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ABSTRACT: In recent years, many countries have introduced Computational Thinking (CT) concepts into
compulsory education as part of general curriculum reform efforts. A systematic review of academic and grey
literature has been conducted to analyse the state of the art in implementing CT in primary and secondary
education. In total, 1977 publications were identified, out of which 98 met the inclusion criteria for the review.
The results show that, despite a lack of consensus on a common definition, a core set of key CT skills is
addressed in primary and lower secondary education. Implementation approaches that emerged from the analysis
are discussed and presented according to the European Commission’s Joint Research Centre (2016)
classification: (i) embedding CT across the curriculum as a transversal theme/skill set; (ii) integrating CT as a
separate subject; and (iii) incorporating CT skills within other subjects such as Mathematics and Technology.
New approaches to formative assessment of CT are emerging, reflecting different conceptualisations and
differences in contextual and motivational aspects of CT curriculum integration. However, further investigation
is needed to understand better how gender/equity/inclusion issues impact the quality of computing education
integration.
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1. Introduction

The Digital Education Action Plan 2021-2027 (European Commission, 2020b, p. 94) provides the following
glossary definition of CT (along with programming and coding):
Computational thinking, programming and coding are often used in an interchangeable way in education
settings, but they are distinct activities. Programming refers to the activity of analysing a problem, designing
a solution and implementing it. Coding means implementing solutions in a particular programming
language. Computational thinking, shorthand for “thinking as a computer scientist,” refers to the ability to
understand the underlying notions and mechanisms of digital technologies to formulate and solve problems.

This conceptualisation reflects the definition proposed by Wing (2017, p. 8): “Computational thinking is the
thought processes involved in formulating a problem and expressing its solution(s) in such a way that a computer
— human or machine — can effectively carry out.” This conceptualisation is clearly connected to the concepts
and practices of Computer Sciences - CS (i.e., thinking like a computer scientist) proposed as an intellectual
framework for thinking. Caeli and Yadav (2020) provided the historical perspectives of CT and how initiatives
today can inspire students to learn CS. A deeper historical development of CT and the intellectual ideas for
development are provided by Tedre and Denning (2016).

In this paper, we use the term Computer Science (CS) interchangeably with Computing and Informatics. In
Wing’s view (2017, p. 7), “computational thinking will be a fundamental skill - just like reading, writing, and
arithmetic - used by everyone by the middle of the 21st Century.” This vision has been widely accepted as a
basis for including CT as a key 21st century competence in compulsory education (e.g., Pérez-Marin et al.,
2020). However, discussions on understanding of CT and its importance in schools have continued. As Curzon et
al. (2019) note, this debate can be represented as positioning CT applicability on a scale that goes from the broad
(e.g., the CT skillset overlaps with skills in other disciplines and is generally useful; computational systems exist
in the natural world) to the narrow (e.g., CT is not necessarily beneficial for everyone; computational systems are
confined to computers). However, most CT definitions in the literature position it somewhere between these two
extremes (e.g., CT skills include algorithmic thinking, logical thinking, abstraction, generalisation, and
decomposition; CT is also relevant to non-technical disciplines). Further support for this interpretation comes
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from the OECD’s PISA and IEA’s ICILS educational assessments, which explicitly refer to CT and include key
CT skills and concepts in their tests (e.g., Fraillon et al., 2019).

Generally, CT is regarded in the literature as a thought process involved in designing solutions that a computer, a
human, or both can execute. While numerous definitions are currently being proposed and adopted, an agreement
is nonetheless emerging on core CT concepts, namely abstraction, algorithmic thinking, automation,
decomposition, and generalisation (Curzon et al., 2019). These are closely connected with a set of attitudes and
skills (named as practices) that comprises creating computational artefacts, testing and debugging, collaboration
and creativity, and the capacity to tackle open-ended problems (Grover & Pea, 2018). In this view, CT is seen as
a fundamental competence for informed citizens to manage the ever-emerging challenges society poses. In
addition, CT offers the potential to support creative problem-solving and may foster innovative approaches in
other subject areas. Hence, it undoubtedly has a key role to play in compulsory education. By making CT
concepts concrete, programming provides opportunities for CT education. This renders it a tool for learning, e.g.,
a way of exploring other domains or a means for self-expression (Resnick, 2017). Nevertheless, it is generally
agreed that coding/programming is just one of the various facets of CT.

This paper is intended to provide an overview of the integration of CT skills in primary and lower secondary
education, as emerging from recent research works. The systematic literature review presented herein builds
upon and complements that presented by Bocconi et al. (2016), capturing developments in the CT field from
2016 to 2021. We use the term Computer Science (CS) for both Computing and Informatics, in line with the
Digital Education Action Plan 2021-2017 (European Commission, 20203, p. 13).

To understand how the ongoing debate and results from research on CT are influencing the implementation of
CT-related curricula in schools, the following research questions were addressed:

e RQLL: How is CT defined in the context of compulsory education?

e RQ2: How is CT implemented in primary and lower secondary education?

o RQ3: How are gender and equity addressed when implementing CT in the curriculum?

Section 2 presents the methodology adopted for conducting the systematic literature review. In Section 3, we
present and discuss the review results, with particular attention devoted to CT definitions in various settings, the
curricular issues intertwined with CS education, gender balance and equity, pedagogical approaches adopted, and
technologies employed. Some conclusions are provided in the final section.

2. Method
2.1. The PRISMA 2020 statement

A structured approach was employed to identify relevant academic and grey literature and select the publications
to be analysed in-depth. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses — PRISMA
2020 statement (Page et al., 2021) was applied to increase the dependability and reliability of the data collected
and analysed. Figure 1 presents the PRISMA 2020 workflow steps followed (ldentification, Screening, Included)
and the number of records handled in each step.

2.2. ldentification process

The initial search was conducted on the Scopus research database in May 2021, focusing on a selection of 24
top-tier journals and conference proceedings (Table 1) devoted to pedagogical aspects of CT and CS education.

A broad coverage of studies was sought in searching for CT occurrences and related terms. Accordingly, the
following Boolean string was used to identify relevant papers published after 2016 in the selected journals:
(ISSN (XXXX-XXXX) AND ALL (“computational thinking”) OR ALL (“algorithmic thinking”) OR ALL
(“computer science education”) OR ALL (“computing education”) OR ALL (“informatics education”)
AND PUBYEAR >2015). For the conference proceedings, the following search string was employed: (ALL
(“computational thinking”) OR ALL (“algorithmic thinking”) AND CONF (XXXXX) AND PUBYEAR >
2015). The search string for identifying conference papers did not include the search terms “computer science
education,” “computing education,” or “informatics education” because the selected conference proceedings are
specialised in these fields, in contrast with the selected journals, which are wider in their scope.
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Table 1. Number of publications identified, collected, and screened per source

Type Source Identified and screened
Step 1 Step2 Step 3
Journals Education and Information Technologies 158 27 2
Computers & Education 135 26 13
ACM Transactions on Computing Education 133 25 2
Computer Science Education 111 22 3
Computers in Human Behavior 87 19 3
Journal of Educational Computing Research 80 15 5
Informatics in Education 63 14 8
IEEE Transactions on Education 61 7 0
International Journal of Child-Computer Interaction 53 16 0
Journal of Computer Assisted Learning 45 11 2
TechTrends 36 7 4
Journal of Research on Technology in Education 21 10 2
Thinking Skills and Creativity 12 1 0
Comunicar 7 1 0
Journal papers citing CompuThink 2016 study 122 23 2
Journal papers from author tracing and reference mining 2 2 2
Edited books Books chapters citing CompuThink 2016 study 17 4 2
Book chapters from author tracing and reference mining 3 3 3
Conference SIGCSE: Symposium on CS Education 327 120 11
proceedings ITiCSE: Innovation and Technology in CS Education 80 28 0
ISSEP: Informatics in School Education: Evolution and 63 29 6
Perspectives
WIPSCE: Workshop in Primary and Secondary Computing 60 33 2
Education
Koli Calling Conference on Computing Education Research 48 15 4
LaTiCE: Learning and Teaching in Computing and 8 5 0
Engineering
Conference papers citing Computhink 2016 study 50 8 0
Conference papers from author tracing and reference mining 2 2 2
Grey literature  Grey literature citing ComputThink 2016 study 73 18 7
Grey literature from author tracing and reference mining 120 25 13
Total 1977 516 98

Figure 1. PRISMA 2020 Flow Diagram for systematic literature review. Adapted from Page et al. (2021)
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In addition to the Scopus search, we employed citation tracking to identify post-2016 academic and grey
literature, which has become pivotal in CT research and computing education. These works include conceptually
oriented and empirical studies that have (a) generated a line of investigation which has changed how problems or
questions have been framed, (b) introduced new methods or concepts, or (c) generated influential debate. We
also employed Google Scholar to identify and gather publications that cite the systematic literature review by
Bocconi et al. (2016), referred to as the CompuThink 2016 study.

2.3. Screening and eligibility process

The screening process was performed in three steps. In Step 1, the 1977 aggregated publications were allocated
among the nine researchers involved in the literature review. Screening of records involved reading the title and
abstract and applying three exclusion criteria: (i) not a full article; (ii) not devoted to compulsory education; (iii)
devoted to specialised topics (e.g., cybersecurity, machine learning, data analytics) outside the scope of the
study.

In Step 2, the full texts of the 516 records potentially eligible for in-depth analysis were collected and
subsequently screened by applying the following exclusion criteria: (i) tangential or no specific focus at all on
CTI/CS; (ii) pilot studies of low quality and/or conducted on small sample size; (iii) empirical papers reporting
outcomes not explicitly concerning CT/CS.

In Step 3, the 98 publications (see Table 1) from academic (N = 78) and grey literature (N = 20) were distributed
among the nine researchers and analysed in-depth through a review matrix (see Appendix 1) following specific
guidelines and a shared understanding of the different fields, as described in the following section.

2.4. Quality assurance

To ensure that the researchers analysed and coded the selected literature homogeneously and comparably, Inter-
Rater Reliability (IRR) checks were carried out as a measure of quality assurance. Furthermore, guidelines were
drafted for researchers to follow throughout the PRISMA screening process and for mapping against the review
matrix.

To precisely evaluate IRR for multiple non-unique coders, an extension of the k statistic was used, as
propounded by Hallgren (2012). Cohen’s kappa was calculated through SPSS version 26.0, and the arithmetic
mean of these outputs was computed. This process determined the level of agreement among all the researchers
on whether 24 publications of different nature, including academic and grey literature, could be included or
excluded from the literature review based on guidelines for the PRISMA screening process.

To avoid influencing the other researchers’ decisions, each researcher rated the same set of 24 randomly selected
publications individually. When evaluating publications, each researcher could choose only to include or exclude
them for screening in Step 3. Researchers were asked to perform two rounds of evaluation. Overall, in round one,
a moderate level of coder agreement was reached (Mean « = .41). In line with the approach proposed by Belur et
al. (2018), this first round of coding was followed by an open discussion among members of the coding team led
by two senior researchers/coders. This discussion permitted clarification of the inclusion/exclusion criteria,
resulting in an excellent level of agreement in the second round (Mean x = .98).

3. Results and discussion

Following the process described in the previous section, the 98 publications from 2016 to 2021 were analysed in
depth. In terms of temporal spread, a significant increase in 2020 emerges (see Figure 2).

A thorough analysis of the collected works was carried out through a review matrix approach (see Appendix 1),
thus facilitating a structured comparison of different sources. The research questions in the matrix are broader
than those addressed in this paper, as the matrix was designed for comprehensive extraction and documentation
of all the insights from each publication, thereby providing a solid basis for systematic analysis.
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Figure 2. Distribution of analysed literature by year of publication
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3.1. CT definition and concepts in different settings

Although this field has been the subject of intensive research for about 15 years, there is still debate on the
definition of CT. Different research teams have tended to expound their own CT definition informed by their
specific line of inquiry and have assumed different perspectives regarding applying, interpreting, and assessing
proposed CT concepts. Taslibeyaz et al. (2020) note that CT definitions are often context-specific.

Tikva and Tambouris (2021) categorise CT definitions as domain-specific or domain-general. Domain-specific
definitions indicate domain-specific knowledge or skills needed to solve problems systematically in the subject
area of CS or programming. Domain-general definitions refer to competences necessary for solving problems
systematically in all learning activities. This framework is similar to that proposed by Tang et al. (2020), which
divides CT definitions related to (i) programming and computing concepts, and (ii) competences.

The three-type categorisation of CT definitions (i.e., generic, operational and educational / curricular definitions)
proposed by Roman-Gonzélez et al. (2017) is used below to present examples of CT definitions emerging from
the analysed literature (see Table 2).

Those who offer a precise definition of CT agree that it is a mode of thinking (thought process) for problem-
solving (Grover & Pea, 2018; Hazzan et al., 2020; Zhang & Nouri, 2019). However, whatever one’s view on the
definition of CT, it is important to be pragmatic regarding the best ways of teaching it (Curzon et al., 2019).
What all definitions have in common is that CT is more than problem-solving: the problem’s solution must be
expressed in such a way that permits it to be executed by a computational agent. CT is the way of thinking for
developing solutions that allow a processing agent (machine) to carry it out (Corradini et al., 2017; Curzon et al.,
2019; Csizmadia et al., 2019).

According to Fessakis and Prantsoudi (2019), CT-related skills commonly cited in various definitions are:
algorithmic approach to problem-solving (including creativity), abstraction, logical reasoning, problem-solution
transfer, generalisation, processing of data, and social impact of computation. In addition, Csizmadia et al.
(2019) suggest the combination of CT with constructionism for selecting and evaluating classroom activities.

Corradini at al. (2018) classified all constitutive elements of CT into four categories: (i) mental processes or
strategies useful to solve problems; (ii) methods, i.e., operational approaches used by computer scientists; (iii)
practices used in the implementation of computer-based solutions; and (iv) transversal skills, e.g., general skills
enhanced by CS application.

In a systematic review of empirical studies (Tang et al., 2020), the authors analyse well-cited CT definitions and
notice that many are related to programming and computing. Tikva and Tambouris (2021, p. 162) observe a
reciprocal association between CT and programming: “programming supports the development of CT while CT
provides to programming a new upgraded role.” However, Hazzan et al. (2020, p. 61) summarise that “CT is not
necessarily about programming, but rather, the emphasis is on problem-solving,” which fosters learning
experiences. Nevertheless, programming is still the most frequently mentioned concept taught and, as
Upadhyaya et al. (2020) remark, programming coupled with abstraction is becoming more commonly mentioned
in conjunction with CT skills. CT is often conceptualised in a programming context and can be examined in
terms of three key components: CT concepts, CT practices, and CT perspectives (Kong et al., 2020).

Webb et al. (2017, p. 449) state:
The distinction between computational thinking and programming is subtle; in principle computational
thinking does not require programming at all, although in practice, representing a solution to a problem as a
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program provides a perfect way to evaluate the solution, as the computer will execute the instructions to the
letter, forcing the student to refine their solution so that it is very precise.

Table 2. The three types of CT definitions with examples

CT definition Examples of CT definitions in the analysed literature
categories

Generic definition  CT is the thought process entailed in formulating a problem and expressing the solution(s)
so that a computer-human or machine can perform it effectively (Grover & Pea, 2018;
Rich et al., 2021).
CT regards thinking processes, so its implementation is independent of technology (Hazzan
et al., 2020).
CT is a thought process involving fundamental programming skills (CT skills) for solving
problems in any domain (Zhang & Nouri, 2019).

Operational or The CT framework employs fundamental CS concepts to solve problems, design systems,
model definition and understand human behaviour (Jocius et al., 2020).
CT encompasses a set of broadly applicable problem-solving skills that include abstraction,
algorithmic thinking, decomposition, and pattern recognition (Huang & Looi, 2020).
CT is a means to understand and solve complex problems by using CS concepts and
techniques such as decomposition, pattern recognition, abstraction, and algorithms (Kale
etal., 2018).
Eight aspects at CT’s core are highlighted: abstraction, algorithm design, evaluation,
generalisation, iterative  improvement, information  representation,  precise
communication, and problem decomposition (Komm et al., 2020).
CT definition relates to the operationalisation of CT practices (mainly based on Zoombinis
gameplay) and focuses on four CT practices: problem decomposition, pattern
recognition, abstraction, and algorithm design (Asbell-Clarke et al., 2021).
CT is defined as a conceptual framework based on the five fundamental CT concepts:
abstraction, decomposition, algorithmic thinking, evaluation, and generalisation (Tsai et
al., 2020).
The computing-based CT definition framework divided CT into general practices such as
data, modelling & simulation, computational problem-solving, and systems thinking
(Weintrop & Wilensky, 2019).

Educational and CT entails addressing problem-solving systematically (e.g., algorithmically) so that the
curricular solutions generated can be reused in various contexts (Shute et al., 2017).
definitions According to the Australian Curriculum, Assessment and Reporting Authority, CT is a
problem-solving approach entailing various strategies and techniques that can be
implemented using computer systems (Australian Computing Academy, 2019).
CT is considered a means to develop knowledge and understand concepts in CS and
contributes  significantly to general problem-solving skills (Israel-Fishelson &
Hershkovitz, 2020).
CT encompasses four different computational practices (problem-solving or algorithmic
thinking, building algorithms, debugging, and simulation) and some concepts (Hooshyar
etal., 2020).
Thinking computationally means employing CS principles and methods to efficiently
address and solve problems (Arfé et al., 2020) and developing algorithmic solutions to
those problems so they can be operationalised using computers (Eickelmann et al., 2019).

Besides the theoretical discussion on CT definition, many studies investigate CT integration in classrooms. An
operational definition of CT skills (see examples in Table 2) is more suitable for everyday activities and is
broadly adopted in many studies (e.g., Barendsen et al., 2016; Grgurina et al., 2018; Leonard et al., 2021). Also,
it is important to mention the historical perspectives of CT, which have a strong connection to computing (Caeli
& Yadav, 2020; Tedre & Denning, 2016).

3.2. CT in the primary school curriculum
In a world where computing is pervasive, “CT is being recognised as a foundational competency for being an

informed citizen and being successful in all STEM work, and potential for creative problem solving and
innovating in all other disciplines” (Grover & Pea, 2018, p. 34).

104



Most researchers agree that programming should best be taught from a young age (Ching et al., 2018; Niemel& et
al., 2017; del Olmo-Mufioz et al., 2020; Saez-L6pez et al., 2016; Wei et al., 2021). Usually, primary students are
initially introduced to programming via unplugged activities, i.e., working without a computer or another digital
device (del Olmo-Muiioz et al., 2020; Tonbuloglu & Tonbuloglu, 2019) and then move on to the use of block-
based programming languages with computers (Arfé et al., 2020; Séez-Lopez et al., 2016; Sherwood et al.,
2021). Related investigations have yielded solid evidence of the positive potential and results of developing CT
when young learners program with different educational technologies (Ching et al., 2018; Kong et al., 2020).
Gonzéalez-Gonzalez et al. (2019) presented a study carried out with children aged of 3 to 6 years old with Down
syndrome and showed that these pupils with cognitive disabilities can acquire basic programming and CT skills
using tangible robots such as KIBO. Israel et al. (2020) examine how elementary students with autism behaved
during computing instruction and concluded that these students require individualised support. Wei et al. (2021)
report that partial pair programming effectively impacts the development of CT skills and self-efficacy in
primary school students. Wu and Su (2021) have noticed that learning through physical robots can help students
improve their CT abilities.

The primary education studies among the selected papers deal with three aspects: (i) programming in CS; (ii)
programming in other disciplines like science, mathematics, art or integrated subjects; and (iii) programming
used as a tool to assess CT concepts and skills. Generally, programming skills are developed in CS classes rather
than in science or integrated disciplines. Based on the theoretical framework of programming-related CT
proposed by Brennan and Resnick (2012), we investigated the selected papers and extracted examples of
computational concepts, practices, and perspectives for primary education (see Table 3).

Table 3. Examples of CT-related concepts, practices, and perspectives in primary education

Key CT Examples and references

dimensions

Computational  Sequences, directions (forward, back, left, right) and loops (del Olmo-Mufioz et al., 2020)
concepts Algorithms, automation, coordination, creativity, data, logic, modelling and design, patterns,

and problem decomposition (Fagerlund et al., 2020)

Algorithmic thinking, creativity, collaboration, critical thinking, and problem-solving
(Tonbuloglu & Tonbuloglu, 2019)

Parameters, passing parameters to subprograms, sequences, simple loops, repeat, variables
(Hromkovi¢ & Lacher, 2017)

Data, sequences, loops, parallelism (Israel-Fishelson & Hershkovitz, 2020)

Abstraction and connected concepts (Liebe & Camp, 2019; Statter & Armoni, 2020)

The seven big ideas: creativity, abstraction, data, algorithms, programming, internet, and
global impact (Repenning et al., 2021)

Computational Abstracting and modularising, algorithmic thinking, data, computational practices,
practices experimenting and iterating tests, reusing and remixing, testing and debugging (Basu et al.,
2020; Roméan-Gonzalez et al., 2017)
Abstracting, algorithm design, pattern recognition, and problem decomposition (Asbell-
Clarke et al., 2021; Rijke et al., 2018; Wu & Su, 2021)
Algorithmic thinking, building algorithms, and debugging (Jocius et al., 2020)
Coding, conditionals and testing, looping, functions or debugging, nested looping, and
sequencing (Arfé et al., 2020; Israel-Fishelson et al., 2021)
Data representation, flow control, parallelisation, and user interactivity (Wei et al., 2021)

Computational Better understanding of the initialisation of variables and objects (Franklin et al., 2016)
perspectives

Games are commonly used in teaching and learning in primary schools. Several studies examined the
relationship between student gameplay and the development of students’ CT practices using different classroom
activities (Asbell-Clarke et al., 2021; Ching et al., 2018; Hooshyar et al., 2020; Israel-Fishelson & Hershkovitz,
2020).

To reinforce CT skills in the primary grades, unplugged activities in combination with constructionist approach
to learning-to-think computationally are particularly helpful (Caeli & Yadav, 2020). Also, Csizmadia et al.
(2019) developed and presented a new mapping tool (the constructionism matrix) to review classroom activities
in terms of both CT and constructionist learning. Pérez-Marin et al. (2020) suggested a metaphor-based
methodology using Scratch to teach primary school children basic algorithmic and programming concepts. They
found a statistically significant increase in participants’ results and concluded that it is possible to teach children
basic computer programming concepts (conditionals, loops) and improve their CT skills.
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3.3. CT in the lower secondary school curriculum

While in primary school CT skills are usually integrated into other subjects in primary school rather than being
embedded in a specific dedicated subject, CT plays a much more complex role in secondary education. From
their analysis of educational policy initiatives across the globe, Hsu et al. (2019) describe trends and rationales
for including CT in the curricula. They highlight four main approaches: (i) creating a new subject; (ii)
incorporating CT skills into existing subjects such as maths; (iii) embedding CT across the entire curriculum as a
transversal skill set; (iv) combining the above. In many countries, introducing a new subject or even content area
represents a serious challenge, as it usually entails making space in densely packed curricula. Rich, Mason and
O’Leary (2021) developed the BootUp curriculum by gradually introducing coding and CT concepts and
practices that are based on the K-12 CS Framework.

Jocius et al. (2020, p. 6) point out that “the value of computational thinking is not just as an isolated concept that
relates to Eickelmann et al. (2019), but also as a way to enhance and support more complex discipline-specific
and interdisciplinary understandings.”

There is a strong emphasis on programming in CT skills development in compulsory education, especially in the
secondary curriculum. Many researchers argue that programming improves understanding of CT concepts and
contributes to CT practice (del Olmo-Mufioz et al., 2020; Wu & Su, 2020). Sdez-L6pez et al. (2016) show that
active pedagogical methods employing visual programming languages yield significant benefits for aspects like
learning programming concepts and developing logic and computational practices. Researchers point out that
programming stimulates the development of students” CT skills (Djambong et al., 2018; Corradini et al., 2018)
and can be successfully employed for teaching CT in both primary and secondary schools (Hsu et al., 2019;
Israel-Fishelson et al., 2021; Yagci, 2019). Many secondary school teachers use program design courses to foster
students” CT skills (Pasternak, 2016; Séaez-Lopez et al., 2016; Zhang et al., 2020). Coenraad et al. (2021)
designed Scratch Encore, a curriculum that uses Scratch and follows the Use-Modify-Create pedagogical
strategy to introduce secondary school students to CS concepts in a culturally responsive way.

An increasing number of literature reviews published in the last few years investigate the broad association of
CT skills with programming (Ching et al., 2018; Djambong et al., 2018; Hsu et al., 2019; Sun et al., 2021b;
Zhang & Nouri, 2019). Several of these reviews concentrate on particular facets of the CT domain, such as
programming; others address a spectrum of topics (e.g., Hsu et al., 2018; Ching et al., 2018). Often, teachers are
expected to develop students’ CT skills through program design courses based on structured assessment because
algorithms and programming are recognised as ways to improve those skills (Sdez-Lépez et al., 2016; Tikva &
Tambouris, 2021; Romén-Gonzélez et al., 2019).

Numerous ongoing initiatives seek to foster CT skills by providing learners with programming tools and
resources intended to facilitate the integration of CT in schools and thereby respond to societal needs for 21st-
century skills (Hsu et al., 2019; Passey, 2017). Grover et al. (2019) developed a suite of non-programming digital
activities embedded in a curriculum before students engage in Scratch block-based programming they use
constructivism as a pedagogic approach. Tikva and Tambouris (2021) developed a conceptual model of CT
within programming for K-12 education that is based on a systematic literature review summarising 101 studies
and identifying CT areas. This model adopts a challenging holistic approach, seeking to support CT teaching and
learning in K-12 education. Dagli and Sancar Tokmak (2021) emphasise development of students’ CT skills
through instructional design stages: analysis, design, development, implementation, evaluation and revision.

Palts and Pedaste (2020) propose an innovative model for developing CT skills This is based on three stages in
CT training: (i) define the problem, including formulation and reformulation, abstraction, and decomposition; (ii)
solve the problem by using data analysis, algorithm design, parallelisation, iteration and automation; and (iii)
analyse the solution based on generalisation, testing and evaluation.

Grover and Pea (2018, p. 34) state that:
[...] learning CT, much like learning scientific and mathematical thinking, is more about developing a set of
problem-solving heuristics, approaches and ‘habits of mind’ than simply learning how to use a programming
tool to create computational artefacts.

Li (2020) stresses that good design for developing CT skills includes several important aspects, such as
scaffolding, learner-centred methods, and fostering deep learning by integrating CT skills in teaching coding.
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3.4. Integrating CT as a separate subject

CT is increasingly becoming a central focus as countries update their school curricula. UNESCO and IFIP TC3
(2019) recommend promoting CT through the CS curriculum based on the understanding that CT is integral to
problem-solving approaches in CS. Fessakis and Prantsoudi (2019) remind us that CT was introduced as a
conceptual tool to promote the status of CS in general education. Accordingly, CT enables students to leverage
advancements made possible by CS, from data collection to in-depth research. One important goal of today’s CS
curricula is improving students’ CT skills (Kert et al., 2019). Tomokyio (2018) explored successes and
challenges in implementing a progressive CS curriculum for K-8 schools. A new comprehensive curriculum that
integrates various CS topics in middle schools in Qatar was elaborated and discussed by Razak et al. (2021).
Forlizzi et al. (2018) proposed a core CS (Informatics) curriculum for all the levels of compulsory school, and
outlined strategies to ensure that its implementation in schools can be effective.

The Australian Computing Academy (2019, p. 30) states that:
The development of pedagogy in computer science education lags behind that of other subjects. In contrast to
CS, mathematics has been taught at schools for centuries, and there is broad consensus about teaching key
concepts at different year levels, taking into account the changing cognitive capabilities as students age.

The CS (Informatics) curriculum in the Netherlands can serve as an example of incorporating CT education
(Barendsen et al., 2016). The core of the curriculum comprises a skill set (comprising not just CS-specific skills
but also general scientific and technical skills), together with five knowledge domains. In addition, three skill
subdomains are deemed crucial aspects characterising CS as a subject: (i) design and development; (ii) focus on
informatics perspective; and (iii) collaboration and interdisciplinarity. A few years following the curriculum’s
introduction, Grgurina et al. (2018) developed a curriculum intervention including a practical assignment and an
accompanying assessment instrument consisting of grading rubrics.

When applying a strategy for a CS curriculum integrated with CT, Hromkovi¢ and Lacher (2017) espouse the

following principles:

e CS must not be taught as an isolated subject but rather as a part of Science and Technology, thus providing
an in-depth contextual view;

e Do not teach the use of the latest IT products or the latest scientific discoveries. Instead, investigate the
evolution of fundamental concepts and their step-by-step development;

e Teach programming and automate well-understood activities with computers.

Hromkovi¢ et al. (2016) envisioned a broad and comprehensive CS education from primary school by
introducing Logo and then carefully building through secondary school using text-based programming languages
such like Python.

Dealing with approaches for CT education, Li (2020, p. 10) emphasised that:
[...] experts suggest that although CT can certainly be taught through CS, it may not be the best approach for
different reasons. First, CT [skills are] best learned when they are integrated into different subjects for
elementary students. Secondly, even for secondary students, depending on the student group and school
environments, integrating CT into different subjects may also prove to be the most practical and useful way.

Numerous recently published studies suggest that programming skills should be considered fundamental skills
that are as important as reading and writing, so CT and programming are deeply intertwined (Metcalf et al.,
2021). CT shifts the focus from programming and learning to code to areas like problem-solving in various
disciplines using coding or other CT skills (Basu et al., 2020). Many researchers describe the connection between
programming and CT in compulsory education in the context of a CS curriculum (Sun et al., 2021b; Tikva &
Tambouris, 2021; Waite et al., 2020; Webb et al., 2017). CS itself ranges from the digital skills needed to use
technology to advanced programming skills required to design that technology.

When discussing unplugged pedagogy as a way to support CS-for-all and CT development, Huang and Looi

(2020) point to the plethora of unplugged activities that have been developed and adapted as proof that the
approach offers flexibility and suitability for teaching a broad range of learners.
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3.5. Integrating CT within other subjects

Given these practical considerations, integrating CT across subjects transversally offers considerable advantages
(Balanskat et al., 2018). CT skills are not necessarily confined to development within a single subject but rather
can be seen as a set of essential thinking skills applicable to any STEM-related field (Sun et al., 2021b).

Non-CS-focused approaches aim to integrate CT into learning experiences within subjects other than CS, such as
STEM - Science, Technology, Engineering, and Mathematics (Li, 2020; Niemela et al., 2017). Previous studies
show a significant positive correlation between STEM education and CT skills (Hsu et al., 2018; Sun et al.,
2021a). Using CT and coding to solve a mathematics or science problem is quite different from using CT in a
language or art lesson (Australian Computing Academy, 2019).

One non-CS-focused approach is to adopt a cross-domain teaching mode, namely allowing students to work with
materials from various domains via computing. This can enable them to deepen their understanding of cross-
domain knowledge, experience how cross-domain knowledge and computing can help solve complex real-world
problems, and foster interest in studying STEM (Hsu et al., 2018).

While a wide range of new technologies is available for age-appropriate CT development, more research is
required to design and develop pedagogies for employing these tools effectively to foster young learners’ CT
skill development. Furthermore, integrating the development of CT skills with the acquisition of discipline-based
content knowledge should help young learners to appreciate the real-world application of CT (Ching et al., 2018;
Hsu et al., 2018).

Kale et al. (2018) suggested three strategies that can help teachers make the connections between CT and their
teaching of other subjects in K-12 settings: (i) use content-specific examples, (ii) recognise the similarities
between CT and the problem you need to solve, (iii) use methods of teaching problem-solving (e.g., modelling).

3.6. Addressing gender and equity when implementing CT in the curriculum

Research on gender balance and equity in the CT field is scarce, and the findings from those studies investigating
gender and CT skills are often contradictory (Tikva & Tambouris, 2021). Some studies (Atmatzidou &
Demetriadis, 2016; del Olmo-Mufioz et al., 2020; Tsai et al., 2020; Witherspoon et al., 2017; Wu & Su, 2021)
find no significant relationship between gender and the acquisition of CT skills, while others conclude that there
are gender differences in the approach to learning CT (Labusch & Eickelmann, 2020; Roméan-Gonzélez et al.,
2017; Tomokiyo, 2018; Wei et al., 2021).

The nature of gender differences in CT may depend on the type of problems, tasks or activities proposed for
acquiring such skills (Israel-Fishelson et al., 2021; Roman-Gonzalez et al., 2017). Another possible contribution
to the diversity of results might also depend on the differences in tools and instruments (i.e., self-report vs
practical activities) used to assess the variety of CT-related concepts, which may complicate the current state of
the art. For instance, Tsai et al. (2020) found that boys self-report a significantly higher disposition for
decomposition thinking than girls. In another study, Rijke et al. (2018) found that “after the age of 9.5 years old,
female students begin to outperform their male peers on the abstraction task™ (p. 85); when students reach fourth
grade, girls are likely to outstrip boys on abstraction. Some authors report a significant interaction effect for
gender and age, hypothesising a possible link between this specificity and a gender-related developmental
trajectory in consolidating this ability. Given this scenario, the availability of additional and more challenging
materials would be desirable, as would adaptation that considers gender differences in the light of different
developmental stages. Guggemos (2021) demonstrates that “motivation, in the form of CT self-concept and self-
determined motivation, plays an important role in explaining CT level and gender differences,” (p. 12) with
females showing lower CT self-concept, lower computer literacy, and lower self-determined motivation —
findings which translate into a negative association with CT for females.

According to Sun et al. (2021a, p. 355), who conducted an empirical study to explore the association between
students® STEM learning attitude and their CT skills through a self-report survey:
[the] learning attitude of girls from primary school towards STEM was generally more positive than that of
boys in the same period, while for CT skills, although the gender difference was not significant, the score of
girls was slightly higher than that of boys.

According to Kong et al. (2018), this could be explained by differences in the development of boys and girls at
this stage. On the other hand, boys were more interested in programming than girls were, and so “teachers might
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need to pay attention to the engagement level of girls and employ strategies to enhance their interest in
programming” (Kong et al., 2018, p. 188). Some studies (e.g., Balanskat et al., 2018) point out that the
integration of CT skills in elective subjects such as Technology, in which usually most of the enrolled students
are male, can widen the gap both in terms of gender but also between those interested in programming and those
who are not. To address this challenge, the best option appears to make it compulsory for all students to engage
in courses where they can learn some basics about CT/programming. In elective subjects, a special effort could
be put into recruiting girls and those students who do not think they can engage in programming courses
(Balanskat et al., 2018).

Another important matter in this regard, and a possible source for differences in study results, is the variety of
approaches and methodologies implied in CT skills support and integration, and the ultimate focus of these,
which may also vary depending on cross-cultural differences (Upadhyaya et al., 2020). Leonard et al. (2021)
investigated how students choreographing dance performances involving virtual dancers utilise embodied ways
of thinking within CT concepts and found that dance provides opportunities for all young people to be engaged
in programming. This study showed that, with such integration, students’ CT test scores increased significantly
and that their embodied thought processes allowed them to enact various computational and choreographic
practices. Comparing computational creativity scores regarding personal characteristics has revealed some
significant differences between girls and boys. In some cases, mean levels of computational creativity are more
remarkable for girls than for boys: “girls were significantly more creative than boys in terms of both creative
thinking and computational creativity” (Israel-Fishelson et al., 2021, p. 1436).

Additionally, teachers’ role in engaging all students is vital for gender balance and equity. Cateté et al. (2020)
state that successful professional development prepares teachers to acquire the skills to teach CS and teach
diverse student cohorts with different ethnicities, socioeconomic backgrounds, and genders.

In terms of curriculum enactment, specifically dealing with compulsory CT education for all students, Hsu et al.
(2019, p. 268) argue that:
[...] mandatory coursework stems both from the notion that CT is a foundational skill that all students should
have to be digitally competent and be active participants in a world where computing is pervasive and from a
desire to motivate interest in CS and STEM, especially among girls and underrepresented minorities.

According to Hsu at al. (2019), one example of such initiatives is Code.org in the United States, which aims to
increase the participation of women and minorities by implementing CS in the core curriculum. In Ghana and
Burkina Faso, the Teach Need Girls mentorship program aims to teach girls how to code and create technology.
Additionally, broader participation in computer science, more content responding to the need for diversity in
computing, and tackling issues such as equity or accessibility are all highlighted as priorities in the K-12
Computer Science Framework. In the case of schools that already have compulsory CT curricula, implementing
additional enrichment programs can enhance interest and motivation, and lead to more in-depth learning. A case
study conducted on this topic in the UK found that enrichment programs, for instance Teach Future Girls and
Hour of Code, had a positive effect on students, especially on girls, when it came to continuing their studies in
higher-level computing courses.

Conversely, the literature review on equity carried out by Huang and Looi (2020) highlights that “unplugged
activities appear in curricula that are specifically designed for girls, students of colour, students with special
needs, and students in low-income communities, but there have been no studies that theorised the rationale for
their inclusion” (p. 97). On the one hand, overall results in this matter point to the variety of tools and approaches
as a possible explanation for inconsistencies in results. On the other hand, the results support the need for
additional investigations into this matter, accounting for increased consistency in approaches and tools (i.e., use
of self-reporting tools in combination with practical tasks about CT). At the same time, results also indicate the
need to avoid gender biasing the proposed activities (i.e., proposing girls perform different tasks with respect to
boys as a baseline).

4. Conclusions

This paper has discussed significant developments in integration of CT in compulsory education between 2016
and 2021, mainly focusing on CT definitions and curriculum integration approaches as emerged from the
analysis of outcomes from the reported literature review. A wider range of evidence regarding CT pedagogies,
assessment and professional development of teachers in computing education was also collected through this
systematic literature review, which contributed to and is discussed in the study by Bocconi et al. (2022).
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Results from the review show we are reaching a plateau in the debate on CT definitions, which is now mainly
focusing on the set of key constituent CT concepts, including abstraction, algorithmic thinking, automation,
decomposition, debugging, and generalisation. These concepts are correlated with several attitudes and skills (or
practices), including creating computational artefacts, testing and debugging, collaboration and creativity, and
the capacity to address open-ended problems. From this perspective, CT can be framed as a fundamental
competence for a well-informed citizen capable of facing the challenges society continues to pose. CT also offers
considerable potential for creative problem-solving and the adoption of innovative approaches in several other
subject areas. Therefore, it has a pivotal role to play in compulsory education.

Coding/programming provides a laboratory for teaching and learning CT, for making CT concepts concrete. It
can also be a learning tool for investigating other domains or self-expression. However, it is generally agreed that
CT entails more than coding or programming (Basu et al., 2020; Barendsen et al., 2016). Although all key CT
concepts could in principle be addressed both in primary and lower secondary education, a learning progression
is emerging from the actual integration of CT in the curriculum, where the study of programming and algorithms
provide the basis for developing CT skills (e.g., Zhang et al., 2020). Starting from sequences of instructions,
iterations, conditionals and use of variables in primary school and proceeding to conditionals, operators and data
structures in lower secondary. Particular attention is devoted to well-known learner difficulties in primary such
as variables initialisation (Franklin et al., 2016), and the challenges of teaching and learning design in
programming (Waite et al., 2020). In lower secondary, particular attention is devoted to the theme of abstraction
in computing (Grover et al., 2019; Statter & Armoni, 2020).

Concerning curriculum integration, results highlight different implications related to the three main approaches
adopted for integrating CT, namely as (i) a cross-curriculum theme, (ii) within other subjects (e.g., mathematics
and tech), or (iii) as a separate subject (e.g., CS subject).

The central role played by teachers and the setting of curriculum priorities emerged as key factors from the
analysis of the selected papers. The positioning of CT skills in the overall curriculum poses several demands at
both policy-making and educational management/organisation levels: making space in the curriculum for
including foundational CS concepts to develop CT skills; providing clear guidelines on the amount of time that
teachers should devote to teaching basic CS content; allocating adequate resources for developing high-quality
instructional material; and sharing examples of sound pedagogical practices. When CT skills are positioned as a
cross-curricular theme, it is crucial to clarify the respective responsibilities of each subject teacher in this
process.

Open questions for future investigation include (among others) how CT skills are taught and assessed when
implementing CT in the curriculum, and how to pursue adequate gender balance and equity.

4.1. Limitations

As with any systematic review, the one presented here has its limitations. First, the search for identifying
relevant academic publications was limited to 24 top-tier journals and conference proceedings. Furthermore,
although two search strings with several combinations of key terms were applied, if the authors had not included
these specific terms in the title, abstract and keywords of their paper/s, the respective article/s may have been
excluded from this review.

Finally, certain limitations can be attributed to the screening and inclusion processes, which involved nine
researchers, although several measures were taken to ensure inter-rater reliability, as described in Section 2.4
above.

Data availability statement
The following files generated in the context of this study are available on Zenodo:
e The list of the 98 publications analysed in-depth through the review matrix:

https://doi.org/10.5281/zenodo.7603313
e The structure of the complete review matrix: https://doi.org/10.5281/zenodo.7603402
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