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Abstract: In the modern digital era, intensive efforts are made to inject computational thinking (CT)
across science, technology, engineering, and mathematics (STEM) fields, aiming at formulating a
well-trained citizenry and workforce capable of confronting intricate problems that would not be
solvable unless exercising CT skills. Focusing on contributing to the research area of CT assessment
in the first two years of primary school, we investigated the correlation of algorithmic thinking skills,
as a fundamental CT competency, with students” age in early childhood settings. This article reports
a relevant research study, which we implemented under the umbrella of quantitative methodology,
employing an innovative assessment tool we constructed for serving the needs of our study. The
research was conducted within the context of the environmental study course, adding to the efforts
of infusing CT into STEM fields. The study results shed light on the correlation between algorithmic
thinking skills and age in early childhood, revealing that age is a predictor factor for algorithmic
thinking and, therefore, for CT.
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1. Introduction

CT is being embraced worldwide as a 21st-century core skill set that upcoming gener-
ations should cultivate [1-3] since it is related to competencies beneficial and applicable
in everyday life [2,4]. Despite the considerable attention CT has been receiving from the
educational and the scientific community [5] since Wing [4] coined the term, there is neither
a clear-cut definition [3], nor an agreement on its constituent skills [6]. Surprisingly, in
spite of this lack of consensus, CT has already been included in several countries” curricula
for K-12 education [1,7], with the up-to-date dominant tendency to move away from the
cultivation of CT as an isolated curriculum domain. On the contrary, the attention is focused
on its integration into existing disciplines, with the emphasis placed on STEM fields [7-9].

Most of the relevant endeavors are concentrated in the so-called core science fields,
such as physics [10] and mathematics [1,11], leaving a research gap in the case of the syner-
gistic cultivation and assessment of CT and environmental science. Having detected this
research gap and being impelled by the persistent need to (a) formulate an environmentally
aware citizenry [12], and (b) cultivate CT as an essential stepping-stone in the modern
digital life [13,14], we are engaged in bringing CT in the environmental science field in
compulsory education.

However, since the cognitive capacity of the students varies depending on their age,
the methods, contents, and learning strategies for teaching and evaluating CT should
be adapted accordingly [15]. Towards this end, we conducted a research study with the
objective of investigating students” algorithmic thinking—as a fundamental CT skill—
within the context of environmental science—as a STEM branch. Our study focused on
examining students’ algorithmic thinking skills in relation to their age in the first two years
of primary school. Thus, the research question that drives this article is: “Are algorithmic
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thinking skills exercised in environmental science classes related to students” age in the
early primary school years?”.

In order to answer the research question, we set the hypothesis that: “Algorithmic
thinking skills are not associated to students” age in the early primary school years”.
Reviewing previously published literature pertinent to the research problem, we found out
that until now, the influence of age on the development of CT skills in primary education
is examined and confirmed in samples of wide age ranges [16,17]. Elaborating on the
rationality of our study, we should point out that, the case of substantiating the development
of CT skills in wide age ranges does not imply that it is also observable in a narrow age
range, especially when it concerns the beginning of schooling. The need of investigating the
influence of age on the development of CT skills in the sensitive years of early education
appertains to specifying whether there is need of constructing different tools for cultivating
CT in the first two years of schooling, or whether the same tools might be developmentally
appropriate.

To test the hypothesis set, we designed and implemented an age-appropriate digital
platform PhysGramming (an acronym derived from Physical Science Programming) of
constructivist nature that provides students the opportunity to create their own digital
games and, then, play with them. PhysGramming’s character is formulated according
to the widespread belief that coding ranks among the most efficient means of exercising
CT skills [18]. Being aware of the difficulty of employing text-based programming lan-
guages [18], especially in early education, PhysGramming adopts a hybrid schema of text-
based and visual programming techniques, with the emphasis laid on object-orientation [19].
The game-based character of PhysGramming captures students’ attention [20-22], while its
multidisciplinary aspect manifests students” involvement with CT activities in environmen-
tal study settings.

The relevant research study was conducted in Heraklion city, on the island of Crete,
in the school year 2018-2019, following a robust ethical protocol [23,24] and adopting
the quantitative research methodology. The research process lasted six months, from
January to June 2019. Each intervention lasted two instructional hours with the objective of
investigating the effectiveness of the proposed assessment framework and the relation of
fundamental CT skills, such as algorithmic thinking and abstraction, with factors such as
gender, age etc. [25]. The part of the interventions that focused on the objective discussed
in this article lasted half an hour. In all, 435 first and second graders participated in the
research process. At this point, we should clarify that, in Greece, six is usually the primary
school starting age.

Regarding the methods of analysis applied to the data obtained in determining
whether the hypothesis set is true or false, we implemented chi-square test, and calculated
p-value and odds ratio. We also employed the ordinal logistic regression analysis method
to model the relationship between the variables under investigation. Finally, we used
the machine learning method [26] to predict the algorithmic thinking levels of similar
populations.

Answering the research question contributes to assessing algorithmic thinking via
developmentally appropriate techniques in the early years within the context of STEM
courses. In a broader context, our study is important to appropriately cultivating CT as an
attitude universally applicable [2,4], which is not confined to programming and computer
science [27]. On the contrary, it applies to approaching and seeking the solutions to various
problems in a way that a computer scientist would [4,28].

2. Theoretical Framework

The recognized importance of cultivating CT in PK-12 paved the way for the rapid
development of relevant educational approaches over the past decade [27]. Nonetheless,
the subject of evaluating CT remains open, as a research challenge, demanding schol-
ars’ attention urgently [29-31]. Otherwise, the structure of CT will be threatened with
disappearing, although it deserves very serious consideration. Indeed, its adoption by
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contemporary K-12 curricula would be problematic without establishing valid and reliable
assessment methods first [32], since they are pivotal for evaluating students’ prospective
learning progress and, therefore, the efficacy of proposed curricular programs [33].

Towards this end, we introduce a multidisciplinary, game-based assessment tool, the
backbone of which is PhysGramming, focusing on evaluating essential CT skills—such as
algorithmic thinking—in early childhood. Apart from elaborating on the assessment aspect
of PhysGramming, we have paid extra attention to designing a developmentally appropri-
ate framework that brings early learners in contact with object-oriented programming in
STEM settings.

2.1. The Environmental Study Course

Nowadays, environmental education becomes more and more popular at all levels
of education, since it investigates the Earth’s systems, human’s effect on these, and public
health matters. It provides a multidisciplinary comprehension of the interdependence
between people, the environment, and the economy [34]. It captures the interest of children
and adults who are interested in investigating the world around them, its prospects, and
their place within it [34].

In Greece, the environmental study course in the first and second primary school grade
has an interdisciplinary character, since it is an undivided and integrated field of learning,
where structural elements from humanities and social sciences, as well as natural sciences,
are intertwined. Its main purpose is to help students, through collaborative exploration, to
gain a fundamental and essential conceptual background in different areas of science, as
well as to acquire a valuable body of information, which will eventually be transformed
into meaningful knowledge. The content of the course is organized in thematic units related
to modern life. Thus, by its nature, the course is connected to the community and the life in
it and, therefore, supports authentic learning, via several topics such as: social organization,
the individual and their needs, space and interdependence with people’s lives, rights and
obligations of members of a community, the municipality, the geographical regions of
Greece, transportation (in relation to space and human needs), the natural environment,
ecosystems and their protection, time in everyday life, the economy and its relation to space
and the organization of societies, life and needs of people, communication and information,
the culture of Greeks and other peoples, modules from Physics (energy, sound, etc.).

2.2. Computational Thinking

Digital culture has permeated contemporary societies [35]. At the same time, the
use of computational methods is not limited to computer science [36-38]. Many other
sciences have already established the exploitation of computational techniques in order to
introduce their concepts and elaborate information [38,39]. The fact that computer science
applications engulf modern societies and support the evolutionary steps of other sciences,
raises the impelling need of introducing computer science in K-12 [39,40].

Meanwhile, since Wing [4] has reintroduced the term, a long-lasting wave propels CT’s
introduction in K-12 as a core element of computer science, but also proposes its exploitation
in many other scientific domains, imbuing it with interdisciplinary value [39]. Despite the
vagueness of its definition, its assessment, and its core components, a considerable number
of counties have already moved towards the formulation of frameworks that will bring CT
to schools, starting from kindergarten [39,41,42].

Early education has traditionally laid the foundation for cultivating reading, writ-
ing, and mathematics. The updated requirements of the modern world introduce the
significance of facing CT as a fundamental skill set that every child must exercise [43].
Nonetheless, CT is not instinctive to humankind and requires systematic and developmen-
tally appropriate training and guidance. Thus, the challenge is to establish educational
settings that will facilitate children to become equally comfortable with CT as they are with
other fundamental fields of early education [40,43].
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2.2.1. Computational Thinking and Programming

Since CT draws on fundamental computer science concepts [4], it is beyond doubt
that programming exposes students to CT [18,44]. Nevertheless, although CT skills become
alive in a programming context, they could also be projected onto a plethora of tasks
irrelevant to programming [44,45]. That is to say, CT skills are certainly required for
programming, but they also might be employed in other fields not related to programming.
Thus, CT is a broader term than programming [32]. It surpasses the narrow perspective of
learning programming syntax, leading to the development of capabilities such as thinking
conceptually and solving problems at multiple levels of abstraction [4].

Developing an interdisciplinary framework of establishing CT in compulsory educa-
tion in no computer science settings would support all the parties involved to (a) understand
complex systems, (b) be inventive with computational representations, (c) propose solu-
tions that exploit computational resources, (d) be engaged in collective actions aiming at
giving meaning to data, (e) canvas potential consequences of actions [13].

2.2.2. Thinking Computationally in Environmental Science

Policymakers face CT as an essential part of STEM disciplines in K-12 and propose
the adoption of interdisciplinary approaches that promote the integration of CT into STEM
classrooms, supporting students across K-12 to cultivate knowledge and skills addressed in
both CT and STEM subjects [46]. Efforts towards this end have been considerably boosted
with the inclusion of CT practice in the Next Generation Science Standards [47].

Despite the lack of efforts toward the synergistic cultivation and assessment of CT and
environmental science in K-12, there are several scientific attempts seeking to formulate a
CT framework from an environmental science perspective, exploiting multidisciplinarity.
These attempts would be difficult, or even impossible, to accomplish if CT was not em-
ployed. For example, CT supports constructing water management strategies, depending
on each community’s water usage and needs [13].

2.2.3. Algorithmic Thinking

An algorithm is a problem-solving approach that consists of a finite number of well-
defined and ordered steps that are executable in a finite amount of time. Algorithmic
thinking is an individual’s ability to construct new algorithms aiming at solving a given
problem [48]. It is inextricably related to the abstraction ability, which is the essence of
CT [2,4]. It is also determined as a pool of skills that foster algorithms’ construction and
comprehension, namely problem analysis, problem specification, algorithm design, and
algorithm optimization [48].

Scholars underline the importance of exercising algorithmic thinking and developing
problem-solving skills even from early childhood aiming at efficiently cultivating CT and
developing positive dispositions against technical professions [49].

Algorithmic thinking should not be seen just through the prism of computer science,
since it is applicable in everyday life [50], providing a solid basis for comprehending how to
attain goals by formulating a series of explicit steps [51]. In fact, an algorithmic world-view
is very important in the sense of supporting the implementation of various essential daily
activities by following simple and well-defined steps [52]. Since a problem-solving process
might result in more than one adequate approach, that is to say, algorithms, algorithmic
thinking skills entail, among others, the ability to detect the optimal sequence of steps
toward predefined objectives [51].

2.2.4. Assessing Algorithmic Thinking

In recent years, CT competitions have been established all over the world for K-12
students. The relevant tests focus on algorithms. In some cases, they are implemented
using a computer, so students’ programming skills can be tested, among others. An
example of such a competition is Bebras [53], which started in Lithuania in 2003, and
effective supervision by teachers today has been adopted by many European countries,



Educ. Sci. 2022, 12, 380

50f21

including Greece. Bebras aims to promote the interest and excellence of compulsory
education students around the world in the field of computer science, from the perspective
of CT [53]. Every year, the competition introduces new tests related to “real life” problems
that, in order to be solved, require students to exploit and demonstrate their CT skills [32].
Issues to consider in such competitions are the different levels of students’ familiarity with
digital technology, as well as schools’ ability to support mass participation, by providing
computer to all the students and by ensuring effective supervision by teachers [54]. An
additional requirement is the independence of solving the tests from computers” hardware
and software, as well as from programming languages [53].

Other competitions are paper-based, with assignments that are answered quickly
(multiple choice or right/wrong questions). They do not require prior knowledge and their
assignments are graded, from very simple questions to most demanding ones. They are also
designed to be easily managed by teachers and schools, even when students’ participation
is massive. The difficulty in such competitions is that, since they focus on algorithms and
algorithmic thinking, it is not always easy to find questions that will be algorithmic in
nature and will not require prior programming knowledge [54,55].

Studying the relevant literature base, we also find several research approaches re-
garding the assessment of CT competencies, such as algorithmic thinking. Examining the
methods and tools they employ, we notice that robotics, gameplay, reasoning everyday
events, and programming environments stand out as the most prevalent [29,56-59].

Conceptualizing CT according to Computer Science Teacher Association’s standards,
a CT assessment instrument is proposed for fifth graders. The included items are classified
in two types of CT activities, namely, coding in robotics and reasoning of daily events. The
instrument has been administered in a primary school where a novel humanoid robotics
curriculum is applied in the fifth grade. A relevant research study conducted reveals
that the proposed instrument could assess the development of a set of CT skills, with
algorithmic thinking being one of them [56].

Fairy Assessment proposes the use of Alice by high school students, who are asked
to code parts of an already designed algorithm. The goal is to complete specific tasks, in
order to reveal students” algorithmic thinking levels, as well as their abstraction ability and
programming knowledge [57].

The FACT (an acronym derived from Foundations for Advancing Computational
Thinking) is recommended for high school students and is based on the use of the Scratch
programming environment. It measures, among others, the development of algorithmic
thinking skills and the transfer of these skills from block-based to text-based programming
(two different syntaxes are involved: one that resembles Pascal and one that resembles Java).
In addition, it focuses on non-cognitive aspects, such as students’ beliefs and perceptions
about Informatics in general and computer programming in particular [29].

The CT learning game Zoombinis is proposed as a novel form of assessing CT skills,
such as problem decomposition, pattern recognition, abstraction and algorithm design [58].
It provides a suite of twelve puzzles, each with four levels, that allow students (ages eight
and above) to exercise their problem-solving abilities and CT competencies via scaffolded
activities [59].

2.3. Game-Based Learning

Neuroscience research reveals that the most developmentally appropriate educational
practice in the early years is via playing [21,22]. Play-based activities intrigue young
children, maintain their attention and engagement in learning, elicit feedback, and facilitate
skills consolidation [20-22,60].

Moreover, in the contemporary technological era, the learning needs and demands of
the digital natives’ generation challenge the traditional model of classroom-based education.
Students who are raised using technology have less patience to sit in classrooms and listen
to their teachers. Alternative models of education such as game-based learning are slowly
evolving [61].
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As far as algorithmic thinking is concerned, research reveals that the majority of
students are not able to develop it efficiently if they operate in traditional learning environ-
ments [62]. On the contrary, the construction of digital games is influential in the sense of
students’ learning motivation and engagement in the educational process, ending up in the
improvement of their educational achievements [62].

Jigsaw Puzzles

It is not new that people derive pleasure from reconstructing an image cut into
pieces [63,64]. Besides its fun aspect, this activity finds application in several areas of
everyday life [64,65]. Moreover, it is related to numerous scientific fields and professional
sectors, including biology, archeology, image processing [66,67], and voice communication
security [68].

The topic of studying jigsaw puzzles and investigating their potential algorithmic
solutions has already concentrated several research efforts [63,66]. In fact, the topic pertains
to the sphere of challenging mathematical and engineering problems, captivating the
attention of computer scientists, mathematicians and engineers [64]. The engagement of
researchers and scientists with exploring algorithms to solve jigsaw puzzles, formulates
fertile ground for the standpoint that algorithmic thinking is a prerequisite for solving
jigsaw puzzles. Within this context, the ability of solving jigsaw puzzles could comprise a
criterion for evaluating algorithmic thinking skills.

3. Materials and Methods

The lack of consensus in terms of CT’s unambiguous definition and constituent ele-
ments makes the development of valid and reliable instruments for measuring primary
students” CT skills a challenging venture [69]. On the other hand, experts agree that
employing playful programming environments empower CT skills [49].

The innovative idea of introducing object-oriented programming concepts in early
childhood education could not be served by the existing tools. This is the very rea-
son we provide the educational community with PhysGramming [19], which not only
supports multidisciplinary assessment but also gives prominence to the stance that the
first contact with programming is better to be attempted through the object-oriented
paradigm [19,70,71].

3.1. PhysGramming

We paid special attention to implementing a digital platform developmentally appro-
priate for four to eight-year-old children, the strong majority of which are novice users of
digital technology [19,72]. Thence, we provide a digital tool to the educational community
that: (a) maintains a “forgiving” character, by not showing emphasis on the mistakes the
user makes and rewarding the successful attempts with a firework animation, accompanied
with cheerful sounds [73], (b) does not require effort for finding tools, since it is kept
uncomplicated [74] and (c) includes a brief tutorial [74]. It also contains bright colors [75,76]
simple and big icons [73] and limited text of big font size [74,77]. Finally, its functionality is
self-explained, based on a few components of increased size [74].

PhysGramming is compatible with common operating systems (Windows, Ubuntu,
Android, etc.) and runs not only on personal computers but on smart mobile devices
too, exploiting the advantages of adopting the use of smart mobile devices in compul-
sory education [72,78]. Actually, in a relevant research study of ours, harmonized with
the shift of education to mobile technologies, we employed PhysGramming in a mobile
learning context to investigate the association between abstraction skills and educational
performance in the environmental study course in early primary school [72].

In order to better describe the functionality of PhysGramming and penetrate the
philosophy of the proposed assessment tool, we will employ the thematic unit of the
environmental study course, within the context of which this study took place i.e., animals’
eating habits.
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Since students are informed about the topic of the lesson, they have to decide which
entities they are going to study. Then, they may paint, photograph or just select their
images from PhysGramming’s image pool. All these entities are presented in command
lines, in which students have to identify the entities (Figure 1).

Figure 1. Assigning values to the animals’ attribute “NAME".

The next step is to identify the value of the attribute under investigation, which, in
our case, is the selected animals’ eating habits (Figure 2). After identifying the values of
the attributes “name” and “eating habits” for each one of the entities under investigation,
PhysGramming has all the information needed to automatically construct digital games,
which are unique just like students’ paintings and photos. In this article, we will discuss
only the puzzle games PhysGramming creates.

' HERBIVOROUS
.NUTRITION HABITS = © CARNIVOROUS
= OMNIVOROUS

© HERBIVOROUS
-NUTRITION HABITS = * CARNIVOROUS
' OMNIVOROUS

= HERBIVOROUS
-NUTRITION HABITS = © CARNIVOROUS

~ OMNIVOROUS

© HERBIVOROUS

-NUTRITION HABITS = ® CARNIVOROUS

© OMNIVOROUS

Figure 2. Assigning values to the animals’ attribute “NUTRITION HABITS”.

Puzzles do not require the information about the selected animals’ eating habits to be
constructed. However, this information is a prerequisite for the construction of match-up
and group games, which PhysGramming creates as part of a set of digital games, together
with puzzles. Thus, although there is not an obvious correlation between puzzles and the
environmental study thematic unit employed, they do relate to each other since puzzles
are part of the set of digital games PhysGramming constructs.

PhysGramming constructs puzzles of four, six, nine, or twelve pieces (Figures 3-6).
Each puzzle is a gird of randomly positioned pieces of an image, with the lower right cell
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to be empty at first. In order to facilitate students’ efforts we provide a guide picture placed
above each puzzle.

Figure 6. Twelve-piece dog puzzle.

The difficulty of solving the puzzles is analogous to the number of their pieces. Stu-
dents have to reconstruct the puzzle’s image by rearranging its pieces. Nevertheless, not
all the pieces can be moved. In fact, only the pieces that are adjacent to the empty cell can
be moved horizontally, vertically, or diagonally [19]. Therefore, solving a four-piece puzzle
(Figure 3) is quite easy, since there is no restriction on moving its pieces. On the contrary,
in all other cases (Figures 4-6), the pieces that can be moved are the ones adjacent to the
empty cell. All the other pieces cannot be moved, until one of their adjacent cells becomes
empty. In fact, the more pieces that make up the puzzle, the more the pieces cannot be
moved until an adjoining cell empties, increasing the difficulty of solving.
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Randomly repositioning the puzzle pieces will not facilitate students” solving attempts,
except maybe in the case of the four-piece puzzles. In any other cases, solving a puzzle
demands a solution plan. The levels of algorithmic thinking skills are determined by the
number of pieces of the most difficult puzzle students manage to solve, assuming that the
more the pieces of the puzzle, the more difficult it becomes to solve them, requiring higher
algorithmic thinking levels (Table 1).

Table 1. Algorithmic thinking levels.

Algorithmic Thinking Levels The Most Difficult Puzzle Solved
basic four-piece puzzle
medium six-piece puzzle
satisfactory nine-piece puzzle
excellent twelve-piece puzzle

The proposed algorithmic thinking levels are based on the grading scale employed in
Greek primary schools, from third to sixth grade level i.e., Approximately good, Good, Very
good, Excellent. Although our research efforts focus on first and second grade levels, we
borrow this grading scale, because for the first and second grade students only descriptive
evaluation is employed. The proposed differentiation of algorithmic thinking levels is in
accordance with relevant research approaches documented in literature, such as, the work of
Chongo et al. [79] that also proposes four CT skills levels i.e., Fail, Pass, Credit, Excellence.

To rank a student in a suggested algorithmic thinking level, it is enough to solve one
puzzle of this level, which would be the most difficult puzzle they solved. For example, if
we rank a student in satisfactory algorithmic thinking level, this means that they solved at
least one nine-piece puzzle and did not solve a twelve-piece puzzle.

When a puzzle is solved a fireworks animation appears on the screen (Figure 7),
accompanied by an audio reward. The use of audiovisual tools enhances the attractiveness
and friendliness of PhysGramming and gives a boost to students to reach the established
learning objectives [80]. As far as the goal of employing immediate reward is concerned,
we seek to motivate students to intensify their efforts towards the learning objectives [81]
and support them to remain focused on the learning activity they are occupied with [82,83].
Immediate reward also empowers friendly competition among students [84], advances
their self-confidence [85] and amplifies their classmates’ acceptance [83].

£ @/rr 7

s

iy T\
5 W 9 ¢

INFO PUZILE REFRESH HOME

Figure 7. Rewarding students with fireworks animation.

PhysGramming is programmed to construct log files that keep information about all
the attempts students make towards solving the puzzles. More specifically, log files provide
information about each one of the puzzles solved, namely, the image of the puzzle, the
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number of its pieces and the number of the moves students made to solve them. Relevant
information is recorded about the students’ failed attempts.

For example, let’s consider the case of the log file presented in Figure 8, which provides
evidence of the attempts a particular student made to solve puzzles. Dotted lines separate
blocks of data. Each block contains data regarding the picture of each puzzle the students
tried to solve, the number of pieces of each puzzle, and whether each attempt was successful
or not. For example, the fourth data block reveals that the student tried and managed
to solve a six-piece dog puzzle, having repositioned its pieces 20 times. The fact that
“Fireworks!!” is recorded in the block means that fireworks appeared on the screen when
the student solved the puzzle. On the contrary, the last data block informs us that the
students tried hard to solve the twelve-piece dog puzzle, having repositioned its pieces
131 times. However, they finally failed to solve this particular puzzle, since “Fireworks!!”
is not included in the data block.

j logPuzzle.txt - Motepad
File Edit Format VYiew Help
Hog.png - 4

Fireworks!!
Clicks = 6

horse.png - 4

Fireworks!!
Clicks = 7

bunny.png - 6

Fireworks!!
Clicks = 17
dog.png - 6
Fireworks!!
Clicks = 208
dog.png - 9
Fireworks!!
Clicks = 24

dog.png - 12

Clicks = 131

Figure 8. Log file.

3.2. Research Sample

Targeting at formulating a representative sample we employed the cluster sampling
method [23]. The schools involved in the research study were from different areas of
Heraklion city, in order to be sure that the students that would participate in the research
study would come from several socio-economic strata. In this way, the final sample
would be attributed with a wide range of learning achievements and attitudes towards
the educational process [86,87]. As far as the sample size is concerned, we ended up with
435 first and second graders. The sample was gender-balanced—210 girls (48.28%) and
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225 boys (51.72%). It was also grade-balanced—218 first graders (50.11%) and 217 s graders
(49.89%).

3.3. Validation

In order to establish the validity and the reliability of the results provided by the
proposed assessment tool, we took the adequate steps proposed in the international litera-
ture [23]. For some types of validity and reliability, repeated measurements were required,
which were implemented on a sample of 75 primary school students of first and second
grade. Although the objective of this article is not to present the relevant methods employed,
we indicatively mention that Pearson correlation coefficient (Pearson’s r) is calculated to
be 0.81. Since Pearson’s r quantifies the strength of the relationship between test/retest
scores [88], the calculated value indicates very good test/retest reliability i.e., very good
stability of measurements obtained from the same individuals at different times [88,89].

4. Results

We set the hypothesis that algorithmic thinking levels are not associated to students’
age and test it at a 5% level of significance i.e., with the predetermined alpha level of
significance to be 0.05.

4.1. Examining the Hypothesis Set

We formulate the contingency table of observed frequencies (Table 2) and, based on its
content, we construct the contingency table of expected frequencies. Then, we calculate
chi-square to be 8.7543, df to be 3, and p-value to be 0.03274. Since p-value is less than 0.05,
we reject the hypothesis that there is no correlation between algorithmic thinking levels and
students” age. Hence, we admit that, as far as the first and second-graders are concerned,
algorithmic thinking levels are related to age.

Table 2. Contingency table of observed frequencies.

Algorithmic Thinking First Second Sum
Grade Level
Excellent 39 43 82
Satisfactory 59 83 142
Medium 96 69 165
Basic 24 22 46
Sum 218 217 435

4.2. Odds Ratio

Next, we calculate the odds ratio for each algorithmic thinking level in relation to
students’ grade.

Based on the data presented in Table 2, for excellent algorithmic thinking, the odds
ratio is calculated to be (39/179)/(43/174) = 0.218/0.247 = 0.883. Results indicate the odds
ratio is less than one, and, thus, the probability of detecting excellent algorithmic thinking
levels is higher for second graders. For satisfactory algorithmic thinking levels, the odds
ratio is calculated to be 0.512 i.e., less than one, and, thus, the probability of detecting
satisfactory algorithmic thinking levels is higher for second graders. On the contrary, for
the cases of medium and basic algorithmic thinking levels the odds ratio is calculated to be
greater than one (1.689 and 1.097, respectively), meaning that the probability of detecting
these algorithmic thinking levels is higher for first graders.

4.3. Data Visualization

We construct fourfold plots in order to graphically represent the correlation between
algorithmic thinking levels and students’ age [90]. Studying the displays (Figures 9-12), we
conclude that the odds of identifying excellent or satisfactory algorithmic thinking skills
is greater for second graders (Class B) than for first graders (Class A). On the contrary,
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first graders are more likely to demonstrate medium or basic algorithmic thinking skills.
Especially in the case of satisfactory and medium algorithmic thinking, the confidence
rings are far away from overlapping and visualized in brighter colors, showing that these
associations are highly significant [90]. In other words, medium algorithmic thinking
is highly associated with first graders, while satisfactory algorithmic thinking is highly
associated with second graders.

CLASS: A

~
-
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Excellent algorithmic thinking: YES
Excellent algorithmic thinking: NO

Figure 9. Fourfold display for excellent algorithmic thinking.
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Figure 10. Fourfold display for satisfactory algorithmic thinking.
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Figure 11. Fourfold display for medium algorithmic thinking.
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CLASS: A
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Basic algorithmic thinking: YES
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Basic algorithmic thinking: NO

Figure 12. Fourfold display for basic algorithmic thinking.

Alternatively, we provide a sieve diagram (or parquet diagram), which plots rectangles
with areas proportional to the expected frequencies and is filled with a number of squares
corresponding to the observed frequencies. Hence, the densities visualize the deviations
of the observed from the expected values [91]. Different colors are employed to point out
whether the deviation from independence is positive or negative. In our case, the areas
filled with blue squares signify the cases most likely to occur (Figure 13), indicating that
medium and basic algorithmic thinking is more likely to characterize first graders (A Class),
in contrast with satisfactory and excellent algorithmic thinking, which is more likely to be
observed in second grade (B Class).
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Figure 13. Sieve plot.

4.4. Ordinal Logistic Regression Analysis

Next, we apply the ordinal logistic regression model considering algorithmic thinking
levels as the dependent variable and students” grade as the independent variable. Em-
ploying the polr function in the RStudio programming environment, we get the regression
analysis results, which include the value of each coefficient, standard errors, and t-value

(Table 3).

Table 3. Regression analysis results.

Coefficients:
Value Std. Error t-value
Grade Level —0.2981 0.1756 —1.698
Intercepts:
Value Std. Error t-value
basic | excellent —2.2954 0.1836 —12.5052
excellent | satisfactory —1.0354 0.1425 —7.2649
satisfactory | medium 0.3402 0.1335 2.5480

Residual Deviance: 1115.307

AIC: 1123.307
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The results indicate that the chances (in logarithmic form) second graders have to
demonstrate basic algorithmic thinking levels (instead of medium, satisfactory or excellent)
are 0.3 points lower than the chances first graders have.

We conclude to analogous results applying the exponential function. Indeed,
exp(—0.2981) = 0.742, meaning that for second graders, the chances of having excellent
algorithmic thinking are 1.35 times (1/0.742 = 1.35) higher than the first graders.

These results are verified through the calculation of predicted probabilities, employing
the predict function in R (Table 4).

Table 4. Predicted probabilities.

Excellent Satisfactory Medium Basic
First Grade 0.171 0.322 0.416 0.092
Second Grade 0.204 0.331 0.346 0.119

If we calculate the proportional odds for basic algorithmic thinking skills, we come in
agreement with the results obtained so far. Indeed:

(0.092/(1 — 0.092))/(0.119/(1 — 0.119)) = (0.092/0.908)/(0.119,/0.881) = 0.101/0.135 = 0.748

In the same way, we could calculate the proportional odds ratio for all the algorithmic
thinking levels.

Finally, we employ the machine learning method [26], aiming at predicting the proba-
bility of new data to be placed at each one of the algorithmic thinking levels, in relation
to students’ grade. The dependent variable is the level of algorithmic thinking, while the
independent variable is the grade (Figure 14).
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Figure 14. Machine learning.

In all, 80% of the survey data was used to create the prediction equations and the
remaining 20% to test them. The relevant graph shows that attending the second grade
increases the probability of being classified at the higher levels of algorithmic thinking
(satisfactory and excellent), while decreasing the probability of being classified at the lower
levels of algorithmic thinking (basic and medium).

5. Discussion

The findings of our research study confirm the hypothesis set that algorithmic thinking
skills are correlated with age in the first two years of primary education. Moving one step
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ahead, our study results not only answer the research question positively but also reveal
that age constitutes a predictor factor for algorithmic thinking levels in early childhood.
Now, let us elaborate on how the research findings are confirmed by the existing relevant
literature, and the contribution entailed, underlining the need of our study.

Several research studies point out that CT skills could be depicted as a reflection
of skills related to cognitive development, including abstraction, algorithmic thinking,
problem-solving, and critical thinking skills, reinforcing the opinion of a potential correla-
tion between CT skill levels and educational grade levels [16,92].

A relevant study conducted in Spain on a sample of 1251 fifth and sixth graders
confirms the correlation between the students’ age and the levels of basic CT skills [93].
The same study confirms the hypothesis that CT skills are inextricably linked to problem-
solving skills. In addition, it is emphasized that the level of cognitive development and the
level of maturity are important factors in the development of CT skills and problem-solving
ability [93].

A survey conducted in Ankara in 2015-2016 examined how specific parameters affect
the development of core CT skills, such as algorithmic thinking. The research sample
consisted of 156 students ranging from fifth to twelfth grade. Research revealed that the
higher the grade, the higher the students” CT skills [16].

A research study conducted in the Netherlands investigated, among others, how age
is related to students’ success in CT tasks. The research sample consisted of 200 students six
to twelve years old. The CT tasks pertained to abstraction and decomposition skills, which
are inextricably related to algorithmic thinking skills. According to the research evidence,
age seems to have a positive effect on the development of students’” CT skills [17].

Another research study employed the framework CT-cube, which is appropriate
for designing, realizing, analyzing and assessing CT activities, to design an unplugged
task, called Cross Array Task, in order to assess the algorithmic thinking skills of K-12
students. The relevant study considered a sample of 109 students aged three to sixteen
in Switzerland and concluded that algorithmic thinking skills of K-12 students increase
with the age. However, this increase is observed mainly between lower and upper primary
school students [94].

Assaying the results of our work in comparison with the literature, we notice that
the findings of the aforementioned research studies are in line with those of our study. In
fact, the last two surveys are particularly important for certifying our results, since part
of the age group of their samples concerns children of the age group we are studying.
Elaborating on the implications of our study, we should not be confined to its feature of
being substantiated by the existing research background. In fact, we add to the efforts of
the relevant research field by investigating, for the first time, the narrow range of the first
two years of primary school. Until now, all the relevant studies examined the influence of
age on the development of CT skills by employing samples of wider age ranges. The fact
that the development of cognitive skills reflects the development of CT skills [16,92] does
not imply that this development is observable in a narrow age range. In other words, we
do know that the development of CT skills could be observed when we investigate wide
age ranges. However, it is not obvious that this development is observable in a narrow age
range, especially when it concerns the beginning of schooling.

Attempting to unpack how jigsaw puzzles exercise algorithmic thinking, we turn to
works documented in the relevant literature. Shortly discussing some of these works, we
support our decision to employ jigsaw puzzles in order to assess algorithmic thinking.

One of these studies proposes a project developmentally appropriate for students’ age
from eight to eleven, which aims to determine, examine and refine a learning path focused
on stimulating CT competencies. Students are involved in collaborative game-making
activities implemented on the Scratch platform. A type of these activities concerns checking
the position and rotation of the pieces. More precisely, in the first activity, students have
to drag the jigsaw puzzle pieces to their correct location, and in the second they have to
appropriately rotate the pieces [95].
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Another study examines the potential beneficial effect of including unplugged activ-
ities in the instructional settings in order to foster CT competencies in the early years of
primary education. Digital jigsaw puzzle and unplugged puzzles are employed in the
context of a quasi-experimental study, exploring and confirming the subsequent advantages
of a mixed approach of both unplugged and plugged-in activities [69].

A hybrid schema of offline and online activities, which aims to develop essential
CT skills and is developmentally appropriate for children four to six years old, is also
documented. Among the proposed activities is breaking a big jigsaw puzzle into smaller
pieces and then reconstructing it [96].

The studies discussed so far certify that jigsaw puzzles have already been employed
successfully in order to support the development and the assessment of core CT com-
petencies, such as algorithmic thinking, in compulsory education. Since our research
interest focuses on young children, we indicatively presented studies conducted in primary
education with the emphasis put on the early years.

Focusing on the sensitive years of early education, we provide a solid theoretical basis
that could be useful to scholars engaged in investigating the introduction of CT skills at the
beginning of schooling. Educators, researchers and policymakers could support the need
disclosed by our study that the developmentally appropriate cultivation of CT skills in the
first two years of primary school deserves the design and implementation of educational
tools of ranked levels of difficulty, depending on students’ age.

5.1. The Rational of the Study

As far as the rational of our research study is concerned, it is not limited to revealing
the need for providing age-based activities in early childhood in order to promote CT skills,
but also adds to the efforts of exploiting digital technology to support educational assess-
ment. Having in mind how appealing digital environments can become to children [97]
and building on the positive behaviors being developed in early educational settings that
employ coding as a playground [41], we propose an assessment tool of playful and con-
structivist nature that provides an initial glance at the main principles of object-oriented
programming, although no direct reference is made to them [19].

The assessment environment we propose supports the integration of CT in early
STEM education, facilitating students to study science in authentic and computationally
sophisticated manners [46]. The festive atmosphere established in the classroom and
the creative competition developed among the students while applying the proposed
assessment tool facilitated its embracement by the educational community that participated
in the research study i.e., both students and teachers [72].

Finally, yet importantly, the proposed assessment tool adds to the efforts of convergent
measurements of CT skills and learning achievements in STEM fields, addressing the CT
assessment challenge by exploiting STEM educational scenarios [32]. In our study, we
focused on the thematic unit of animals’ eating habits, which is included in the textbook
of the environmental study course in both first and second grade in Greece. Someone
could argue that this topic appertains to the science of biology and could not formulate
the basis of an environmental science scenario. In order to address this skepticism, we will
shortly discuss the case of Bovine Spongiform Encephalopathy (BSE), commonly known
as mad-cow disease. BSE is a paradigm that consolidates the significance of respecting
animals’ eating habits, since their disruption could provoke multifarious consequences
affecting not only animals, but human beings too. In the case of BSE, herbivorous mammals
were unnaturally turned into carnivorous, not to say cannibals, since they consumed feed
that contained contaminated meat and bone meal as a protein meat source [98,99]. BSE
firstly appeared as a veterinary problem in Great Britain, then it was upgraded to a public
health hazard and, finally, it was metamorphosed into an international crisis of economic
and political dimensions, affecting even the relationships of the European Union and
the United States [98]. The fact that the prion proteins—the cause of BSE—persist in the
soil entailed unbounded environmental hazard, putting human health at unquantifiable
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risk [98,99]. In this sense, we endorse the study of animals’ eating habits in early formal
STEM settings, since it opens up horizons for fostering environmental ethics and provides
a creative context for consolidating moral, social and political principles and values.

5.2. Limitations and Perspectives

Our future direction is to extend our research throughout the country, addressing the
sample limitation of the present study, which we conducted in the city of Heraklion. We
also plan to strengthen the outcomes of this study by conducting research in which we will
employ several other thematic units of the environmental study course.

We also intend to provide evidence of how first and second graders strategize when
solving the puzzles, elaborating on the way they approach them.

6. Conclusions

The learning science community recognizes that K-12 STEM fields have to follow
the evolution of the 21st digital era and become more authentic by embracing CT [46].
Adding to the limited research efforts on developing and accessing CT in early learning
settings [33,46], we examined the algorithmic thinking levels from an aged-based point of
view. Our study was implemented within the context of the environmental study course,
exploiting young children’s engagement with science experiences [100]. Intrigued by the
fact that, thus far, the relevant studies have investigated the effect of age on CT development
in wide age ranges, we concentrated on corroborating the existing research findings, in the
narrow age range of first and second graders. The study results confirm the correlation
between algorithmic thinking skills and age, indicating that age constitutes a predictor
factor for algorithmic thinking levels in early childhood.

This study is of interest to those who believe that teaching young children to code can
accelerate the acquisition of CT skills [101], such as algorithmic thinking. To this end, we
developed the digital platform PhysGramming that introduces a novel schema of text-based
and visual programming techniques, providing young students their first contact with
fundamental object-based programming concepts. Building on the efficacy of game-based
learning in developing students’ 21st-century skills, such as CT [102], and the effectiveness
of digital games in producing environmental friendly attitudes and behaviors [103], we go
beyond the narrow limits of the simple use of digital games and propose a game developing
technique with STEM dimensions.

This study also concerns those who appreciate the value of multidisciplinary educa-
tional schemas, stand for the necessity of high-quality STEM education, and emphasize the
need for bringing developmentally appropriate CT practices into STEM learning environ-
ments.
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