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Abstract

This research, following a sequential mixed-methods design, delves into metacognitive control in problem solving among 5- to
6-year-olds, using two floor-robot environments. In an initial qualitative phase, 82 pupils participated in tasks in which they
directed a floor robot to one of two targets, with the closer target requiring more cognitive effort due to the turns involved.
The results of this phase revealed that younger students often rationalised their decisions based on reasons unrelated to the
difficulty of the task, highlighting limitations in children’s language and abstract thinking skills and leading to the need for a
second quantitative study. In this subsequent stage, involving 117 students, a computerised floor-robot simulator was used.
The simulator executed the students’ planned movements and provided feedback on their validity. Each participant had three
attempts per problem, with the option to change their target each time. The simulator stored the information pertaining to the
chosen resolution path, design of the plan, and re-evaluation of decision making based on the results and feedback received.
This study aims to describe the criteria upon which students base their metacognitive control processes in decision making
within problem-solving programming tasks. Additionally, through a comparative analysis focusing on age and gender, this
research aims to assess the relationship between metacognitive processes and success in problem-solving programming tasks.
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1 Introduction and literature review

In this study we utilise a computer floor robot to pose pro-
gramming tasks that involve metacognitive control. By
observing how students pre-estimate the difficulty of the
tasks and how they modify these decisions based on suc-
cess and the task constraints, we intend to contribute to
the understanding of metacognitive control in early ages.
Importantly, the present study also acknowledges the role of
individual differences, such as age and gender, in problem-
solving and decision-making processes. Prior research has
shown that these factors can influence the strategies students
use and their overall performance in problem-solving tasks
(e.g., Fessakis et al., 2013). In the following section, we
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offer a pertinent literature review on metacognition and floor
robots as a metacognitive control study aid. Subsequently,
we outline the research objectives and the theoretical frame-
work elucidating the foundations of metacognition, age and
gender differences, and programming tasks. Finally, we pre-
sent the methodology of our study, along with the results and
discussion corresponding to the research objectives.

1.1 Metacognition in mathematical problem
solving

Formulating an exact definition of metacognition has proven
to be a challenging task due to its multifaceted nature, which
at times lacks clear connections between its various inter-
pretations. According to Garofalo and Lester (1985, p. 164)
“cognition is involved in doing, whereas metacognition is
involved in choosing and planning what to do and monitor-
ing what is being done”. More specifically, Stillman (2020)
defines metacognition as “any knowledge or cognitive activ-
ity that takes as its object, or monitors, or regulates any
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aspect of cognitive activity; that is, knowledge about, and
thinking about, one’s own thinking” (p. 445).

However, as Desoete and De Craene (2019) point out,
there remains an ongoing discussion regarding the true
nature of metacognition and the methods by which it can
be comprehended, evaluated, and enhanced. In the midst
of this discussion, we can identify a certain consensus in
dividing metacognition into two subdomains: “knowledge”
about one's cognitive processes and “regulation” of those
processes (Flavell, 1976). This dichotomy is well-recog-
nised in metacognitive literature, with various terminolo-
gies used interchangeably to describe these two core dimen-
sions of metacognition (Lucangeli et al., 2019; Mahdavi,
2014). “Metacognitive knowledge”, sometimes referred to
as “knowledge of cognition”, encompasses an individual’s
attitudes, awareness, and emotional insights, regarding how
the mind operates, aiding in the comprehension of various
cognitive processes. In contrast, “metacognitive control”,
sometimes referred to as executive control or regulation
of cognition, represents a series of deliberate actions, such
as planning, monitoring, or evaluation, taken by individu-
als to supervise and direct their own thinking or learning
effectively.

In addition, there is also a lack of agreement on whether
metacognition should be conceptualised as a general
domain-independent construct, or whether metacognitive
processes are domain-specific (Desoete & De Craene, 2019).
Beyond the general or particular nature of metacognition,
the existence of an important relationship between meta-
cognition and mathematical competence, in general, and
in mathematical problem solving, in particular, has been
demonstrated (Kuzle, 2018). However, metacognition as an
object of study in mathematics education was introduced
with a certain delay compared to other disciplines. Accord-
ing to Garofalo and Lester (1985), most research at that time
on mathematical problem solving had been focused on the
study of processes, heuristics and strategies. As an example,
Schoenfeld (1992) took into account five aspects as part of a
framework for exploring mathematical knowledge in prob-
lem solving processes: the knowledge base, problem solving
strategies, monitoring and control, beliefs and affects, and
practices. Later, this author associated monitoring and con-
trol with self-regulation, included both processes within the
more general term of metacognitive control, and highlighted
the importance of monitoring and control in processes of
decision making and in the design and re-elaboration of the
plan to solve a problem.

1.2 Challenges in the study of young children
metacognition

A factor already mentioned, not exclusive to these edu-
cational levels, is the absence of a universally accepted
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standard for assessing metacognition, that makes it diffi-
cult to compare research outcomes (Desoete & De Craene,
2019). Besides, from the point of view of mathematical
activity, Garofalo and Lester (1985) point out that meta-
cognition is an activity that is difficult to identify and ana-
lyse, since the experimental techniques used to observe
metacognition could influence problem-solving processes.

In the study of metacognition in kindergarten, several
challenges need to be addressed. These difficulties have
been reflected in a disproportion of studies at different
educational levels. Thus, while metacognition’s contri-
butions to learning have been extensively explored in
elementary, secondary, and higher education, it has been
somewhat overlooked in the context of elementary educa-
tion (Chen & McDunn, 2022). These authors point out
the important limitations of older studies carried out with
preschool students where they attempted to draw conclu-
sions about their metacognitive processes from think-aloud
protocols. The limitations in the verbal skills of early-age
students have been widely described in the literature, as
seen in studies such as that of Donaldson and Balfour
(1968). Therefore, it is necessary to create mathematical
tasks where, in addition to the possible verbalization of
the students, metacognitive aspects can emerge implicitly
through the students’ performances (Chen & McDunn,
2022).

1.3 Floor-robots as a metacognitive control study
aid

As recommended by Whitebread and Coltman (2010), in
order to generate situations conducive to evoking and sup-
porting young children's articulation of emerging metacog-
nitive control skills, we will seek to situate tasks in con-
texts that make sense to children. In line with the Spanish
curriculum, which emphasises computational thinking as
a fundamental component of early mathematics education,
our tasks will be designed to reflect the kind of problem-
solving and logical reasoning activities that are encour-
aged at these educational levels. With that purpose, this
study builds on the foundational work of Papert (1980),
who set the stage for the use of programming tasks and
floor-robot simulators for children to develop their math-
ematical and metacognitive skills. As one of the creators
of the Logo programming language in the 1960s, Papert
introduced the concept of “turtles”, physical floor-roam-
ing robots that could be programmed with Logo which
children could control and move. This hands-on approach
allowed children to visualise and interact with mathemati-
cal concepts in a novel and engaging way, thereby facilitat-
ing problem-solving (Feurzeig et al., 1970).
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2 Research objectives

In the context of this study, we designed a mixed-method
experiment aimed at studying the criteria of decision making
in early-age students when solving mathematical problems.
As a general aim, we sought to determine whether students
at these levels are capable of considering aspects related
to the complexity of the task as an element of metacogni-
tive control, both in the initial planning of the resolution
and, if needed, in the reformulation of the plan. Bearing
this in mind, we designed a sequential mixed-method study,
combining qualitative and quantitative techniques. The first
phase of the study, with a predominant qualitative approach
aimed to identify the criteria on which students based their
decision making when they had to choose between two prob-
lem-solving strategies. For the second phase, some aspects
observed in the previous qualitative phase were taken into
consideration, and programming tasks were designed to
allow for the massive collection of data, with a quantitative
approach. This second phase aimed to elucidate the con-
nections between the factors influencing metacognitive pro-
cesses and students’ success in solving programming tasks,
considering both gender and educational level. In order to
evaluate plan-design and decision-making behaviours within
the context of problem-solving programming tasks, the study
aim to address the following objectives:

e Ol1. To describe and categorise the criteria on which
students based their metacognitive control processes in
decision making in problem-solving programming tasks.

e 02. To assess the relationship between students’ meta-
cognitive control processes when devising and refor-
mulating a plan and the proficiency in problem-solving
programming tasks based on age and gender.

3 Theoretical framework

In the following we delve on the elements that underpin the
analysis of the data collected in our study: metacognition,
decision making, and the consideration of age and gender
differences, all of which are relevant to problem-solving in
early mathematics education. Additionally, we revise the
metacognitive control processes involved in problem-solving
programming tasks through robotics.

3.1 Metacognition, decision making and problem
solving in early mathematics education

The study of metacognition in the context of mathemat-
ics education has been a subject of interest for many

researchers. Schoenfeld (1992) discussed the importance
of understanding the nature of problem solving, provid-
ing a comprehensive overview of metacognition in the
context of mathematical problem solving. Alan Schoen-
feld stressed that problem solving, in the spirit of George
Pélya, is about learning to cope with new and unfamiliar
tasks when the relevant solution methods are not known.
He also delineated metacognition into three distinct cat-
egories: (1) the conscious understanding individuals
have about their own cognitive processes, (2) the self-
regulatory strategies, including monitoring and real-time
decision making, and (3) the influence of personal beliefs
and emotions on an individual's performance. The pre-
sent study is concerned with monitoring and real-time
decision making. These metacognitive abilities are used
when planning and assessing a problem-solving process.
Both self-regulatory strategies, which would be included
within the metacognitive control or metacognitive skills
(Mahdavi, 2014; Veenman & van Cleef, 2019), describe a
perspective that closely matches Pélya's (1957) classical
stages of mathematical problem solving. In this vein, in
an overview of the current state of research in this area,
Desoete and De Craene (2019) note that metacognition is
one of the key predictors of mathematical performance.
Although the activation of metacognitive processes in chil-
dren has been a topic of debate, there is a consensus that
early years are critical for nurturing metacognitive skills
(Temur et al., 2019), in a process that begins to develop
during preschool or early school years and reaches its full
bloom around the age of 12.

A reason that may have contributed to this lack of con-
sensus is the difficulty to identify and measure metacog-
nitive processes. According to Veenman and van Cleef
(2019), in the study of metacognitive processes we can
differentiate between on-line and off-line methods. The
off-line methods are mainly based on the analysis of ques-
tionnaires that are administered before or after the task.
The on-line methods are carried out on observations of
the performances when facing the tasks that are collected
by the observer in real time or stored in computer-logfile
registrations. Although, according to these authors, on-line
methods are preferable, their design should avoid interfer-
ing with decision-making processes when solving math-
ematical problems. In the study of Lingel et al. (2019), dif-
ferent measurement procedures were compared to identify
the ability to carry out metacognitive monitoring using dif-
ferent configurations of off-line methods when a group of
German children in grade 7 solve mathematical tasks. The
results show students’ overconfidence when assessing the
difficulty of a task. In addition, these judgments become
more accurate in retrospective evaluations, although main-
taining an excess of confidence.
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3.2 Age and gender differences in metacognition

The influence of age and gender on metacognitive control in
education has been the subject of numerous investigations.
In a study conducted by Zimmerman and Martinez-Pons
(1990), they investigated self-regulated learning in students,
considering factors like grade, gender, and giftedness. The
study included boys and girls from 5th, 8th, and 11th grades.
In general, 11th graders excelled, followed by 8th graders,
and then 5th graders in self-regulated learning measures.
Girls were found to have used self-regulated learning strate-
gies more frequently than boys, particularly in areas such as
record-keeping, monitoring, environmental structuring, goal
setting, and planning.

In order to assess the relationship between gender, age
and metacognition, Mok et al. (2007) conducted a study
involving 8948 students aged 9-17 years, which revealed
significant gender differences in metacognition. Compared
to boys, girls reported greater knowledge of metacognitive
strategies, use of learning strategies, regulation of learning
and evaluation of learning. The research affirmed that both
sexes use metacognitive strategies for learning, but girls tend
to use them more frequently. In addition, the study observed
a decline in students' metacognitive competences with age,
from 9 to 17 years old.

In relation to this matter, Mo¢ (2009) analysed gender
differences in decision-making processes among individuals
aged 15-22, revealing that women tend to show greater risk
aversion and less confidence in their decisions compared
to men. However, she notes that these differences could be
attributed more to social expectations and stereotypes than
to innate qualities, suggesting the malleability of these traits.
Mot proposes to further investigate possible mediating fac-
tors, such as the tendency to guess or to be more cautious in
the face of uncertainty.

In summary, although existing research has provided
information on age and gender differences in metacognition
among older students, extending this research to a younger
age group may offer a more comprehensive understanding
of metacognitive skills abilities and metacognitive control.

3.3 Programming tasks in young learners
through robotics

Following Papert’s pioneering work, a large-scale study
by Clements et al. (2001) further examined the impact of
the Logo programming language on children's cognitive
development. This study involved children from kinder-
garten through to sixth grade using Logo and found that
these children scored significantly higher on tests of math-
ematics, reasoning, and problem-solving. An earlier study
by Clements (1987) specifically focused on kindergarten
children using Logo. It was observed that these children
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demonstrated sustained attention and self-direction during
their interactions with Logo. These studies, in conjunction
with Papert’s seminal work, emphasise the value of pro-
gramming tasks like Logo in fostering cognitive and meta-
cognitive skills in children, laying the groundwork for the
use of modern programming tasks and floor-robot simulators
in current research. Since then, the application of robotics
and programming tasks in elementary education has been
gaining momentum due to its potential in enhancing young
children’s (aged 7 and under) cognitive and metacognitive
skills, including problem solving and decision making (Bers,
2020).

Atmatzidou et al. (2018) delved into age and gender
differences in metacognition and problem-solving pro-
cesses within the educational robotics context (using Lego
NXT robotics tools). They implemented various modes of
guidance among two groups of students aged 11-12 and
15-16 years. The study revealed that strong problem-solving
teacher guidance (vs. minimal guidance) can positively influ-
ence students' metacognitive and problem-solving skills. In
addition, it was found that regardless of their age or gender,
students eventually reach the same level of metacognitive
and problem-solving skill development.

In early ages, robots coded through tangible program-
ming environments are one of the most notable robotic ini-
tiatives. These robots offer a combination of computer pro-
gramming experience in and with the physical world (Horn
et al., 2012). A common characteristic of these robots is
the presence of objects to build computer programs without
computer screens or keyboards. Tangible robotics are spe-
cifically aimed at teaching a particular subset of mental tools
to young children, including problem solving and decision-
making skills (Bers, 2020). Further research by Sullivan and
Bers (2016) explores gender differences in children’s per-
formance on robotics and programming tasks. Their study,
focusing on kindergarten to 2nd grade students, found no
significant gender differences in basic robotics and simple
programming tasks. However, on more complex program-
ming tasks that required a deeper understanding of mathe-
matical concepts related to number sense (such as cardinality
and counting), boys outperformed girls.

In parallel with these developments, the Bee-Bot, a floor
robot designed for use by early years students, emerged as
another practical tool to introduce young learners to pro-
gramming concepts. Highfield et al. (2008) studied how
young children’s use of Bee-Bot can promote the develop-
ment of mathematical problem-solving and meta-cognitive
processes. They also wanted to observe what forms of math-
ematical reasoning and strategic thinking are involved when
children plan and program a Bee-Bot to solve problems.
Throughout the research, the children exhibited problem-
solving strategies and relational thinking, enabling them
to plan, code, and manipulate the robot along a complex
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pathway. Carrying this concept further into the realm of vir-
tual environments, the work of Diago et al. (2019) presents
a virtual counterpart to the physical Bee-Bot. By offering a
floor-robot simulator for children to engage with program-
ming tasks and problem-solving scenarios, this environment
provides a versatile platform to explore decision making and
other cognitive skills. The data gathered from the software
extends beyond mere success or failure metrics; it offers
valuable insights into the cognitive processes involved in
student monitoring and management of various resolution
plans.

4 Methodology

To address the stated objectives, a sequential mixed design
was proposed. Specifically, the design followed an explora-
tory sequential design, in which qualitative data are col-
lected first, followed by quantitative data, from a larger
sample, used to analyse the phenomenon systematically and
generalise the findings (Cohen et al., 2018). Thus, the study
was composed of two sequential phases: an initial phase, in
which both the data and the predominant analysis were qual-
itative in nature (hereinafter, Qualitative Phase, QUALP)
and a second quantitative phase (hereinafter, Quantitative
Phase, QUANP).

As part of the sequential mixed-method design of this
study, the results obtained in QUALP study served to deter-
mine the study variables and the design of the programming
tasks employed in QUANP study. Specifically, qualitative
arguments related to the trajectory the robot should follow,
the number of turns included in the path, or the distance/
proximity to the target-flower were taken into account, as we
will describe below. Thus, QUALP study along with the data
collected in QUANP enabled the addressing of objective 1.
Likewise, QUANP study enabled the addressing of objec-
tive 2, analysing success rates, route choices, and the effect
of modifying the initial plan in floor-robot programming
tasks, considering the age and gender factors mentioned in
the objectives.

4.1 Participants

A convenience sampling method was used in the study.
Two different samples of students were used for QUALP
and QUANP studies, since the objectives were intended for
young students being confronted for the first time with pro-
gramming tasks with floor robots. Otherwise, students in
the second study might have employed skills or knowledge
acquired during the first study, and the results derived from
the second study could be biased.

In QUALP, 82 students from two different Spanish
schools participated. Among them, 51 subjects were in the

final year of kindergarten (KG), and 31 subjects were in the
first year of primary education (PE). All the participants
were interviewed individually and, to delve deeper into the
students' reasoning, 21 of them (13 KG and 8 PE students)
were randomly selected for a more extended interview.

In QUANP, 117 children from a third Spanish public
school participated. As in QUALP, they belonged to two
different grade levels: 60 in the first year of PE and 57 in
the last year of KG. In the groups used as samples in either
QUANP or QUALP, there were no students who had been
diagnosed as students with special educational needs or
had repeated any grade, so no adaptation in the study was
necessary.

4.2 Procedure
4.2.1 Procedure in QUALP

QUALP was conducted during school hours in the class-
room. The intervention lasted between 30 and 40 min for
each student. During this session, an initial direct instruc-
tion was provided, demonstrating the basic operation of the
floor robot to all participants. After the direct instruction
stage, data collection was conducted individually with the
path-selection problems in a specific room. An extended
interview was carried with each of the participants. In this
study, the tangible user interface made up of Bee-Bot and
a card-box system (Fig. 1) was used with the trajectories
traced with red tape. In what follows, we expand upon this
information.

Fig. 1 Bee-Bot and the card-box system used in QUALP

@ Springer



J. Del Olmo-Muioz et al.

Procedures for direct instruction and problem solving
with single-path task (instruction stage)

Prior to the administration of the target problems in this
study, direct instruction was conducted. Figure 2 shows the
problems that were used for direct instruction (I1-15). Dur-
ing the instruction stage, students, as a whole group, were
provided with the opportunity to observe a researcher's
problem-solving approach while tackling the five problems
depicted. The latter problem example served the purpose of
instructing participants on the process of flower selection
within the subsequent two-flower tasks that would appear
later in the intervention. This stage lasted approximately
20 min.

Procedures for two-flower tasks (experimental stage)

After the instructional stage, participants were individu-
ally presented with the task depicted in Fig. 1. Intentionally,
the route to reach the nearest flower included the necessity to
turn in comparison to the flower further away, which offered
a straight route. Firstly, participants were asked to select a
flower to which they wanted the robot to move, and they
were requested to explain their choice. Subsequently, and
prior to programming the robot, participants prepared the
instructions arranging the set of cards in the programming
box (Fig. 1). Finally, the students programmed the robot
with the arranged instructions to complete the chosen path.
Participants only had one attempt, as we were only inter-
ested in the reasons regarding the chosen route and not in
the proficiency. The duration of this experimental stage was
approximately 10 min for each student.

Finally, based on the availability of time allocated to the
experiment, 21 participants were selected to undergo a more
detailed interview. Once the task on Fig. 1 was presented,
participants were asked to select the flower they wanted to
reach. Next, they had to plan the resolution by ordering the
set of cards in the programming box and, later, program
the sequence in the robot. After that, they were interviewed
to explain their decisions about the choice of the flower,
which one was more difficult to reach and why. With an aver-
age duration of about 10 min, these interviews were video
recorded and later transcribed.

“a|

4.2.2 Procedure in QUANP

This phase took place in a single session, during school
hours, in which participants, in groups of 20-25 subjects,
attended to a classroom equipped with computers to use
the floor-robot simulator. Two stages were involved in this
experiment, a direct instruction stage lasting about 30 min,
devoted to explaining the simulator; and an experimentation
stage, lasting about 15 min, in which the target problems
were solved by the participants.

Overview of the computer floor-robot simulator and pro-
gramming tasks used

A customised graphical software was developed to
simulate a tangible scenario involving Bee-Bot and the
card-box system implemented in QUALP. The design prin-
ciples of this software are extensively detailed in Diago
et al. (2019). Each student was provided with a computer
with a touch screen to interact with the software. As in
QUALP, all the programming tasks involved a bee-shaped
robot that must travel a given path until it reaches a flower
(Fig. 3). The findings derived from QUALP (outlined in
Sect. 5.1) guided the development of the programming

eoe
Gestion

t®

®
8] e

&2
©®
® )

J

Movimientos

®® e e
®®®® 86
®®®ee

Fig.3 Graphical interface of the floor-robot simulator

(s

©

Fig.2 Instruction programming tasks

@ Springer




Metacognitive control during problem solving at early ages in programming tasks using a floor...

tasks utilized in QUANP. Specifically, certain observa-
tions made during QUALP influenced the design of tasks,
incorporating elements such as the trajectory of the robot,
the number of turns in the path, and the distance to the
target-flower. Consequently, this investigation employs two
distinct types of programming tasks: activation problems
and selection problems.

Activation problems entailed the provision of a singular
path for the robot to follow, ultimately leading it to the
flower. Conversely, selection problems introduced two dis-
tinct paths of varying complexities, compelling the solver
to engage in a preliminary evaluation of the available
options and subsequently select a path based on predeter-
mined criteria, such as logical reasoning, mathematical
analysis, idiosyncratic considerations, etc.

As illustrated in Fig. 3, the interface of the applica-
tion effectively presents information to the user through
graphical language (i.e., the arrows and symbols). The
software stores information on each user’s action enabling
the monitoring of the resolution path taken by the student.
The user interface comprises three distinct areas:

1. The problem-statement area (top-left section): This area
shows the path (coloured boxes) to be followed by the
robot.

2. Programming blocks for robot movements (top-right
section): This area displays the available program-
ming blocks corresponding to the robot movements and
includes options to delete individual instructions or the
entire plan.

3. The path-planner (bottom section): In this area, the user
can view and sequence the movement blocks that will
be executed by the robot when the "GO" instruction is
received. The path-planner is divided into three lines,
representing the maximum number of attempts allowed
for the user to solve the problem (currently set at three).
The aim of this area is to facilitate both the planning and
the debugging solution paths foreseeing the movements
of robot, and checking the movements based on the user
choices by tracking the robot’s movement.

A1l A2

Procedures for direct instruction and problem solving
with single-path task (instruction stage)

Prior to the administration of the target problems in this
research, direct instruction was conducted to familiarize
the participants with each area of the graphical interface.
Special attention was dedicated to elucidating the overarch-
ing objective they were to encounter: "guide the bee to the
flower, regardless of which of the two flowers is presented
in the two-flower problems". The protocol and problems
used in the direct instruction phase for QUANP were the
same that in the QUALP (see Fig. 2), but in the simulator
environment.

After the direct instruction stage, the intervention began.
Students started using the application by addressing activa-
tion problems (denoted as Al to A4) shown in Fig. 4. For
each problem, students were granted three attempts to devise
a resolution path. When an unsuccessful path was executed,
the attempt remained visible and locked, thereby affording
the user an opportunity to review and formulate a new plan
for subsequent attempts. Upon the successful determination
of the solution path, the robot effectively reached the cor-
responding flower, triggering the launch of the next problem
within the preloaded collection of tasks. If all three attempts
were completed, the program automatically proceeded to
load the next problem in the collection.

Procedures for two-flower tasks (experimental stage)

Upon the completion of the fourth activation problem,
the application automatically launched the subsequent col-
lection of selection problems. Participants were then pre-
sented with a total of four programming tasks featuring two
flowers, illustrated in Fig. 5 and denoted as S1-S4.

The procedural steps and application usage during the
selection problems phase remained consistent with the
approach adopted for the activation problems. The primary
distinction was the inclusion of an additional step prior
to commencing each attempt. Specifically, the program
prompted the selection of a flower, temporarily disabling the
panel containing programming blocks for robot movements
(as depicted in the left image of Fig. 6). Once a flower was
freely chosen, the alternative flower became deactivated (in
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Fig.4 Activation programming tasks
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Fig.6 Flower selection procedure in the program: movement buttons locked while the flower is not selected (left panel); buttons active when the

flower is already selected (right panel)

grey, see Fig. 6), and the robot movements panel was subse-
quently enabled (as illustrated in the right image of Fig. 6).
Subsequently, users could proceed with programming the
movements in a manner analogous to the approach employed
in the preceding problems. It is important to underline that
participants could modify their decision to go to one flower
or another because, as mentioned earlier, the application was
designed in such a way that, in each attempt, the user was
given the option to choose a flower.

4.3 Data collection and analysis methods

In QUALP, for the categorization of the arguments that
participants put forward when choosing one flower over
another, the content analysis technique was applied. Thus,
starting from the transcription of the interviews, a coding of
participants’ responses was carried out, aimed at identifying
patterns and classifying responses into emergent categories.
As a result of this process, four dominant categories were
identified, sufficient to encompass all the motivations pro-
vided by the participating students, namely: (1) task-related
arguments, for explanations explicitly based on trajectory
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characteristics (e.g., "because [the other] turned here" or
"because it was straighter"); (2) distance-related arguments,
when explanations are grounded in the distance between
the starting point and the chosen flower (e.g., "because it's
closer"); (3) personal arguments, when the explanation orig-
inated from criteria external to the situation (e.g., "because I
like it"); and (4) I don't know/no answer, when participants
did not provide any response or claimed not to know why
they had chosen one flower over another.

In QUANP, concerning the data collection methods,
for each participant, the application recorded anonymised
information in CSV format related to the specific problem,
the attempt number, the programmed sequence of instruc-
tions per attempt, the success or failure of the programmed
path, as well as demographic data such as gender and edu-
cational stage. This data was subsequently utilised to com-
pute success rates per problem for each attempt, as well as
an overall binary score that considered the success (“1”) or
failure (“0”) for each problem. Additionally, in the case of
selection problems, the application also stored the selected
flower for each attempt, thus providing insights into the
decision-making process of the students. Following data
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analysis, two students who did not complete the full inter-
vention sequence were excluded from the study, resulting
in a final sample size of 115 students.

Regarding the analysis method, in QUANP, and consid-
ering the stipulated allowance of three attempts per prob-
lem, for each activation or selection problem, we compute
the maximum score obtained in the initiated attempts. In
order to complete the aim of this study (02), we analysed
the average success rates in the target problems taking into
account the factors age, gender, and type of problem (acti-
vation or selection). In addition, we introduced a finer dis-
tinction within the activation and selection problems: the
“route type” factor. Specifically, we differentiated four lev-
els in all target problems: (a) One flower—Straight, when
there was only one flower and it could be reached without
the need for a turn; (b) One flower—Turn, with one flower
where at least one turn was required; (c) Two flowers—
Straight or turn, with two flowers where the less complex
flower could be reached with a straight path and the second
flower required at least one turn; (d) Two flowers—Turn or
turn, where both flowers required the execution of a turn,
with the more complex one requiring two turns and the
simpler one requiring one turn. Accordingly, problems A1
and A4 were One flower—Straight-type; and A2 and A3
were One flower—Turn-type. On the other hand, S1 and
S2 were Two flowers—Straight or turn-type and S3 and
S4 were Two flowers—Turn or turn-type. By making this
differentiation, we aimed to gain deeper insights into the
specific types of decisions made by the students. All statis-
tical analyses were conducted using the R software, with a
predetermined significance level of 0.05. Effect sizes were
evaluated using the explanatory measure. The normality
of the data was assessed using the Shapiro—Wilk test. In
instances where the assumption of normality was violated,
the nonparametric Mann—Whitney test was employed in
order to compare means as different participants take part
in each condition.

5 Results
5.1 Results from QUALP

Table 1 summarises the information gathered from the
experimental phase in QUALP, displaying, for each edu-
cational level, the frequency of participants broken down
according to two variables: the chosen path (straight trajec-
tory or trajectory involving turns) and the justification for
the choice of the flower (task-related arguments, distance-
related arguments, personal arguments or I don’t know/no
answer). In addition to the frequency in each category, the
percentage relative to the total number of participants in
each educational level is provided. Thus, for example, a
value of 3.92% in the second row represents the percentage
of participants in KG who have chosen the turn trajectory
flower and whose choice is due to reasons related to intrinsic
task characteristics.

The information gathered in the interviews of the 21 stu-
dents allowed us to observe, beyond eventual differences in
programming skills, distinct patterns of performance and
reasoning between PE and KG students. Although simple
choice predominates in both groups, there is a greater ten-
dency among KG students to choose the flower involving
turns (35.29%) compared to PE students (25.81%). Similarly,
delving into the differences between educational levels, there
is clear evidence of KG students tending to make decisions
based on non-task-related criteria (72.55% versus 27.45%;
this percentage consists of the categories “distance-related”,
“personal” and “no answer” from Table 1). Thus, it becomes
evident that a significant number of KG students did not plan
their actions based on an anticipation of the difficulties or
characteristics involved in solving the task (e.g., EC-S73:
“Because it looks like a slide”’; EC-S85, EC-S03: “Because
I like it more”). In some cases, the arbitrariness of the par-
ticipants' decisions became apparent. This is highlighted in
the following dialogue between the interviewer (I) and one
KG participant EC-S09:

Table 1 Summary of

. . Argument Task-related Distance-related Personal I don’t know/no Total
flower choices organised by answer
educational level and type of
reasoning in QUALP Stage/flower N % N % N % N % N %
KG 14 27.45 19 37.25 12 23.53 6 11.76 51 100.00
Turn 2 3.92 9 17.65 5 9.80 2 3.92 18 35.29
Straight 12 23.53 10 19.61 7 13.73 4 7.84 33 64.71
PE 9 29.03 17 54.84 2 6.45 3 9.68 31 100.00
Turn 0 0.00 7 22.58 1 3.23 0 0.00 8 25.81
Straight 9 29.03 10 32.26 1 3.23 3 9.68 23 74.19
Total 23 28.05 36 43.90 14 17.07 9 10.98 82 100.00
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I: Why did you choose that flower?
[S09 had indicated that they
chose the simple trajectory
(without turns)]

EC-S09: Because I like those flowers (sic)

I: They are the same (pointing to
one and the other), why do you
like that one more?

EC-S09: Because it’s very cute

I: But it's the same as the other

EC-S09: But I like it more

On the contrary, among PE participants, there was a
greater ability to take into consideration relevant elements
of the trajectory that affect the complexity of programming
the robot's path in the decision-making process, e.g.:

PE-S14: “because you only have to go
straight ahead”.

I: You chose the straight path, why?

PE-S11: Because it looked easier.

I: Why did it look easier?

PS-S11: Because it's only 5 lines, and
that's it (referring to five robot
advances).

PE-S39: “Because it's easier this way, and I

don't have to turn”.

Another noteworthy aspect emerging from the case study is
the tendency to choose the trajectory involving turns by argu-
ing a shorter linear distance between the starting point and the
flower, without considering that programming the complex path
requires programming turns in two different directions, e.g.:

I: Why did you choose this flower
here (points to the turn flower)
and not this one (points to the
straight one)?

EC-S07: Because this one (the turn flower)
is very close, and that one (the
straight one) is very far away.

EC-S74: Because it’s the shortest path.

EC-S83: It’s lower down.

I: What do you mean?

EC-S83: Because the path is shorter.

5.2 Results from QUANP

5.2.1 Findings related to students’ proficiency due
to gender, education level and task features

Regarding the participants’ proficiency considering gender
and educational stage factors, as well as the characteristics of
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the problems, Table 2 presents descriptive statistics for the
eight target problems stratified according to those factors.

Thus, in order to evaluate potential differences based on
participant characteristics (educational stage and gender)
and activity type (one-flower or two-flower tasks), a mixed
three-way ANOVA was used. The results revealed a signifi-
cant main effect of the educational stage (F(1, 111)=30.75,
p <0.0001), indicating that PE students outperformed KG
students. Additionally, a significant interaction between edu-
cational stages and the type of tasks (one or two flowers) was
observed, F(1, 111)=6.08, p=0.0151, suggesting that the
availability of a second flower had a differential impact on
students' proficiency depending on their educational level.
No other significant main effects or interactions were found.
As reflected in Fig. 7, this is due to the fact that participants
in KG showed better performance in tasks involving a sin-
gle flower than in tasks involving two flowers, while on the
contrary, PE students obtained better results when faced with
tasks that allowed them to choose which flower to approach.

Concerning the main effect, as observed in Table 2, there
was a notable disparity in the global success rate between the
two groups. Specifically, the elementary students exhibited a
significantly higher average success rate compared to the KG
students. This difference in means was found to be statisti-
cally significant (W=280,988, p <0.0001), with a small effect
size (r=— 0.24). These findings confirm that PE students
outperformed the KG students in terms of success rates in
the problem-solving programming tasks.

In order to further analyse the task characteristics and
their influence on the complexity experienced by solvers,
considering differences based on age and gender, a three-
way mixed ANOVA was conducted once again. In this
case, the within-variable refers to the characteristics of the
route required to reach the flower. In particular, the route
type factor consists of four levels: One flower—straight;
One flower—turn; Two flowers—straight or turn; and, Two

Table 2 Descriptive analysis disaggregated by gender and educa-
tional level in QUANP

Educational stage KG PE
M SD M SD

All problems 0.49 0.50 0.73 0.47
Female 0.47 0.50 0.70 0.46
Male 0.53 0.50 0.76 0.49
Activation (one flower) 0.53 0.50 0.71 0.46
Female 0.49 0.50 0.67 0.47
Male 0.58 0.50 0.74 0.44
Selection (two flowers) 0.46 0.50 0.75 0.44
Female 0.45 0.50 0.72 0.45
Male 0.48 0.50 0.78 0.42
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Table 3 Descriptive analysis on the “route type” factor by educa-
tional level

Route type problem KG PE

M SD M SD

One flower—straight (A1, A4) 0.839 0.369 0.992 0.092
One flower—turn (A2, A3) 0.214 0.412 0.424 0.496
Two flowers—straight or turn (S1, S2) 0.732 0.444 0.941 0.237

Two flowers—turn or turn (S3, S4) 0.189 0.393 0.551 0.500

Sflowers—turn or turn. Table 3 shows the descriptive statis-
tics broken down according to this factor.

Once again, the results indicated a significant interac-
tion between educational level and the structure of paths
associated with the task, (F(3, 333)=3.85, p=0.0099), what
suggests again that the inclusion of a second flower affects
the complexity of the tasks differently depending on the stu-
dents’ grade. Similarly, significant main effects were found

Primary
Educational level

for both educational level (F(1, 111)=30.91, p<0.0001)
and type of tasks (F(3, 333)=172.48, p<0.0001). No sig-
nificant effect was found for gender. Figure 8 indicates that
differences in competence between PE and KG students
occurred across all types of tasks. Similarly, it confirms how
tasks that involve the need to program turns are more chal-
lenging for the participants.

5.2.2 Findings related to the choice of resolution path,
design and re-evaluation of the plan

The second objective, related to examining the metacog-
nitive control processes in problem-solving programming
tasks, is addressed by analysing two critical facets in deci-
sion making. On one hand, the initial choice made by the
participants to identify the least complex route in selection
tasks is evaluated. On the other hand, their ability to refor-
mulate their initial plan in case of an error, considering the
difficulty of the routes, is also assessed.

Fig. 8 Interaction plot for edu- S 4
cational stage and route type - Educational level
o —— Primary
e o - - - Kindergarten
(o]
O
a (o]
C o 7|
(3]
(V)
= <
3
N o
o
Turn Turn or turn Straight Straight or turn
Route type

@ Springer



J. Del Olmo-Muioz et al.

Concerning the initial choice, Fig. 9 shows, for each
educational stage, the first chosen path in terms of percent-
ages relative to the total number of students in each level.
A closer examination of this relationship reveals that PE
students showed greater competence in decision- making
compared to KG students, particularly evident in the first
two selection problems (S1 and S2), where one of the paths
lacked turns. However, this ability to perceive the more com-
plex path was diminished in the subsequent two problems
(S3 and S4), in which both paths appeared similar (both
involved turns) despite differing numbers of turns. Conse-
quently, the distribution of choices made by PE students
in their first attempts clearly favoured the simpler route. In
contrast, the distribution of choices made by KG students
was more uniformly distributed, indicating a more erratic
decision-making process possibly influenced by the proxim-
ity of the flower in the more complex path.

Based on the observations made previously regarding
flower choices, and once we have confirmed a trend of
PE students making better choices in terms of complexity
(devising a plan) than KG students, we proceed to take a
deeper look at this issue considering students’ gender. For
this purpose, we will focus on studying tasks involving
straight paths or turns (S1 and S2), as they exhibit a more
pronounced difference in complexity, and this aspect could
be reflected to a greater extent in decision-making processes.
Thus, specifically, we will analyse the choices made in these
tasks, broken down according to the educational level and
gender of the participants. Table 4 clearly shows how girls
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Fig.9 Percentages of path election in the first attempt by selection
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Table 4 First choice in problems S1 and S2, by educational stage and
gender

Educational Gender Task S1 Task S2
stage - -
Straight Turn Straight Turn
KG Female 21 13 24 10
Male 10 12 8 14
PE Female 23 6 23 6
Male 19 11 16 14

tend to choose the simpler option to a greater extent than
boys, regardless of the educational level.

However, this greater ability to choose an optimal route
(devising a plan) does not translate into a higher score (exe-
cuting the plan) compared to boys in S1. This is evidenced
by the results of girls in KG (Mg;=0.41, SDs;=0.50) and PE
(Mg;=0.69, SDg;=0.47), which are not significantly differ-
ent from boys in the same educational stage (KG, My, =0.50,
SDg;=0.51; PE, M¢;=0.70, SDg; =0.47), when comparing
the success rates on the first initiated attempt (i.e., on their
initial path choice) to solve task S1. In contrast, in task S2,
which is characterised by a higher complexity in terms of
turns, the best initial decision does lead to a higher suc-
cess in problem-solving by females when computing the
data from the initial path choice (KG-girls, M, =0.44,
SDg,=0.50; PE-girls, Ms,=0.72, SDg,=0.45; KG-boys,
M,=0.22, SD¢,=0.43; PE-boys, M,=0.53, SD¢,=0.51).

From the perspective of monitoring and evaluation pro-
cesses, the changes in strategies that the solver may execute
as a result of failure in the first attempt play an important
role. Table 5 shows, for those students who did not solve
the task correctly in their first attempt, the comparison
between their initial choice and their final choice, indicat-
ing the changes in strategy as a result. The results show
that, in general, students demonstrated the ability to modify
their strategy and opt for a simpler route when faced with
failure in their initial approach to the activity. However, the
analysis of flower choices indicates that PE participants
are more efficient in correcting their decision (revising the
plan) compared to KG students, who tend to maintain their
choice or even worsen it to a greater extent. This situation

Table 5 Last choice in problems S1 and S2, by educational stage and
gender

Educational Gender Task S1 Task S2
stage - -
Straight Turn Straight Turn
KG Female 25 9 30 4
Male 17 5 16 6
PE Female 26 3 28 1
Male 21 9 28 2
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is particularly observed in problem S2, which involves a
complex route with two turns. While it was selected as the
first attempt by many PE participants, especially boys, it was
ultimately discarded by almost all of them.

The change in decisions (revising the plan) is reflected in
a clear increase in achievement when completing the task.
In fact, only one PE student was unable to program the task
in problems S1 and S2, after choosing the simpler route.
Thus, in PE, the gender differences observed in problem S2
disappear as a result of the widespread change in strategy
among boys to the simpler route, resulting in success rates
exceeding 90% in both S1 and S2 tasks (girls, Mg; =0.89,
SDg;=0.31; Mg, =1.00, SDg,=0.00; boys, Mg; =0.93,
SDg;=0.25; M;,=0.93, SDg,=0.25). These mean values
were derived from the success rates collected on the final
attempt (in which some students had the opportunity to
change their path choice) for tasks S1 and S2. However, in
KG, differences in success rates are observed for each prob-
lem. In problem S1, where a similar proportion of partici-
pants from each gender ultimately chose the optimal flower,
boys outperform girls in their ability to successfully program
the robot (girls, My, =0.65, SDg; =0.49; boys, M¢;=0.82,
SDg;=0.39). However, in problem S2, girls demonstrate a
better ability to identify and choose the simpler route, result-
ing in better performance than boys (M,=0.79, SDg,=0.41;
boys, M, =0.68, SDg,=0.48), when analysing the success
rates on the last choice.

6 Discussion and conclusions

The first objective was to evaluate the metacognitive control
processes that pupils use when having to choose between
two problem-solving paths. Basically, a greater tendency in
both QUALP and QUANP is observed among KG students
to choose the path that requires them to make turns com-
pared to PE students, which would mean a lower ability to
integrate the difficulty of the task as an element of judgment
in decision making. When justifying their decision-making
process, KG students tend to rely more on personal argu-
ments. The results seem to indicate that, when these types
of justifications are presented, the choice of the solving path
is arbitrary.

In both KG and PE students, it is observed in QUALP that
those who argument their decision on the characteristics of
the task mostly choose the one that requires a smaller num-
ber of turns. However, there does not seem to be a relation-
ship between the distance-related and personal arguments
and the choice of one or another path. This could be related
to the weakness of using thinking-aloud protocols to analyse
the cognitive and metacognitive processes at these ages, as
claimed by Chen and McDunn (2022), which would be a
limitation of the interviews conducted in our study.

The second objective focused on evaluating the per-
formance of the participants considering educational
stage and gender factors. The results from QUANP show
a higher success rate among PE students. This result,
to some extent logical, is complemented by a relevant
result from the point of view of metacognitive control
processes. PE students had higher success rates in two-
flower tasks than in one-flower tasks, opposite to KG
students. This fact, unrelated to coding skills—validates
what was pointed out in the results from QUALP, based on
the arguments given by students when choosing a path—
emphasises the importance of the phases of devising and
reformulating the plan in programming tasks. Regarding
gender, no differences were observed between boys and
girls in overall success in tasks neither in KG nor in PE.
These results contribute to the study of gender differences
in relation to success in solving floor-robot tasks. While
some studies point to a higher performance of boys in
certain robotics programming tasks (e.g., Sullivan & Bers,
2016), there are dissenting results where no initial dif-
ferences between genders are revealed (e.g., Atmatzidou
et al., 2018), to which the findings of the present study
add.

The results demonstrate a greater ability of PE students
to initially identify the path that requires a smaller number
of turns while devising a plan. When it comes to gender
differences, irrespective of their educational background,
girls tend to exhibit a more prudent initial choice, often opt-
ing for the straightforward strategy represented by a simple
path. However, this initial advantage in decision making
does not necessarily translate into a higher success rate than
that of boys when it comes to tasks of modest complexity
(S1). Nevertheless, it does manifest its significance in situ-
ations demanding a greater degree of sophistication (S2),
where the ability to make the right choice becomes notably
more pivotal. Hence the importance of planning and evalu-
ation. These differences can be linked to research findings
on gender differences on risk aversion and on overvalua-
tion capacities. Mo¢ (2009) demonstrated that women often
exhibit a higher degree of risk aversion and tend to have less
confidence in their decision-making abilities compared to
men. This latter possibility was studied by Lubienski et al.
(2021), whose results showed an overconfidence of boys
when evaluating the difficulty of a task.

In those cases where the revision of the plan is neces-
sary, PE students show a superior ability to modify their
initial plan and switch to the optimal flower. This means that
these participants achieve a very high success rate. In KG,
the results do not evidence this ability to replan the initial
plan. Regarding the age factor, boys and girls in KG, in both
tasks (S1 and S2) venture more to choose the complex path
on their first attempt without achieving success, showing a
lower planning capacity. This does not happen with boys
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and girls in PE. Again, the reason may go hand in hand with
the greater cognitive and metacognitive control capacity of
PE students.

These findings have important implications for edu-
cational practice and policy. First, this work reveals the
feasibility and potential of floor-robot programming con-
texts—widely popular in early ages—for developing, beyond
coding skills, problem-solving abilities. In this regard, this
study addresses the need highlighted by various authors
to tackle the development of metacognitive skills from an
early age (e.g., Temur et al., 2019). In addition, the study
provides valuable evidence into the influence of age and
gender on success in problem-solving programming tasks
and decision-making processes. For PE students, having
the possibility to select between different lines of resolu-
tion provided them with a wider margin to achieve success.
Conversely, for KG students, the mere necessity of mak-
ing a choice introduced an added layer of complexity to the
task. On the other hand, the fact that girls tend to choose the
least complex route suggests greater metacognitive control.
However, this fact, which might seem positive, does not nec-
essarily have to be so, as the enhancement of metacognitive
control could be behind a tendency to avoid taking risks.
In fact, this tendency to take risks has been considered a
determining factor in the gender gap when students confront
challenging mathematical problems according to Lubienski
et al. (2021). Further research is needed on the differences
between boys and girls at early ages in the aforementioned
aspects—risk aversion and overestimation of skills—in this
type of problems, as this is something that the data from this
study do not allow us to clarify.
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