration
quality?

RQ3.3: How is the CSCL
ecology shaped from a
metacognitive perspective?

Figure 7: RQs of DBR Cycle 1

5.1 Introduction

In the last 20 years, researchers have seriously studied learning in small groups. The

nature of cooperation and interaction has turned into a focal issue for research on

learning in social settings. Essential to collaborative learning is knowledge construction,

where collaborative learning aims to co-construct knowledge upon sharing information

in groups to solve given tasks (Alavi & Dufner, 2005). In recent years, the focus of

knowledge construction moved from knowledge attainment to skill development in

order to prepare students for the challenges of the 21st century (Wen et al., 2015). The




focus moved from simply gathering information to a more complex process of
researching and thinking critically about the new information in order to use it in

meaningful ways.

The joint construction of knowledge allows learners to experience a greater level of
understanding (Kafai & Resnick, 1996) because they must construct their own
knowledge to learn the truth (Tam, 2000). Knowledge is constructed by students when
they participate and evaluate their own learning. Collaborative knowledge construction
encourages students to investigate a subject deeper to reach their highest potential level
of development. The development of new understanding is coming as a combination of

prior knowledge and skills with new experiences.

An ER learning experience can potentially contribute to the collaborative knowledge
construction process. In a learning environment, ER has the role of mindtools. Using ER
as mindtools, in a classroom, we apply constructivism — students construct a physical
object, while at the same time, they construct problem-solving knowledge. Learning is
no longer teacher-centered, but knowledge is actively constructed by the learner (Harel
& Papert, 1991). Students can change or negotiate their existing knowledge into explicit
knowledge. Therefore, knowledge construction is formed through a dual pathway;
through interaction with the artifact and peers. Several studies indicate that ER can be
used as mindtools supporting knowledge construction by designing meaningful artifacts
in authentic projects, learning by doing, facing cognitive conflicts, and learning by

reflection and collaboration (Mikropoulos & Bellou, 2013; Jonassen, 2000).

The ground for the integration of technology as a learning tool in education, is attributed
to Jonassen (2000), who first introduced the theoretical background and the motivation
for the integration of robotic technologies as learning tools. The argument is that
technology and many other technological tools can be considered as cognitive tools or
"Mindtools,” which enhance and enrich the educational process. Mindtools act as
extensions of the mind, and when engaged in "intellectual partnership” with learners,
they can promote critical, creative, and complex thinking and support knowledge
construction (Jonassen, 2000). According to Gaudiello and Zibetti (2013), ER has two
inherent features that give them a high educational potential as a learning tool. These
features are their transparency and interactivity. Transparency refers to the openly
accessible programmability of the robot (Kynigos, 2008; Resnick et al., 1996), and
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interactivity refers to the immediacy of the feedback given by the robot when a student

programs and executes the commands (Gaudiello & Zibetti, 2013).

While many studies have focused on exploring the affordances of ER in promoting
several transversal skills such as problem-solving (e.g., Atmatzidou et al., 2018),
collaboration (e.g., Ardito et al., 2014), and computational thinking (e.g., Bers et al.,
2014), still, ER as metacognitive tools have been considered only recently (e.g., La
Paglia et al., 2010; Gaudiello & Zibetti, 2013) and the research evidence is inconsistent.
Further investigation in the area is needed to fully understand ER's potential in
supporting students' metacognitive processes and especially socially mediated

metacognitive processes in CSCL settings.
5.2 Methodology

5.2.1 Participants

This first exploratory study involved 14 elementary students (six boys and eight girls) in
Grades 4-5 and 6 (9-11 years old) and their teacher. The participants attended a public
elementary school in Cyprus and participated in five sessions of ER collaborative
activities for 1.5 months. One of the students (female) had special educational needs and
learning difficulties, while none of the participating students had any previous
experience in robotics. The instructor was a male teacher (author of this dissertation)
who was both participant and observer of students’ activities, and his role provided

access to a wide range of data.
5.2.2 Description of activities

Designing the technology-enhanced learning experience was a task undertaken by a
teacher (author of this paper) and an educational technologist. The activities' content
came from the national curriculum on mathematics and science education, and the EV3
STEM curriculum. The Lego Mindstorms EV3 toolkit was used. There were two weeks
of preparatory activities to help students get familiar with the EV3 robot (e.g., move
straight ahead, turn base on some angle, use sensors, robot decisions, e.g., loops),
followed by three 80-minutes sessions of STEM problem-solving activities (see Table 4

and Figure 8).
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Table 4: ER learning activities worked with the children

cross the finish

Activity Explanation Main STEM Pillars
Maze challenge (80 min) Numbers & calculations, robot
Groups program the robot to move sensors, robot wheels diameter
- w [ from its starting position through a and speed vs. turns, loops,

without touching any walls measurements
Robot-slalom challenge (80 min) Numbers & calculations, robot

g Fi ? 7 c: ] Groups program a robot to move sensors, geometrical symmetry,

o (o] . . .

along the outside of each flag and swing turn and point turn, loops,

measurements

Draw a hexagon challenge (80 min).
Students program their robot to draw
a hexagon using a gyro sensor

Numbers & calculations,
polygons, supplementary &
complementary angles, internal
& external angles, design a pen

holder, measurements

Figure 8: Intervention in the classroom - Cycle 1

o/




5.2.3 Procedures

The students were divided into four groups of mixing gender, technological, and
problem-solving abilities. Typically, the teacher presented students with a challenge and
a mat. There was no clear path to the solution; students could adopt any strategy to
come to a solution to the challenge. The teacher acted as a facilitator, supporting
students' thinking without providing any answers. Upon completing each task, a
debriefing phase took place: groups demonstrated their strategies in addressing the
challenge and answered questions asked by the teacher and students in other groups.
The teacher facilitated discussion on best strategies and reflection on what kinds of
problem-solving and STEM skills were learned (see the learning cycle in Figure 9).

[ N

Stage 1: Facing the challenge.
Teacher presents the students
with the challenge and mat
Worksheets are given for
recording their answers.
Teammates aim to understand the

k(:hallenge and define the problemj

Stage 4. Debriefing. Group
demonstrate their approach in
addressing the challenge, reflect
on problem-solving and math
skills learnt

Stage 2. Planning a strategy.

Teammates propose ideas and
plan a strategy to address the

challenge.

a N

Stage 3. Execution of plan.
Students use the robot to execute
their plan and evaluate the
outcome. If plan fails students
reconsider their strategy (back to
stage 2)

\ )

Figure 9: The problem-solving cycle of the ER activities
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We further decided to assign roles within teams to support positive interdependence,
interaction, and group processing and ensure that everyone contributes and participates
in the learning process. Three distinct roles were assigned (see Figure 10):
e the recorder (responsible for taking notes and keeping track of group data)
e the programmer (accountable for the programming and controlling the
movements of the robot using a tablet)
e the distance-measurer (responsible for measuring the position of the robot,
putting the robot to the starting line, and observing the robot moves in order

to give feedback to the rest of the group)

In practice, the roles were interdependent. That is, the programmer interacted with the
distance-measurer to acquire relevant data through the distance-measurer's observations
on the robot's behavior. The distance-measurer interacted with the recorder to report
data for recording while the recorder interacted with the programmer to indicate the data
collection's readiness for further action or give auxiliary data based on current data
collection that could help with programming the robot. The roles were randomly
assigned to students. From task to task, the teacher ensured that the roles rotated

amongst the team members.

Figure 10: Interactions between team-members roles (programmer, recorder, distance-

measurer)
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5.2.4 Data collection and analysis

Two cameras were placed in the room to fully cover student interaction and technology
use. Verbal contributions were captured separately via audio recorders next to each

team, which were later synced with the video.

All video data were transcribed verbatim, and content analyzed. We used the coding
scheme reported in Gunawardena’s et al. (1997) Interaction Analysis Model, which
visualizes the level of social and collaborative knowledge construction. The analysis
focused on the “unit of meaning,” each unit fitting into a sole category of the coding
scheme (e.g., from minute 0:30 to 0:35, teammates share ideas on potential strategies).
The overlapping talk was coded to the most dominant category and team member.
Around 30% of the video was coded by the first researcher, with a second researcher
independently coding the same units. Reliability was high (agreement over 90%), and
therefore, the first researcher finished coding the complete dataset. Table 5 presents
examples of the application of the coding scheme.

We further plotted student’s discourse and activity on diagrams for a chronological
investigation of within-group collaboration. We used the CORDTRA technique,
initially suggested by Hmelo-Silver et al. (2011). This visual representation technique
enables one to combine the chronological visual of discourse with other types of coded

data, allowing for the examination of patterns and behavioral sequences.

In addition, for a fine-grade analysis, we used the coding scheme reported in Hmelo-
Silver (2003), which conceptualizes the thinking processes and the general cognitive,
metacognitive, and social characteristics involved in collaborative knowledge
construction (see Table 5). The unit of analysis was the individual participant, and the
discourse was coded on a turn-by-turn basis. A new turn was considered to start when
the speaker changed. When the speaker shifted the discussion theme, or a different kind
of discourse appeared, they were parsed into extra coded units. Generally, a
conversational turn had more than one coding unit. For instance, when a student asked a
question but also added one or more statements, this was coded as two or more different
coding units. Two independent raters coded 35% of the data to verify the reliability of
coding. Reliability was acceptable (agreement 75%), and therefore, the first researcher
completed coding the complete dataset. To answer RQ1.4 and RQL1.5, a group was
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selected for further examination with a chronological investigation of within-group
interaction. We used the CORDTRA technique initially presented by Hmelo- Silver et
al. (2011) and later applied in varied CSCL settings by loannou et al. (2015).
CORDTRA was examined in combination with excerpts of students' discourse to

identify details of metacognitive and collaborative processes and the technology's role.

Table 5: Application of the coding scheme of collaborative knowledge construction

Level Operation Example excerpts from the data
KC-1: Sharing/ Statement of observation, P2: “We will use the ultrasonic sensor to
comparing/ adding | opinion, or a background avoid the flags. (Participant from group
of information. information; Definition 1).

description or identification of a

problem;
KC-2: Discovery Identifying areas of P3: “No, we tried using the ultrasonic
and exploration of disagreement; Asking and sensor when we solved the maze
dissonance or answering questions to clarify challenge and took us a lot of time.
inconsistency. disagreement; Restating What do you think”? (Participant from

participant’s position. group 4).
KC-3: Negotiation Negotiation or clarification of P4: “T will draw a hexagon to find how
of meaning/co- the meaning (building on many triangles are formed.”
CorStacon f | provious St SRS | ps 5o, angls iy by 190

* ﬁevx? statéments (%reatin equals 720° divides by 6
Solutions), g angles. ..(thinking) 120°”. (Participants
' from group 3).

KC-4: Testing and Testing of new synthesis against | P5: “No, what is he doing? It is turning
modification of existing cognitive knowledge, too much (while observing the drawing
proposed synthesis | personal experience, and formal | of the robot). What went wrong?”

or co-construction. | data with the prospect of P6: “There is a problem with the gyro

finalizing it sensor. Let's remove it and put it back”
KC-5: Summarization of agreements; P13: “Yes, that’s it. Bravo! The robot
Agreement/applicati | Application of new knowledge; | must turn as much as the supplementary
on of newly Metacognitive statements angle of the internal angle. That was
constructed illustrated changes of in clever.”(Participant from group 2).
meaning. knowledge
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5.3 Findings

5.3.1 Conditions under which collaborative knowledge construction can
be promoted (RQ1.1 & 1.2)

5.3.1.1 Finding 1: Embodied interaction with the physical robot is linked to

higher levels of knowledge construction

As shown in Table 6, most verbal interaction (38,4%) was coded in the lowest
knowledge construction level (KC-1). This was followed by students” KC-4 level
involving 43 verbal units (25%) and KC-3 level involving 37 verbal units (21,5%). KC-
2 appeared with a relatively lower percentage than expected, with only 18 coded units
or 10,6%. The highest level of knowledge construction (KC-5) was difficult to achieve
and was represented only by eight units (4,5%). The Interaction Analysis Model has
been almost exclusively used only in online learning discourse in computer-mediated
communication (CMC) and CSCL settings (e.g., loannou et al. 2015). According to
these studies, KC-1 statements accounted for the largest percentage of the overall
discussion and were prerequisites for subsequent higher levers of knowledge
construction. This study's findings differ from typical research results on online learning
activity in that KC-4 accounted for the second-largest proportion of discourse units.

The increased KC-4, compared to previous CMC and CSCL studies, lead us to
hypothesize that ER might have encouraged knowledge construction at this level
because of the hands-on experimentation and embodied interaction with the physical
robot. We, therefore, used chronological diagrams, to pinpoint what students were
doing, when they exhibited KC-4 of knowledge construction. By zooming into the
groups’ chronological diagrams, we found that “Execution of Plan” was tightly coupled
with higher levels of knowledge construction. That is when students interacted with the
physical robot to execute their plan, they often engaged in KC3-KC5 (see Figure 11).
Students were engaged in a process of “conversation with the robots,” through which
they promoted self-directed learning and engaged in the construction of new knowledge.
The physical and embodied interaction with the robot gave students the opportunity to
test or modify their new synthesis (KC-4) against existing cognitive knowledge,

personal experiences, and data.
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Table 6: Number of codes across levels of knowledge construction and groups

Group | Group | Group | Group Total (%)
1 2 3 4
Sharing/adding (KC-1) 20 15 12 19 66 (38,4%)
Exploration of dissonance (KC-2) 5 6 3 4 18 (10,6%)
Negotiating meaning (KC-3) 16 9 4 8 37 (21.5%)
Testing synthesis (KC-4) 13 9 6 15 43 (25%)
Applying co-constructed 3 2 0 3 8 (4.5%)
knowledge (KC-5)
Total 57 41 25 49 172(100%)
*Tevel 1
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.o * ¢ *Phased
Robot use
KX X] [X] X ] ] E ] X EWorksheet
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Figure 11: Chronological visual for group 1 and 2. The time of the contribution runs at the
horizontal axis and the discourse-coded levels, and the stages of the problem-solving cycle

are listed on the vertical axis.
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5.3.1.2 Finding 2: Fair contribution by teammates adhering to predefined
roles is linked to higher levels of knowledge construction

We found that collaborative knowledge construction was more evidenced in some
groups than others. Groups 1, 2 and 4 appeared successful in engaging in the
collaborative knowledge construction process, since their discourse involved
contributions along all phases of knowledge construction. On the other hand, group 3
with only 25 coded units demonstrated limited engagement with the activities, whilst
their discourse never reached the higher levels of knowledge construction. This case
made us hypothesize that lack of within group interaction might have hindered
collaborative knowledge construction. Therefore, we took a closer look at videos and
chronological diagrams (for the sake of space, we present only the visuals of 2 groups)
of all groups (Figure 11) to pinpoint patterns of collaboration in relation to knowledge
construction. We found that in groups 1,2 and 4 all teammates were active participants
in the learning process, whilst they participated fairly adhering to their predefined roles.
Instead, members of group 3 did not serve their predefined roles and did not participate
fairly in the tasks which seemed to have led to failure in engaging in the collaborative
knowledge construction process. It therefore appears that, assigning roles to teammates
and serving these roles enabled fair contribution, individual accountability, and social
interdependence (Johnson et al.,1991) leading to better quality discourse and knowledge

construction.

5.3.1.3 Finding 3: Cognitive dissonance is linked to higher levels of

knowledge construction

A detailed examination of chronological visuals and associated groups’ discourse
helped us understand the progressive interactions and breakdowns within each group.
We noted that KC-2 (discovery and exploration of dissonance or inconsistency) was
relatively rare in students’ contributions (only 10,6%). What’s more, when KC-2 type of
discourse appeared it took a while for the next level of contribution to appear.
Therefore, we sought to understand cognitive dissonance and when it occurred.
Zooming into the groups’ chronological diagrams and associated discourse, we found
that cognitive dissonance was less often related to disagreement between the teammates
and more often related to the robot’s failure to perform the expected outcomes during
the execution of a planned strategy (stage 3 of Figure 9). In this case, students had to
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reconsider their strategies (i.e., going back to stage 2 of Figure 9). The finding suggests
that the robot and its failure to deliver the expected result was a mediator to the
discovery of cognitive dissonance or inconsistency; the latter was a time-consuming
process and teammate struggled to overcome. Nevertheless, when the group overcame
this stage, they engaged in higher levels of knowledge construction as evidenced in their
chronological discourse. That is, inspection of the chronological diagrams of groups 1, 2
and 4 makes obvious that KC-2 contributions are followed by contributions coded in the

higher levels of knowledge construction (see Figure 11).

5.3.2 What are the elements of collaborative knowledge construction
evident in the ER learning environment? (RQ1.3)

Knowledge - As presented in Table 7, the student groups rarely referred to prior
conceptual knowledge or experience of knowledge (5.2%). Not surprisingly, the student
groups made comparisons and links referring to observations of previous actions in the

same task.

Metacognition - The students used a larger number of metacognitive utterances
(24.1%). The majority were monitoring statements. Planning contributions occupied the
second largest percentage of metacognitive utterances and were almost always in
response to data derived from the results of previous trials. However, students did not

mediate their planning with prior knowledge, experience, or existing theories.

Interpretation - Student groups dedicated some effort in interpreting data derived from
the robot or the tablet display (6.8%). Interpreting data was an opportunity to
reconsider, test and refine their solutions.

Collaboration - The collaboration category included three subcategories: conflict,
questioning/responding, and facilitator's input. Conflicts within groups were few and
appeared mostly at the early stages of the task. When conflicts occurred, they were often
associated with the robot's failure to perform the expected outcomes; conflicts were
rarely over a concept. Student groups generated many questions (22.7%), most of which
referred to teammates rather than the facilitator (Table 7). Most of these questions were
planning-related questions as well as software- and robot-related questions. As shown
by the relatively large number of statements related to an agreement with peers (12.8%),

students' consensus-seeking behavior was frequent. Responses by the students (24.3%)
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revealed the degree of consensus within the group. Students constructed simple
explanations and brief answers more often than they elaborated explanations. Facilitator
questioning was mainly concerned with software and robot use. The main operation of

the facilitator's input was coded as monitoring (7.4%).

Table 7: Major categories and subcategories frequencies

Coding categories N (%) Coding categories N (%)
Knowledge 29 (5.2%) | Collaboration 355 (63.9%)
Conceptual knowledge | 5 (0.9%) Conflict 26 (4.8%)

Prior experiences 4 (0.7%) Conceptual 3 (0.6%)
Analogies 20 (3.6%) Task-specific 23 (4.1%)
Metacognition 134(24.1%) Questioning 126 (22.7%)
Monitoring 74 (13.3%) Clarifications 30 (5.4%)
Evaluation 4 (0.7%) Plan-related 44 (7.9%)

Reflection 19 (3.4%) Software-related 22 (4%)
Total planning 37 (6.7%) Self-answered 5 (0.9%)
Theory-driven Planning | 2 (0.4%) General 2 (0.4%)
Data-driven Planning 33 (5.9%) Facilitator 23 (4.1%)
Unjustified 2 (0.4%) Responses 135 (24.3%)
Interpretation 38 (6.8%) Agreement with facilitator | 20 (3.6%)
High-level 7 (1.3%) Agreement with peer 71 (12.8)
Low-level 31 (5.5%) Brief answers 24 (4.3%)
Simple explanations 16 (2.9%)
Elaborate explanations 4 (0.7%)
Facilitator’s input 68 (12.1%)
Monitoring 41 (7.4%)
Explaining concepts 3 (0.4%)
Explaining Software 24 (4.3%)

5.3.3 How does ER help to activate group metacognitive processes?

(RQ1.4)

To answer RQ1.4 we examined an integrated view of an episode, using the CORDTRA
diagram of Figure 12. On the CORDTRA diagram, the numbers on the x-axis represent
the chronological order of the coded units, whilst the y-axis represents the coded
categories (records 6 to 29) and the speakers (records 1 to 5). The diagram reveals the
nature of student's talk, including metacognitive talk, and its temporal relation to the
robot's use when students tried to solve the "Draw a hexagon" challenge. Combining the
diagram with discourse excerpts helped us to understand student's interactions across
time. We zoomed in to an episode in which the students work on solving the "draw a

hexagon" challenge (lines 90-190).
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5.3.3.1 Finding 1: Through embodied interaction/Embodied

experimentation

This theme explored examples where children implicated their bodies experimenting
possible ideas or solutions to the problems. In Cycle 1, we saw that students used the
robot as a mean for experimentation. Students in the activity should combine
mathematical knowledge, experience with ER (i.e., introductory lessons), and
programming skills to solve the problem for the activity. First, students started to
discuss how they could solve the problem without having many ideas. A student stated
that they should use the gyro sensor while another student added that they should place
a robot's pen holder. A detailed discussion about where they could set the pen holder
took place in lines 91-99. Here, questioning discourse appeared as an essential aspect of
collaborative knowledge construction. The students' questioning about where to put the
gyro sensor and the kinds of turns the robot should make triggered the dialogue for the
next steps. The students started to research the question using the robot as a tool to
experiment by adjusting the pen holder in different places on the robot. Students seemed
to recognize the significance of where they should adapt the pen holder; this meaningful
discussion moved students' thinking forward. The overall experimentation involved
their bodies as students held the robot in their hands and tried to simulate (with their
bodies) possible movements of the robot and thinking of possible pen footprints on the
paper. Students involved their bodies in understanding the difference between swing
and point turn (lines 100-114). Students' embodied interaction with the physical robot
triggered further social interaction and stimulated group metacognitive processes. The
students tested and modified their new ideas against existing knowledge and new data.
Therefore, it appears that ER, through embodied interaction, served as a tool for
experimentation, activating group metacognitive processes, and collaborative
knowledge construction. In addition, in the same task students involved their bodies in
understanding the difference between swing and point turn. Students’ embodied

interaction with the physical robot triggered further social interaction.

Student 1 We must draw a hexagon (laughing). Any ideas?

Student 3 We must use the gyro sensor to turn exactly as degrees as we program it (for
accurate angle measure).

Student 2 Yes, the robot must turn exactly as degrees as we program it.
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Student 4 We also need to adjust a marker to draw the hexagon as the robot moves and

turns.

Student 2 What kind of turns?

Student 3 Turns.

Student 1 Pivot turns. The robot must turn very sharp and make pivot turns to draw an
angle.

Student 1 OK! Where can we apply the marker?

Student 2 If we put it here (holds marker and robot and try to make turns to draw a

random angle).
These tests continued until students managed to draw angles formed by two rays rather than
curved lines. Students placed the marker on different parts of the robot and tried to draw
random angles. They tried to put the marker in different places (between the wheels, next to
the right wheel and on the back of the robot) to understand where it would be more efficient
to place the marker.

5.3.3.2 Finding 2: Through interactivity and transparency

In lines 160-176 of the CORDTRA diagram (Figure 12), students went through an
exploration where they used their conceptual knowledge of mathematics and
programming in a real-world situation. Students were concerned about how many
degrees their robot should turn. With the teacher's assistance, they managed to connect
their mathematical knowledge and programming skills with real-world conditions. A
student, influenced by the introductory robotics lessons, used a flowchart describing the
robot's required moves to draw a hexagon (line 168). They then decided to program the
robot to turn 120°, as much as the internal angle and observed their robot turning much
more than expected. Immediate feedback from the robot's moves (i.e., observing the
robot turn more than they expected) made the students think and monitor their thoughts
(line 169). The robot's failure to produce the expected outcome seems to have triggered
the group's metacognitive thinking. Thinking of what they were doing wrong, checking
various aspects (lines 169-172), and building on each-other's thoughts, they excluded
different possibilities and proposed a solution to the problem. After that, Student 4
contributes advanced thinking to the discussion, suggesting that they should put a
smaller value for the turning angle because, with 120°, the robot was turning too much.
Student 4 proposed to represent the problem on a paper in order to calculate the turning
angle. Students acknowledged this idea and began to model the problem on a paper. By
representing the problem on paper, students managed to find the correct value for the
turning angle. Then, Student 1 made his thinking visible, showing the correct angle on

the paper (line 174). Student 2 built on a previous thought proposing the solution to the
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problem (line 175). Therefore, the process of socially shared metacognition emerged in
this group when Student 4 provided a metacognitive regulation statement (i.e., "If the
robot turns 120° left, it will get into the hexagon. Let's draw the hexagon on a piece of
paper to find the angle™). The other group members acknowledged this contribution and

developed a solution to the problem.

The ER's transparency features helped the students think, apply, and check their ideas to
overcome the problem. Easy changes to the software and hardware, at no cost, helped
the students to avoid frustration. Through the open and accessible programmability of
the robot, they managed to overcome the obstacles. The robot's programming, the
expected results, and the actual results of its actions served as a metacognitive tool and
as a data reference that students could use to negotiate their developing solutions. The
students identified gaps in their knowledge and collectively discussed, elaborated, and
improved their solution. Regulatory statements generated due to the robot's interactivity
and transparency characteristics promoted group metacognition and facilitated

collaborative knowledge construction.

Student3  Now, we will program the robot to move forward, then make a turn for some
degrees then again forward and then turn, etc.

Student2 Ok, we have to think about how many turns and how many degrees.

Student 1  Six turns and six forward. I do not know how many degrees.

Teacher What do we know about the total internal angles of polygons?

Student 4 It depends on how many different triangles are formed into the hexagon that
does not overlap with each other.

Student2  How many different triangles does a hexagon have?

Student 3 | will draw a hexagon to find how many triangles are formed.

Student 3 Four different triangles. So, multiplies by 180° each equal 720°

Student 1  Divide by six angles of a hexagon (thinking). Equals 120°. So, we will program
the robot to move forward and then turn 120° for six times.

(The team programmed the robot and is going to test the program).

Student 2  No, it is turning too much. Perhaps we calculate the angles wrong. Let's check it.

Student 3 Or the sensor is not working

Student2  The gyro sensor looks ok!

Student 1  (They are doing the calculations) The angle is correct 120°. Must be something
else.

Student4  Yeah, but I think we just have to take a smaller angle. 120° are all the internal
angles of the hexagon. The robot moves on one of the sides of the hexagon. If
the robot turns 120° left, it will get into the hexagon. Let’s draw the hexagon on
a paper to find the angle.

(They draw a hexagon with a robot, representing it with a dot, on one of its angles)

Student 1  The robot is this dot and must turn here (showing with his finger). So, the
turning angle is this one, we must find this one (showing on the paper).
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Student2  This angle is supplementary to the internal angle. So, it's 180-120 = 60.
Student4  Yes, that is. The robot must turn as much as the internal angle's supplementary,
only 60°, not 120°,
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Figure 12: CORDTRA diagram of students’ contributions

5.3.4 What is the relationship between collaborative and metacognitive

talk as evident in the ER learning environment? (RQ1.5)

In the previous excerpt and the one below, the students made their metacognitive
thinking visible mainly in mutual interaction with their teammates. Student 1 tried to
explain their failure to solve the challenge by proposing that the flags were small, so the
sensor could not detect them. This contribution triggered the thinking of Student 3,
leading him to suggest a new idea, that is, the use of two ultrasonic sensors instead of
one. Student 1 pointed out his disagreement over the proposed idea and documented his
position using the experience of a previous failing effort outside the current activity.
Then, Student 1 contributed a metacognitive statement to justify his position proposing
that they do not know well how to handle an ultrasonic sensor. Therefore, he suggested
a trial-and-error plan. Student 3 ignored Student’s 1 plan highlighting that it would be
easier for the robot to detect the flags with two sensors. When they failed, Student 3
agreed to use the alternative plan, but he first proposed to measure the distances among

the flags so that they did not use a trial-and-error plan. In the excerpt below, the students
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compared their thinking with the thinking of their peers, and this involved the use of
collaborative talk in parallel with metacognitive talk. Also, as shown in the CORTDRA
(Figure 12), collaborative and metacognitive talk seemed to have a temporal
relationship between them. For example, contributions that were coded as collaborative
talk were usually followed by one or more metacognitive contributions vice versa.

Student2  We will use the ultrasonic sensor to avoid the flags.

Student 3 Ok then. Put the ultrasonic sensor. (They executed their plan, but they failed).

Student 1  The flags are small, so the sensor cannot detect them.

Student3  We can use two ultrasonic sensors. What do you think?

Student1  No, we tried to use the ultrasonic sensor once, and we failed. We do not know
how to handle it. Let’s program the robot to move, and then we can adjust the
values.

Student 3 If we put two sensors, it will be easier for the robot to detect the flags.

Student2  Ok! Let’s try with two sensors.

Student 1 Ok then. (They executed their plan using two sensors, but they failed).

Student 1 1told you, we do not need the sensors.

Student 3 One more trial with two sensors and then, if we fail, we can move with your
plan. (They changed the position of the two sensors and tried again, but they
failed).

Student3  Ok. Let’s do what you said, but first, we can measure the distance between the
flags to calculate the value of rotations.

5.4 Discussion

A few studies in the field of ER have focused on exploring the potential of ER in terms
of collaborative knowledge construction. The ER learning environment can integrate the
benefits of robotics technology, computer supported collaborative learning (CSCL) and
problem-based pedagogy, in an authentic learning space, simulating real-world
problems. This Cycle 1 begins to collect the much-needed evidence around ER's
practical utility and potential impact in school contexts. We described the design of a
learning experience using EV3, allowing 14 students in the math and science classroom
to engage in collaborative learning and problem-solving. Overall, the findings provide a
better understanding of ER's use to benefit collaborative knowledge construction in the
STEM field. The findings also demonstrated the elements of ER and teamwork that can

promote collaborative knowledge construction in a CSCL environment.

In sum, the video data from the implementation of the ER sessions revealed three
conditions that appear to relate to higher levels of knowledge construction: (i) embodied

interaction with the robot (ii) fair contribution by teammates adhering to predefined
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roles, and (iii) cognitive dissonance as a result of the robot’s failure to perform the

expected outcome.

In general, the results of the study are encouraging as they not only support our initial
expectations regarding the value of ER as learning tools but also, confirm results of
previous works making of use ER to improve collaboration and peer interaction (Ardito
et al., 2014; Mitnik et al., 2009). In addition, both the research results and the design of
the teaching intervention enabled us to improve the teaching practice further to

maximize learning outcomes.

In short, it was expected for the students to generate more contributions at the lowest
level of knowledge construction (i.e., KC-1) but it was not expected the same for the
Testing synthesis level (KC-4). This unexpected result made it possible to zoom in on
the particular level of knowledge construction in order to understand or make
assumptions about why this was happening. Retrospective analysis using the CORDRA
technique enabled us to understand that the “Execution of Plan” in the learning cycle
was tightly coupled with the KC-4 level of knowledge construction. When students
interacted with the physical robot to execute their plan, they were engaged in a process
of “conversation with the robots,” through which they promoted self-directed learning
and engaged in the construction of new knowledge.

In addition, the students in that step of the learning cycle had the opportunity to test or
modify their new synthesis (KC-4) against existing cognitive knowledge, personal
experiences, and data. This enabled students to produce metacognitive contributions and
became the focus of our subsequent inquiry. To be precise, based on our aim, the DBR
methodological framework helped us first to investigate patterns of collaborative
knowledge construction (Cycle 1) and then, unfold the elements of collaborative
knowledge construction and define group metacognition as one of the prevalent

elements of this process.

The second part of this phase presents evidence that CSCL activities using ER can
engage students in collaborative knowledge construction with principal elements of
metacognitive processes, questioning, and answering. Indeed, students' discourse
demonstrated logical reasoning coupled with metacognitive statements enabling the
students to predict and plan the flow of actions required to solve the problem.
Monitoring dimensions of metacognition seem to be activated in an ER learning
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environment, engaging students in exploration for the acquisition of knowledge. The
large volume of monitoring dimension of metacognition can be explained as the ER's
value in encouraging procedural knowledge rather than declarative knowledge, i.e.,
student learning by doing and understanding strategies of problem-solving rather than

concepts.

During the ER activity, intensive collaboration was enacted in the form of questioning
and answering, while metacognition was enacted in the form of monitoring and
planning. Many researchers have identified questioning (e.g., Hmelo-Silver & Barrows,
2008) and reflective thinking (e.g., Baker & Lund, 1997) as important kinds of
discourse in knowledge building situations. Contributions of prior knowledge were
limited, although this might not be replicated in a setting where learners have prior
experiences with ER. Our findings confirm previous evidence about ER promoting
collaborative knowledge construction (Chambers et al., 2007). This work contributes
further in that it presents a fine-grained analysis of the phenomenon to strengthen the
scientific evidence in the area. While previous studies rely heavily on the study of
metacognition as an individual endeavor, using self-reported data (e.g., Atmatzidou et
al., 2018), this study documents metacognition as a result of group work, while it

occurred in-situ.

Metacognitive elements, coded as monitoring, evaluation, reflection, and planning, are
activated in ER activities through embodied interaction with the physical robot. Indeed,
when a robot is being used in the activity, it enables students’ physical action and
simulation of the robot's expected actions. Such activities seem to encourage expression
and personal involvement in the learning process while supporting teamwork, which is
essential for the metacognitive process. Moreover, the transparent software design and
the direct interactivity (feedback) coming from the robot's moves in response to
students' programming seem to facilitate the group’s metacognitive thinking. In fact,
when the robot failed to perform the expected outcomes, monitoring and planning
dimensions of metacognition were documented on our chronological diagrams.
Metacognition was necessary for students to understand how the tasks were performed
and to be able to identify problems, negotiate modifications, and operating changes to
solve the problems. Embodied interaction with the physical robot, combined with

feedback from the robot, acted as an extension of students' minds, scaffolding
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knowledge construction by re-evaluating their solutions. From this perspective, ER can
be considered as "scaffolding embedded technological tools™ (Chambers et al., 2007).

Our research has provided some initial evidence for a temporal relationship between
collaborative talk and metacognitive talk in a problem-solving collaborative ER
environment. The study further presents an instrumental role of ER technology in
supporting metacognitive processes in CSCL settings. Metacognitive and collaborative
talk appear to mediate each-other in this CSCL, ER setting. We understand that this
evidence is not clear yet. Further development of our understanding of ER as
metacognitive tools will help us develop strategies to maximize their effectiveness in

group problem-solving CSCL tasks.
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6 Chapter 6: DBR Cycle 2

Results of this study are published in the proceedings of the International Conference of

Immersive Learning Research Network (iLRN 2019) (Socratous & loannou, 2019b).

Cycle 2 aimed at investigating the potential added value of ER in promoting students’
metacognitive thinking in the context of elementary STEM education. Following the
encouraging findings of Cycle 1, we wanted to confirm and extend our understanding
regarding the impact of this tool on students' metacognitive thinking as a key element of
collaborative knowledge construction. Namely, DBR Cycle 2 extended our
understanding of the added value of ER in promoting students' metacognitive thinking
and mathematical problem-solving at an individual level of analysis. In Cycle 2, we
addressed the effectiveness of ER activities in supporting the development of students'
metacognitive thinking (RQ2.1). Mainly, this cycle aimed to reveal how ER activities
influenced metacognitive skills and mathematical problem-solving (RQ2.3) through a
structured curriculum (Figure 13). By applying a quasi-experimental research design
using a control group, we also aimed at identifying which metacognitive elements were

impacted more by this kind of activity (RQ2.2).

The results of this Cycle showed the positive effect of structured ER activities on
student's metacognitive thinking and mathematical problem-solving skills while the
structured ER activities looked to tackle more on regulation and self-control

components of metacognition, such as planning, monitoring, and debugging strategies.
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Cycle 1: Patterns of
collaborative
knowledge
construction in an ER
learning environment

RQ1.1: How ER might be
effective in engaging students
in collaborative knowledge
construction?

RQ1.2: Under what conditions
can collaborative knowledge
construction be promoted in
the ER learning environment?

RQ1.3: What are the elements
of collaborative knowledge
construction evident in the ER
learning environment?

RQ1.4: How does ER help to
activate group metacognitive
processes?

RQ1.5: What is the
relationship between
collaborative and
metacognitive talk as evident
in the ER learning
environment?

Cycle 2: The added
value of ER in
promoting
students’
metacognitive
thinking

RQ2.1: Can ER activities
improve students’
metacognitive thinking?

RQ2.2: What dimensions of
metacognition are more
impacted by ER

RQ2.3: How can ER
activities promote students’
skills related to logical-
mathematical problem-
solving?

Cycle 3: The effect
of a structured
Versus an
unstructured ER
curriculum

RQ3.1: Are there differences
between the groups in the
type and the number of
programming errors, their
ability to identify and debug
errors and their levels of
engagement?

RQ3.2: Are there differences
between the groups in
students’ perceived group
metacognitive processes,
their group cohesiveness,
and their collaboration
quality?

RQ3.3: How is the CSCL
ecology shaped from a
metacognitive perspective?

Figure 13: Research questions of Cycle 2
6.1 Introduction

During the last decade, several researchers and instructors have been frequently and
fruitfully used ER in several contexts and disciplines, for the teaching of particular
content knowledge in a field (e.g., mathematics and science) or for supporting learning
associated mainly with transversal skills such as problem-solving (Castledine &
Chalmers, 2011), metacognition (La Paglia et al., 2011), computational thinking (Bers
etal., 2014), creativity (Sullivan, 2011), and collaboration (Ardito et al., 2014).
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The current research suggests that ER may be a tool to improve problem-solving
abilities, STEM knowledge, cognitive flexibility, teamwork, and metacognition from
childhood to elementary and secondary education. However, despite the considerable
attention that emerged around ER and the promising results from empirical studies, the
evidence is not clear. The ER literature lacks careful research designs as control groups
are often absent (Xia & Zhong, 2018; Benitti, 2012). Various variables are concurrently
examined, and consequence measures are directed to be based on qualitative data
(Benitti, 2012). The same problem exists regarding the use of ER as a tool to support
metacognition. Several studies investigating the potential influence of ER projects on
pupils’ metacognitive thinking did not use reliable study designs or validated
measurement instruments (e.g., La Paglia et al., 2011). Also, most of the previous
efforts have used qualitative approaches to evaluate the outcome of ER activities in
metacognition (e.g., Socratous & loannou, 2019a). A holistic perspective on the issue of
promoting metacognition via ER is still missing from the literature. There is a need for
more rigorous studies to contribute a better understanding of the cognitive construct

underlying ER effects.

Cycle 2 intends to respond to the need for evidence on ER effectiveness to increase
students’ metacognitive awareness, providing quantitative data on ER impact in
elementary STEM education. To achieve this, a two-group pre-test post-test research
design (quasi-experimental) was used. Students in the experimental group participated
in structured ER activities, while students in the control group did not participate in any
ER activities. Comparing students’ abilities and perceived and in situ metacognitive
thinking before and after the learning experience for both groups give us evidence about
students’ metacognitive development due to the use of structured ER activities. This
second cycle of investigation focuses on students' learning gains on (a) individual
metacognition, (b) accuracy on performance judgments, and (c) abilities on
mathematical problem-solving. Also, Cycle 2 tried to investigate which subcomponents
of metacognition seem to be affected most by the use of structured ER activities and
confirm previous evidence about a more significant effect on the regulatory components

of metacognition.
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6.2 Methodology

6.2.1 Participants

The study sample was 42 primary school students (4th graders) from two public
elementary schools in Cyprus (24 girls, 18 boys). The 42 students were not randomly
assigned to two conditions. Therefore, two nonequivalent groups were formed. The
experimental group consisted of one class of 21 fourth-grade students (13 girls and eight
boys), and the control group consisted of another class of 21 fourth-grade students (11
girls and ten boys) from a different school of the same region. The mean age in the
experimental group was m=9.68 years old (SD=0.26) and for the control group was
m=9.76 years old (SD=0.32). Independent sample t-test was conducted indicating no
statistically significant difference in students’ age between the groups [t (40) =-0.61, p=
.55]. Two children of the experimental group and one from the control group were
students with special educational needs and motor impairments (2 boys and 1 girl). Only

two students from both groups had previous experience with programming and ER.
6.2.2 Description of activities

A teacher and an educational technologist designed the technology-enhanced learning
environment. As presented in Table 9, the first two sessions were introductory lessons
with introductory activities to help pupils get familiar with the EV3 environment.
During this phase, essential programming details associated with the programming
environment were explained to them by presenting examples (directional commands,
sensors, loop, and wait for). The next six sessions were structured STEM problem-
solving activities. The student groups first completed the training phase in which they
completed the worksheet activities with the teacher's help. Then, the students continued
with the session's final challenge. Students should program a robot using a tablet or a
computer to solve different problems according to the instructions and conditions of the
activity (see Table 9, Table 8, and Figure 14).

Table 8: The organization of a structured curriculum session

Phase Duration | Activity
Introductory | 5 min Distributing materials

Introduction to the learning goals and the purpose of the session
Training 35 min Preparatory work for the session’ challenge
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| Challenge

| 40 min | Session’s final challenge

Table 9: The eight sessions of the course (80 minutes each)

Sessions Tasks

Session #1 a) Introduction to the learning objects of the curriculum.

Introductory b) Opening the software, writing, and saving a program, connecting the
tablet or the computer to the brick with Bluetooth, running a program.
¢) Controlling the EV3 Motors (start programming motors); start, to
finish, backup to start; start, to finish, turn around, back to start.

Session #2 Using EV3 Sensors (start programming sensors); ultrasonic sensor,

Introductory touch sensor, color sensor, and gyro sensor.

Session #3 Program your robot to move forward exactly 1.20m using (a) rotations,
(b) degrees and (c) seconds.

Session #4 a) Program your robot to turn exactly 90 degrees using a gyro sensor.
b) Program your robot to move on a square using a gyro sensor.

Session #5 a) Use the ultrasonic sensor to stop before hitting a wall.

b) Program your robot to move forward by pressing the touch sensor
until the ultrasonic sensor is 10cm from the wall.

c) Program a robot that can move into the classroom without hitting any
objects.

Session #6 a) Program your robot to say “green” when seeing a green object and
“red” when seeing a “red” object.

b) Program your robot to move forward when seeing a green tape and
stop when seeing a red tape.

Session #7 Program your robot to move a block from one square to the other using
the medium motor (cargo delivery attachment).

Session #8 Design a maze using objects from the classroom and program your robot

to solve the maze without touching any objects.
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Figure 14: Two groups are executing their programs in session #5; the goal was to program

the robot to move into the classroom without hitting any objects (left); a group trying to
solve its own designed maze challenge (right)

6.2.3 Procedures

Students in the experimental group participated in structured ER activities during a two-
month period, while students in the control group did not participate in any ER
activities. They followed the traditional curriculum and standards for Grade 4 with a
male teacher. The 21 students of the control group completed the assessments during
pre- and post-administration under the same conditions as the experimental group (i.e.,
same assessments, same time, and same procedures as the experimental group). Before
the study, all the ethical approvals and consent forms from the students’ legal guardians

were obtained regarding the data collection.

The students of the experimental group were divided into five groups of 4-5 students of
different genders and abilities. Four groups of four students and one group of five
students were formed. Students participated in eight sessions (80 minutes each) of
structured ER activities (one session per week) in a typical classroom setting over a
two-month period (as in Figure 15), during April and May of 2018.

We followed a low coercion approach for students’ metacognitive training. Typically, in
each task, students were provided with a worksheet with assignments of progressive

difficulty. The worksheets were structured to support students on technical aspects but
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not to lead or guide them in solving the problems. The teacher served as a facilitator,
assisting student’s thoughts in the form of hints, prompts, and feedback without
providing any answers. He often prompted students with questions such as: Why are
you doing it? What are you doing? He prompted students to externalize representations

of metacognitive thinking and problem-solving procedures verbally.

The groups followed a typical problem-solving cycle, without any formal prompting
from the teacher and without any previous training. A typical problem-solving cycle of
an ER activity as undertaken by the students included three main steps: (i)
understanding the problem — teammates read and defined the problem, (ii) plan a
strategy — teammates proposed ideas and planned together, (iii) executing of a plan —
students used the robot to execute; their strategy was reconsidered based on the robot’s

performance (i.e., teammates evaluated the outcome).

Figure 15: Classroom setting from an introductory session

Data was collected via a profile questionnaire on demographic data and two assessments
measuring individual metacognitive awareness, accuracy on performance judgments as
an indication of metacognitive awareness, and mathematical problem-solving as
presented below.

Metacognitive Awareness Inventory (MAI) - To assess the development of students’
metacognitive awareness we used the MAI instrument (Schraw & Dennison, 1994) as
pre- and post-assessment. The MAI questionnaire was given to the experimental group
before and after the learning experience. For the control group, the instrument was
given in two different times the same as the experimental group (first implementation
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when the instrument was given to the experimental group and second, after two months
when the instrument was given to the experimental group as a post-test

assessment). Due to low reading levels, the questionnaire was read aloud by the
teacher, i.e., the teacher read each statement to the whole class, students answered, and
when he was sure that all the students completed an answer, then he proceeded to the
next question. MAI is developed based on the theoretical structure of two main
components: the knowledge of cognition and the regulation of cognition. Earlier
research reports indicate that the MAI produces structurally valid and internally
congruent results as a whole. Furthermore, structurally valid, and internally congruent
results have been produced according to the division of the two main components. The
questionnaire was set out to confirm the theoretical existence of two components:
knowledge of cognition and regulation of cognition. The final factor structure was best
represented by dividing the factors into eight subcomponents: conditional knowledge,
declarative knowledge, procedural knowledge, planning, monitoring, information
management strategies, debugging strategies, and evaluation of learning, respectively.

This structure was also confirmed by the results of Sperling et al. (2004).

Visualization and Accuracy Instrument (VisA) - VisA instrument was used as an on-line
measure to investigate the development of students’ metacognitive thinking. VisA
combines prediction and postdiction judgments, and visualizations to assess
metacognition and especially the combination of metacognitive monitoring and
regulation, which are interrelated used during problem-solving (Jacobse & Harskamp,
2012). Judgments of performance and problem visualizations theoretically measure
different aspects of metacognition but are both practical on-line measurement
instruments with sufficient predictive validity. The students were asked to distribute
their solutions for each problem scenario into four steps. In the first step, students had to
rate their confidence in solving the problem correctly. The second step asked them to
draw a sketch to visualize the problem scenario and the solution. In the third step, they
solved the problem, and in the last step, students rated their confidence for having found
the correct solution. The scoring procedure was simple. Students got one point for each
correct judgment and zero points for each uncertain or incorrect judgment regardless of
whether they had solved the problem correctly or not (i.e., if a student predicted that he

could solve the problem and indeed did it, he got one point; or if he predicted that he

92



could not solve the problem and indeed didn’t, he again got one point). For the

visualizations, students got zero points if they made pictorial or irrelevant sketches

without showing any important aspects or relationships of the problem, they got 0.5 if

their sketches were partly pictorials with some schematic or mathematical features, and

they got one point if their sketches were primarily schematic visualizations with

mathematical features (see Figure 16). The maximum score for each student was 12

points (4 problems x 3 points each). The first 30 visualizations (8.9%) were evaluated

with two judges until a consensus about scoring practices was obtained. Reliability was

high (agreement over 90%), and, consequently, the first researcher completed the

scoring procedure alone.

Pre-post mathematics test - We used the data from the four problem-solving tasks from

the two administrations of the VisA instrument for assessing mathematical knowledge

gains. We looked for the correctness of their solutions (not the accuracy of their

judgments). Each correct task was scored with 25 marks, and the maximum possible

score was 100 marks. The four tasks were adapted from the released assessment

questions from previous studies of Trends in International Mathematics and Science

Study (TIMSS).

Mary plants rose bushes along a path to her home. The path is 27m long. She plants a rosebush every 3m
on both sides of the path. She also plants rose bushes at the beginning of the path (on both sides). How

many rosebushes does Mary need?

Figure 16: Example of students’ artifacts from post-VisA administration; schematic

visualization with mathematical features (left), and wrong, pictorial representation of the

problem with mathematical features (right)
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6.3 Findings
6.3.1 Finding 1: Outcomes on metacognitive thinking (perceived) (RQ 2.1.)

Un-weighted mean scores were calculated for scales and subscale. A Paired-sample t-
test analysis was conducted for each group. The analysis showed statistically significant
differences only for the experimental group, while the mean scores in the control group
remained unchanged (Table 10). For the experimental group, statistically, significant
differences were observed on the subcomponents of “regulation of cognition” [t (21) = -
7.83, p<.001] with students exhibiting higher levels of “regulation of cognition” in the
post-test (M=4.02; SD=0.21), compared to the pre-test (M=3.70; SD=0.29).
Particularly, the results demonstrated statistically significant differences in three of the
five dimensions of regulation of cognition: Planning [(t (21) = -9.28, p=.000],
Comprehension Monitoring [t (21) = -3.65, p=.002] and Debugging Strategies [t (21) =
-6.97, p< .001]. Instead, there was no statistically significant difference in the

“knowledge of cognition” subscale from pre-testing to post-testing for both groups.

Table 10: Descriptive statistics of MAI scores (pre and post) and paired t-test per group

Dimensions Group  Pre-MAI Post-MAI  Paired t-test

M(SD)  M(SD)

Knowledge of Cognition EG 3.68 (0.46) 3.72(0.32) t(21)=-0.61, p=.55
CG 3.68(0.23) 3.70(0.27) t(21)=-0.26, p=.80

Regulation of cognition  EG 3,70 (0.30) 4.04 (0.20) t(21)=-8.36, p<.001
CG 3.73(0.23) 3.75(0.20) t(21)=-0.53, p= .61

Planning EG  3.47(059) 4.01(0.44) t(21)=-9.28, p<.001
CG  351(041) 3.54(0.49) t(21)=-0.33,p=.74

Monitoring EG 3.79(0.64) 4.18(0.39) t(21)=-3.65, p=.002
CG 3.74 (0.45) 3.77 (0.27) t(21)=-0.22, p= .83
Debugging Strategies EG 3.74(0.64) 4.26 (0.44) t(21)=-6.97, p<.001
CG 3.77(0.42) 3.85(0.48) t(21)=-0.74, p= .47
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Then, to further examine the comparison of the differences between the posttest and
pretest scores in each treatment group, a mixed-design ANOVA, with repeated
measures was conducted (i.e., a “time by treatment interaction” effect). In the analysis,
the independent variables were the group condition (experimental and control) and
measurements at two-time points (before and after the intervention). The dependent
variable was the mean scores of the MAI scale.

The ANOVA revealed a statistically significant time by treatment interaction for the
overall MAI scale F (1, 40) = 4,319, p=,044, indicating that students in the experimental
group had statistically significant larger gains on metacognition compared with students
in the control group. Moreover, a statistically significant time by treatment

interaction was detected for the subscale of “regulation of cognition” F (1, 40) = 5,781,
p =,022 (Table 11). This shows that students in the experimental group had statistically
significant larger gains on the “regulation of cognition” subscale than students in the
control group (Figure 17). There were no statistically significant main or interaction
effects for the “metacognitive knowledge” subscale, indicating no significant increase

or decrease in the self-reported “knowledge of cognition” scores in both groups.

Table 11: Mixed-design ANOVA, interaction effects for pre-posttest on the Knowledge of
cognition (KG) & Regulation of cognition (RQ)*Group condition

Sum of Mean Sig.
Squares Square
pre_post MC*Group 0,404 1 0,404 4,319 ,044
pre_post KG*Group 0,001 1 0,001 0,009 924
pre_post RQ*Group 1,892 1 1892 5781 ,022
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Figure 17: Statistically significant “time by treatment interaction” for the “regulation of

cognition”
6.3.2 Finding 2: Outcomes on metacognitive awareness (on-line) (RQ 2.2)

A Paired sample t-test was conducted to examine mean differences from pre-to-post
testing on the VisA instrument; the analysis showed that the students improved their
performance from pre- to post-testing. This difference was statistically significant [t
(21) =-2.96, p<.005)] only for the experimental group. Particularly, the analysis in the
experimental group showed a statistically significant increase in students’ accuracy on
prediction and postdiction judgments from pre-testing to post-testing (Table 12).
However, there was no statistically significant difference in students’ visualizations for
both groups. The one-way ANCOVA test with pre-VisA as a covariate showed that the
use of ER activities had a significant effect on the development of students’, accuracy
on performance judgments [F (1,39) =4.49, p= .04, n2=0.103].

Table 12: Comparing pre- and post- VisA scores between groups

Group Pre-test Post-test t-test ANCOVA
Statistics . )

M (SD) M(SD) Comparing Post-VisA
across student groups
with Pre-VisA as
covariate

Visualization & EG 2.03(0.66) 2.33 t(21) =- F (1,39) =4.49
Accuracy (0.59) 3.65, p= .
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CG 2.10(0.39) 2.16(0.31) t(21)=-
0.67,p= .51
Prediction EG 2.33 2.71 t(21) =- F (1,39) =3.155 p=
(0.73) (0.64) 2.96, p= .842,1?=0.08
.008
CG 2.38(0.74) 2.43(0.60) t(21)=-
0.271, p=
.79
Visualization EG 1.43(0.88) 1.45 t(21) =- F (1,39) =0.022 p= .883,
(0.72) 0.204, p= n?=0.001
.84
CG 1.50(0.57) 1.57(0.45) t(21)=-
0.548, p=
59
Postdiction EG 2.33(0.73) 2.81 t(21) =- F (1,39) =5.32 p= .02,
(0.68) 3.21, p= n?=0.120
.004

6.3.3 Finding 3: Outcomes on mathematical problem-solving (RQ 2.3)

A total pre- and post-test score was computed for each participant in both groups, by

summing up the correct answers and adjusting to 100. Paired-samples t-tests were

conducted using students’ data from the two administrations of VisA for the two

conditions. The analysis showed a statistically significant increase, t (21) = 2.65, p =
.016, from pre- (M=59.52%; SD=16.73) to post-testing (M=67.86%; SD= 19.59) for the

experimental group. There was an increase in mean scores for the control group, but this

improvement was not statistically significant (Table 13).

Table 13: Comparing the two groups for any learning gains in mathematical problem-

solving

Pre-Test Scores

Post-Test Scores

t-test Statistics

Mean (SD) Mean (SD)
Experimental group 59.52 (11.92) 67.86 (12.13) t (21) =-5.29, p=.000
Control group 54.76(13.92) 57.14(12.41) t (21) =-1.16, p=.261
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6.4 Discussion

Despite the extensive use of robotics in education, their role as a metacognitive tool
remains uncertain. This study investigated the hypothesis that ER can serve the learning
process as metacognitive tools, supporting and promoting students' metacognition in the

context of elementary STEM education.

Four significant breakthroughs have emerged in this cycle. Following prior empirical
studies (La Paglia et al., 2011; Atmatzidou et al., 2018), our research has provided
evidence supporting the positive impact of structured ER activities on students'
metacognitive thinking (RQ2.1). Our teaching procedure can be considered as a low
coercion approach for students' metacognitive training. In contrast with the study of
Atmatzidou et al. (2018), which found an improvement in students' metacognitive skills
only in "strong guidance™ groups, we found that metacognition can also occur with a
minimal guidance approach. This finding further emphasizes the instrumental role of the
technology in supporting students' metacognitive processes. The improvement in
students' metacognitive thinking in the experimental condition is seen as a collective
result of the technology use, group work, teacher's interventions, and the activities'
nature. However, we think that the technology's role was instrumental since it enabled a
spontaneous 4-stages problem-solving process (understanding the problem, planning,
executing, and evaluating), which can be considered by itself as a metacognitive

learning protocol.

The collection of evidence of students' metacognitive processes by assessing students'
judgments of their own performance (calibration) demonstrated a statistically significant
increase for students' accuracy on prediction judgments and postdiction judgments from
pre-testing to post-testing in the experimental group. The ability to judge one's
performance has been conceptualized as an expression of metacognitive monitoring
(Boekaerts & Rozendaal, 2010). Therefore, we replicate the previous finding of the
positive impact of ER activities on students' abilities to monitor their own learning.

Both structured and unstructured ER collaborative activities seem to positively affect
metacognition. Possibly, that is because ER collaborative activities are based on
procedural knowledge and engage students naturally in the process of exploration for

solving a problem; yet further research is needed to fully understand what elements of
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ER contribute to students' metacognitive thinking as a key element of collaborative

knowledge construction.

Furthermore, we found that structured ER collaborative activities have no impact on
students' abilities to visualize a problem scenario in both groups. The latter contradicts
the previous finding of students' improvement in performance accuracy (for the
experimental group) as someone would expect them to improve their visualizations.
However, we know that the accuracy of performance judgments gives information into
a limited part of metacognitive processes (only in monitoring by looking forward or
backward about a solution plan for a problem). Also, to visualize a problem scenario is
an activity that may need additional skills or something that may require a longer time

to be improved.

Moving a step forward, our study provides evidence that structured ER collaborative
activities have a greater positive impact on three regulatory subcomponents of
metacognition, such as planning, monitoring, and debugging strategies (RQ2.2). These
subcomponents are related to "regulation of cognition,” and ER seems to tackle these
aspects of metacognition well. This finding can be considered as crucial knowledge for
educators who see their elementary students struggling to solve multi-step problems.
Training these aspects of metacognition can help their students become more effective
in solving multi-step problems in several disciplines and, in general, to become more
effective problem-solvers. Since a low level of guidance was applied, this improvement
cannot be explained beyond the role of ER as "scaffolding embedded technological
tools™ (Chambers et al., 2007). These findings are in line with Cycle 1, showing that
students' discourse over ER activities includes a large volume of regulatory and self-

control elements such as metacognitive monitoring and planning.

Last but not least, in agreement with the prior work (e.g., Korkmaz, 2018), the present
study demonstrated a statistically significant increase in students' ability to solve
logical-mathematical thinking problems (RQ2.3). It should be noted that our ER
structured activities were not specifically aimed at improving students' abilities in
mathematical problem-solving; instead, it was more about STEM and programming
concepts. Therefore, students' improvement in solving mathematical problems may have
emerged due to the development of metacognition through ER activities since

metacognition is strongly related to problem-solving. It becomes evident that positive
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results in mathematical problem-solving can be documented via an interdisciplinary
approach to ER activities in elementary education, capable of expanding the curricular

space (loannou & Socratous, 2018).
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7 Chapter 7: DBR Cycle 3

Results of this study are published in the proceedings of the International Conference of
the Learning Sciences (ICLS 2020) (Socratous & loannou, 2020) in the Educational
Technology Research and Development (ETRD) journal (Socratous & loannou, 2021)

and in the TechTrends journal (Socratous & loannou, 2022).

Cycle 3 (see Figure 18) aimed to compare the effect of a structured versus an
unstructured ER curriculum in CSCL setting by looking at (a) the frequency and type of
programming errors made by students in block-based programming, (b) their ability to
find and debug errors, and (c) their engagement in the learning process (RQ3.1). In
addition, Cycle 3 aimed to compare the effect of a structured versus an unstructured ER
curriculum on students' group metacognition taking into account students’ collaboration
quality and group cohesiveness during collaborative problem-solving with ER (RQ3.2).
Furthermore, this cycle explored how the CSCL ecology shaped from a metacognitive

perspective using a micro-ecological approach (RQ3.3).

Findings revealed a list of errors commonly made by both groups. The unstructured ER
curriculum group was associated with a significantly higher frequency of errors. The
structured ER curriculum group demonstrated significantly greater efficiency in
debugging. Yet, the students in the unstructured ER curriculum group outperformed
their peers in terms of engagement levels (RQ3.1). In addition, the results showed that
students in the structured curriculum group demonstrated higher levels of group
metacognition and better collaboration than students in the unstructured curriculum
group (RQ3.2). Examining group interactions from a more ecological approach enabled
us to recognize the critical role of individuals' students, technology, and the problems
that emerge from their interactions in forming a collaborative ecology. The individual
metacognitive contributions from students in the unstructured curriculum group had a

systemic impact on the group work's progress (RQ3.3).
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Cycle 1: Patterns of
collaborative
knowledge
construction in an ER
learning environment

RQ1.1: How ER might be
effective in engaging students
in collaborative knowledge
construction?

RQ1.2: Under what conditions
can collaborative knowledge
construction be promoted in
the ER learning environment?

RQ1.3: What are the elements
of collaborative knowledge
construction evident in the ER
learning environment?

RQ1.4: How does ER help to
activate group metacognitive
processes?

RQ1.5: What is the
relationship between
collaborative and
metacognitive talk as evident
in the ER learning
environment?

Cycle 2: The added
value of ER in
promoting
students’
metacognitive
thinking

RQ2.1: Can ER activities
improve students’
metacognitive thinking?

RQ2.2: What dimensions of
metacognition are more
impacted by ER

RQ2.3: How can ER
activities promote students’
skills related to logical-
mathematical problem-
solving?

Cycle 3: The effect
of a structured
VEersus an
unstructured ER
curriculum

RQ3.1: Are there differences
between the groups in the
type and the number of
programming errors, their
ability to identify and debug
errors and their levels of
engagement?

RQ3.2: Are there differences
between the groups in
students’ perceived group
metacognitive processes,
their group cohesiveness,
and their collaboration
quality?

RQ3.3: How is the CSCL
ecology shaped from a
metacognitive perspective?

Figure 18: Research questions of Cycle 3

7.1 Introduction

ER has gained much attention as an innovative learning tool that allows students to

develop higher-order thinking skills. ER may also support other important learning

processes such as programming, which demands the planning of complex sequences of
steps before the execution of the programme. During programming, students must set
the goal, conceive the sequential steps required to accomplish that goal, programme

actions, and check performance. These processes require various complex cognitive and
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metacognitive functions that are essential to students’ cognitive development, including
logical reasoning, decision-making, problem-solving, and sequential thinking (Di Lieto
etal., 2017).

The Computer Science for All, highlights that young student require to learn to program
(K12 Computer Science Framework Steering Committee, 2016). Still, limited
knowledge exists about how to prepare primary school students for such learning.
Learning the basic programming concepts and processes does not need mastering text-
based programming languages but it is achievable using more friendly programming
languages such as block-based programming. Block-based programming has been used
successfully in primary education since robots became more popular. To be used more
extensively, primary school students should gain the experiences, abilities, and

confidence to engage more in this process.

An essential skill in computer programming is debugging or finding the error in code to
get it to function. Most software applications in our days go through extensive stages of
debugging. Therefore, for future programmers, understanding the process of debugging
and improving their skills in this area is important. Debugging is difficult for novice
programming students despite how they learn. They are expected to learn a new way of
thinking in which various new skills are used simultaneously (Fitzgerald et al., 2008).

This challenges students to be more independent, purposeful in learning, and rely on
their own effort. One way to support this, is to allow students to learn from their
mistakes. Learning from failure has recently become a common idea in education
because it appears like a natural sense to many people. In a general way, the idea of
"picking yourself up after a fall" has long existed in many cultures worldwide. In
Kapur's ideas about constructive failure, the failure is framed as part of learning, helping
students activate knowledge and prepare them to learn (Kapur, 2014). However, this
kind of learning should be supervised so that each programming error represents a
meaningful role in the process of learning how to debug. These issues collectively need
a careful design of the curriculum structure, which is efficient and effective. Different
curriculum structures may affect students' programming errors or debugging skills
differently. However, there will not be one completely suitable method, but we expect

to establish good practice.
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Therefore, although ER has great potential to assist in teaching, learning gains are not
guaranteed with a simple application of robotics; there are several factors that can
determine the outcome (Benitti, 2012). One such factor is the level of structure that
educators adopt in their activities. To date, there is relatively little work focused on the
level of structure that educators should adopt in their ER activities. Very little is known
about the impact that different curriculum structures might have on student learning. In
addition, using contrasting approaches, i.e., a structured curriculum design on one
group, and an unstructured design on the other, could generate different outcomes. In
short, here we propose the curriculum structure as an independent variable and examine

its impact.
7.2 Methodology

7.2.1 Design and participants

This study follows a quasi-experimental design comparing two groups—one following a
structured ER curriculum and the other, an unstructured ER curriculum. Within the
quasi experiment, both qualitative and quantitative data were collected. Qualitative data
were collected to demonstrate the most common programming errors, students’
engagement level during the ER activities and their collaboration quality. Quantitative
data were collected to identify differences in the common programming errors between
the two groups (i.e., experimental conditions), students’ ability to debug, their
engagement with the learning process, their metacognitive processes and group
cohesiveness. The study is part of a larger-scale research aiming to inform and

encourage the use of ER in authentic learning environments.

The sample for this study was composed of 35 primary school students from two Year 3
classes (20 boys and 15 girls) who participated in classroom-based ER activities in a
public school in Cyprus. The population of two intact classrooms formed the
comparison groups: the structured curriculum group (16 3rd graders students: nine boys
and seven girls, who were divided in four groups) and the unstructured curriculum
group (19 Year 3 students, 11 boys and eight girls, who were divided in five groups).
Three participants had prior experience with ER (two in the unstructured group and one
in the structured group), while four were students with special educational needs and
learning difficulties (two in each group). Prior to the educational intervention, the
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students' legal guardians provided consent forms providing the allowance for data
collection.

7.2.2 Procedures

The research took place in two regular classrooms with desks arranged in groups to
allow students to engage in collaborative work. Students were organised in mixed-
gendered groups of 3-4 taking into consideration their abilities, as well as their varying
emotional and social behaviour levels. Pencils, rubbers, rulers, a tablet, an EV3 robot
and a blank paper were available for each group during the enactments of the
unstructured curriculum, whereas in the structured curriculum the student groups had all
the aforementioned aids, plus worksheets. The curriculums were implemented in the
course of 10 sessions that took place over three months including two introductory

sessions and eight sessions of problem-solving STEM activities.

7.2.2.1 The Learning Intervention

The introductory sessions consisted of preparatory activities to support student
familiarisation with the EV3 robot. Essential programming rules were explained in a
practical manner to both curriculum groups (directional commands, sensors, loop, wait
for, and conditional logic). This deliberate design choice, which involved considerable
top-down instruction, ensured that both groups had basic knowledge to cope with the
problem-solving sessions that followed. The next eight problem-sessions were all
grounded on the same content. Each session started with a five-minute introduction

regarding the learning goals as well as a brief description of that lesson’s challenge.

The structured curriculum group - The structured curriculum group experienced an
instructionist approach to teaching: the student groups were shown how to programme
their robot based on pre-designed tasks and with the additional support of worksheets.
The students’ groups first completed the worksheet activities with the teacher's help and
then continued with the session's final challenge (see Table 14). The teacher's role was
to provide information, ideas, and feedback as needed. Both the worksheets and the
teacher's guidance facilitated the student groups in implementing ideas that were related

to the final challenge. This also served as preparatory work for the session’s challenge.
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Table 14: The organization of a structured curriculum session

Phase Duration | Activity
Introductory | 5 min Distributing materials
Introduction to the learning goals and the purpose of the session
Training 35 min | Preparatory work for the session’ challenge
Challenge 40 min Session’s final challenge

The unstructured curriculum group - The unstructured curriculum group did not follow
any structured activities but instead could investigate ideas linked to the given
challenge. In each session, the teacher merely reminded the student groups that they
could use existing robotics material by Lego Education (i.e., videos and programming
examples). The student groups did not use any worksheets and did not participate in any
preparatory activities for the session’s final challenge (see Table 15 and 16). The role of
the teacher was to facilitate and scaffold the student groups’ thinking with hints,

prompts, and feedback without providing any information or answers.

Table 15: The organization of an unstructured curriculum session

Phase Duration | Activity

Introductory | 5 min Distributing materials

Introduction to the learning goals and the purpose of the session
Challenge 60 min Session’s challenge

Instruction | 15min Consolidation phase

106



Table 16: Conditions of the study

Group 1:Structured curriculum

Group 2: Unstructured curriculum

Introduction (same
activities for both

groups)

Eight sessions of
STEM problem-
solving activities
(grounded on the
same content for
the two groups)

Teacher's role

Two sessions of Introductory
activities

Instruction + Problem-solving

Student groups were shown how to
programme their robot based on
pre-designed tasks and with the
additional support of worksheets
(Instruction). Then the student
groups continued with the session's
final challenge (Problem-solving).

Provide information, ideas, and
feedback and scaffold with hints
and prompts during the Instruction
and the Problem-solving phase.

Two sessions of Introductory
activities

Problem-solving + Instruction
(Consolidation phase)

Investigate ideas linked to the given
challenge (Problem-solving). The
groups share and compare the
effectiveness of their solutions or
methods. The teacher then focused
on students’ solutions and shared the
canonical solutions to the problem
(Consolidation phase).

Scaffold the students with hints,
prompts, and feedback without
providing any information or answers
during the Problem-solving and the
consolidation phase.

7.2.2.2 The Problem-solving STEM Activities

Following the two preparatory sessions, the next eight sessions were problem-solving
STEM activities. The activities were grounded on the same content but taught

differently, as described earlier.

In session 3, the goal for the student groups was to programme a robot to move
accurately over a certain distance using variables such as rotations, degrees, and
seconds. The worksheet for the structured curriculum instructed the student groups to
complete a table by taking measurements of various values (guided experimentation).
Once they had completed the worksheet, the student groups could proceed to the

challenge.

In session 4 of the structured curriculum, the worksheet helped the student groups to
practice different turns and understand how the turning variable is related to distance.
The student groups had to execute several programmes associated with turns and
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explore the output of their applications. The session's goal was to programme the robot

to move on a square without using a gyro sensor.

In session 5, the student groups were further exposed to activities related to turns. The
worksheet was a combination of the two previous worksheets about distance and turns
while introducing new concepts such as spin, pivot, and smooth turns. The goal of the
challenge for the student groups was to programme the robot to move on a path with

different kinds of turns to arrive at the final destination.

In session 6, the student groups were tasked to build and fix the cargo delivery
attachment on their robots. The cargo delivery attachment then had to be controlled via
the medium motor to move objects. The worksheet for the structured curriculum group
had two sub-tasks of increasing difficulty. They had to programme the robot to move a
block that was located directly across from the starting position and then, they had to

move a block that had been placed randomly on the mat.

During session 7, the student groups investigated the color sensor’s use and the concepts
of loops and wait/until. The structured curriculum worksheet asked the student groups
to place the colour sensor close to several objects and observe the reading value through
the programming interface. The goal was to programme a robot to move on the mat that
featured lines of red and black: “When the robot detects a red line, it stops for one
second and says red, then continues until it detects a black line, stops and says black,

then goes back and forth until it detects the black line ten times”.

In session 8, the student groups were further exposed to activities related to the concepts
of loops and wait/until. This session’s challenge was to programme an autonomous

robot that could move along a desk without falling off for one minute.

In session 9, the student groups were expected to programme the robot to move and stop
before reaching an object. The worksheet for the structured curriculum group asked the
student groups to place the robot across from several objects and measure the distance
using the ultrasonic sensor. The session’s challenge was to programme a robot that

could move around the classroom without hitting any objects.

Finally, in session 10, the student groups used the worksheets to explore the concept of
conditional logic. They were asked to programme the robot to say "red" when the colour

sensor detected the colour red and ""not red" when the colour sensor detected another
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colour. This activity was designed to help students to respond to the last task and

complete the line following challenge (see Figure 19 and Table 17).

Table 17: ER activities DBR Cycle 2

Sessions Trained Tasks
computational
concepts

Session 1 Introduction to a) Introduction to the learning objectives.
programming .

Introductory b) How to launch the software, write and save a programme,
Simple sequences connect the tablet to the brick, run a programme.

¢) How to control the EV3 Motors (start programming
motors), becoming familiar with basic commands.

Session 2 Introduction to Introduction to basic computational thinking concepts, such
programming as loops and conditionals. Using EV3 Sensors (start

Introductory rogramming sensors); ultrasonic sensor, touch sensor, and
Simple and advanced (F:)olgur senso? ’ ’ ’
sequences '

Session 3 Simple sequences Programme your robot to move forward by exactly 1.50m

using (a) rotations, (b) degrees, and (c) seconds.

Session 4 Simple sequences Programme your robot to move on a square without a gyro

Sensor.

Session 5 Simple sequences Programme your robot to move on a path with turns to arrive

at the final destination.

Session 6 If-then conditionals Programme your robot to move on a path with turns and
If-then-else ((:((:)alllre(;t :ttzgg% l;:%:k on its way using the medium motor
conditionals g '

While conditionals
Session 7 If-then conditionals Programme your robot to move on a mat with red and black
lines. When it sees a red ling, it stops for 1 second and says
If-then-else o : L ; .
conditionals red," then continues until it finds a black line. Then, it stops
at the black line and says "black," then goes back and forth
While conditionals until it finds the black line 10 times.

Session 8 If-then conditionals Programme an autonomous robot that can move on your desk
If-then-else without falling off for one minute.
conditionals
While conditionals

Session 9 If-then conditionals Programme a robot that can move around the classroom

without hitting any objects. Then make several changes to
If-then-else . . .
conditionals improve your programme (|_.e., add a sound when an object is
detected, or display something on the screen).
While conditionals
Session 10 | If-then conditionals Programme a robot that can follow the black line.
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Figure 19: Activities and video-recorded tablet screen used for programming

7.2.3 Instrumentation, data collection and analysis

The data collection included classroom recordings, tablet screens, and audio recordings,
a post-debugging test, a post-engagement survey, focus group interviews, a pre-post
Group metacognitive questionnaire, a rubric regarding students' collaboration quality,
and a group cohesiveness survey. Tablet screens and dialogue by the teams were

recorded using Mobizen Screen Recorder.

Screen-recorded and audio data - We used open coding for the screen-recorded and
audio data. We narrowed the investigation to errors linked with programming; We did
not code videos related to the assembly. Almost 40% of the video was coded by the first
researcher, with a second researcher independently coding the same units. Inter-rater
reliability between the two raters was high (Cohen's Kappa = .88). Hence, the first
researcher finished coding the complete dataset. To analyze the frequency of errors

between the two groups, the average number of errors per session were computed. The
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data were then analyzed using independent samples t-test to investigate any differences
between the two groups on the total number of errors.

Debugging test- After the learning activities, the students were given a debugging test -
developed based on categories of common programming errors - that put forward ten
tasks. The test presented the students with a scenario in which they had to find the error;
they were told the program'’s purpose and were provided a screenshot of the EV3
programming interface. Students had to circle the error block(s) and write down how
they would fix it. Each task was scored out of ten marks (five marks for finding the
error and five for a correct proposal to overcome the error). The maximum possible
score for the test was 100. Two raters evaluated the debugging tests of the 35 students in
both conditions assigning scores for each student independently. Then by averaging the
students' scores for each condition, an overall mean score was produced. Interrater

reliability was estimated, and 88.6% of the agreement was established.

Engagement survey - A post-experience survey aimed at evaluating student engagement
was also administered. Student engagement was measured using a 5-point Likert scale,
with 33 items derived from the Math and Science Engagement Scales (Wang et al.,
2016). Since the instrument measures student engagement in math and science, the
items were adjusted by substituting the word "math/science™ with "STEM." The scale
was developed taking into account a multidimensional viewpoint of engagement and is
comprised of four subscales: (a) cognitive engagement (e.g., | try to understand my
mistake when | get something wrong), (b) behavioral engagement (e.g., | keep trying
even if something is hard), (c) emotional engagement (e.g., | enjoy learning new things
about STEM), and (d) social engagement (e.g., | try to understand other people's ideas
in STEM class). The participants were Greek speakers; therefore, we used a translated
version of the scale. To determine the content validity of the translated version, we
calculated Cronbach's alpha, receiving a value of 0.81, which shows that the translated
version's internal consistency is reliable. The un-weighted mean scores for scales and
subscale were calculated to analyze the data derived from the engagement survey. Then,
independent samples t-test was used to examine any difference between the two

conditions.

Focus group interviews- After the learning experience, 16 students participated in semi-

structured focus group interviews. The interviews were organized into two sessions. The
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first session looked to enhance our understanding of students' common errors during
programming, while the second session aimed to provide additional evidence for student
engagement. 40% of the screen-recorded data was used to identify the common
programming errors first. Then we designed the first session of the focus groups based
on the common errors derived from the previous analysis. The interviews included
questions that prompted students to remember errors that they encountered and how
they managed to overcome these errors (e.g., What difficulties did you face during
programming? How did you overcome the difficulties?). The second session was aimed
at providing additional evidence for student engagement (e.g., Do you think ER
activities were useful to you? [Cognitive engagement]. How did you feel while you
were working on ER activities in class? [Emotional engagement]). The focus group data
were video-recorded and transcribed for analysis using a thematic approach. The data
analysis was conducted by two researchers working separately. At the completion of the
coding, the inter-rater reliability was assessed to 0.736 (Cohen's Kappa).

Group metacognition - We used the Group Metacognition Scale (GMS) (Biasutti &
Frate, 2018) as a pre- and post-assessment to analyse the development of student’
groups metacognitive skills. The participants were asked to rate themselves on a 5-point
Likert-type. Students answered the GMS with the teacher's guidance; the teacher read
the statements one by one to the class and ensured that all the students had responded

before moving on to the next statement.

Collaboration quality - Video data from sessions 9 and 10 were used as sampling to
assess the quality of collaboration in each student group. Two raters observed the
collaboration process in the nine groups in both conditions using a Collaboration
Quality Rubric and assigning scores for each student group independently. The unit of
analysis was the group level; therefore, an overall score for each student group was
obtained by averaging the scores given by the raters for each session. Then, by
averaging the student group scores for each condition, an overall mean score for each
condition was produced. Interrater reliability was computed between the two raters, and
82% of agreement was established. The Collaboration Quality Rubric was adopted from
Menekse et al. (2017), who developed this rubric for assessing the collaboration quality

in groups in robotics competitions.
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Group cohesiveness - A post-interventional survey aiming at evaluating group
cohesiveness was administered right after the intervention for both groups. Group
cohesiveness was measured using an individual 5-point Likert scale questionnaire with
eight items based on Gillies' (2003) study on small cooperative groups. Cronbach's
alpha reliability was calculated for the Group Cohesiveness Scale, indicating a good
consistency (0.81 Cronbach's alpha). Studies have shown that cohesiveness is essential
for the performance of a group; the more cohesive a group is, the better it performs
(Brannick & Prince, 1997).

Use of an ecological approach - According to Alibali and Nathan (2010), our current
research practices hinder our ability to provide a more holistic understanding of learning
processes. Taking this into account, Borge, and Mercier (2019) argue that the way we
use theories might be preventing us from a deeper understanding of CSCL. In their
paper, they discuss the need for a more ecological approach drawing on the challenges
posed by common theories to present a holistic view of the full complexity of
collaborative activities. They reveal how these theories prioritise a mono ecological
approach in which the emphasis is on a single level of an ecological system. Therefore,
they suggest a micro-ecological framework that recognizes collaborative learning as a
complex and cognitively nested ecological phenomenon to address this problem. They
propose a microanalysis of students' interactions at the individual level, small groups,
classroom community, and learning objects with the purpose to identify critical points
where actions at one level of cognitive activity influence other levels of individual and
joint activity. In this study, we acknowledge the existence of these systems. We
acknowledge that cognition is an ecological phenomenon. Therefore, as proposed by
Borge and Mercier (2019), we use a micro-ecological approach to understand how the
CSCL ecology is shaped from a metacognitive perspective. We also use this approach to

capture metacognitive behaviour that cannot be captured using a self-report instrument.
7.3 Findings
7.3.1 Finding 1: Common programming errors (bugs) (RQ3.1)

Six typical errors made by students when programming were observed (see Table 18).

First, they often failed to define the correct values for a variable, such as the accurate

distance to move forward. Second, they made errors in choosing the correct block or
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sequence of blocks. At times, they omitted the blocks required for the robot to operate

as planned. Robots could not function as expected due to omitting commands such as

loop, move block, or turning block. Third, students chose unsuitable block variables.

They would pick the correct block and then make errors in selecting which variable of

the block they should use. Choosing the wrong variables often led to errors until

students realized the difference between the variables within a block. For instance,

students tried to define the distance the robot should move but tried to do so by

changing the motor power variable or the turning variable, causing an error in the

program. Fourth, they attempted to match up motors and sensors with the incorrect

ports. For example, the right motor should have been attached to port A on the robot,

but instead, they chose motor C. The same happened with sensors; for example, the

students should have connected the ultrasonic sensor to port 4, but instead, they chose

port 3. Fifth, students defined conditionals improperly. They had difficulty in

understanding conditional logic such as if/then or wait until, resulting in several bugs in

their programs. Last, students did not understand when a program failed due to factors

other than an error. They looked for errors when the error was actually in the robot's

assembly or its positioning on the mat. They did not realize that the robot's accurate

positioning on the mat was a variable affecting their program's accuracy.

Table 18: Common programming errors

Common errors

Description

Example

1. Error in defining value in
block variables

2. Error in selecting the
correct sequence of blocks

3. Error in selecting the
appropriate block variable

4. Error in matching a motor
or a sensor to the port

5. Error in defining
conditions

Not accurate or wrong
calculation of the value of
a variable

Selecting an inappropriate
block or omitting a
command

Selecting a different
variable in the same
block

Connecting the motors or
the sensors with wrong
ports

Struggling to understand
conditional logic

Wrong calculation of the
distance variable

Omitting a turn command

Instead of distance in rotations,
choosing engine power

The program required
connection to port A, but the
motor was connected to port C

Struggling to debug an error
related to conditionals
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6. Error in recognizing Not recognizing a Looking for an error when the
external factors as the cause ~ program free of errors problem was in the assembly
of a program failure

7.3.2 Finding 2: Differences in the common programming errors between
the groups (RQ3.1)

The most common errors for both groups fell under category 1 (error in defining the
value of a variable). Both groups produced a significant number of errors trying to
define a value in a block's variables (see Table 19). Concerning the frequency of each
type of error, we observed that in the structured curriculum group, the errors that had to
do with knowledge about the programming interface, such as category 2 and 3, were
fewer than those made by the unstructured curriculum group (41.66 % versus 31.70%).
We also noticed that category 2 and 3 errors in the later sessions became less frequent
for both groups, as students became more familiar with the programming interface.
Furthermore, looking at the significant amount of category 5, the students from both
groups struggled to define and understand conditional logic, such as if/then and wait

until commands.

Table 19: Common programming errors by group

Common errors Structured group Unstructured group

N of errors % N of %
errors

1. Error in defining value in variables of a 10 24.40% 24 33,33%

block.

2. Error in selecting the correct block or the 7 17,07% 16 22,22%

exact sequence of blocks.

3. Error in selecting the appropriate variable 6 14,63% 14 19,44%

of a block needed for the robot to operate as

intended.

4. Error in matching a motor or a sensor to 6 14,63% 5 6,95%

the correct port.

5. Error in defining conditions. 8 19,51% 11 15,28%

6. Error in recognising external factors as 4 9,76% 2 2,78%

cause of programme failure

Total 41 100% 72 loow
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A big variation in the frequency of errors between the two groups was also observed.
Students in the unstructured curriculum group generated more bugs (72) than the
structured group (41). We first applied normality (Shapiro-Wilks), and variance
(Levene) controls on the data. The results showed statistical non-significance,
suggesting that the data come from normal distributions and populations with the same
variance, therefore being suitable for parametric test analysis. The average number of
errors per session was computed in order to examine the differences between the
groups. The unstructured group showed a higher mean number of errors per session (see
Table 20). Then, an independent sample t-test was conducted to compare mean error
scores between the groups. The results revealed that the unstructured curriculum group
(M =9, SD = 2.12) had a statistically significant higher mean number of errors than the
structured group (M =5.13, SD = 1.90); t (14) = 3.60, p = 0.003. These results suggest
that a structured curriculum results in students producing fewer programming errors

than a constructionist one.

Table 20: Descriptive statistics of errors by group

Group Number of errors Mean SD
Structured 41 513 2.03
Unstructured 72 9 2.27

7.3.3 Finding 3: Debugging skills (RQ3.1)

The assumptions for parametric test analysis were also met in the case of the debugging
test. Therefore, an independent samples t-test showed that students in the structured
curriculum group outperformed their counterparts in the unstructured group (see Table
21), in terms of finding (t (33) =2.17, p<0.01) and debugging (t (33) =3.58, p<0.01)
errors in a program. These outcomes suggest that a more structured learning
environment may be more effective in promoting students' ability to find and debug

programming errors.
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Table 21: Student debugging test scores by group

Structured group Unstructured group

Mean SD Mean SD
Post-debugging test scores 72.8 9.91 60.63 11.07  3.26**
Found the error 39.73 6.17 32.18 5.85 2.17**
Proposed a solution (Debugging)

33.16 4.65 28.45 6.30 3.58*

Note. *p<.05, **p<.01

7.3.4 Finding 4: Student engagement (RQ3.1)

The engagement survey data showed that both groups appreciated and enjoyed the ER
learning experience with mean scores well above the midpoint (see Table 22). In the
case of the engagement survey, the sample violated the normality criterion. Therefore,
the non-parametric Mann-Whitney U test was applied. Results showed that the
unstructured curriculum group (M=3.91, SD=0.38) exceeded their counterparts in the
structured curriculum (M=3.65, SD=0.33) in terms of emotional engagement; this
difference was statistically significant (U (33) =54.5, z=-2.46, p<.05). Students from the
unstructured group (M=4.02, SD=0.44) also had a statistically significant higher mean
score on the dimension of social engagement than the unstructured group (M=3.45, SD=
0.37); U (33) =58.2 z=-3.27, p<.05. There were no significant differences in cognitive

and behavioral engagement between the two groups.

The additional evidence provided by the focus groups was consistent with the
quantitative data, demonstrating a positive level of student engagement. Students
showed their cognitive engagement by describing the exchange of ideas and
explanations in their groups. For example, one student noted: “It was a nice activity. We
were required to discuss and explain our ideas to group members. Then we agreed on a
plan, and then we had to apply it” (Unstructured group, Participant 5). The same theme,
indicating cognitive engagement, was documented in this statement: “At the beginning
of the sessions, we had help from the worksheets or the teacher, but in the final

challenges, we were alone. We had to apply what we had practiced earlier. It wasn’t so
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easy because it was a different challenge, so we had to think of what we needed to do

and how we could do it” (Structured group, Participant 1).

Table 22: Comparison of engagement between the two groups

Structured Unstructured group
group z
Mean SD Mean SD
Cognitive engagement 3.74 041 3.66 057 0.25
Behavioural engagement 3.82 0.38 3.76 0.38 0.23
Emotional engagement 3.65 0.33 3.91 0.38  -2.46*
Social engagement 345 0.37 4.02 044  -3.27**

Note. *p<.05, **p<.01

Students showed a high level of behavioural engagement, reporting that they fully
participated in the experience without losing focus and highlighted that this was
something that they had never done before. One participant noted: "1 was really focused
on what I was doing throughout; I wasn 't distracted by other things or thinking about

other things" (Structured group, Participant 2).

Participants demonstrated emotional engagement by expressing happiness and interest.
For instance, one participant noted. “We were so pleased! When you see the robot
complete the activity the way you wanted it to, you feel happy” (Unstructured group,
Participant 3). Another student said: “It was exciting, and I loved the robots. I asked my

mother to buy one to practice at home” (Unstructured group, Participant 2).

It was observed that one reason that the structured group did not feel as emotionally
engaged was their inability to choose the way they could work during the first phase of
each session. As one child said: “the first part of the lessons was boring; we had to
follow instructions. The second part was better; we could do what we wanted to address
the challenge. ” The second source of emotional disengagement was observed in both
groups, who expressed anger and frustration at dealing with programming errors. For
example, one participant noted: “Sometimes we were frustrated when we came up
against obstacle after obstacle. We would find an error in our programme, solve it, and
carry on. Then, something else, another error, the robot was not moving as we had

planned. ”
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Students in the structured group did not report any cases of collaboration or working
with others, which would allow for social engagement, except one statement which
described a failure of members to work as a group, as they fought over who would be
the programmer. Students in the unstructured group, on the other hand, frequently
referred to social engagement. Two notable sources of students' positive social
engagement were identified. The first was good teamwork, and the second, the respect
and acceptance of the ideas and contributions among group members. For example, one
participant noted: “I felt comfortable with my team. We worked very well together, and
we knew our responsibilities. When there was a problem, we tried to figure it out by

expressing our ideas. ”

These qualitative results are consistent with the quantitative results of the survey, which
demonstrated a higher level of social and emotional engagement for students in the
unstructured group. One would expect that since the unstructured curriculum group had
produced more bugs, it would also have a lower level of social and emotional
engagement. However, this didn't happen; in fact, those errors may have had a positive
effect on the students' efforts to cope with the challenge, promoting emotional

engagement and social interaction.
7.3.5 Finding 5: Group metacognition (RQ3.2)

First, un-weighted mean scores were calculated for scales and subscale. Then, scale’s
internal consistency was investigated. Cronbach’s Alpha for each of the four dimensions
of the scale was .74, .82, .77, and .76, respectively, and the scale's overall value was .85.
Table 23 shows the descriptive statistics for the two conditions pre-post GMS test

Scores.

A Mann-Whitney U test was used to identify any potential differences between the two
conditions in students’ pre-test scores, taking into account the small sample and the not-
normal distribution of the data. The results showed that there were no statistical
differences in pre-test scores (z = -0.515, p = 0.607), indicating that students had not
difference in their perceived group metacognition before the intervention (Table 23). A
comparison of students’ scores in the structured curriculum condition, before and after
the intervention, using the Wilcoxon signed-rank test statistical analysis, indicated that

students in the structured curriculum condition improved their scores from pre to post
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testing; this difference was statistically significant (z = -3.367, p < 0.001). The same test
for the unstructured curriculum condition showed that students did not improve their
scores from pre- to post-testing to a statistically significant degree (z=-1.31, p>0.001
p=0.19). To further examine the comparison of the differences between the post-test and
pre-test scores in each condition, normalized learning gains were computed i.e., (Post-
test scores — Pre-test scores)/ (100% — Pre-test scores). Differences in students’
normalized gains between the two conditions were examined using the Mann-Whitney
U test. Results (Table 23) showed that there were statistically significant differences

between the students’ normalized gains in the two conditions (z = -3.56, p < 0.001).

Table 23: Pre-test scores, post-test scores and normalized gains on group metacognition

Condition 1 Condition 2
Structured curriculum Unstructured curriculum z
Mean SD Mean SD
Pre-test scores 3.23 .68 3.29 .79 -0.515
Post-test scores 3.71 74 3.37 74 -3.735**
Normalized gains 0,27 .15 0,05 21 -3.560**

Note. * p < 0.05, ** p < 0.01.

7.3.6 Finding 6: Collaboration quality (RQ3.2)

A Mann-Whitney U test was used to identify differences between the conditions in
terms of collaboration quality. The results (Table 24) showed that students in the
structured curriculum condition demonstrated higher levels of collaboration quality than
the students from the unstructured curriculum condition; this difference was statistically
significant (z = -2.484, p < 0.001).

Table 24: Comparison of Collaboration Quality between the two conditions

Condition 1 Condition 2
Structured curriculum Unstructured curriculum z
Mean SD Mean SD
Collaboration quality 1.70 0.60 1.37 0.62 -2.48*

Note. * p < 0.05, ** p < 0.01.
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7.3.7 Finding 7: Group cohesiveness (RQ3.2)

A Mann—Whitney U test was also administered to examine potential differences
between the groups regarding cohesiveness. While the perceived group cohesiveness
was slightly higher for the students who participated in the structured curriculum
condition, (Table 25) there was no significant difference between the two conditions (z
=-0.766, p > 0.001, p= 0.444).

Table 25: Comparison of Group Cohesiveness between the two conditions

Condition 1 Condition 2
Structured curriculum Unstructured curriculum z
Mean SD Mean SD
Group cohesiveness  3.79 0.52 3.69 0.46 0.766

Note. * p < 0.05, ** p < 0.01.

7.3.8 Finding 8: A micro-ecological approach (RQ3.3)

To understand how the CSCL ecology is shaped from a metacognitive perspective, we
looked at a student group within the unstructured curriculum condition in the course of
session 4, using the micro-ecological approach proposed by Borge and Mercier (2019).
Figure 22 presents a description of the narrative events that emerged at the three levels
of cognition (community, group, and individual). In this diagram, the event’s time
appears on the horizontal axis, while the three levels of cognition are listed on the
vertical axis. For instance, at timepoint C12 (Community level at 12th minute), F
(Facilitator) shows the Whole Class (WC) how to connect the Robot (R). The episode

here focuses on metacognitive events that took place in Student Group 5.

The goal of the challenge of this session was to programme the robot to move on a
square without a gyro sensor. In Figure 22, we can see the facilitator (F) at timepoint C1
introduce the learning goals and give a brief description of the challenge. Since this was
only the second time that the groups tried to connect the robot to the tablet on their own,
we were unsurprised at the inability of two groups to do so, at timepoint G6 and G11.
Group 5 asked for help (G6). The Facilitator checked and solved the problem (G9).
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Then, Group 7 has the same issue (G11) and Student A from Group 5 helped them to
overcome the problem (G12). As two of the groups faced the same problem, the
facilitator (F) thought it best to act at the community level and explain to the whole
class (WC) how to connect the Robot (timepoint C13). At timepoint G14, the groups
were all ready to use the materials and proceed with the challenge.

While the facilitator (F) started to walk around observing the student groups (115),
Group 5 started discussing the purpose of the challenge and forming a plan. All group
members contributed to this discussion. First, student D (timepoint I15) summarised the
purpose of the task and then contributed a key idea (planning). The idea was to
programme the robot so that it repeated an action four times: to “move forward and then
turn 90 degrees to the left”. He added that they should find the correct value to turn
exactly 90 degrees. He went on to suggest finding the value of the turning variable first.
Student L (timepoint 116) added a metacognitive judgment about the difficulty of the
activity (evaluating), pointing out that “this is an easy activity, and we could finish up
fast”. M, although at first seeming to agree with D, suggested that they should
programme the two repeating blocks first and then try to find the required value to turn
exactly 90 degrees (timepoint 117). D then supported his idea, stressing that it would be
easier for them to control one block instead of eight (118). Later, student C expressed a
sense of knowing how to create the programme (knowledge of cognition) and put

himself forward to be the group programmer (timepoint 121).

It seems that the individual level is the basis for what happens on a group level, as
indicated by these episodes. For example, if D had not made that contribution, then
subsequent events would be different at the group level. These individual contributions
led to events at a group level. At timepoints G21, G22, and G26, respectively, Group 5
determined the project requirements, decided on the planning and the roles within the
group. G21 and G22 were therefore events that occurred due to D's contributions, while

the G26 occurred due to C’s contribution, again at an individual level.

The Facilitator (timepoint C35) pointed out at a community level the importance of
observing the robot's movements to identify and correct errors. At timepoint G37, the
group produced a code and tested it on the mat. The result was poor, as they didn't
calculate the turning variable accurately. Then, student D (timepoint 140), considering

the Facilitator's prior advice, while observing the movement of the robot, suggested
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some changes to the code in order to have more accuracy (monitoring). He noted that
the robot was turning more than 90 degrees, making each turn more inaccurate. He
suggested reducing the turning variable (monitoring in terms of detecting and correcting
errors). This individual metacognitive monitoring contribution affected the decision of
the group (timepoint G42) as the other group members did not disagree and did not ask
for further explanations, expressing generic responses of agreement instead.

Next, Group 5 rotated the roles within the group (G51). At the group level, the new
programmer (D) asked the previous student who had held that position (C) some details
related to the turning variable (G53); the group proceeded to make some changes to the
last version of the code and produced a new one for testing (G61). The execution was
quite accurate, and so Group 5 was able to present the execution on a community level
(C65).

This micro-ecological analysis makes evident the role that individual students played in
promoting metacognition from an individual level to the group level. It gives us a
multifaceted dimension of what was happening in the classroom and facilitates an
understanding of the progressive interactions on the three different levels from a

metacognitive perspective.

7.3.9 Finding 9: Emerging themes

Consistent with Cycle 1 embodiment was an essential part of children’s interactions
across the sessions. We identified two emerging themes from the observations: (i)
embodied explanation/reasoning and (ii) embodied expression of knowledge.

7.3.9.1 Embodied explanation/reasoning

This theme explored examples where students used their bodies when they explained or
represented processes in support of communicative and interactional goals. When
responding to the robot’s actions, students often developed their explanations in an
elaborate manner. This elaboration often involved more than one idea and was typically
accompanied by visible physical actions. In addition, this elaboration regarding the
observed outcomes of an execution of the program, served as a communication channel

among group members. Figure 20 shows a sequence of actions that accompanies such
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elaboration. For example, the girl in Figure 20 shows an embodied representation of the
robot’s action. She elaborated on that the robot should have turned more, with a steeper
turn. The other girl agreed and suggested to program the left wheel to move faster than
the right so that it turns more sharply. Therefore, the embodied explanation here had a

dual role. The representation and explanation of the robot’s moves and a social act, the

communication of the results with teammates.

Figure 20: Embodied representation of the robot's moves

7.3.9.2 Embodied expression of knowledge

This theme encompasses instances when children engaged their body simultaneously
with thinking and talking about mathematical knowledge. For example, the student in
Figure 21 embodied her explanations of mathematical properties using her feet as a unit
for measuring the length. The girl expressed her knowledge on mathematical
measurement showing that the length can be measured using standard units such as
centimeters or meters or by non-standard units like a handspan, foot span, etc. In
addition, the creation of powerful expertise is obvious here. The student seems to have
realised, through her experience, by engaging in such activities, that approximately one
rotation of the robot wheels covers the same distance as the length of her foot.
Furthermore, in Figure 21(right) for example, the boy tries to explain to his teammates
the idea of a loop. He used his fingers to explain the idea, making a circle with his
fingers in order to describe the repetition of a sequence of instructions. The boy here
tried to explain the powerful idea of loop using his own mental model regarding the
idea.
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Figure 21: Embodied expression of knowledge
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Figure 22: Diagram of the events at the three levels of cognition: community (C), group (G), and individual (I)
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7.4 Discussion

This study posits that a critical factor for successfully integrating robotics in education
Is the curriculum structure. The role of the curriculum structure for successful
technology integration remains relatively unexplored in ER. To our knowledge, this is
the first time that a study examines this topic, as prior studies focused on the level of
guidance in a constructionist learning environment (e.g., Atmatzidou et al., 2018) or
compared the social aspects of learning, such as collaboration and social interaction
(e.g., Leeetal., 2013).

First, to answer RQ3.1, the common programming errors made during block-based
programming were documented. The list can be used by educators and researchers in
teaching students how to debug programming errors. It might be useful for primary
students to be provided with such a list in the introductory sessions of ER projects in
order to generate a hypothesis for debugging and help them learn how to debug. From a
constructionist point of view, however, that would not be appropriate; it would be better
to let students make the error, recognize it on their own, and come up with inventive
ways to solve it, allowing them to engage in an active process of knowledge
construction. According to the results of this study, a structured curriculum is needed
for students in this age group to be able to come up with inventive solutions to their
bugs. Four of the six common errors (i.e., categories 1, 3, 4, 6) were similar to those
found in a study with early childhood pre-service teachers conducted by Kim et al.
(2018). It seems that the types of errors that novice learners produce in a block-based

programming environment tend to be similar, regardless of age.

Subsequent analysis of student errors showed a significant difference in the frequency
of errors between the two groups. Students who participated in the unstructured
curriculum class made errors far more frequently than students who participated in the
structured curriculum class. These results demonstrate the superiority of the
instructionist approach as it is more effective in teaching essential aspects of the
programming interface and familiarising students with the programming environment's
functions. It makes sense; if you are allowed to explore on your own, you will make
more errors. The procedure of solving an error (debugging) is considered as a problem-

solving situation that students should experience and resolve productively. On the other
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hand, if students are exposed to too frequent programming errors, this might become a
source of frustration that negatively impacts their engagement.

The debugging test results indicated that the structured curriculum condition
outperformed the unstructured condition to a statistically significant degree in terms of
finding and debugging an error. It can be assumed that the direct instruction (the teacher
taking a more instructive role and using worksheets) gave the structured group an
advantage in terms of debugging. As the unstructured group students were exposed to
more frequent programming errors (higher number of errors), one would perhaps expect
them to have become more adept at debugging the errors and therefore score better in
the debugging test. This did not turn out to be the case. Repeated errors by the
unstructured group did not lead to better debugging. The structured curriculum students
were stronger debuggers; notably, though, this was because they had stronger content
knowledge, as a result of the direct instruction, and not because they were more skilled
at debugging. In summary, the results suggest that students could benefit more from a

structured curriculum in order to become better debuggers.

When focusing on engagement, students who participated in the unstructured
curriculum group reported statistically significant higher levels of emotional and social
engagement than the students in the structured group. This finding is aligned with prior
research efforts (albeit not in the ER area), indicating that students who participate in
student-centered environments might experience higher levels of emotional engagement
compared to those having had teacher-centered approaches (e.g., Wu & Huang, 2007).
The higher frequency of errors made by the unstructured curriculum group should have
harmed the students' emotional engagement. On the contrary, it seems that their
freedom to experiment and explore trumped the frustration caused by the high
frequency of errors. Another suggestion is that students saw the errors as a challenge,

which positively affected their emotional engagement.

Regarding the higher levels of social engagement in the unstructured curriculum group
than the structured curriculum group, this finding is consistent with that of Sullivan and
Bers (2013). They showed that using an unstructured ER curriculum was linked to more
collaboration than a structured curriculum. Therefore, the unstructured group produced
a greater amount of social interaction, which was reflected in their social engagement

level. That said, the higher level of social engagement seems not to have had an impact
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on the students' learning achievement, as it became evident from the debugging test
scores and the overall frequency of programming errors made by the two groups.

In consistent with previous empirical studies, this study provided evidence supporting
the positive effect of ER activities on students' group metacognitive processes. Going a
step further, this study provides empirical substantiation that students who participated
in the structured condition were more highly involved in group metacognitive processes
than the unstructured condition. This finding extends previous studies' results (e.g.,
Atmatzidou et al., 2018) by moving from individual metacognition to group
metacognition, thus addressing the role of regulated social behaviour during
collaborative activities. We posit that the focus on individual regulation of learning is
insufficient for understanding learning that takes place in social contexts and, in
particular, in CSCL environments. In addition, the study of Atmatzidou et al. (2018)
investigated the development of metacognition in the context of ER activities,
implementing different modes of metacognitive guidance in the comparison groups. In
this study, we demonstrated that metacognitive support could be introduced through the
level of structure of the curriculum. According to the results of this study it seems
possible to provide metacognitive support for group members in CSCL in the form of a
more structured curriculum with a combination of structured and unstructured ER
activities. In short, what we suggest in this study is that balance is the key. We suggest a
more structured environment at the beginning of each session followed by a challenge
which gives students more freedom to explore and investigate solutions in a less

structured way.

Furthermore, the results showed that students from the structured curriculum condition
produced higher levels of collaboration quality than the unstructured curriculum
condition. This outcome is contrary, to some extent, to that of Lee et al. (2013), who
found that the unstructured condition was linked with more collaboration than the
structured curriculum. It should be noted, however, that Lee et al. (2013) had focused on
the amount, as opposed to the quality, of peer collaboration. In their study, both groups
ended up with similar quality of the final projects. Therefore, the type of the curriculum
did not have an impact on the quality of collaboration and the concepts and skills
learned. In contrast, in our study, the type of the curriculum had an impact on the

quality of collaboration. As claimed by Dillenbourg (1999), it remains uncertain

129



whether unstructured collaborations can produce interactions that would trigger
learning. It seems that our structured curriculum condition triggered more meaningful
social interaction than what was seen in the unstructured curriculum condition. It seems
possible that the acquired knowledge from the preparatory activities before the session’s
challenge had a positive effect on the quality of collaboration, which in turn triggered
group metacognitive processes. Furthermore, in contrast with our research, which was
conducted in an authentic educational setting, the study of Lee et al. (2013) was
conducted in a laboratory setting. This fact may justify the different results found in the
two studies. In short, these results suggest that designing a structured curriculum with
some preparatory activities, combined with guided experimentation at the beginning of
each session, would produce a noticeable increase in the collaboration quality among

group members.

Surprisingly, no significant differences between the two conditions were identified in
the students’ perceived group cohesiveness. Students in both conditions had positive
perceptions about their group and other group members. Therefore, the "curriculum
structure,” as an independent variable, seems not to influence group cohesion. As the
structured curriculum condition had higher levels of group metacognition and
collaboration quality, we expected the same to happen for group cohesiveness, but that
was not the case. A possible explanation for this may be that the freedom given to
students in the unstructured curriculum condition to experiment and explore the
challenge on their own produced a commitment to the work of the group, and this had a
positive effect on group cohesion.

Examining group interactions from a more ecological approach (see Figure 22) allowed
us first to overview what was happening in the classroom on the individual, group, and
community levels of cognition and second, to see the critical role of the individual for
the group level. Individual metacognitive contributions that appeared at an individual
level had a systemic impact on the group work's progress. Particular metacognitive
contributions largely determined group planning. In short, this investigation supports
that individual metacognition is the basis for the evolution of group metacognition.
These findings provide empirical evidence on prior claims supporting that
metacognition is a socially shared phenomenon (e.g., liskala et al., 2004).
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8 Discussion

The overarching goal of this work was to explore how ER can support students’
development of metacognitive thinking and collaborative knowledge construction. This
chapter discusses the findings of this work, providing meaningful insights into the use
of ER in authentic classroom environments. Specifically, in this chapter, we link the
results of the three DBR cycles of work to previous research and present an overview of
outcomes and concluding remarks. The chapter includes a summary of the contribution

of this work along with directions for future research.
8.1 Introduction

By demonstrating how ER can be used in real educational contexts to support students'
metacognitive thinking and collaborative knowledge construction, this work provides
theoretical ideas and detailed instructions that can guide educational practice. Based on
the overarching goal of the work, a set of research questions were addressed in three
DBR cycles. Each of these cycles operates with one another to inform theory and
strengthen the design of a theory and practical guidelines on the use of ER as a tool for

promoting thinking skills.

Cycle 1 (Chapter 5) described primary school students’ patterns of knowledge
construction and unravelled the collaborative interactions among students as they
engaged in collaboration and co-construction of shared understanding using ER. The
results from this first cycle indicate the effectiveness of ER to engage students in
collaborative knowledge construction and suggest three conditions under which this
process can be promoted. In addition, this cycle helped to unfold the elements of
collaborative knowledge construction, identify metacognition as one of the main
elements of this process and point out the instrumental role of the technology in

supporting students’ group metacognitive thinking.

Cycle 2 (Chapter 6) examined how ER can serve the learning process as metacognitive
tools, supporting and promoting students’ metacognition in the context of elementary
STEM education. We explored which elements of metacognition seem to be positively
impacted via ER activities and examined students’ learning gains in terms of

mathematical problem-solving. The findings demonstrated that students developed their
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metacognitive and mathematical problem-solving skills through ER activities.
Furthermore, the regulatory and self-control dimensions (such as planning, monitoring,
and debugging strategies) were activated more than the knowledge dimensions. Given
the encouraging results, one might suggest that ER activities can be a vehicle to the

development of metacognitive skills in elementary education.

Cycle 3 (Chapter 7) focused on revealing the effect of different curriculum structures
using ER in CSCL, focusing on (a) the frequency and type of programming errors made
by students in block-based programming, (b) their ability to find and debug errors, (c)
their engagement in the learning process, (d) their group metacognition, (e)
collaboration quality and (f) group cohesiveness. The results showed that the choice of
the curriculum structure to technology curriculum design could significantly impact
learning. While the type of errors was the same in both curriculum structures, the
frequency of errors was different. The unstructured curriculum group produced more
errors and scored lower in debugging programming errors. In contrast, the students of
the unstructured group expressed higher levels of engagement. Moreover, our findings
indicate that a structured curriculum could result in increased group metacognitive
processes and higher levels of collaboration quality. Hence, we argue that ER is a useful
metacognitive tool whose learning benefits can be maximized through a structured
curriculum using pre-designed tasks, in combination with guided experimentation at the

beginning of each session.

The following sections of this chapter provide a comprehensive response to each
research question and offer a set of implications and useful insights that can help
researchers and practitioners use ER effectively to promote students' metacognitive
thinking (group and individual), mathematical problem-solving, debugging skills,

collaboration quality and engagement.
8.2 Addressing the research questions of this work

Within the chapters of this dissertation, we have addressed the research questions of the

work organized in three DBR cycles, as seen in Figure 23.
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Cycle 1: Patterns of
collaborative
knowledge
construction in an ER
learning environment

RQ1.1: How ER might be
effective in engaging students
in collaborative knowledge
construction?

RQ1.2: Under what conditions
can collaborative knowledge
construction be promoted in
the ER learning environment?

RQ1.3: What are the elements
of collaborative knowledge
construction evident in the ER
learning environment?

RQ1.4: How does ER help to
activate group metacognitive
processes?

RQ1.5: What is the
relationship between
collaborative and
metacognitive talk as evident
in the ER learning
environment?

Cycle 2: The added
value of ER in
promoting
students’
metacognitive
thinking

RQ2.1: Can ER activities
improve students’
metacognitive thinking?

RQ2.2: What dimensions of
metacognition are more
impacted by ER

RQ2.3: How can ER
activities promote students’
skills related to logical-
mathematical problem-
solving?

Cycle 3: The effect
of a structured
VEersus an
unstructured ER
curriculum

RQ3.1: Are there differences
between the groups in the
type and the number of
programming errors, their
ability to identify and debug
errors and their levels of
engagement?

RQ3.2: Are there differences
between the groups in
students’ perceived group
metacognitive processes,
their group cohesiveness,
and their collaboration

quality?
RQ3.3: How is the CSCL

ecology shaped from a
metacognitive perspective?

Figure 23: Research questions of the three cycles

8.2.1 [RQ1.1] How ER might be effective in engaging students in

collaborative knowledge construction?

We addressed the effectiveness of ER in terms of collaborative knowledge construction
in the STEM field. The analysis of qualitative data in Cycle 1 revealed that children
experienced high levels of collaborative knowledge construction. Most verbal
interaction (over 50%), was coded in higher knowledge construction levels such as KC-
3 and KC-4 levels. Students spent most of their verbal interaction in negotiating the

meaning, building on previous statements, creating solutions, and testing or modifying
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their new synthesis against existing knowledge, personal experience, and data, with the
prospect of finalizing their synthesis. The increased percentages of the coded interaction
to the higher levels of knowledge construction, when compared to previous computer-
mediated communication and CSCL studies (loannou et al., 2015), lead us to
hypothesise that ER might have encouraged knowledge construction at these higher
levels, perhaps because of the hands-on experimentation and embodied interaction with
the physical robot. A closer look at the chronological diagrams showed that the stage of
“Execution of Plan” was tightly coupled with higher levels of knowledge construction.
This finding confirms previous evidence about ER promoting collaborative knowledge
construction (Chambers et al., 2007). In addition, the analysis of the data demonstrated
some features of the technology and teamwork which seem to have a positive effect on

the construction of higher levels of collaborative knowledge construction.

8.2.2 [RQ1.2] Under what conditions can collaborative knowledge

construction be promoted in the ER learning environment?

This research question was addressed through content analysis of students’ discourse
and interactions with their peers, the teacher, and the robot during collaborative
problem-solving with ER. Students’ discourse was coded based on the levels of
collaborative knowledge construction. The results demonstrated three elements of ER
and teamwork that can promote collaborative knowledge construction. First, the results
indicated that when students interacted with the physical robot to execute their plan,
they engaged in higher knowledge construction levels. Hence, the physical and
embodied interaction with the robot can be considered as a condition (or as an element
of the technology) that supports the process of “conversation with the robot,” through
which students can be involved in the construction of new knowledge. Second, it
appears that assigning roles to teammates and serving these roles enabled fair
contribution, individual accountability, and social interdependence leading to better
quality discourse and knowledge construction. Therefore, fair contribution by
teammates adhering to predefined roles is a second condition that is linked to higher
levels of knowledge construction. Third, cognitive dissonance is linked to higher levels
of knowledge construction. Cognitive dissonance was less often related to the

disagreement between the teammates and more often related to the robot’s failure to
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perform the expected outcomes during the execution of a planned strategy. In this case,
the students had to reconsider their strategy. The robot and its failure to deliver the
expected result was a mediator to discovering cognitive dissonance or inconsistency; the
latter was a time-consuming process that teammate struggled to overcome.
Nevertheless, when the group overcame this stage, they engaged in higher levels of
knowledge construction. Overall, the findings from RQ1.2 demonstrated elements of
ER and teamwork that can be used to promote collaborative knowledge construction in
an educational learning environment. Educators can use these findings to develop
interventions to assist students in engaging in higher levels of knowledge construction
using ER.

8.2.3 [RQ1.3] What are the elements of collaborative knowledge

construction evident in the ER learning environment?

The results from this research question presents evidence that CSCL activities using ER
can engage students in collaborative knowledge construction with prevalent elements of
metacognitive processes, questioning, and answering. Indeed, students’ discourse
demonstrated logical reasoning coupled with metacognitive statements enabling the
students to predict and to plan the flow of actions required to solve the problem.
Monitoring elements of metacognition seem to be activated in an ER learning
environment, engaging students in the process of exploration for the acquisition of
knowledge. The large volume of monitoring elements of metacognition can be
explained as the ER’s value in encouraging procedural knowledge rather than
declarative knowledge i.e., student learning by doing and understanding strategies of
problem-solving rather than concepts. During the ER activity, intensive collaboration
was enacted in the form of questioning and answering while metacognition was enacted
in the form of monitoring and planning. Many researchers have identified questioning
(e.g., Hmelo-Silver & Barrows, 2008) and reflective thinking (e.g., Baker & Lund,

1997) as important kinds of discourse in knowledge building situations.
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8.2.4 [RQ1.4] How does ER help to activate group metacognitive

processes?

Investigating the use of ER in an authentic classroom, we observed that metacognitive
elements were activated through (a) embodied interaction with the physical robot, (b)
transparency, and (c) interactivity. The physical presence of a robot enables students'
physical action and simulation of its' expected actions. This seems to encourage
expression and personal involvement in the learning process, whilst promoting
teamwork, which is vital for the metacognitive process. Also, the transparent software
design allowed the students to program and reprogram the robot easily. This opportunity
to easily modify their programs enabled students to interact with each other, defend
their ideas and build on previous contributions and thus activated group metacognitive
processes. Furthermore, the direct interactivity (feedback) coming from the robot's
moves in response to students' programming facilitated the group's metacognitive
thinking. In fact, when the robot failed to perform the expected outcomes, monitoring
and planning elements of metacognition were documented. Metacognition was
necessary for students to understand how the tasks were performed and to be able to
identify problems, negotiate modifications, and operating changes to solve the
problems. Therefore, the embodied interaction with the physical robot, combined with
feedback coming from the robot and the interactivity, acted as an extension of students'
minds, scaffolding knowledge construction. From this perspective, these results showed
that ER could be considered as "scaffolding embedded technological tools™ (Chambers
et al., 2007).

8.2.5 [RQ1.5] What is the relationship between collaborative and

metacognitive talk as evident in the ER learning environment?

Our qualitative dataset, in combination with the use of the chronological diagrams, has
provided some initial evidence for a temporal relationship between collaborative and
metacognitive talk. Metacognitive and collaborative talk appear to mediate each-other
in this CSCL, ER setting. In particular, a pattern of a temporal relationship was
observed in our chronological diagrams; metacognitive and collaborative talk followed
each other in our chronological diagrams. Most of the time, when one of the two

appeared, then the other followed. This finding confirms previous evidence that
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collaborative talk may mediate the use of metacognitive talk, which in turn is associated
with improved learning outcomes (Smith & Mancy, 2018).

8.2.6 [RQ2.1] How does ER help to activate group metacognitive

processes?

In accordance with prior empirical studies (La Paglia et al., 2011; Atmatzidou et al.,
2018) the results from this research question provided evidence supporting the positive
impact of ER activities on students’ metacognitive thinking. Our teaching procedure can
be considered as a low coercion approach for students’ metacognitive training. In
contrast with the study of Atmatzidou et al. (2018) in which they found an improvement
on students’ metacognitive skills only in “strong guidance” groups, we found that
metacognition can also take place with a minimal guidance approach. This finding
further emphasizes the instrumental role of the technology in supporting students’
metacognitive processes. The improvement in students' metacognitive thinking in the
experimental group is seen as a collective result of the technology use, group work,
teacher's interventions, and the nature of the activities. However, we think that the role
of the technology was instrumental since it enabled a spontaneous 3-stages problem-
solving process (understanding the problem, planning, executing, and evaluating) which
can be considered by itself as a metacognitive learning protocol.

The collection of evidence of students’ metacognitive processes by assessing students’
judgments of their own performance (calibration), demonstrated that there was a
statistically significant increase for students’ accuracy on prediction judgments and
postdiction judgments from pre-testing to post-testing in the experimental group. The
ability to judge one’s performance has been conceptualized as an expression of
metacognitive monitoring (Boekaerts & Rozendaal, 2010). We, therefore, replicate the
previous finding about the positive impact of ER activities on students’ abilities to
monitor their own learning. Possibly, that is because ER activities are based on
procedural knowledge and engage students naturally in the process of exploration for
solving a problem; yet further research is needed to fully understand what elements of

ER contribute to students’ metacognitive thinking.
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8.2.7 [RQ2.2] What dimensions of metacognition are more impacted by
ER activities?

Further analysis of the data derived from the MAI scale demonstrated that ER activities
positively impact more the three regulatory dimensions of metacognition, such as
planning, monitoring, and debugging strategies. These subcomponents are related to
“regulation of cognition,” and ER seems to tackle these aspects of metacognition well.
This finding is in line with the work in Cycle 1, showing that students’ discourse over
ER activities includes a large volume of regulatory and self-control elements such as
metacognitive monitoring and planning (see Table 7). In addition, this finding can be
considered as crucial knowledge for educators who see their elementary students
struggling in solving multi-step problems. Training these aspects of metacognition can
help their students become more effective in solving multi-step problems in several
disciplines and in general, to become more effective problem-solvers. Since a low level
of guidance was applied, this improvement cannot be explained beyond the role of ER
as “scaffolding embedded technological tools” (Chambers et al., 2007).

8.2.8 [RQ2.3] How can ER activities promote students’ skills related to
logical-mathematical problem-solving?

The data derived from student responses to the VisA instrument showed that students'
who participated in the ER activities benefited more in mathematical problem-solving.
In agreement with the prior work (e.g., Korkmaz, 2018), the results demonstrated a
statistically significant increase in students' ability to solve logical-mathematical
thinking problems only for the experimental group. It should be noted that our ER
activities were not specifically aimed at improving students' abilities in mathematical
problem-solving; instead, they were more about STEM and programming concepts.
Therefore, students' improvement in solving mathematical problems may have emerged
because of the development of metacognition through ER activities, since
metacognition is strongly related to problem-solving. It becomes evident that positive
results in mathematical problem-solving can be documented via an interdisciplinary
approach to ER activities in elementary education, capable of expanding the curricular

space (loannou et al., 2018).

138



8.2.9 [RQ3.1] Are there differences between the structured and
unstructured ER curriculum groups in the type and the number of
programming errors, their ability to identify and debug errors and

their levels of engagement?

8.2.9.1 Common errors [RQ3.1a]

The investigation of elementary school students’ debugging processes during block-
based programming led to a list of six common errors that they often made. The list is
discussed in the 7.3.3 section, and only the title of each category is included in this
section; (1) error in defining value in block variables, (2) error in selecting the correct
sequence of blocks, (3) error in selecting the appropriate block variable, (4) error in
matching a motor or a sensor to the port, (5) error in defining conditions and (6) error in

recognizing external factors as a cause of program failure.

The list can be used by educators in teaching students how to debug. For example, it
might be useful for primary school students to be provided such a list in the introductory
sessions of ER projects in order to generate a hypothesis for debugging and help them
learn how to debug. From a “productive failure” point of view, however, that would not
be appropriate; it would be better to let students struggle and even fail at tasks.
Nevertheless, the list of errors can be useful for teachers to build the consolidation
phase of discussion around productive failure. Three of the common errors (i.e.,
defining value in block variables, selecting the sequence of blocks, and defining
conditions) in this study were similar to those in other programming studies that did not
include block-based programming nor robots (Chiu & Huang, 2015; Liu et al., 2017).
Furthermore, four of the six common errors (i.e., defining value in block variables,
selecting the block variable, matching a motor or a sensor to the port, and recognising
external factors as the cause of programme failure) were similar to those found in a
study with early childhood preservice teachers conducted by Kim et al. (2018) in block-
based programming with the use of robots. It seems that the types of errors that novice
learners produce in programming environments tend to be similar, regardless of age and

use of tools like robots.
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8.2.9.2 Type and number of programming errors [RQ3.1b]

The data from classroom recordings, tablet screens, and audio recordings and the focus
group interviews for the two groups demonstrated that there were no significant
differences regarding the type of programming errors. Both groups produced a
significant number of errors trying to define a value for a variable. Regarding the
number of programming errors, the analysis results revealed that the unstructured
curriculum group had a statistically significant higher mean number of errors than the
structured group. These results demonstrate the superiority of the structured curriculum
in teaching essential aspects of the programming interface and familiarising students
with the functions of the programming environment. Another important finding was that
the frequency of errors that had to do with knowledge about the programming interface
was lower for the structured curriculum group. It seems that an unstructured ER
curriculum requires students to have more practice in order to get acquainted with the
programming environment. Therefore, these results suggest that learners must have
sufficient prior knowledge about the programming interface in order to experience

productive failure or learning from failure effectively

8.2.9.3 Differences in their ability to identify and debug errors [RQ3.1c]

The results of the debugging test indicate that the structured curriculum condition
outperformed the unstructured condition to a statistically significant degree in terms of
debugging. We can assume that teacher guidance (the teacher taking a more instructive
role and using worksheets) gave the structured group an advantage in terms of
debugging. As the students in the unstructured group were exposed to more frequent
programming errors, one would expect them to have become more adept at debugging
and therefore score better in the debugging test. This did not turn out to be the case.
Contrary to expectations, the failure, in this case, was not productive; repeated errors
(failures) by the unstructured group did not lead to better debugging. Students in the
structured curriculum condition were stronger debuggers than students in the
unstructured curriculum condition; notably, this was because they had stronger content
knowledge because of the structured curriculum and not because they were more skilled
at debugging. In summary, the results suggest that students of this age (8—-9 years old)
could benefit more from a structured curriculum to become better debuggers. These
results are consistent with the findings of Sinha and Kapur (2019), who found that
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productive failure with younger students (Year 2 to Year 5) is relatively ineffective.
Younger students may have insufficient prior knowledge about cognitive and

metacognitive learning strategies to generate solutions on their own.

8.2.9.4 Differences in students’ level of engagement [RQ3.1d]

Students who participated in the unstructured curriculum condition reported statistically
significant higher levels of emotional and social engagement compared to the students
in the structured group. On one hand, this finding confirms the positive effect of ER
activities on students’ motivation and engagement (i.e., Kim et al., 2015; Ruiz-del-Solar
& Avilés, 2004). On the other hand, this finding around engagement levels is aligned
with prior research efforts outside of ER, indicating that, irrespective of the study area,
students who participate in student-centred environments might experience higher levels
of engagement when compared to students having experienced teacher-centred
approaches (e.g., Wu & Huang, 2007). Furthermore, one might think that the higher
frequency of errors made by the unstructured curriculum group should have had a
negative effect on student engagement. On the contrary, it seems that the freedom to
experiment and explore trumped the frustration caused by the high frequency of errors.
This finding is consistent with that of Lee et al. (2013), who showed that using an
unstructured ER curriculum was linked to more collaboration than using a structured
curriculum. In Lee et al. (2013), students in the unstructured curriculum group had more
free time to explore and could easily share what they learned with their peers leading to
a greater amount of social interaction. We can assume that the same happened in the
present study; the unstructured curriculum condition produced a greater amount of

social interaction, and this was reflected in their level of social engagement.

8.2.10 [RQ3.2]: Are there differences between the structured and

unstructured ER curriculum groups in students’ perceived group
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metacognitive processes, their group cohesiveness, and their

collaboration quality?

8.2.10.1 Differences in students’ perceived group metacognitive processes

[RQ3.24]

In consistency with the two previous cycles of this dissertation, the results in Cycle 3
provided additional evidence supporting the positive effect of ER activities on students'
group metacognitive processes. Quantitative data derived from the pre-post GMS scale
showed that students who participated in the structured curriculum group were more
involved in group metacognitive processes than the unstructured curriculum group.
Therefore, this study proposed that ER is a useful metacognitive tool whose learning
profits can be maximized through a structured curriculum using pre-designed tasks, in

combination with guided experimentation at the beginning of each session.

The findings of this Cycle extend previous findings (e.g., Atmatzidou et al., 2018) by
moving from individual metacognition to group metacognition, thus addressing the role
of regulated social behaviour during collaborative ER activities. We support that the
emphasis on individual regulation of learning is inadequate to explain learning in social

contexts.

Going a step further, Cycle 3 provided empirical substantiation regarding when it is
better to provide structure in such environments. Comparing productive failure with
direct instruction, our results do not replicate the positive effect of problem-solving
prior to instruction found by others (Kapur, 2011; Loibl & Rummel, 2014; Schwartz &
Martin, 2004). Contrary to expectations, productive failure, in this case, was not
productive. Therefore, the evidence suggests that an unstructured curriculum is not
effective in promoting students' group metacognition in the context of ER activities in
CSCL.

8.2.10.2 Differences in group cohesiveness [RQ3.2b]

Furthermore, no significant differences between the two groups were identified in the
students' perceived group cohesiveness scale. Therefore, the instructional design here
seems not to influence group cohesion. A possible explanation for this may be that the

freedom given to students in the unstructured ER curriculum group to experiment and
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explore the challenge on their own produced a commitment to the group's work, which
positively affected group cohesion.

8.2.10.3 Differences in collaboration quality [RQ3.2c]

Significant differences between the two groups were identified concerning the quality of
collaboration. The video data analysis from two sessions using a Collaboration Quality
Rubric showed that students from the structured curriculum condition produced higher
levels of collaboration quality than the unstructured curriculum condition. It seems that
the structured ER curriculum group triggered more meaningful social interaction than
what was seen in the unstructured ER curriculum group. Again, our expectations
regarding the benefits of productive failure on student collaboration were not confirmed.
It seems possible that the acquired knowledge from the preparatory activities in the
instruction phase of the structured ER curriculum group before the session's challenge
had a positive effect on the quality of collaboration, which in turn triggered group
metacognition. Therefore, the data reported here appear to support the assumption that
direct instruction in the case of elementary school students working in groups with ER
is more effective than productive failure for developing students' group metacognition.
This result is consistent with the outcomes of Sinha and Kapur (2019). They found that
productive failure with younger students (2nd-5th graders) might not be the best thing to
do as they may have insufficient prior knowledge about cognitive and metacognitive

learning strategies to generate solutions on their own.

8.2.11 [RQ3.3]: How is the CSCL ecology shaped from a metacognitive
perspective?

Examining group interactions from a more ecological approach enabled us to recognize
the critical role of individuals' students, technology, and the problems that emerge from
their interactions in forming a collaborative ecology. We also saw the critical role of the
individual level for the group level as the individual metacognitive contributions have a
systemic impact on the progress of the group work. In short, metacognitive
contributions largely determined group planning. The results from this ecological
approach suggest that individual metacognition is the basis for the evolution of group
metacognition, providing empirical evidence on prior claims supporting that

metacognition is a socially shared phenomenon (liskala et al., 2004).
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8.3 Emerging theoretical ideas

8.3.1 Powerful thinking (or learning to learn as they learn)

Papert (1980) claims that children can recognize different procedures in code,
understand when the code does not work as expected, and use debugging strategies to
improve it. In our study, during the activities, the children worked with programming
concepts and practices to successfully complete their task. The problem-solving tasks
require deep engagement and strategy use to successfully manage the completion of the
task. The children iteratively organized and documented their code. As described by
Papert (1980, p. 28) regarding the Logo environment: “teaching the Turtle to act or to
‘think’ can lead one to reflect on one's own actions and thinking. And as children move
on, they program the computer to make more complex decisions and find themselves
engaged in reflecting on more complex aspects of their own thinking.” In our study, to
come up with a solution, the students had the opportunity to plan, problem solve, code,
debug, collaborate, communicate, and reflect on their coding experience using ER. This
resulted in the improvement of their metacognitive skills as reflected in Cycles 2 and 3
of our research. In addition, the theoretical idea of powerful thinking emerged in Cycle
1 when the students used several verbal metacognitive contributions in order to come up
with a solution to the challenge. This reflection on one’s own actions and thinking, as
described by Papert, is metacognitive thinking and it was obvious in students’ discourse

in Cycle 1.
8.3.2 Powerful ideas

Papert (1980) identified powerful ideas as an integral part of learning with the
computer. He described powerful ideas as central concepts of learning which should be
necessary part of constructionist activities. Papert saw the greatest potential of LOGO as
an incubator of powerful ideas (Papert, 2000). That is, as a tool to engage children in
new ways of thinking and “thinking about thinking” (Papert, 2005). The notion of
powerfulness pervades quite explicitly his first book Mindstorms, as an attribute of 1)
computers as powerful tools; 2) ideas that grow throughout the engagement with the
computer; and 3) children that engage with an activity within the Logo programming

language. As such, a “powerful idea” must be personally and epistemologically useful,
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giving the opportunity to organize a way of thinking, appropriate each time for the
specific task, building on previously gained skills and knowledge. Learners need to be
highly explorative before they gain expertise; therefore, the task they are required to do
needs to be engaging enough in order to commit them to the learning process. In our
study, powerful is an attribute of the expertise gained as students engaged with problem-
solving using ER. The process of problem-solving with ER brought students in touch
with some powerful ideas such as planning a solution, using programming instructions,
debugging and so on. The engagement with the task and especially a correct solution to
a challenge served as a manifestation of students’ progress, as it was tuned with their
goals and enhanced their feelings of self-achievement and self-confidence. The use of
problem-solving in combination with affordances of ER allowed students to engage in a
closer relationship with the knowledge needed for solving the challenge. Students also
enhanced their computer literacy by being oriented to use a specific tool and being

given time to embrace its use.
8.3.3 Social aspect of ER activities

The “social” dimension refers to the role of collaboration in the coding activity.
Students worked in teams of three or four to a given problem using ER. Collaboration
and social interaction for a common goal have many benefits, including interacting with
others, examining different perspectives, expressing understandings, and interpreting
things differently. During the coding activity with ER the students were encouraged to
work collaboratively. The process also offered the opportunity to the participants
through a debriefing phase to demonstrate their solutions to the whole class and reflect
on them. Collaboration was primarily examined between the members of the groups but
also among the different teams. In Cycle 1 we found that fair contribution by teammates
adhering to predefined roles was linked to higher levels of knowledge construction. We
found that collaborative knowledge construction was more evidenced in some groups
than others. This case made us hypothesize that lack of within group interaction might
have hindered collaborative knowledge construction. We therefore took a closer look at
videos and chronological diagrams of all groups to pinpoint patterns of collaboration in
relation to collaborative knowledge construction. We found that in three groups all
teammates were active participants in the learning process, whilst they participated
fairly, adhering to their predefined roles. Instead, members of one group, did not serve
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their predefined roles and did not participate fairly in the tasks which seems to have led
to failure in engaging in collaborative knowledge construction. It therefore appears that,
assigning roles to teammates and serving these roles enabled fair contribution,
individual accountability, and social interdependence (Johnson et al., 1991) leading to

better quality discourse and collaborative knowledge construction.

Furthermore, using a more fine-grained analysis of the phenomenon at the same cycle
we found that intensive collaboration was enacted in the form of questioning and
answering while metacognition was enacted in the form of monitoring and planning. In
Cycle 3 regarding the social aspects of ER activities we found that the structured
curriculum condition produced higher levels of collaboration quality than the
unstructured curriculum condition. It seems that the structured curriculum group
triggered more meaningful social interaction than what was seen in the unstructured

curriculum group.
8.3.4 Embodied interaction

Advanced digital technology has been increasingly used to develop environments that
support embodied learning. Such environments are designed to develop perceptual and
cognitive structures and processes by prompting learners to engage in physical actions.
As such ER provide a rich environment for embodied interaction. The physical presence
with embodiment seems to be a defining feature of ER. The vision of Papert (1987) for
introducing powerful ideas (math and science concepts) through programming was to
expand their views “beyond the screen” by targeting on the physical presence of robot.
This distinguishes ER from other digital tools such as virtual agents (i.e., animated on-
screen characters) and mobile devices. Besides, using virtual environments and visual
programming tools such as Scratch, a growing number of educators and researchers
have considered ER as a promising field for applying the embodied cognition view,
mainly in the context of primary education. For example, Lu et al. (2011) examined
how direct and surrogate bodily experiences in a robotic workshop can influence
elementary students’ understanding of programming concepts. Participants were asked
to act out with their bodies (direct embodiment) or observe the teacher acting out
(surrogate embodiment) the robot’s movements and then program the robot to make the

same moves. The results indicated that students assigned to the direct embodiment
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condition comprehended the programming concepts faster. Similarly, Sung et al. (2017)
investigated how embodied experiences can affect lower elementary school students’
problem-solving skills. Students in the high embodiment condition, were asked to enact
the robot’s movements through full-body interaction before building and programming
the robot, demonstrated better problem-solving skills than those in the low embodiment
condition (using hand gestures).

In our study embodied interaction was evident in the three cycles. For example, in Cycle
1 we found that the stage of “Execution of Plan” was tightly coupled with higher levels
of knowledge construction. We observed that when students interacted with the physical
robot to execute their plan, they often engaged in higher levels of knowledge
construction (see Figure 11). Students were engaged in a process of “conversation with
the robots,” through which they promoted self-directed learning and engaged in the

construction of new knowledge.

8.3.4.1 Embodied experimentation

This theme explored examples where children implicated their bodies experimenting
possible ideas or solutions to the problems. In Cycle 1, we saw that students used the
robot as a mean for experimentation. For example, in Cycle 1 the students started to
research the question about where they could set the pen holder to draw a hexagon by
adjusting the pen holder in different places on the robot. Then overall experimentation
involved their bodies as students held the robot in their hands and were trying to
simulate (with their bodies) possible movements of the robot and thinking of possible
pen footprints on the paper.

8.3.4.2 Embodied explanation/reasoning

This theme explored examples where students used their bodies when they explained or
represented processes in support of communicative and interactional goals. When
responding to the robot’s actions, students often developed their explanations in an
elaborate manner. This elaboration often involved more than one idea and was typically
accompanied by visible physical actions. In addition, this elaboration regarding the
observed outcomes of an execution of the program, served as a communication channel

among group members.
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8.3.4.3 Embodied expression of knowledge

This theme encompasses instances when children engaged their body simultaneously
with thinking and talking about STEM knowledge. For example, students embodied
their explanations of mathematical properties using their feet as a unit for measuring the
length or explaining the idea of loop using their fingers to describe the repetition of a

sequence of instructions.
8.4 Contributions of this dissertation

This dissertation set up to provide new knowledge and understanding of the use of ER
technologies in CSCL settings to develop students' metacognitive thinking. The work
contributes to universal knowledge on the use of ER in education. Via a series of
interventions, this work offers useful insight into the use of ER as metacognitive tools
with which researchers, practitioners, and students can touch upon and unpack new
prospects for its use. The analysis, descriptions, and presentation of the findings are
significant, drawing attention to this research's implications for researchers and
practitioners is equally important. However, this research goes beyond mere
identification of ER's technological features; it provides a holistic understanding of how
ER's strengths can be used for the benefit of learning.

The dissertation has three main contributions to research and practice. First, it helps to
address the noted lack of research on the use of ER in the classroom (Benitti, 2012; Toh
et al., 2016). Gaudiello and Zibetti (2016) found that ER learning has substantial
positive impacts on the affective, social, cognitive, and metacognitive dimensions of
learning and can profoundly transform student and teacher attitudes. However, these
effects are not the result of robotics-based activities alone and require the scaffolding
provided by a suitable pedagogical approach. Therefore, in this work, new knowledge is
provided along with a better understanding of how ER activities can be implemented in
authentic classrooms for specific learning purposes by investigating the effect of
curriculum structures. Second, the study contributes to the design of ER learning
environments and conditions for collaborative knowledge construction in CSCL
settings. It provides essential considerations and theoretical guidelines for researchers
and practitioners. It also provides a set of implications for classroom orchestration

practice and teaching by providing insights into the instructor's and students' roles.
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Third, while metacognition is essential in the learning process, an important
contribution of this work is to move the discussion about the use of ER further in the
direction of its use as a metacognitive tool. While most ER interventions take place in
CSCL settings, they do not tend to rely on a CSCL framework. With this work, we push
the discussion about metacognition as a social practice, encouraging more empirical
research regarding the potential benefits of ER to support this kind of skills in CSCL
settings. Therefore, the present work responds to the general need for exploring learning
as a social phenomenon by providing additional data to the growing body of research

applying sociocultural theories to understand learning.
8.4.1 Implications for researchers

Rapid and widespread new technologies such as ER claim new instructional design
forms that lead to effective learning. Yet, computer and technological progress per se
cannot improve learning effectiveness. For ER to promote deep learning, their use and
adoption need to respond effectively to the needs, expectations, and demands of the
curriculum and the real-world. This dissertation explored ER from a social perspective
considering the social interaction that occurred in real classroom settings during
problem-solving. The positive results that emerged along the three interventions reveal
ER's further dynamics as social constructionist tools or as objects-to-share and think-
with. Therefore, the use of ER in authentic settings cannot be seen out of a CSCL
framework. In addition, the adaptation of coding schemes and frameworks from other
CSCL and computer mediated communication fields without the use of ER, and the
compatibility of these tools to this study’s setting also demonstrates that ER activities

should be seen through a CSCL framework.

Despite the high level of compatibility of the coding schemes into our setting, our
research revealed the need for a framework specifically made for the use of ER in real
classrooms. Furthermore, the results of this dissertation regarding the effect of different
curriculum structures on students’ learning contributes significantly to the research
conducted in the design and implementation of this kind of intervention. It has been
demonstrated that the curriculum structure is an important variable which defines the

learning outcomes of the ER experience.
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The research reported in this dissertation supports that the use of ER in CSCL settings
can be effective in supporting group and individual metacognition. These results offer a
better understanding of features as a learning tool, leading to a new perspective of its
use. This dissertation's results contribute significantly to the research conducted in the
design and implementation of these interventions. Implementation of research can build
on this project's elements and ground the use of ER as a metacognitive tool. Researchers
in the fields of learning science and CSCL can draw on the outcomes of this research

work and stress a different approach in the use of ER in CSCL settings.
8.4.2 Implications for practitioners

As real classroom environments are complicated and deeply fluid in-nature, ready-made
answers to practical problems cannot be given. As noted by Eisner (1991), researchers
can offer the findings of their work but are not the ones to give rules of procedures to
practitioners; there are no sacred seven steps to effective teaching. This work offers
ideas to be shared and discussed, reflected upon, and debated. This study provides the
baton to practitioners who need to see the intervention within the lens of their own

settings.

This dissertation provides an in-depth and holistic understanding of how ER activities
can help students enrich their metacognitive thinking as a key element of collaborative
knowledge construction. Specifically, the results from this study show how ER
activities can be used in real classrooms for specific learning purposes (i.e.,
development of group and individual metacognitive skills, debugging skills, and
mathematical problem-solving skills). Additionally, our effective implementations of
ER activities indicate key elements for designing future curriculum and classroom
practices and nurturing new cultures of learning and theoretically and pedagogically

aligned task-design.

As it has been shown, there are many advantages to be gained from implementing ER
activities in classrooms. Practitioners who are interested in integrating ER activities into
their classrooms must be aware of some important issues. First, classroom orchestration
is essential for implementing ER activities effectively. The classroom must be designed
in such a way that children have space to move comfortably in because a disorganized

and uncomfortable class can lead to many problems. The orchestration of classroom

150



activities also encompasses the spatial relationship of tables, chairs and tools, and
student dynamics. Teachers must also make decisions about how they combine ER with
learning activities. Due to the physicality of the learning activities with robotic
technologies, the teachers should make the classroom physical and flexible. Teachers
should also be able to use the robotic technologies in the intervention to manage them
effectively.

Second, the role of the teacher in ER activities is critical. Teachers, as leaders of the

class and mentors, have the responsibility of deciding what directions the activities take.
That is, the teacher should encourage students to strive to be the best they can and enjoy
the learning experience. The teacher's role is to facilitate, and scaffold students thinking
and assist them with hints, prompts, and feedback. Moreover, teachers must be prepared
to lead the implementation and to create a positive, playful environment where students

are motivated and eager to learn.

Third, this study helped address the noted lack of research on the integration of robotics
in the classroom (Benitti, 2012; Toh et al., 2016). Gaudiello and Zibetti (2016) found
that learning by robotics has strong positive impacts on the affective, social, cognitive,
and metacognitive dimensions of learning and can profoundly transform student and
teacher attitudes, but these effects are not the result of robotics-based activities alone
and require the scaffolding provided by a suitable pedagogical approach. Therefore, the
level of structure that is being used in ER activities is critical as this choice can have a
significant impact on students’ learning. As both structured and unstructured activities
seem to have several advantages and disadvantages, we suggest that teachers should
design their curricula using a combination of unstructured and structured curriculum
structures, for students to benefit from both. A more structured curriculum at the
beginning of the intervention using pre-designed tasks in combination with guided
experimentation at the beginning of each session, and an unstructured curriculum with
more freedom for students to explore on their own at the later stages of the intervention
is suggested. An unstructured curriculum design could engage kids as active
participants, giving them a greater sense of control and responsibility for the learning

process.

Fourth, ER activities are only one part of the whole learning process and should be

based on the class curriculum. In this spirit, the adjustment or adaptation of ER
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activities should be found in the classroom's dynamic, on students' personal, social, and
learning tastes, and their skill levels. To be able to engage all the students in the learning
process, activities must include individual, group, and class-wide activities. Teachers
must also find a way to motivate students in learning over time. For this reason, the
students' roles within the team should change fairly over time. In addition, for the same
reason, the activities need to change from session to session and get more challenging

and complex as the sessions progress.

8.4.3 Guidelines for designing and implementing ER activities for

metacognitive development

This project brought change at a local level while contributing to universal knowledge
that can be of value to others. The intended outcomes of this DBR were twofold: 1) to
ground the main findings of interventions conducted over three years in
constructionism, and 2) to identify reusable design principles that can inform ER coding
activities for children and pedagogical tasks. In addition, this study aims to investigate
children's learning experiences as they engage in collaborative problem-solving using
ER. Analysis of the different data collected from the various instruments over the three-
year intervention helped us to explore our ER workshops' effectiveness. We focused on
how they enhanced participants' knowledge of basic programming concepts, their
metacognitive processes, their coding behavior, and their social interaction and

collaboration.

It is essential to have suitable educational designs aiming to promote students'
metacognitive thinking with the support of constructionism. Including components like
a balance of individual and social involvement and the use of ER, all employed under
the common goal of collaborative problem-solving, encourages children's metacognitive
thinking and supports collaborative knowledge construction. Engaging children in
learning environments that encompasses problem-solving, collaboration, and
communication strengthens their sense of competence and confidence, their compassion
for others, and their moral character (Bers, 2010). Together with producing growth in
students' understanding of computational knowledge and metacognition it is essential to
create high levels of motivation and engagement as part of an effective pedagogical

design, as revealed in our study.
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In summary, the following principles emerging from our DBR cycles of work. These
principles shed light on best practices in the design and implementation of ER activities
for promoting students' metacognitive thinking as a key element of collaborative
knowledge construction in primary education. The emerging principles represent the
knowledge gained from the three years of interventions as well as the comparative and
thoughtful analysis of the results, also based on the literature:

1. Provide opportunities for sharing and reflection. This may take several forms such as
1) the use of a debriefing phase at the end of each session where children can discuss
and exchange ideas, 2) the use of a curriculum with less structure, 3) teacher’s prompts
to share and discuss their solutions, 4) the use of a consolidation phase where the
student groups can compare, contrast, organise and assemble their solutions into correct

solutions.

2. Introduce ER to the whole class and give special attention to the introductory
sessions. Often, students do not have the same technological skills or coding experience
with ER. Therefore, more precise introductory sessions would help them to avoid
mistakes caused by the lack of knowledge of the programming interface. Therefore,
with introductory sessions to the whole class the teacher can ensure that students have a

common ground of basic knowledge which will make everyone engaged and active.

3. Mobility and flexibility. In cycle 2 and 3, we used tablets instead of computers for
programming the robots. We observed that the use of tablets was more functional than
the use of computers as it supports students' mobility in the classroom. Without any
restrictions from cables, the students could move with their group near the mat while
holding the tablet to observe the outcomes of their program. So, the use of tablets
instead of computers can facilitate classroom mobility. Classroom flexibility was also
important for the effectiveness of the project. Students could change the arrangement of
the seats and desks to create more room for their activities. We observed that students
moved the seats on the edge of the table or into a classroom corner to create more space
for the main activities. Therefore, an ER classroom should: (1) have enough room to
conduct the activities; (2) have enough computers or tablets, in order to avoid that only
a few children can program; (3) have fewer seats, preferably on the edge of the table, so
that they do not hinder interaction with objects and group work. If teachers need more

room, other areas of the school (gym, corridors, lobby, etc.) are useful.
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4. Provide opportunities for collaboration into and among the groups. Collaboration
among team members is an essential part of ER activities. It is necessary to improve this
and assure that there is a sense of equality of effort, involvement, and participation
between team members. As described in cycle 1, fair contribution by teammates
adhering to predefined roles is important for students to produce higher levels of
knowledge construction. In addition, as demonstrated in cycle 1 metacognitive talk and
collaborative talk seem to have a temporal relation. Therefore, it is important to provide
opportunities for collaboration into and among the groups in order to help the enactment

of metacognitive thinking.

5. Valuing failure. Failure and unsuccessful attempts are valued as an opportunity to
find a solution. During problem-solving, students can learn a lot from the mistakes
along the way to the final solution. Therefore, students need to become comfortable
working on a solution based on the knowledge they have, perhaps failing, and being
able to understand the answer or error they might obtain. The ability to identify a wrong
solution is a valuable skill to have as it will empower them to re-examine their solution
or look for what knowledge they are missing to come to a solution. ER problem-solving
activities fosters linking the knowledge needed with an external artifact, upon which
students can reflect and engage in meaningful argumentation in a fail-safe environment.
New knowledge is expected to evolve through multiple iterations between the artifact

and the actors involved in materializing it.

6. Provide opportunities for embodied interaction with the physical robot. Embodied
interaction describes the interplay between the brain and the body and its influence on
the sharing, creation, and manipulation of meaningful interactions with technology. To
efficiently implement an ER workshop for promoting students' metacognitive skills and
collaborative knowledge construction, the tasks should provide opportunities for the
students to use their bodies. We support that embodiment within ER activities can serve
as an innovative approach to attracting students to computer programming. The synergy
between embodied learning and ER through a series of programming activities was
evident throughout the three cycles of interventions of this research. One way to give
opportunities to students for embodied interaction during ER activities is to use ER
activities related for example to math unit such as geometry or measurements. Offering

a supportive theme for embodied interaction is a key factor supporting the psychological
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and sociocultural elements for effective learning. Children become engaged and actively
involved in the process of problem-solving with ER.

7. Provide opportunities for cognitive dissonance. In cycle 1, we found that the second
level of collaborative knowledge construction (KC-2) “discovery and exploration of
dissonance” was less often related to disagreement between the teammates and more
often related to the robot’s failure to perform the expected outcomes during the
execution of a planned strategy. In short, the robot and its failure to deliver the expected
outcome was a mediator to the discovery of cognitive dissonance or inconsistency. We
also found that when the group overcame cognitive dissonance, they engaged in higher
levels of knowledge construction. Therefore, cognitive dissonance is linked to higher
levels of knowledge construction. To provide opportunities for cognitive dissonance we
suggest the use of quite difficult activities in which students will not be able to easily
come up with a solution with the first attempt. It would be better for them to try and fail
hoping to arrive at a mental conflict because of the inconsistency among the robot’s
behavior and students’ beliefs. This mental conflict, of course, may prompt students to
revise their beliefs or actions to achieve cognitive consistency. In addition, we suggest
the use of activities in which students can afford opportunities to generate and explore a
wide variety of solutions. The idea to provide opportunities for cognitive dissonance is
close to the idea of Kapur to intentionally design failure in ways that are effective for
learning. Therefore, we suggest for educators to develop appropriate activities with the
use of ER and find a sweet spot where students are challenged yet not frustrated and
remain sufficiently engaged in problem-solving with ER.

8. Provide role assignment. The results of cycle 1 showed that teachers should favor
role assignment and inner definition of responsibilities; in this way, group members can
communicate in a functional manner, avoid the creation of hierarchies, and ensure that
there is a sense of equality of effort, involvement, and participation between team

members and among teams.

9. Provide structured activities. The results of the study showed that for students of that
age a more structured curriculum fosters group metacognitive processes, collaboration
quality and debugging skills to a greater extent than unstructured activities. Therefore,
we propose an instruction prior to problem-solving (I-PS) approach as more effective

for promoting collaborative knowledge construction and metacognition.
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8.5 Limitations

Any research project has limitations, which need to be considered. Firstly, the target
group in this research consisted only of primary school students, whereas other age
groups such as older students or adults are not explored. Moreover, all subjects were
primary school students, who attended public schools in Cyprus, thus had or hasn’t
some competencies and experiences which are determined by the school culture of the
country in which they are studying. The results of this study may have been different in
schools of another country with a different school culture. It should also be
acknowledged that we used only one type of robot in our study. Hence, the use of

different robots may have different results.

This type of research leaves many questions unanswered in observed learning and
assessment of learning outcomes. As a DBR inquiry, the intervention and its construct
are laid open, demonstrating the relationship between theory, technology, and artifact
construction in this context. The assumption is that theorized use of ER leads to better
instructional design and therefore better learning, yet there is no proven evidence for

this here.

In the context of a specific learning domain, there is no single theory that can cover all
topics, skills, learning and teaching types. This research made use of an existing
learning tool under a certain theory and tested it in a specific context allowing for a set
of instructional design elements to emerge. Yet, it is expected that different theories,
tools, and tasks should be employed and tailored to the needs of a specific classroom.

Another limitation of this work was the complexity and messiness of the learning
environment. As the research was conducted in real-world classrooms where teaching
and learning occur, many variables could not be controlled (Collins et al., 2004). For
this reason, the study focused only on the variables of interest (i.e., metacognitive,
collaboration outcomes) and addressed research questions over the three cycles of this

dissertation.

The overarching goal of this work was to explore how ER can support students’
development of metacognitive thinking and collaborative knowledge construction. The
findings provide strong support for grounding the use of ER under the framework of

constructionism for promoting students' metacognitive thinking and collaborative
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knowledge construction. Yet, it is kept firmly in mind that the proposed instructional
guidelines are not a clear-cut map of actions, but it is rather a heuristic-understanding of
the intervention for those interested in enacting innovation in their own settings. We
recognize that concentrating the investigation in this learning environment can be
restricted to these results' replicability and transferability in other learning settings.
Nevertheless, by providing a "thick description” of the setting, as proposed by Shenton
(2004), the transferability of research findings in identical or comparable settings is
increased. By describing the context of the study in-depth within the rich dataset,
outside researchers can be supported to make decisions about the fittingness of this
study in their settings. The collaborative activities in most cases followed a problem-
solving learning approach, during which the teacher only observed the group activities
and provided prompts and triggers rather than providing answers to questions. We claim
that the setting of this study is realistic, which an outside researcher can decide if the
findings of this work might apply to his/her setting. In conclusion, the outcomes of a
fruitful implementation of ER activities for students' metacognitive development can be
informative despite the limitations presented in this section. These limitations provide

space for further research proposed in the following section.
8.6 Future work

Based on the findings presented in the dissertation, some suggestions for future research

are presented below.

1. The guidance withdrawal technique. An interesting research question is the degree of
integration of the guidance withdrawal technique in the learning process, to avoid the
negative consequences of continuous and long-term guidance, without reducing its
learning benefits. We propose an in-depth investigation to examine when, how long,

and with what rules it should be applied.

2. Exploration of assessment tools for measuring students' development of individual
and group metacognitive skills. The research interest in reliable metacognitive tools is
intense. One of the most frequently used categories of off-line measures is self-report
questionnaires such as the Motivated Strategies for Learning Questionnaire (MSLQ),
the Learning and Study Strategies Inventory (LASSI), and the Metacognitive
Awareness Inventory (MAI), which was used in this dissertation. In these
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questionnaires, students are asked to report on their own metacognition. However, these
measures do not measure learners' ongoing metacognitive behavior during task
processing because they are collected before or after the student processes a learning
task (Greene & Azevedo, 2010). This fact causes some severe problems. For example,
students must retrieve earlier operations and performance from their long-term memory
or differ in their frame of reference as to which situations they have in mind when
answering the questions. Therefore, thoughts for future research include focusing on
creating on-line measures. These assessment tools will capture metacognition
concurrent with the learning behavior giving more insight into the actual use of
metacognition affecting learning behavior. Apart from think-aloud protocols, we
suggest the development of measures that will assess on-line information about students'
metacognition in a fun way for children, such as drawing schemes, taking notes, or
clicking a button. We also suggest the development of on-line measures that can assess
metacognition or other skills at a group level.

3. Study of the role of the duration of the intervention. One point of interest is the
influence that the duration of the intervention may have on the development of students'
metacognitive skills. The implementation of the intervention, for a more extended
period, will allow exploring the development of metacognitive skills and their

consolidation with the intervention.

4. Exploring the development of other learning and life skills. This refers to exploring
skills such as critical thinking, computational thinking, creativity, flexibility, and
initiative in the context of elementary STEM education in CSCL settings using ER. The
evidence for the value of ER activities for developing students' learning skills needs to

be more transparent, while exploring life skills is at an early level.

5. Exploring the effect of different curriculum structures on students’ metacognitive
development. For example, an exciting exploration would be to investigate the effect of
productive failure in ER activities on students’ metacognitive or other skills. The
general idea of productive failure is to develop tasks that students will not be able to
solve but require them to call upon their existing knowledge to solve the problem. That
knowledge can be of the subject itself, as well as the informal insights students bring
from their lives. The students will inevitably fail -as the teacher expects them to- but

that failure is framed as part of learning and so is not seen as shameful. This process
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primes students’ brains to learn the new concept from their instructor after the initial

failure.
8.7 Concluding remarks

The value of ER as a learning tool is well presented in the literature. Previous
bibliographic and empirical research in the area has demonstrated the positive impact of
ER activities on the development of the cognitive, metacognitive, and academic
performance of children. Yet, there is indeed a huge gap in research that systematically
designs and changes the learning environment over time, collecting evidence of the
various changes toward the documentation of conceptual models or design principles

that can facilitate a successful integration of ER.

The overarching goal of this work was to explore how ER can support students’
development of metacognitive thinking and collaborative knowledge construction. By
adopting the design-based research methodology, it addresses the development of
metacognitive skills via ER while it documents design principles for successful ER
implementations, based on collected evidence for cycles of work. Through three cycles
of DBR, this dissertation provided a comprehensive understanding of how ER activities
can be implemented in real learning contexts becoming a vehicle for the development of
metacognitive and problem-solving skills. According to this study's findings, the
general idea is that children are aware of their learning processes and that ER activities
help improve students’ collaborative knowledge construction, individual and group
metacognition. Findings from this dissertation offer significant insights for researchers
and practitioners eager to explore the possibilities of using ER in the classroom. The
work clearly demonstrates how robotics can be used as an educational tool in an
authentic classroom environment and presents a set of guidelines and implications for

its implementation.
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Oépa: Adcia yia dis§aywyn épeuvag pue padnTég/padnTpieg evog dnuoTikol
oXoAeiou Tng eTapxiag Aepecou

AvaQépoual OTn OXETIKA PE TOo IO Tavw Béua aitnor oag mpog 1o Kévrpo
ExmraideuTikng ‘Epeuvag kai AgioAéynong, ou utroBARBNKe oTic 26 AuyouaTou 2019,
n omoia oTAABnKe yia Xeipiops omig 17 ZemrepPpiou 2019, kai oag TANPOPopw OTI
EYKpiVETQl TO aitnud oag yia Oiefaywyn €peuvag He pABNTEG/MABATPIEG EvOC
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2Uykpion dounuévou kai pn Sounuévou TTPOYPGUUATOS OTTOUSWY OTN OTOIXENDON
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Avahutiké Mpéypappa. H épeuva Ba diegaxBei vooupévou 6Tl n amwAsia Tou
BIBAKTIKOU XPOVOU Twv HaBnTwv/pitwv Ba TrepiopiaTei oTov eAdXIOTo duvaTtéd Babpod,
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BIGPKEIA OTITIKOU TTPOYPaHHATIOHOU T€ OTITIKG TEpIBGAAOV pE T
XPAON EKTTAIBEUTIKAG POMTIOTIKAG: GUYKPICT DOUNUEVOU Kal N
BOUNUEVOU TTPOYPAPKATOS OTTOUBWY 0N OTOIXEIWDN EKTTaidEUON
STEM.
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1. IKOmdg -epeuvnTIKG epwThpaTeluToBEcEIg

Aev UTIAPYOUY TIapaTNPAOEIC.

2. XpnoiHOTNTo-avayKaIeTHTA THE EPEUVOG

Aev uTr@pyouv TTapaTtnpAoEiC.

3. Aidikaoia guhhoync debopévwv

Aev uTrGpyOUY TTAPATNPATEIS.

4. AgiyparoAnyia
Aev utrdpyouv raparnpoeic.

5. Epeuvnrika gpyoheio

Agv uTrapyouv TTapatpAoelg.

6. Xpdvog araoyoAnong

Aev uTrapyouv TrapampAoElS.
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7. Xpovikf} mepioBog £peuvag Kal OVAUEVOUEVOS XPOVOG ATTOTEAETHATWY

Agv umr@pyouv TTapaTproeic.

8. Oéuara nBikAg ko epeuvnTiKAG BeovTohoyiag

Aev umdpyouv TIapaTNPATEIC.

9. Eionynon KEEA

H €peuva va TTPOXWPENCE! WG EXEl yia uhoTroinan

H £peuva va TIPoXwWENoEl yia uAoTIoinGn, vooupévou 6Tl Ba yivouv ol

aAayEG/TPOTIOTTOINCEIC/EIONYATEIS TIOU ETTIGNHAIVOVIQI TTIO TTAVW

H aiman yia épeuva va utroBAnBel Eava awol AneBolv uTrdyn Ta o Tavw
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1. Avtpn Iwavvou, Enikoupn KaBnyntpia oto Tpnpa MoAupecwy kai Mpagikav Teyxvav Tou Texvohoyikol Maveniotnuiou Kunpou

2. NavayieTtng Zageipng, KaBnyntg oo Tunpa MoAupgowy kai Mpagikav Texvav Tou Texvoloyikou Mavemornpiou Kinpou
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TupnApa NoAupgowy kar Mpagikav Texvav, TEMAK, oo nhaioio didakTopikng diaTpifng
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Aig0Buvon nAekTpovikou Tayudpopeiou:
chrisanthossocratous@hotmail.com
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TiTAog épeuvag:
Common errors, successful debugging, and engagement during block-based programming using educational robotics in elementary
education

Agkeig khedia

ExnaideuTikh PopnoTikn, MpwTtoPabpia eknaideuon,Anocpalpatwon, Epniokn, Eikovikog Npoypappat, Educational
Robotics, Engagement, Debugging, Elementary Education,Bock-based programming

ZKonog -EPEUVNTIKA EpWTTHATA:
The study aimed to understand the effect of a structured versus an unstructured Educational Robotics (ER) curriculum on student’s (a)
quantity and type of programming errors in block-based programming, (b) ability to find and debug errors, and (c) engagement in the
learning process.

* RQ1: Are there differences between the groups in terms of the type and the number of programming errors?
* RQ2: Are there differences between the two groups in their ability to identify and debug errors?
* RQ3: Are there differences in students’ level of engagement between the groups?

MzBodohoyia:
Data were collected from classroom recordings (one camera in each class), tablet screen, and audio recordings for each team,
post-debugging test, post-engagement survey, and focus-group interviews. Tablet screens and discourse of the nine teams were
recorded using Mobizen Screen Recorder (see Figure 1).
After the leaming experience, students completed a test on debugging, which was developed based on the categories of the common
programming errors and was comprised of ten tasks. The test provided students with a scenario with the purpose of the program and a
screenshot of the EV3 programming interface with a proposed program with an error. Students had to find the error (by circling the
error block or the group of blocks) and describe, writing on the paper, how they could fix it. Each correct task was scored with a total
of ten marks (five marks for finding the error and five for a correct proposal to overcome the error). The maximum possible score for
the test was 100 marks.
A post-experience survey aiming at evaluating students' engagement was administered. Students' engagement was measured using a
5-point Likert scale with 33 items derived from the Math and Science Engagement Scales (Wang, Fredricks, Hofkens, & Linn, 2016).
The scale is comprised of four subscales: (a) Cognitive engagement (e.g., I try to understand my mistakes when getting something
wrong), (b) Behavioral engagement (e.g., I keep trying even if something is hard), (c) Emotional engagement (e.g., I enjoy leaming
new things about STEM), and (d) Social engagement (e.g., I try to understand other people's ideas in STEM class). The four
dimensions have intemal reliabilities of alpha: .74, .75, .72, .77 respectively.
One week after the learning experience, 16 students participated in semi-structured focus-group interviews (four focus-groups, 50-60
minutes each). The focus-group interviews were organized into two sessions. The first session was contributing to answering RQ1 and
enriching our understanding of students’ common errors during programming. We used the 40% of the screen recorded data to
identify the common programming errors first, and then we designed the first session of the focus-groups based on the common errors
derived from the video analysis of the screen recordings. Part of the interviews included questions that prompted students to remember
about errors that they have encountered and how they manage to overcome these errors (e.g., What difficulties did you face during
programming?, How did you overcome the difficulties?). The second session was aimed at providing additional evidence for students’
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engagement (e.g., Do you think robotics activities were useful to you? [Cognitive engagement], How did you feel, while you were
working on robotics activities in this class? [Emotional engagement]). The focus-groups data were video-recorded and transcribed for
data analysis using a thematic analysis approach. The data analysis was conducted by two researchers, working separately. At the
completion of the coding, the inter-rater reliability was assessed to 0.736 (Cohen’s Kappa).

We used open coding for the screen-recorded and the audio data. We narrowed our analysis to errors associated with programming;
we did not code videos related to assembly. Around 40% of the video was coded by the first researcher, with a second researcher
independently coding the same units. Inter-rater reliability between the two raters was found to be high (Cohen's Kappa = .88).
Therefore, the first researcher finished coding the complete dataset. The data were analyzed using independent samples t-test to
investigate any differences between the two groups on the total number of errors. For the analysis of the data derived from the
post-debugging test, and the engagement survey, we also used independent samples t-test.

Zupnepaopata/AnoreAéopara:

This study posits that a critical factor for the successful integration of robotics in education is the teaching approach. The role of the
teaching approach for successful technology integration remains relatively unexplored in the area of ER. To our knowledge, this is the
first time that a study investigates this topic, as prior studies focused on the level of guidance in a constructionist leaming environment
(e.g., Atmatzidou, Demetriadis, & Nika, 2018), or on the differences on the social aspect of learning such as collaboration and social
interaction (e.g., Lee, Sullivan & Bers, 2013); it, therefore, represents a novel extension of prior work in this area.

First, to answer RQ1, a list of the common programming errors during blocks-based programming was produced. The list can be used
by educators and researchers in teaching students how to debug programming errors. Four of the six common errors (i.e. #1, 3, 4, 6)
were similar to those in a study by Kim et al., (2018) with early childhood pre-service teachers. Therefore, a great similarity appears
about the type of errors that novice learners produce regardless of their age. Second, subsequent analysis of students’ errors in the two
groups showed a significant difference in the number of errors produced. Students who participated in the constructionist class
involved in a significantly higher amount of errors than students who participated in the instructionist class. These results demonstrate
the superiority of the instructionist approach against the constructionist as being more effective in teaching students essential aspects
of the programming interface and make students become familiar with the functions of the programming environment. It makes sense;
if you are allowed to explore on your own, you will make more errors. The procedure of solving an error (debugging) is considered as a
problem-solving situation which students should experience and resolve productively. On the other hand, if students exposed to too
many programming errors, this might become a source of frustration with a negative impact on their engagement.

Third, the results of the debugging test indicated that the structured group outperformed the unstructured group in a statistically
significant degree in terms of finding and debugging an error. We can assume that the direct instruction (more instructive role of the
teacher and the use of the worksheets) gave this group an advantage in terms of debugging. On the other hand, as the students in the
unstructured group were exposed more in programming errors, one would expect to have learned how to debug the errors. The failure
in this situation was not productive in terms of debugging. The students of the instructionist condition were stronger debuggers
because they have stronger content knowledge, as a result of the direct instruction, and not because they were better at debugging.
Summarizing, these results suggest that students could benefit more through an instructionist teaching approach in order to become
better debuggers. Fourth, when focusing on the experienced engagement, students who participated in the unstructured curriculum
group reported statistically significant higher levels of emotional and social engagement than students of the structured group. This
finding is aligned with prior research efforts indicating that students, who participate in student-center environments, might experience
higher levels of emotional engagement when compared to teacher-center approaches (e.g., Wu & Huang, 2007). We also found that
students of the unstructured curriculum group had a grader level of social engagement than students of the structured curriculum
group. This finding is consistent with that of Sullivan and Bers (2013), who showed that using an unstructured ER curriculum was
linked with more collaboration than a structured curriculum.

The main finding is that different teaching approaches to technology curriculum design can have a significant impact on various aspects
of learning. It is uncertain which method would be the best for enabling the development of students’ skills in programming and
problem-solving as both approaches seem to have some advantages. Therefore, we suggest that it would be better for teachers to
design a curriculum with a combination of teaching approaches such as unstructured and structured activities in order students take
advantage of the benefits of both approaches.

Huepounvia uriofodnc:27/04/2020
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APPENDIX IV: Assessment tests

Metacognitive Awareness Inventory (MAI)

(Translated to Greek)
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TEAELOO® £VA TEOT. oyt uddhovoyt Odeviipo uwddiovvar ot
I3 , r {7} )
8. O%tm GLYKEKPUEVOVS GTOYOVS TPV O ) O O
apyicw po epyocio. oyt udiiovoyt deviipe udAlovval ot
, 7 . . 'S {7}
9. EmBpadtve 0Tav cuvavi®d GNUOVTIKESG O ‘-' O O
TANPOPOPiES. op  uddovoyt deviépo udiiovvar ot
—_r ’ ’ ) {1 {3}
10. Eépw 1 gidove TAnpogopisg eivar o © = s 0 Q
ONUAVTIKO Vo, Pdbo. op  uddovoyt devEipo udiiovvar ot
11. Avapotiépat av xm eEeTAOEL OAEC TS () O o o O
emioyég  katd v emilvon  evog . A AR S
rpoPAAaToC oyt uddhovoyt Odeviipm uwdAiovvar ot
’ r . {7} 'S '
12. Eipor koAOG GTO VO OpYOVOVE TIG O s ret O
TANPOPOPIEC. op  uddovoyt devipo udiiovvar ot
’ ’ ’ i) )
13. Eotiélm ™V mpocoyy Hov coveldntd = ) O O
O€ ONUOVTIKEG TTATPOPOpPIEG. op  uddlovoyt deviipo udiiovvor vat
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’ , I3 r i) {7} 'S
14. 'Ex® éva GLYKEKPUEVO GKOTO Yl O ~ O
KGOe GTPUTNYIKN TOL YPNGULOTOLD. op  udddovoyt deviipo uddiovvar vat
’ , r r ) {7} ' '
15. Mofaive koddtepa otav Eépo kot O e et O
oxeTKo pe to Bépa. op  udddovoyt deviipo udiiovvar vat
—_r , ’ {7} ) 'S
16. Zépm Tt mepyével o ddokodog va s O
0bm. oyt uddhovoyt OdeviEpm uwddiovvar vt
m nooL Y .
’ r r {7} 'S '
17. Eipow woAdc oto vo  OBopduot O « et O
TANPOPOPIES. oyt uddiovoyt devEipo uddiovvor vat
, 14 7 () ) 'S
18. Xpnowonowd Sipopeg otpatnyés < o O
nabnong, avéioyo pe TNV TEPITTOOT). oyt udddovoyt deviipo uddlovvar vat
19.’ AvopotiEpan av VI pYE SDKqurapog O O o o O
TPOMOG YL VO KOV KATL HETA TV . N AR
A B oyt  udiiovoyt deviipe udAlovval wvat
OAOKANPOGT LOG EPYOGLAGC.
O O O O O
20. EAéyyo 660 KaAd pobaive. : ox "ty = iR s
oyt udiiovoyt deviipe uwdAlovvat wvat
21. Kavo enavaAnym o€ ToKTa Ypovikd O A ) O
dwotuoto Yo vo pe Pondnoer va . ox "2y =
n,“ v 3 e P n N oyt  udiiovoyt deviipe udAlovvar ot
KATOAGP® ONUAVTIKEG GUGYETIGEL.
22. Kavo ©Tov €0vTOd HOL EPWTNGEG ) O O O O
oxeTkég pe 1o Bépo mov Oo peremom . I TR
, oyt udiiovoyt deviipm udAiovvar vo
TPV apyic.
23. ZxEQTopar TOAAOVG TPOTOVG Yo VO O O ) O
Moo €va TpoPAnuo Kot EMAEY® TOV . o e = B Aoy
}\,l’)’CSpO on UQAAOVOYL OEVIEPp® UucAAOVYVOL VOt
Kol .
’ ’ r ’ ’ {7} ) 'S
24, Yvvoyilo avtd mov £xm padel apov O ~ O
TEAELDOC . oyt udddovoyt deviipm uddiovvar ot
. , I r {7} 'S '
25. Zn1o ) Ponbeta tov GAA®V dTav dev O et rd O
KatoAlofaive Katt. op  uddovoyt deviépo udiiovvar ot
. ’ r () ) 'S
26. Mrnop® vo TOpOKIVIIG® TOV £0VTO O ~ 0
pov yw va udbw otav yperdletar. op  udddovoyt deviipo udiiovvar vat
’ . , {7} ) 'S
27. T'vopilm Tt oTpatnyIkég PN GILOTOLD O ~ O
OTaV HEAETO. oyt uddhovoyt Odeviipo uwddiovvar vt
28. TIiave oV €00TO POV VoL AVOADEL T O O O O
OOTNTO. TOV  OTPATNYIKOV, EVO . o "Xp = G 3k
xPn H N patny i oyt udiiovoyt deviipe uwdAlovvat wvat
A
UEAET®.
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29. Xpnowonowd TG HaONCLIKEG HOL O O O O
duvatdtteg Yoo va aviotabuicn TIc . IR R k-
Suvayiiec 1o oyt uddhovoyt Odeviep® uwdAdovvar wvat
ot .
r , ’ {7} ' '
30. ZTtp€@® TNV TPOGOYM LLOV GTNV EVVOLd o g bt O
KO TN ONUOCI0 TOV VEOV TANPOQOpLOY. o3t udihovoyt devizpm udiiovvar vt
31. Anpovpy®d S pov mapadeiypata O O O O
w va KOve TG TANpoeopiec mo . o ez i
v , S NPOPoOpLeEs oyt  udiiovoyt Jeviip® udAlovval ot
OVGLOGTIKEG.
’ r , r I {7} 'S '
32. Efpon kaAdg Kprtig tov mOG0 KoAd O « et O
KatoAofaive KTt oyt uddiovoyt devEipo uddiovvor vat
33.  Awmotove 0Tl YPNOOTOD () O O O O
OLUE OTPOTNYIKE aOno : T TR < s
Xpn, u C_; P TTY g M M ng on UQAAOVOYL OEVIEPD !J.O.)J.O\' vatr  vat
VTOLLOTOL..
. 14 . . {7} ) 'S
34, Ztopotd ovyva Yo va eEAEYE® TL Exm O ~ O
KaToAdPeL. oyt uddhovoyt Odeviipo uwddiovvar vt
—_r J r , {7} ' '
35. Bépw mote kGbe otpatnycy mov o et o
YPNOULOTOLD E€IVOL TO OMOTELECUATIKY. Ot udhhovoyt devizpm uddlovvar wvat
. 7 r . {7} ) 'S}
36. Avapotiépal 1060 KaAG TETVLYO TOVG O ) o
GTOYOVG OV HOALG TEAEUDC®. oyt udddovoyt Beviipe uddiovvar ot
37. Otav d10Palo oNuovpyd €1KOVEG 1 O ) o) O
dwypaupoto yoo va pe Bondnoovv va . IR R
Ya ,%H v ue Pondn Oyt  udilovoyt Jeviip® udAlovvol ot
KotoAdPo.
38. Avopotiépol av £xo oKeptel OAeg TG O O ) O
EVOMOKTIKEG ADCES apoy ADow éva . S Cxe E Moy
SBANL oyt udAiovoyt deviipm udAiovvar ot
po .
I , , i) ) 'S
39. Ilpoomabd va amoddow VEeg O ~ O
TANPOQOPIES pE SIKA Hov AdY1a. oyt ualhovoyt deviEpw uddiovvar vat
I I . {7} 'S '
40. AAGLo otpatnykég 6Tav dev UIopm O et rd O
Vo KataAdPo. op  udddovoyt deviipo udiiovvar vat
41. Xpnoonowd v 0pyoveTikn Sopufy O O O O
ov kewwévov ywo. va pe Pondnost va . o e = i T
T , e on UQAAOVOYL OEVIEPD !J.O.)J.O\' vatr  vat
Habw.
’ 14 ’ {7} ) 'S
42. AwoBalo TpoceKTIKd TIG 00MYieg TPV O ~ O
apyicw po epyocio. op  uddovoyt deviipo udilovvar ot
r r I {7} ' '
43. Avapotiépot av avtd mov dwPdlo e ek o
gtvat oyetkd pe avtd mov oM yvopile.  op  uddhovoyt devizpe udiiovvar wat
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’ / r i)
44. Enavetetalm Tic viobéoelg pov otav ) O O O
UIEPOEVOLLAL. op  uddovoyt deviépo udiiovvar ot
O O O O O
45. Opyovove 10 ¥pOdvOo HOL YOO Vo . I TR s
: , 8 oyt udAiovoyt deviipm udAiovvar ot
EMTOY® KAADTEPO TOVG GTOYOVGS LLOV.
3 r r {7}
46. MobBaive  meplocodTEPOL  OTOV O ~ O o O
evolopEpPopLaL Yo To OEpaL. oyt udddovoyt deviipm uddiovvar wvat
, ) ) {7}
47. Ilpoomab®d va yopicm TO aVTIKEIILEVO O - O o O
TOV HEAET® GE LUKPOTEPO TULOTAL. oyt uddlovoyt deviipo uddiovvar vat
48. ZTpEP® TNV TPOCOYY| OV GE YEVIKEG 8, O O O O
EVVOLEG KOl OYL OE AETTOUEPELES. oyt uddlovoyt deviipo uddiovvar vat
. 7 r {7}
49. Avapotiépor  wOco  KOAG  To o ) O O O
KatapEPvm, 0tav pabaiveo Kot véo. opt  uddiovoyt deviipe udiiovvar ot
50. Ag@ov tedewwow o gpyosio, o O O o) O
avapoTiEpor av  &o updbet 6co OBa . o "Xp = G
i i oyt udAiiovoyt deviipm uwdAiovvar vot
pmopovca va, Ladw.
. . . {7}
51. Zropot® kot EAvOUEAET®  VEES O ) O O O
TANpoQopies oL omoieg dev eivan capelg.  opt  udkhovoyt deviipm uddlovvar vat
. ’ I3 i)
52. Zropoted kou EavaowdPoaco  dtav O =~ O o O
UIEPOEVOLLAL. oyt uddlovoyt deviipo uddiovvor vat
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Visualization and Accuracy Instrument (VisA)

Hpopiqpa 1

O Avtpéag ko 1 Mapio 0dnyovv oty €0vikn 066 and v ABfva ot Oeccarovikn. O
avTokvnTOdpopog £xet éva Pevivadiko kabe 55km. To awtokivntd tovg yoldetl petd to
196km. IToto Bev{vadiko gival To TANGIEGTEPO, TO TPONYOVLEVO 1 TO ETOUEVO;

4

Epoton 1

[1660 Kahd moTevels 0Tl pmopeig va Aoelg avtd 1o TpdPAN L,

Epoton 2

2xed1a0TE VO GYESLAYPOLLLO TTOV UTOPEL VOL YPNCLLOTOWCELS Y10, VOL ADGELS TO TPOPAN QL.
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Epoton 3
AvVoeg 10 TPOPAN U

4

Epoton 4

[1660 Kahd moTevels 0TL EAvceg TO TPOPANLQL,
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Hpopinpa 2

H Mapia @utevetl Tplavia@uAMES Katd UNKog evOg LOVOTaToD TPog To omitt e, To
LOVOTATL £l UNKOG 27mM. OUTEVEL i TPLOVTOPLAALG kKGBE 3M Kol 6TIG dVO TAEVPES TOV
povomatiov. Emiong, gutevel tplavtdouiia otV apyn Tov HovomaTiov (Kot oTig 000
mhevpég). [ooa tpravtdeuila xpetdleton n Mapia;

4

Epoton 1

[T660 Kahd moTevEIS OTL pTOpEig va ADGELS avTd To TPOPANUO;

Epoton 2

2xed1a0TE VO GYESLAYPOLLLO TTOV UTOPEL VOL YPNCLOTOWGEL Y10, VOL ADGELS TO TPOPAN QL.
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Epoton 3
AvVoeg 10 TPOPAN U

Epoton 4

4

[1660 KoL ToTEVELS OTL EAVGEC TO TPOPAN QL
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[popinpa 3

H mepipetpoc twv tpoy®dv tov TOONAGTOL 01N OwmAavn gwova eivor 80cm. Ildon
-

clo

amoctoot Oa KaAVYEL TO TOONANTO, OV 01 TPOYOL Yupicovv 5 QopEc;

4

Epoton 1

[T6c0 KaAd moTeEVELS OTL popelg va ADGELS 0V TO TO TPOPAN QL

Epoton 2

2xed1a0TE VO GYESLAYPOLLLO TTOV UTOPEL VOL YPNCLLOTOWCELS Y10, VOL ADGELS TO TPOPAN QL.
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Epoton 3
AvVoeg 10 TPOPAN U

Epoton 4

[1660 koA ToTEVELS OTL EAVGEC TO TPOPANUQL,
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[popinpa 4

O Kootag etoudlel cakovAdakio pe YAuKA yio to malapdkt Tov oyoAeiov tov. 'Exetr 12
caKovAdKla, 44 Kapapédeg kKot 48 cokolatdkia. e KaOe cakovAdkt Balet 9 Kapapéres
kol 8 cokoAatakia. [16ca 1010 cakovAdKia eivat SuvatdV Vo ETOLACEL,

4

Epoton 1

[T6c0 KoL ToTEVELG OTL UTOPEIS Vo ADVGELS aVTO TO TPOPAN UL

Epoton 2

2xed1a0TE VO GYESLAYPOLLLO TTOV UTOPEL VOL YPNCLLOTOWCELS Y10, VOL ADGELS TO TPOPAN QL.

Epoton 3
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Avoe 10 TpOPANUA

Epoton 4

[1660 Kahd moTevels 0TL EAvoeg To TPOPANLQL,
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Engagement scale

A&V VTAPYOVY COGTES ATAVTIGELS - TEPLYPAYTE TOV E0LTO GO OTMG EI0TE, O)L TMOG OEAETE

va giote. O daokardg oag dev Ba Pabroroynoet avtod.
Iot¢ Yravio Mepikég popég Xoyva Havra

1 2 3 4 5

I'vootikn déopevon

1. Kotd ™ GULUUETOY| MOV OTIC dPACTNPLOTNTES POUTOTIKNG TPOYUATOTOOV00 TIG

dpactnpLoTTES Kot BEfatvOLOVY OTL NTAV CWOTES.

1 2 3 4 5

2. ZKEPTOLOVV SLOPOPETIKOVG TPOTOVS EMIAVGNG £VOG TPOPANLOTOC.

1 2 3 4 5

3. [Tpoomabovoa va cuveEGm avTd ToL pAbatva e ot oL NN YVOPILo.

1 2 3 4 5

4. [IpoonaBovoa va kataldfo To Aadn pov détav Ekava AaBoc.

1 2 3 4 5

S. ®o mpoTIovsa YPAY® OmTAQ TNV AmEvVTNon amd TO VO KAve OAOKANpM

dpaotnpromro (rev)

1 2 3 4 5

6. Agv pov dpeoe to 6t EBala To pLAAd Hov vo oKePTEL dTay O0VAELA GTNV TAEN
(rev).

1 2 3 4 5

7. Otav 1 dpactnprotTa NTov GVGKOAN, HEAETOVGO HOVO Ta. €0KoAo CnTthpoto
(rev).

1 2 3 4 5

8. "Exava akpiBadg 611 pov {ntovce n dpactnpiotnta Kot Oyl TeplocdTePa amd OGa
{nrovoe.

207



Aéopgvon Zoumepropopdg

9. Kotd 1t ovppetoyy Hov ot OpaoTnploTNTe POUTOTIKNG  TOPEUEVA
GLYKEVTPOUEVOG.
1 2 3 4 5
10. Kotd m coppetoyn Hov oTig dpactnploTnTeES POUTOTIKNG TPOSTAHOVGH TOAD Y10

va pdbo Tpdyuata.
1 2 3 4 5

11. Katd ™ ovppetoyr] pov otig dpactnpldtreg poumoTikng nposnafodca axdua

KoL oV KATL ToV SUGKOAO.
1 2 3 4 5

12. Kotd 1t ovppetoy] pHov oTig SpactnploTTeg POUTOTIKNG OAOKANP®VO TNV

gpyacia Lov eyKaipmc.

1 2 3 4 5
13. Mov apéoetl va JUAG® Y10 TNV EKTOOEVTIKT POUTOTIKN £E® o TV TAEN.
1 2 3 4 5

14. Koatd ™ ocvppetoyn pov otig 0pacstnplotnTeg POUTOTIKNG OEV GUUUETEIM GTNV
TaEn (rev).

1 2 3 4 5

15. Koatd ™ cvppetoyn Hov otig dpactnplotNTeES POUTOTIKNG £KAva GAAL TPAYHOTO

eV émpemne vo, dive peyalbtepn mpocoyn (rev)
1 2 3 4 5

16. Kot ™ ovppetoyn pov otic opactnplotnTeS POUTOTIKNG oV 0gV KatoAdfotva

KATL, GTOUATOVGO VO TPooTadd (rev).

1 2 3 4 5
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YovaisOnpatik déopgvon

17. [Tepipeva pe avomopovnoio To LoOMUOTO EKTOLOEVTIKNG POUTOTIKTG.

1 2 3 4 5

18.  Xaipopovv mov pabovo véo TparyaTa.

1 2 3 4 5

19.  "HOela va katorofaive Tt pdbovo oto Lofnuoto EKToudevTIKNG POUTOTIKNG.

1 2 3 4 5

20. Awe0avopovy yopoLUEVOS KOTA TN OLUPKEW TOV HOONUATOV EKTOULOEVTIKNG
POUTTOTIKTG.

1 2 3 4 5

21. Zoyva ocBavopovy  amoyontevpévog Katd TN ddpkeEld TV padnudtov

EKTTOOEVTIKNG POUTOTIKNG,.

1 2 3 4 5

22.  Nopilw 61t 0 pofNpoTo EKTUSEVTIKNAG POUTOTIKAG TV aviapd. (rev).

1 2 3 4 5

23. Agv LoV apEGEL VAL KAVED LaOMLLOTO EKTOOEVTIKAG POUTOTIKNG. (FeVv).

1 2 3 4 5

24. Agv e evOl0QEPEL 1] EKTOOEVTIKT POUTOTIKY.

1 2 3 4 5

25. Xuyvé oaeOavopovy KakodtdheTog KoTd Tor Lof AT EKTOOEVTIKIG POUITTOTIKNG.
(rev).

1 2 3 4 5

26.  Avnouvyovca Otav pdBava véa mpdypoto yio. o pofnpotikd péoa amd

POUTTOTIKY) (TeV).

1 2 3 4 5
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Kowovikn déopgvon

27. Katd ™ CLUPUETOY] HOV OTIS OpaCTNPLOTNTES POUTOTIKNG TIPS TIG 10£EG TV

SLUUOONTAOV HOV.
1 2 3 4 5

28.  Kotd ™ ovuppetoyn HOv oOTIS OpacTNPOTNTEG POUTOTIKNG TPpoomabdodca va

KOTOVONO® TIC 10EEC/AMOYELS TOV GLUULOONTOV LoV,
1 2 3 4 5

29. Katd ™ ovppetoyn pov 6T OpacTnplOTnTeEG POUTOTIKNG Tpoctabdodca va

GLVEPYUOTO e GAAOVS TOL pITopovGay va e Bondncovy.
1 2 3 4 5

30. Katd ™ ovppetoyn pov ot dpactnpldtreg pOUTOTIKNG TPooTtabovca va

Bonbnow dAlovg Tov Tpoomabovcay Kat SV TO KATAPEPVAV.

1 2 3 4 5

31. Katd ) ovppetoyn Hov 6tig 0pastnplotnTeg POUTOTIKNG OV EVOLEPEPAY O1 LOEES

TOV GLUPAONTOV pHov. (rev)
1 2 3 4 5

32. Katd ) coppetoyn Hov oTic dpactnplOTNTES POUTOTIKNG, OTAV GLVEPYULOUOLV

pe GAAove, dev LOpalOpoLV Tig 106G 1oL pali Toug (rev).
1 2 3 4 5
33. Aev pov apécel vo dovAehm pe GuUHOONTEG

1 2 3 4 5
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Rubric for judging collaboration quality

Session: Name of the group:
Score 1 Score 2 Score 3

Level of A minimal level of | A moderate level of | A substantial level
discussion | discussion. None or | discussion. One | of discussion.

only one student | student’s  statements | Substantive
generates detailed | are mostly substantive, | statements of each
statements. and the others vary | student build upon
between detailed and | those of others,
shallow indicating a shared

line of reasoning

Elaboration | Students do  not | Statements are | Students clarify or
of ideas clarify or complete | discontinuous as each | complete their
their partners’ | student makes | peers’  statements
statements, instead | assertions independent | through expanding,

voicing generic | from those of others. elaborating,
responses of restatement, or

agreement. rebuttal.

The One student decides | One student | Conclusions  are
collective | what to write while | contributes most to | jointly constructed
nature of | the others agree but | what will be written | with two or more
decisions contribute little. while the others take a | students involved

smaller, though | fairly equally in
substantive, role. determining what to
write.

Use of None of the students | Some students | Most students
questionsin | ask why/how type | effectively engage in | effectively engage
examining | questions, discuss | the collaboration | in the collaboration
the ideas each other’s claims, | process. A few | process. More than

or elaborate  in | why/how type | one type of
response to questions. | questions are asked and | why/how questions
discussed. is asked and
discussed.
Judgment Comments and remarks
Level of

discussion 1 2 3

Elaboration of

ideas 1 2 3
The collective nature

of decisions 1 2 3
Use of questions in
examining theideas | 1 2 3

211




Group metacognition scale (GMS)

Aoppdvovtag vwoyn Tt cuvEPave TNV OpAd0 GG KATA TN O1APKELD TOV CLUVEPYOTIKMOV

OpPOCTNPLOTATOV EKTAIOEVTIKNG POUTOTIKNG, avapépete 10 Pabud mov oydovv ot

TOPOKATO ONAMGELS YIO. TNV OUAd0 GO YPNOILOTOIDOVTAG TNV 0KOAoLOT KATLOKOL.

(Considering what generally happened in your group during collaborative online

activities, please indicate the extent of your agreement/disagreement with the statements

by using the following scale)

A/A

Epoton

(0%}
Ka0o0Arov

Atyo

Agv
EEpm

Apketad

Hapa
oAV

1

['vopilovpe 11 duvatdtnrteg
pog (We know our strengths as
learners)

Zépovpe TOC VO EMAEYOLUE
TANPoQopieg oyeTkég pe To Bpa
(We know how to select relevant
information))

EEPOVUE TTAG VOL YPTCLULOTOIOVLE
10 vAkd (We know how to use
the material)

ZEPOVUE TG VO OPYOVAOVOULUE
véeg mAnpopopieg (We know how
to organize new information)

EEPOVUE TOG VO GUVOEOVUE VEEG
TANPOQOPIlES WE TPONYOVUEVES
yvooeg (We know how to
connect new information with
prior knowledge)

Zyxedalovpe TIC OPAGTNPLOTITES
uag (We plan the activities)

[Ipocdiopilovpe 11 omoutel m
dpacmmpotnta (We determine
what the task requires)

Eniléyovpe 1o KatdAAnio
epyoreio  (We  select  the
appropriate tools)

[Ipocodopilovpe TIG oTPATNYIKES
mov  Ba  YPNOUOTOU|GOVLLE
avéloyo pe TN OpaoTNPLOTNTA
(We identify the strategies
depending on the task)

10

Opyavavoope Ttov ¥pOVO  HOG
avédloyo pe TN OpooTNPLOTNTA
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(We organize our time depending
on the task)

11

Tpomomoobpe v epyacio pog
GOLO®VA He
TPOTAGELG/VTOOEIEELG A DV
GLUUETEYOVI®V otV opdoa (We
modify our work according to
other group participants’
suggestions)

12

Kdavoope epomoelg 7y va
eléyEovpe TV Kotavonon oG
(We ask questions to check our
understanding)

13

EXéyyoope v mpoocéyyion pog
Kol Tov TpOTO £pyaciog oG yuo
va Bektidoovpe T
amoteAéopatd pag (We check our
approach to improve our
outcomes)

14

Bektidovoope 1t dovAeld  pog
péca omd opadikég dadikoocieg
(We improve our work with
group processes)

15

Evtonilovpe a1 SopBmdvovpue
AGOn (We detect and correct
errors)

16

Kpivoope 1 OvokoMa piog
opactmpromrag (We  make
judgments on the difficulty of the
task)

17

Kavoope xpioeic yio tov @opto
epyaociog (We make judgments on
the workload)

18

Kavoupe kpioeig ywo ta epyoieia
mov Ba ypnowonomcovpe (We
make  judgments on the
instruments)

19

Kavoupue kpicelc yio to 11 pdbape
and ™ dpactmpomta (We make
judgments on our learning
outcomes)

20

Kpivoope ™m dwdikacio
OLLOOIKNG gpyaciog OV
akorovOficopue  (We  make
judgments on the teamwork
process)
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Group cohesiveness questionnaire

NAME:
Epoton AoV | Alwpove Ovte ZopeoOve | Zopeove
améivTo CVLPOVED améivTo
ovte
OLLPOVA
Xaipopo OV

OVNK® GE OVTN TNV
opdda. (I'm glad |
belong to this
group)

Nwwbo apora oe
avty v oudda. (I
feel held back by
this group)

Eipon éva
ONUOVTIKO  HEPOG
LTS NG OMAdGC.
(I am an important
part of this group)

Agv topualo pe ta
GAAo Toud1d ovTg
™mg oudda. (I don't
fit in with other kids
in this group)

Nuwbow évtova
ouvoedeévog e
avtiv v opada. (I
feel strongly tied to
this group)

Agv vouilw o011 M
opdoa etvor 1660
onuavrtikn. (I don't
think the group is
that important)

Nouilw 6t1 avt) 1
ouada Aettovpynoce
kohd poli. (1 think
this group worked
well together)
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Debugging test

ApuosTprotnTa 1

H opdda tov Tidwm mpénet va mpoypopaticet 1o poumdt v kiveito axpific ota
120cm. Egpricfoy o TpoypoyiLe. o0 QUivETHL OTIY Séve thhd T0 POLTOT Tov: Kiveltol
w040 meptocotepo und 120cm. H nepupépete tov tpoyol Tow pourdt tovg siver 1 7cm.
TTov Ppioketa To Lifoc oto mpoypoppd Toug;

» Kikhoes to Lifog

@ an for Degrees

0n for Rotations

# Mpoteve ma hben oo Adfoc (eysdiass 1j ypdws T Jicn Gov pe hiyum)
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AposTnpwotyTe 2

H ouddo tow Tidvvr) TPETEL VoL TPOYPoUUETIGE TO
POLTOT £TCL (XOTE VL KIVELTOL GF EVO TETPAYEVO JEPIC TN
yemiom awotnmipav. Eonwlev to mpoypapyu mov
Qoiverol mo KT, whhd To popTdT Tous EYUCE TO ¢
Tetpdyavo ayfiue om dwdpoprn tov. To Tpdypapue -
etvo EvepyomOmLEVD OTIC TEMoTpogsc. [Toh etvol o
A6foc oTo mpdypoppd Tov

» Kikhoos o 1aBog

M
_‘?_‘?_ﬁh _ﬁ_@i‘f Wﬁ_@ @lqr
o o _}“Hl“w‘u 18, P51

» Ipdtsve ma oo ote Labog (oysdioss 1 ypays T Ao cov pe Ldyw)
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Apootymitnre 3

Mo opddo Eyet TpoYPOLUATIGEL TO POUTOT TN OGTE v KiviBel mpoc ta epunpdc yie 7
TEPUOTPORES, OTN CUVEYSIE vet oTpifetl mpog to. d2fid e 1 mep1oTpoeT] Kot v GTOUUTOEL
To amotéieouo OTHNY EXTEAECT) TOV TPOYPEUUNTOS TOVS 8V NTAY OmmC aveusvay. To
POUTOT v Bnie Tpos To SUTpos Yo 7 TEPICTPOPES KOl GTH CUVEYSILL GTOUATHOE ¥opic
vo extelEcet ) defid atpoen). ITov efvat To cpdlpa oTo TPOYPUUNE TOUC;

» Kikhoos to LdBog

» Hpétswve mao hion oto habog (oysdiacs i ypays ™ Moy cov ps héjio)
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ApocTypéomTe 4

Mo opddo Tpoypoupdnos 0 poWwTeT TS £101 Gote otoy mElsTo o aafmmipos wofs To
poumoT vo Ade "povTaoTd” . Tlpdobecoy enions &va loop oTo Tpéypoume Yo T GuverT
Aswovpyic Tov mpoypduuctos. Otay 1) oudde extélecs To TpOYPUUME, povo TiC S00
TphTes Popéc To TpoYpUUI exTeifomre onatd. Tic emdusves eopéc mov meldtay o
ouGEM THpOS Qgt]s To pOUmST dev avTidpolos omms wvapsvotey. Dl o mpdypopnd toug
Bev Aettovpymos cootd; TTod fitay To oealu;

#» Kiwioes to Libog

iy | ool i 2y i Foto=tc ) i
(Do doTn @l ¥t # g
JJ\FLI ﬂl—v—lft [~ 00 o i‘_rz |_ [V

# IIpditswve ma iion oto LdBog (oyedioss 1) ypays 1 1061 Gov pe Liyio)
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ApuoTypuityToe 5

Mz opido TpovpoLUdTIoE TC POLROT ETCL OOTE Vo croiovdel e Lo pm YPamL.
Tpoyppoppitisoy o poundt vi otpifat éelud dtov flémat povpo ppdpo Ko apotepd
otow fhenzt aonpo ppope. To poumdT kuvBxe oTn YR pove o Adyo Kot et
gropdtnos. Epaiay tov awsinmipa ypdpotoc ot potpn ypupun Kol extélecoy o
mpoypeppc. To popndt Eotpuye 52510 GTO AEUKO ypOLLL KL ETEITY YUPLOE CpIoTEpd OTO
poipo pedpo sol stopdtnoe. Iod ftey o Adfoc oto mpdypopwd tovs; Dot otopdnoe;

* Kiwiooz to Ldboz |
—e—
aeag 1 Bg-ae
I£||-4u| 50 LJ -

¥ Ilpdtewve o Aoon oto LdBog (oyedioce 1 ypaye i Ao cov pe Jéno)
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ApostypétyTe 6

Mia opddo TpoypoppdTIGE TO PORIOT THE MOTE VO KIVELTUL TPOS TA EPUTPOS
FenoontovTes Tov cacnmpas cmoctacns. Mol o awcbnpos endctaons
ovoyvopils gvo avikeipevo ote 20cm 1o pounot Bo enpens va otopotast. Extéleooay to
TPOYPAUNE TOVC, AKOVCHY TOV N30 exkiviians axd o brick aild To poumdt dev wivbnke
xabolov. To mpoypoppd Tovs poivetol oty mo kato swova. [Tod Ppioketor o Aabog;

¥ Kikhoos o hifog

4

’-'-J': U =5ae a Y g

==l

» Mpétsve ma hien oto habog (oyediacs 1 ypaws ™ hbon cov pe Linio)
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ApoetypioTnTa 7

Mo opddo TPOYPUUMATIOE TO POUTOT £TCL MGTE VO KIVELTOA TTPOC

Ta. sumpOC Yia 3 TEPICTPOMES KOl PETH VO SMICTPEQSL GTIV CRYIKT Enpeio 2
Tov Béon. Katd ™ ddpxewa g extéleonc, o1 nabntéc

cuveldTomoinGoy OTL TO POUTOT Kwndnke mpos o epmpoc T 3
MEPLOTPOPES KOL OTT) CUVEYEL OTPAPTKE Mpos Ta upiotepd. (g

WITOTEAECD, TO poumoT dev ensotpeve oty apyiky Beor. Asc To
TPOYPAULE TOVS GTHV TOPUKATO suova Kol Ppec to Adboc.

Inueio 1

» Kikhoos To habog

............. W B+C
ZCIEIIETTITRE

lo Lo -mu‘ 50| |

* IIpoétzwvs puo koon oto habog (orediacs 1 ypaws tn Mdon cov ps hiya)
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ApoomqprétrTe 8

Mz opddo mpovpolldTios To poUmoT THE ETOL
DOTE W TO TATHLC Tow wiFsnTipo Lot 1o cargo
vt eveBofvel Tposc To WAV KoL VI KIVEITIL TPoS TU
sumpdc e 5 meprotpopis. Doy Sa SpTove oto
wowti (onueio 3) 10T Empens v TO MUOVEL KoL v
o paTnpEpet o) S0 axd Ty omoin Zexivios To
poundt (BEom 1), H opddo fpmole 1o mpdypowa
Tow UivETOL STV BdvE Kot Topdho Tov To
APOYPLUIE ToUs QoIveToY SooTd, KAmoes popic
EXTERECH TOUC TTOY EMITUYTLLEVY] HO KATO1ES
popec oy Dl vopdlels ot ovveEfuwe autd;
Mropsis vo oxzgreic nupdyovies mov empialoy
T axpifisin extéheons 1OV MPOYPLUIETOS TOUS;

¥ Tuori svvifowve ovre; Ilown ropdyovres propei vo exnpéolov v axpifen

EKTELEGIS TOU TPOYPONNETOS TOUS;

Rt

i

-

. E"‘—"

#  IIpétzwve pua oo oo 2afos (oyediuce 1 ypaye T Jior Gov pe Ldya)
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Apastypromra 9

M opdde mpoonofovoe ve TpoYPUUPLTIGEL TO
POLTOT THC £T01 OCTE VO CTUUCTAEL OTaY EPAETE
&va avTikeipevo Kovid tov oto 30cm. Eotiete 10
TPOYPULLE TOV QUIVETHL TNV E1KOVE CALL KATA
TNV EKTELECT) TOV TIPOYPALLILUTOL, TO POUTOT
GUVEFILE VoL KIVEITE LUE WTOTEAECHLL VO {TUTAEL
oTo avTiKeipeva yopic vo oTapetdet Tovdeva.
Toti vouilers 6T cuvePawve avto; ITowo ftav 10
1680¢ GTO TPOYPOULLE TOVE;

» Kixkioos 1o Laboc

> IIpoteve pio 2.96m 610 AGBoc (6ycdiacs 1 Ypaye T1) AV6T GOV pE LOY10)
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Apeompuityre 10

H oudde ov Didam apovpapudigs to poumot w0 HOTE Vit Kiveltol Tpos To spmpos T
100cm, vo cropetdet yio 3 SsvTepdlamra, Vo oxoUyETOL Evos fyog sott mxodoifn: va
EMGTPEPEL OV apyudt] tov B8aw. Zonv extéheon 1ov TpoypdluaTos T0 pOUToT
woviiinee dmos ERpENE TEOS Ta EUNPds, sToudToE v 3 Ssvtepdlanta yopls vo
oxouotel wdmowos Tyos ond To brick wot eméoTpaye oy apyu) tov BEom. Tlow vtoy o
habos oo mPoYpOLILE TOLS;

» Inpeicvse oy awkdva wowd evroin] Leiren

.................... B+

j@ 100 ndT RGO nd

Orulm:.eal.; § @r; 5 0 o SDIS‘ES*/,_

¥ Mpdrzwe o Lion oto rdbog (oyzdince W ypdwe T L0060 Gov pE Ldyna)
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Focus group interview protocol

Focus Group Protocol (Nov-25-2019)

Group Number: Names:

Thank you for your participation in this interview. We would like to hear your ideas and
opinions about your experiences during this intervention period. The interview will be
videotaped but your responses will remain confidential. We don't identify anyone by
name in our report. You will remain anonymous. The interview will last 20 minutes.
You can choose not to participate. You can interrupt or stop the conversation whenever
you want. | want you to do the talking. | would like everyone to participate- only one
individual speaking at a time please. There are no right or wrong answers. All student’s
experiences and opinions are important. Speak up whether you agree or disagree. | want

to hear a wide range of opinions.

Engagement questions:

A. YovaisOnpatik) déopgvon (Emotional engagement)

1. Tog oag eavnrkoy To LadNUATo EKTOOEVTIKNG POUTOTIKNG; Xag dpecay;
Bapebnkare;

2. Tiooag dpeoe meptocotepo; Ti dev cag dpeoe; [Nati cog dpeoe; ati dev cag dpeoe;

3. Nowwcate ToTé amoyonTELUEVOL KATA TN SIIPKELD TOV Hobpatog; @uudoTe Tolo
NTav 10 TPOPANLL;

4. Zmv mopeia tov podnudtov, emintovcate KoBOAOL To LOONUOTO POUTOTIKNG;
[Teppévare mote Ba mepacel | Poopdoa yio va kdvete Eova To pddnuo;

5. Tog amcBavocactav ) pépa mov Ha elyate To OO LLOTO. POUTOTIKNG;

6. Mdabate véa mpdypota; Hoaotav yapoduevol mov pabaivate véa tpdypota;

B. I'vootkn déopgvon (Cognitive engagement)

7. Otov SLGKOAEVOCAGTAV GE 10, ATOGTOAT GKEPTOGUGTOV OLOUPOPETIKOVG
TPOTOVS TPOGEYYIONG;
8. [IpooraBovoate vo cuvoéoete avtd mov pabaivate pe avtd mov oM yvopilote

amd GAAC LoOUOTO OTTOC Y10 TOPAOELY IO TO, OO LOTIKA KOl O1 QUGIKES ETICTNEGS;
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9. [Ipoonabovoate va katadapete ta AdON cog;
10. [Tpotipwovcarte po e0koAin M pa 60cKoAn amootodn; [Mari;
11. Kdavate akpifmg 0Tt {ntovce 1 doknomn N KATOolEC PopEC EpevvovsaTE amd UOVOL

60 TEPLEGOTEPA TPAYLHOTO ot OG0 {NTOVOE;
I'. Aéopevon copneprpopdc (Behavioral engagement)

12. Mnopovoate v TopaUEIVETE CLUYKEVTPMUEVOL KATA TN JAPKELN TOV LoONUATOV

EKTTAOEVTIKNG popmotikng; [wati vopilete 611 ouvéBatve avto;

13. [IpoonaBovcate vo. OLOKANPOGETE TV SPAGTNPLOTNTA KO KOt 0V HTOV TOAD
OVOKOAN;
14. Muhovoate Yoo TNV EKTOOEVTIKY POUTOTIKY €@ amd Vv Téén; Xag dpece va

HIAATE Y10 ToL LoD AT EKTOOEVTIKNG POUTOTIKNG;

15. Katd ™ odpkeln TV dpactnplottov KAvote GAAM mpdypoto 1 NoocToV

TPOCKOAANULEVOL GTO LABN LA TNG POUTOTIKNG;

16. Kotd ™ Oodpkela tov dpactnpotitov, ov Katl dgv 10 KotaAofaivate

GTANATOVGOTE VA TPOCTOOELTE;

A. Kowaoviki 6éopgvon (Social engagement)

17. [IpooraBovoate vo KATOVONCETE TIG 10£EG/OMOYELS TOV CLUUAONTOV GAG;

18. 2ag evOlEQpepaY 01 106G TOV GLUUOONTAOV oG, AKOUN Kol oV SLPOVOVCATE [LE
OTEG;

19.  Zvvepyalocactav pe GAAOVS HEGH GTNV OLADN 1) KO LE GAAOVG GUUUAONTEG GOG

o€ dAAeg OpadEg TOL pITopovoay va oag Bondncovv; Mopaldocactay Tic 106Eg 6aG;

20. Bonbovocate dAlovg otnv opdda cag 1 o€ GAAN opada mov tpoonabodoay Kot

dev ta Katdpepvav;

21.  Xoag Gpeoe mov gpyaldcactay cav opdada 1 Bo mpotiovoate va epyaleste pLovol

cog; [oti;

226



Common errors-bugs questions

1.

10.

11.

12.

13.

Ouudote peptkd amd ta Aabn mov kdvate otov Tpoypappaticpd; [low nrav oavtd;

[16te cuvéPnoav; e moto dpacTNPOTNTA,

T kévate yuoo va Aoete 1o tpoPAnue; Ta katagépate; Tldg ta Katapépats;

Znmoate Bondeta and kdmolov GALO;

[Toro Mtav 10 o ocvyvd AdBog mov kdvate; Mdabate vo To Advere kot vo

TPOYWPATE;

Ouudote mow NTOV TO SLOKOAATEPO AdBOC mov eiyate avtipetonicst; To

Eemephoate; [log 1o Eemepdoate; [Towo frav To Adbog;
[Mog eréyyote N Tdg Kotarafaivote OTL VTN PYOV AABN GTOV TPOYPAULOTIGHO GOG;

[Mog avayvopilate o oo violn Ppiokotav 10 AaBog Kot Tdg o Eemepvodoate

a@oL AoV yvopilate mov PprokoTav;
[Mog ccBavocactay dtav Eemepvovcate Eva AaBog;

[log ocbBavoécactav Ge [ OTOCTOAN] TOL KAVOTE GLVEXOUEVO AAON Kot

TPAYUOTIKE OVGKOAEVOGACTAV;

Xe molo péPog g mapiuPaong kdvate TEPIGGOTEPO AAON TPOYPOUUOTIOUOD;

[Marti cuvéPave oto;
Koatoin&ote og kmotov yevikd Kavova yio TNV amoeuyn aypeiastov Aadov;

Oewpeite 611 av eiyote mePLGGOTEPO YPOHVO Yo va. Yvopicete T0 TePPAALOV

mpoypappaticpov Tov EV3 Ba kdvate Arydtepa AaOn; Toti;

Ocwpeite 0TL Oa Moy 10 1010 EAKVOTIKO TO UAOMUO POUTOTIKNG YOPig Ta AdON
TPOYPOUUHLOTIGHLOV;

MdéBate K4t pésa amd avtd to Aabn; Tt udbarte;
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APPENDIX V: Qualitative results

Coding results- Cycle 1

Levels of Knowledge

Levels of Knowledge

Levels of knowledge
construction

44— 0 0 0 B 0 0 0 0 O ¢l

21— mn

B evwel 2
ALevel 3
® Level 4

TH0 06— & ¢ W ¢ ¢ ¢ 6 ¢ V0 Klewls

0 T T T T T 1
0 20 40 60 80 100 120 140 160
Time (min.)
Chronological Visual of Group 1
5 X X
4 o0& 0@ 9@
g @ Level 1
B3 AhA A A A—A A—A A B Level 2
; A Level 3
c2 B u » .
8 ® Level 4
140 € & ¢ W & ¢ ¢ @ ¢ Kflews
0 T ! T
0 20 40 60 80 100 120 140 160
Time (min)
Chronological Visual of Group 2
5
<+ oo o L 2
g @ Level 1
EE A A & A B Level 2
= A Level 3
£2 B B
“ ® Level 4
14 &6 & + *é¢ & ¢ ¢ & | Xlewls
0 T T
0 20 40 60 80 100 120 140 160

Time (min.)

Chronological Visual of Group 3
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5 X X X
S
= 4 @ @ o0 L @ 0@ @ 20 @
"_: E ®Level 1
E gs 2 4 B Level 2
E z Level 3
> &7 i e ® level 4
o el §
5 1 10& 0o L 2 2 4 » L 2 2 404 L 2 K Level §

0 T \ :

0 20 40 60 80 100 120 140 160

Time (min.)

Chronological Visual of Group 4

Major categories and subcategories frequencies

Coding categories N (%) Coding categories N (%0)
Knowledge 29 (5.2%) Collaboration 355 (63.9%)
Conceptual knowledge 5 (0.9%) Conflict 26 (4.8%)

Prior experiences 4 (0.7%) Conceptual 3 (0.6%)
Analogies 20 (3.6%) Task-specific 23 (4.1%)
Metacognition 134 (24.1%) Questioning 126 (22.7%)
Monitoring 74 (13.3%) Clarifications 30 (5.4%)
Evaluation 4 (0.7%) Plan-related 44 (7.9%)

Reflection 19 (3.4%) Software-related 22 (4%)
Total planning 37 (6.7%) Self-answered 5 (0.9%)
Theory-driven Planning | 2 (0.4%) General 2 (0.4%)
Data-driven Planning 33 (5.9%) Facilitator 23 (4.1%)
Unjustified 2 (0.4%) Responses 135 (24.3%)
Interpretation 38 (6.8%) Agreement with facilitator | 20 (3.6%)
High-level 7 (1.3%) Agreement with peer 71 (12.8)
Low-level 31 (5.5%) Brief answers 24 (4.3%)
Simple explanations 16 (2.9%)
Elaborate explanations 4 (0.7%)
Facilitator’s input 68 (12.1%)
Monitoring 41 (7.4%)
Explaining concepts 3 (0.4%)
Explaining Software 24 (4.3%)
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CORDTRA diagram of students’ contributions.
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APPENDIX VI — Statistical results

Descriptive statistics— Cycle 2

Group Statistics

| Group N Mean Std. Deviation Std. Error Mean
Mean Structured Curriculum Group 16 3.7891 52185 13046
Unstructured Curriculum Group 19 3.6908 45903 10531

Independent Samples Test -Cycle 2

Levene's
Test for
Equality
of
Variance
S t-test for Equality of Means
95%
Confidence
Sig. Interval of the
(2- Mean  Std. Error  Difference
tailed Differenc Differenc Lowe
F Sig. t df ) e e r Upper
Mea Equal 26 .60 .59 33 557 .09827 16578 - 4355
n variance 9 8 3 .2390 6
S 2
assumed
Equal 58 30.22 562 .09827 .16766 - 4405
variance 6 3 .2440 8
S not 3
assumed

Non-parametric Mann-Whitney U Test-Cycle 3

Ranks
| Group N Mean Rank Sum of Ranks
TOTAL_ALL Structured Curriculum Group 4 7.50 30.00
Unstructured Curriculum Group 5 3.00 15.00
Total 9
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Test Statistics-

TOTAL_ALL
Mann-Whitney U .000
Wilcoxon W 15.000
z -2.481
Asymp. Sig. (2-tailed) .013
Exact Sig. [2*(1-tailed Sig.)] 016

a. Grouping Variable: Group
b. Not corrected for ties.
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APPENDIX VII: Curriculum vitae

Chrysanthos Socratous

Personal Details

Name Chrysanthos Socratous
Email chrysanthos@cyprusinteractionlab.com
Education

09/2017 — present PhD Candidate

Department of Multimedia and Graphic Arts, Cyprus University of Technology,
Limassol, Cyprus. Dissertation title: Collaborative knowledge construction and
metacognition in CSCL via educational robotics

MA in Pedagogical Sciences (specialisations: Information and communication
technology (ICT) in education), Faculty of Philosophy, School of Philosophy and
Education, Aristotle University of Thessaloniki, Thessaloniki, Greece GPA: 9.20 out of
10 (09/2004 — 06/2008)

BA in Primary education, Faculty of Education, School of Primary Education,
Aristotle University of Thessaloniki, Thessaloniki, Greece, GPA: 8.92 out of 10
(09/2004 — 06/2008)

Professional Experience

09/2008 — 2011 Primary school teacher
Adamantios Private School, Pylaia, Thessaloniki
09/2012- current Primary school teacher

Public primary schools, Limasol, Cyprus
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Research Related Activities

(A) Research Interests

My general research interests are on the use of ER in CSCL settings for the

development of higher-order thinking skills.
More specifically my research interests are:

- Computer-Supported Collaborative Learning
- Educational Technology Integration

- Problem-based Learning

- Learning Design

(B) Research Lab Affiliation

09/2017 — present Cyprus Interaction Lab, Lab Member

Honours and Awards

12/2018 Scholarship from the Youth Board of Cyprus for supporting research on youth

related issues.

11/2017 Full scholarship from the Cyprus Scholarship Foundation (IKYK) for PHD
studies.

11/2008 Full scholarship from the Cyprus Scholarship Foundation (IKYK) for MA

studies.

6/2008 Excellent Graduate Student, Award from the Department of Primary Education,
Aristotle University of Thessaloniki, Thessaloniki, Greece.

Teaching

(A) Overview of Teaching Experience

Since 2008 | have been working as a teacher in private and public elementary schools in
Greece and Cyprus. All these years, new technologies were an integral part of my

teaching.
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(B) Pedagogical Approach

My pedagogical philosophy is underpinned by social constructivism and
constructionism (Papert, 1980; 1991; 1993). | believe that learning can happen most
effectively when people are collaboratively active in making tangible objects in the real
world or in the world of the computer. In this sense, ER and constructionism are
connected with experiential learning. In my classroom | endeavour in engaging students

in challenging authentic real-life situations using educational robotics.

Publications

A Articles in Refereed Journals

Socratous, C., & loannou, A. (2021). Structured or unstructured educational robotics
curriculum? A study of debugging in block-based programming. Educational
Technology Research and Development, 69(6), 3081-3100.

Socratous, C., & loannou, A. (2022). Educational robotics in CSCL.: evaluating the
impact of the curriculum structure on group metacognition, cohesiveness and

collaboration quality. TechTrends (under review).

B. Articles in Refereed Conference Proceedings

Socratous, C., & loannou, A. (2018). A Study of Collaborative Knowledge Construction
in STEM via Educational Robotics. In J. Kay & R. Luckin (Eds.), Rethinking
Learning in the Digital Age: Making the Learning Sciences Count, 13th
International Conference of the Learning Sciences (ICLS) 2018 (Vol. 1, pp. 496-
503). London, UK: ISLS.

loannou, A., Socratous, C., & Nikolaedou, E. (2018, September). Expanding the
Curricular Space with Educational Robotics: A Creative Course on Road Safety.
In European Conference on Technology Enhanced Learning - ECTEL 2018 (pp.
537-547). Springer, Cham.

Socratous, C., & loannou, A. (2019). Using Educational Robotics as Tools for
Metacognition: An Empirical Study in Elementary STEM Education. In
International Conference of Immersive Learning Research Network (iLRN
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2019) (pp. 72-83), Westminster, London, UK. DOI: https://doi.org/10.3217/978-
3-85125-657-4-01

Socratous, C., & loannou, A. (2019). An empirical study of educational robotics as tools
for group metacognition and collaborative knowledge construction. In Lund, K.,
Niccolai, G. P., Lavoué, E., Hmelo-Silver, C., Gweon, G., and Baker, M. (Eds.).
A Wide Lens: Combining Embodied, Enactive, Extended, and Embedded
Learning in Collaborative Settings, 13th International Conference on Computer
Supported Collaborative Learning (CSCL), Volume 2. Lyon, France:
International Society of the Learning Sciences.

Socratous, C. & loannou, A. (2020). Common Errors, Successful Debugging, and
Engagement During Block-based Programming Using Educational Robotics in
Elementary Education. In Gresalfi, M. and Horn, I. S. (Eds.), The
Interdisciplinarity of the Learning Sciences, 14th International Conference of the
Learning Sciences (ICLS) 2020, Volume 2 (pp. 991-998). Nashville, Tennessee:
International Society of the Learning Sciences.

C. Conference Presentations and Proceedings (refereed extended abstracts)

Socratous, C., loannou, A., & Stylianou-Georgiou, A. (2018, April). An Empirical
Study of Educational Robotics as Tools for Metacognition and Collaborative
Knowledge Construction. Paper presented at the annual meeting of the

American Educational Research Association, NY, New York.
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