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ABSTRACT

This paper delves into the symbiotic integration of coding and mathematics education, aimed at cultivating
computational thinking and enriching mathematical problem-solving proficiencies. We have identified a corpus of
scholarly articles (n=38) disseminated within the preceding two decades, subsequently culling a portion thereof,
ultimately engendering a contemplative analysis of the extant remnants. In a swiftly evolving society driven by the
Fourth Industrial Revolution and the ascendancy of Artificial Intelligence (Al), understanding the synergy between
these domains has become paramount. Mathematics education stands at the crossroads of this transformation,
witnessing a profound influence of Al. This paper explores the evolving landscape of mathematical cognition
propelled by Al, accentuating how Al empowers advanced analytical and problem-solving capabilities, particularly
in the realm of big data-driven scenarios. Given this shifting paradigm, it becomes imperative to investigate and
assess Al's impact on mathematics education, a pivotal endeavor in forging an education system aligned with
the future. The symbiosis of Al and human cognition doesn't merely amplify Al-centric thinking but also fosters
personalized cognitive processes by facilitating interaction with Al and encouraging critical contemplation of Al's
algorithmic underpinnings. This necessitates a broader conception of educational tools, encompassing Al as a
catalyst for mathematical cognition, transcending conventional linguistic and symbolic instruments.

Keywords Algorithmic thinking, Artificial intelligence, Computer programming, Innovative pedagogies in
mathematics, Learning and teaching mathematics

Introduction

In an era defined by the rapid advancement of technology and the transformative wave of the Fourth
Industrial Revolution, the intersection of academic disciplines has gained unprecedented significance as a
means to equip individuals with the necessary skills and competencies to navigate the complexities of the
modern world (Sdez-Lopez et al., 2019; Weintrop et al., 2016). Among these disciplines, the fusion of coding
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and mathematics education has emerged as a particularly promising avenue for nurturing essential skills such
as computational thinking and mathematical problem-solving (Francies et al., 2016; Francis & Davis, 2018).
This paper endeavors to delve deep into the symbiotic integration of coding and mathematics education, with
a specific focus on how this integration can not only foster the development of computational thinking skills
but also significantly enhance proficiency in solving intricate mathematical problems.

As we traverse an increasingly intricate landscape shaped by the ascendancy of Artificial Intelligence (Al)
and the Fourth Industrial Revolution, the convergence of coding and mathematics becomes not just relevant
but imperative (Miller, 2019; Popat & Starkey, 2019). The Fourth Industrial Revolution, characterized by the
seamless fusion of digital, biological, and physical technologies, along with the widespread proliferation of Al,
has fundamentally redefined the skill sets required to not only thrive but also to remain relevant in this new
paradigm (Psycharis & Kallia, 2017; Sun et al., 2021). In this context, computational thinking emerges as a
pivotal skill set, characterized by elements such as algorithmic reasoning, abstraction, pattern recognition,
and problem decomposition (Rich et al., 2020; Zhang et al., 2021). These elements collectively form the
cognitive toolkit that individuals need to analyze complex problems and formulate innovative solutions - a skill
set demanded by the rapidly evolving landscape (diSessa, 2018: Ye et al., 2023). Concurrently, mathematics
retains its position as a cornerstone of education, providing the logical framework essential for understanding
and harnessing the potential of these technological advancements.

This paper seeks to embark on an exploration of how the symbiotic merger of coding and mathematics
education can harness the formidable power of Al to propel cognitive development. With Al's unparalleled
ability to analyze voluminous datasets and solve intricate problems, its role as a catalyst for augmenting
both coding and mathematical capabilities becomes distinctly apparent (Mohamadou et al., 2020; Moore &
Chow, 2021). The impact of Al on mathematical cognition stretches far beyond mere automation; it ushers in
new avenues for critical thinking and intellectual engagement, as individuals interact with Al algorithms and
delve into the intricate underpinnings of these algorithms to unravel their underlying mechanisms, which are
considered to be a part of mathematics education (Deeva et al., 2021; Lin et al., 2013).

The shifting educational landscape of our time necessitates a comprehensive reevaluation of pedagogical
approaches (Adanir et al., 2023; Kado, 2022). This paper intends to illuminate the evolving interplay between
Al, coding, and mathematics education, offering profound insights into how these seemingly distinct
domains can synergistically shape the future of learning. By meticulously investigating the intersections of
Al, computational thinking, and mathematical problem-solving, we aspire to make a valuable contribution to
the ongoing discourse surrounding the design of an education system that harmonizes seamlessly with the
demands of the future.

1. Literature Review
The integration of coding and mathematics education has attracted escalating attention over the past

few decades, buoyed by the increasing recognition of their inherent compatibility and potential to nurture
crucial skills in students (diSessa, 2018; Ye et al., 2023). A substantial and diverse body of scholarly work
has emerged during this period, spanning the last two decades, that meticulously explores the potential
symbiosis between these two domains (Perez, 2018; Weintrop et al., 2016). Through a methodical review
and synthesis of these scholarly contributions, this literature review seeks to provide a comprehensive and
nuanced understanding of the evolving landscape at the juncture of coding, mathematics, and education.
Firstly, multiple studies suggest that integrating computational thinking and programming into mathematics
education can positively impact students’ mathematical learning and achievement (Ardito et al., 2014; Chan
et al., 2023; Ye et al., 2023). Ardito et al. (2014) explored the incorporation of a technology-rich learning
environment in the context of STEM education, particularly focusing on robotics integration in a sixth—grade
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mathematics classroom. Through a collaborative effort between a middle school and a university technology
program, students engaged in robot challenges that fostered collaborative problem-solving. Analysis of state—
mandated mathematics exam scores revealed that students deeply involved in the robotics program achieved
higher scores in algebra, measurement, and probability, reflecting their enhanced problem-solving abilities.
This innovative approach highlights the potential of technology-rich STEM learning experiences to improve
both mathematical understanding and collaborative skills.

Building on this notion, Ye et al. (2023) delved into the extensive research landscape surrounding the
integration of computational thinking in K-12 mathematics education. Their systematic review emphasized
the need for clear articulation of how computational thinking supports mathematics learning in CT-based
mathematics activities. They identified the symbiotic relationship between computational thinking and
mathematics through the application of mathematical concepts to construct computational artifacts, interpret
computational outputs, and generate new mathematical knowledge. This interactive and cyclical process
underscores the productive learning outcomes that emerge from the integration of computational thinking and
mathematics instruction.

In a scoping review, Chan et al. (2023) furthered the understanding of learning tools for integrating
computational thinking and mathematics. Their examination of empirical studies from 2015 to 2021 revealed
the prevalence of CT-intensive Math—connected integration. They identified five major types of CT tools,
including digital tangibles, apps and games, programming languages, formative or summative assessments,
and other technological tools. The review highlighted the assessment of critical CT competencies such as
algorithms, abstraction, testing and debugging, loops, and sequences. Geometry and Measurement emerged
as the most frequently assessed mathematics topics, emphasizing the potential for enriching mathematical
understanding through targeted integration of computational thinking tools.

Similarly, Darmawansah et al. (2023) explored the role of project-based learning in the context of Robotics—
based STEM (R-STEM) education. Their systematic review of 39 articles revealed that project-based
learning was the most frequently employed learning strategy in robotics—related STEM research. The study
emphasized the positive impact of project-based learning on fostering students’ competence in applying
interdisciplinary knowledge to solve problems within the realm of STEM education. The findings underscored
the prevalence of project—based learning as a valuable approach in robotics-related STEM studies, contributing
to learners’ understanding and transferable skills (Darmawansah et al., 2023). Collectively, these studies
underscore the manifold benefits of integrating computational thinking and programming into mathematics
education.

Another prevailing and recurrent theme within this extensive literature is the pivotal role that computational
thinking plays in shaping students’ problem-solving abilities. Computational thinking, deeply rooted in coding
practices, revolves around the systematic breakdown of complex challenges into more manageable steps,
followed by the design and application of algorithmic approaches to tackle these constituent components.
Researchers and educators alike (Gadanidis et al., 2018; Zhang et al., 2023) have consistently emphasized
the transformative potential of teaching coding principles in enhancing students’ capacity to dissect intricate
mathematical problems. The explicit connection between coding and mathematical thinking has been shown
to promote structured, systematic, and methodical approaches to problem-solving, thereby accentuating the
transferable nature of these skills across disciplines.

Yet, the advent of Al has injected an unprecedented transformative dimension into this symbiotic
relationship between coding and mathematics. Al's exceptional capacity to process, analyze, and derive
insights from massive and diverse datasets has profound implications for mathematical cognition (Saralar-Aras
et al., 2023). Particularly in the realm of big data—driven scenarios, Al emerges as a powerful augmentation
tool for human intellectual capabilities. Researchers (Mohamadou et al., 2020; Moore & Chow, 2021) have
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elaborated on how Al's capacity to identify correlations and uncover hidden relationships resonates with the
principles of mathematical modeling and analysis. This intersection underscores the potential of Al to not only
expedite computational processes but also to catalyze the development of advanced mathematical thinking,
enabling individuals to engage with complex real-world problems that are characterized by an abundance of
data.

Moreover, the role of Al in personalized education and the facilitation of individualized learning pathways
has gained significant traction within the literature (Saralar-Aras, 2021). By harnessing Al-driven platforms,
educators can provide tailored and adaptive learning experiences that are optimized for each learner’s
cognitive profile and pace of understanding (Deeva et al., 2021; Lin et al., 2013). This underscores the evolving
role of Al as a true partner in the educational journey, not only assisting in the transmission of knowledge but
also stimulating critical reflection and deepening conceptual comprehension.

In summary, the seamless integration of coding and mathematics education, fortified by the transformative
potential of Al, signifies a profound paradigm shift in pedagogical approaches. This expansive literature review
serves as a solid foundation for the subsequent contemplative analysis of the extant remnants within the
domain. More importantly, it underscores the imperative of cultivating computational thinking and enhancing
mathematical problem—solving proficiencies as essential skills to effectively navigate the complexities of the
Fourth Industrial Revolution and the Al-driven landscape of our future.

2. Significance of the Study
The integration of coding and mathematics education has become a focal point in educational research,

driven by the recognition of the synergies between these two domains and their potential to cultivate
essential skills in students (Chan et al., 2023; Ye et al., 2023). Over the past few decades, a substantial
body of literature has emerged, exploring various aspects of this integration, from theoretical frameworks
to practical instructional strategies (Darmawansah et al., 2023). This study conducted a comprehensive
literature review, drawing from reputable electronic databases (ACM Digital Library, EBSCO [Elton B. Stephens
Company], ERIC [Education Resources Information Center], Google Scholar, and IEEE Xplore) and utilizing
stringent inclusion criteria to identify relevant research studies, theoretical frameworks, and instructional
approaches. By synthesizing these scholarly contributions, the review aims to offer a nuanced understanding
of the advantages, challenges, and strategies associated with the integration of coding and mathematics
education.

One recurrent theme highlighted in the literature is the significant role of computational thinking in
enhancing students’ problem=-solving abilities within the context of mathematics education (Brating &
Kilhamn, 2021; Grover et al., 2022). Computational thinking, deeply rooted in coding practices, involves
breaking down complex problems into manageable steps and applying algorithmic approaches to solve them
systematically. Studies have consistently shown that teaching coding principles not only fosters computational
thinking but also promotes structured and methodical problem-solving strategies in mathematics (Acar
& Ovez, 2022; Adanir et al., 2023; Kampylis et al., 2023; Zhang et al., 2023). This explicit connection
between coding and mathematical thinking underscores the transferability of these skills across disciplines,
emphasizing their relevance in preparing students for the challenges of the 21st—-century workforce. Through
its meticulous review and synthesis of existing research, this study contributes to the literature by offering
valuable insights into the evolving landscape of coding, mathematics, and education, thereby informing
educators and researchers about effective approaches to integrate these domains in educational practice.

3. Theoretical Framework
This paper adopts a theoretical framework grounded in cognitive psychology, educational technology, and
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pedagogical theory to elucidate the symbiotic integration of coding and mathematics education. Drawing
on principles of constructivism (Troelstra, & Van Dalen, 2014), cognitive load theory (Phan et al., 2017), and
situated cognition (Brown et al., 1989), the framework emphasizes the active construction of knowledge
through meaningful engagement with coding activities in mathematical contexts.

Constructivism posits that learners actively construct knowledge by assimilating new information into
existing cognitive structures and accommodating these structures through interaction with the environment
(Steffe & Gale, 1995). In the context of coding and mathematics education, learners engage in problem-
solving tasks, algorithmic thinking, and computational modeling, which facilitate the construction of
mathematical concepts and problem-solving strategies (Troelstra, & Van Dalen, 2014).

Cognitive load theory provides insights into how cognitive resources are allocated during learning tasks,
emphasizing the importance of managing cognitive load to optimize learning outcomes (Sweller, 2011). By
scaffolding coding activities and providing instructional support, educators can mitigate extraneous cognitive
load, allowing learners to focus on the development of computational thinking skills and mathematical
problem-solving strategies (Phan et al., 2017).

Situated cognition theory posits that learning is situated within authentic contexts and social interactions,
emphasizing the importance of contextualized learning experiences (Wilson & Myer, 2000). In the context
of coding and mathematics education, authentic tasks such as coding projects, real-world problem-solving
scenarios, and collaborative programming activities provide learners with opportunities to apply mathematical
concepts and computational thinking skills in meaningful contexts (Brown et al., 1989).

By integrating these theoretical perspectives, this paper seeks to elucidate the cognitive processes
underlying the integration of coding and mathematics education and to inform the design of effective
instructional approaches and learning environments. We believe that through a deeper understanding of
the theoretical underpinnings of this integration, educators can better support students’ development of
computational thinking skills and mathematical problem—solving abilities in the era of Artificial Intelligence and
the Fourth Industrial Revolution.

4, Originality of the Study
This study contributes to the literature on the integration of coding and mathematics education by offering

a distinct perspective and original insights. While previous literature reviews such as Chan et al. (2023) and
Ye et al. (2023) have explored various aspects of this integration, our research provides a comprehensive
analysis that goes beyond a mere juxtaposition of coding and mathematics. One notable aspect of our study
is the elucidation of the distinction between coding and computational thinking (Brating & Kilhamn, 2021;
Israel & Lash, 2020). While coding involves the implementation of programming languages to create software
or applications, computational thinking encompasses a broader set of problem-solving skills, including
algorithmic thinking, abstraction, and decomposition. By clarifying this distinction, our research offers a more
nuanced understanding of how computational thinking can be integrated into mathematics education beyond
coding activities alone.

Furthermore, our study goes beyond the surface level of mathematics education to delve into the realm of
mathematical problem-solving, which have been reported to be in need by various researchers (Cam & Kiyicl,
2022; Psycharis & Kallia, 2017). In our context, while mathematics education encompasses the teaching and
learning of mathematical concepts and procedures, mathematical problem-solving involves the application
of these concepts in real-world contexts to solve complex problems. By focusing on the intersection of
coding and mathematical problem-solving, our research highlights the potential of coding activities to
enhance students’ problem-solving skills within the domain of mathematics. This emphasis on problem-
solving not only enriches the educational experience but also prepares students with the critical thinking and
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analytical skills necessary for success in today’s technology—driven world (Ciftci & Bildiren, 2020; Psycharis &
Kallia, 2017). In essence, our study offers a fresh perspective on the integration of coding and mathematics
education, emphasizing the importance of computational thinking and problem-solving skills in preparing
students for the challenges of the future.

Methodology

This study undertook a comprehensive literature review to investigate the integration of coding and
mathematics education. The review aimed to identify relevant research studies, theoretical frameworks, best
practices, and instructional approaches contributing to the comprehension of the advantages, challenges, and
strategies associated with the amalgamation of coding and mathematics.

1. Search Process
To ensure the inclusivity of recent and up—to—date studies, an extensive search process was conducted

using reputable electronic databases, including ACM Digital Library, EBSCO, ERIC, Google Scholar, and
IEEE Xplore. The search utilized keywords and phrases such as “coding and mathematics integration,”
"computational thinking in mathematics education,” “programming in mathematics instruction,” and variations
such as “math,” “maths,” “mathematic,” and “mathematics.” The search was limited to studies published in
English from 2014 to the present.

”

2. Rationale for Search Boundary
The decision to set 2014 as the boundary for the search was based on several factors. Firstly, this timeframe

allowed us to capture recent developments and trends in the integration of coding and mathematics education.
Secondly, it ensured the relevance and currency of the findings, considering significant advancements in
educational technology and pedagogy since that time. Additionally, 2014 marked a significant milestone in the
recognition of CT as a core skill in education, with various initiatives and research efforts emerging in this area.

3. Inclusion and Exclusion Criteria
The selection of articles for this literature review was guided by stringent inclusion criteria designed to

ensure the relevance, quality, and rigor of the research included in the analysis. Priority was accorded to
papers deemed well-qualified, particularly those that have undergone peer review. To ascertain the credibility
and scholarly merit of the selected papers, several factors were taken into consideration, including the
reputation of the publishing journals or conferences, the expertise of the authors, and the rigor of the research
methods employed. Articles such as book reviews were intentionally excluded from consideration, as they did
not align with the primary focus of the review. Specific inclusion and exclusion criteria were established to
guide the selection process:

« Participants: The literature review focused on studies involving K12 students, ensuring that the findings
were relevant to the target audience of mathematics educators and practitioners working with students in
primary and secondary education settings. Those articles having participants such as pre-service teachers
and teachers were excluded.

- Subject Matter: Articles were selected based on their focus on teaching and learning a particular
mathematics subject. This criterion ensured that the research under consideration directly addressed the
integration of computational thinking, mathematics education, and programming within the context of specific
mathematical concepts or topics. Those articles including other subjects such as science and engineering in
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focus were excluded.

* Language: Articles published in English were included in the review to ensure accessibility to a broad
audience of researchers, educators, and practitioners in the field of mathematics education. Those articles
in other languages were excluded. This criterion facilitated the synthesis and dissemination of findings to a
global audience.

+ Format: Only full papers were considered for inclusion in the literature review. Conference abstracts and
book reviews were excluded from the research. This criterion ensured that the selected articles provided
comprehensive coverage of the research conducted, including detailed descriptions of the theoretical
frameworks, methodologies, findings, and implications for practice.

By adhering to these rigorous inclusion criteria, the literature review aimed to select high—quality research
articles that provided valuable insights into the integration of computational thinking, mathematics education,
and programming. This approach ensured that the findings synthesized in the review were robust, credible,
and relevant to the needs and interests of educators and researchers in the field.

4, Screening and Evaluation Process
A systematic screening process was employed to review and assess articles for relevance and quality.

Initially, a broad range of articles (n=1,026) was identified based on the relevance of their titles and abstracts.
Priority was given to articles (n=38) that specifically addressed the integration of coding and mathematics
education, examined the impact on students’ computational thinking and mathematical problem-solving skills,
and provided practical strategies or instructional approaches. Preference was given to articles presenting
empirical research, case studies, and conceptual frameworks.

5. Data Analysis
The data analysis procedure was conducted meticulously, following a structured approach aligned with our

theoretical and conceptual framework. We systematically examined the selected papers to identify prevalent
themes, discern key findings, and extract insightful perspectives. Drawing from the theoretical underpinnings
of cognitive psychology, educational technology, and pedagogical theory, we developed an analytical
framework to categorize the collected data into four distinct domains, each serving as a lens through which
to interpret the integration of coding and mathematics education: impact of CT on learning and achievement
(1), level of integration of CT practices (2), use of computational tools (3), and integration of unplugged
programming in non-computer science subjects (4).

The first domain focused on assessing the impact of computational thinking (CT) on learning outcomes and
academic achievement within the context of mathematics education. We examined how the infusion of CT
principles influenced students’ problem-solving abilities, mathematical reasoning skills, and overall academic
performance.

The second domain explored the level of integration of CT practices into mathematics education. This
involved scrutinizing the extent to which coding activities, algorithms, and computational problem-solving
methodologies were incorporated into the pedagogical practices of mathematics educators.

The third domain centered on the utilization of computational tools in mathematics instruction. We analyzed
the prevalence and effectiveness of various digital tools, software applications, and programming languages
employed to facilitate the teaching and learning of mathematical concepts.

Lastly, the fourth domain examined the integration of unplugged programming activities in non—computer
science subjects. Here, we investigated how hands-on, offline coding exercises and computational thinking
tasks were integrated into diverse educational contexts beyond traditional computer science classrooms.

Each domain underwent a rigorous analysis process, wherein we extracted relevant information, identified
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recurring patterns, and elucidated emerging trends across the reviewed studies. By employing this systematic
approach, we were able to derive comprehensive insights into the multifaceted relationship between coding,
computational thinking, and mathematics education, thereby enriching our understanding of this symbiotic
integration.

6. Key Focus Areas
The literature review highlighted several key focus areas, including (1) Theoretical foundations supporting

the integration of coding and mathematics education, elucidating the relationships between computational
thinking, problem-solving, and mathematics; (2) Benefits associated with coding integration, including
increased student engagement, improved critical thinking skills, and enhanced conceptual understanding
of mathematical concepts; (3) Challenges associated with implementing coding activities in mathematics
instruction, such as the need for teacher professional development, access to appropriate technology, and
curriculum alignment; and, (4) Various instructional approaches and strategies for integrating coding into
mathematics education, including project-based learning, coding platforms and tools, coding challenges
and competitions, and interdisciplinary curriculum design. In summary, this literature review provides
a comprehensive overview of the current state of knowledge regarding the integration of coding and
mathematics education. The findings and insights derived from this review serve as a foundational resource
for further exploration and understanding of effective practices in leveraging coding to enhance computational
thinking and mathematical problem-solving skills among students.

Results

The reviewed literature covers a wide range of research studies that investigate the integration of
computational thinking, mathematics education, and programming in various educational settings. These
studies offer valuable insights into the impacts of incorporating computational thinking and programming into
mathematics education. The following key themes and findings emerged from the reviewed research:

1. Impact on Mathematical Learning and Achievement
The mathematical learning and achievement domain primarily focus on the impact of computational thinking

(CT) on academic performance and learning outcomes in the context of mathematics education. This domain
delves into how the integration of CT practices influences students’ proficiency in mathematical concepts,
problem-solving abilities, and overall academic achievement in mathematics. It assesses the effectiveness
of incorporating CT principles into mathematics instruction, the level of integration of CT practices within the
curriculum, the utilization of computational tools to enhance mathematical learning, and the integration of
unplugged programming activities in non—computer science subjects. Essentially, this domain examines how
CT contributes to students’ success in academic mathematics.

The exploration of the impact of computational thinking on mathematical learning and achievement reveals
a multifaceted landscape shaped by various studies. As we delve into the distinct facets of this intersection,
it becomes evident that the integration of computational thinking practices into mathematics education is
a dynamic and nuanced process. This synthesis of research findings unfolds across three key dimensions:
the impact of computational thinking on learning and achievement, the level of integration of computational
thinking practices, and the use of computational tools. Additionally, emerging trends shed light on the
integration of “unplugged” approaches in non—-computing disciplines, providing a holistic understanding of
the evolving paradigms that shape contemporary educational practices. Each dimension brings forth valuable
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insights that contribute to the ongoing discourse on fostering computational thinking skills and enriching
mathematical education.

(1) Level of Integration of Computational Thinking Practices

The intricate relationship between the level of integration of computational thinking practices into
mathematics education and the depth of students’ comprehension of the subjects is a critical consideration
(Israel & Lash, 2020). Achieving an optimal balance is pivotal; if not established appropriately, there is a risk
that students might not fully engage with essential mathematical concepts due to the potential encumbrance
of cumbersome computer programming procedures (Brating & Kilhamn, 2021). This delicate equilibrium
resonates with the findings of various studies, such as those by Israel and Lash (2020), and Grover et al. (2022),
each shedding light on the multifaceted nature of integration.

Israel and Lash (2020) delved into the integration of computer science and computational thinking into
elementary mathematics instruction. They examined the relative amount of instructional time allocated to
each discipline and uncovered varying degrees of integration, ranging from no integration to full integration.
The research emphasized the need for a coherent transition from less integrated to more integrated activities,
anchored by an initial focus on discipline—-specific conceptual understanding. These findings underscored the
intricate interplay between computational thinking and mathematics instruction, necessitating a calibrated
approach to ensure that the balance between the two is conducive to enhanced learning outcomes.

Grover et al. (2022) extended this discourse to the early childhood context, where computational thinking
intersects with early mathematics and science learning goals. Through collaborative efforts involving
preschool teachers, families, and children, they identified specific CT skills like problem decomposition,
algorithmic thinking, abstraction, testing, and debugging as foundational for integration. The study illuminated
the potential of integrating CT skills with math and science concepts in early learning experiences, suggesting
that judicious alignment of these elements can create powerful educational synergies. However, the delicate
challenge of maintaining an appropriate balance to avoid overwhelming young learners remained a focal point.

In essence, the level of integration of computational thinking practices into mathematics education is
a dynamic factor that can significantly impact students’ grasp of essential mathematical concepts. The
experiences presented by Israel and Lash (2020), and Grover et al. (2022) collectively reinforce the notion
that a well-calibrated integration approach, mindful of the balance between computational thinking and
mathematics, is indispensable for fostering deeper understanding while mitigating the risk of potential
disengagement due to procedural complexities.

(2) Use of Computational Tools

Lastly, the utilization of coding activities, robotics, and computational tools emerges as a compelling avenue
for enhancing students’ grasp of mathematical concepts and honing their prowess in problem-solving (Acar
& Ovez, 2022; Adanir et al., 2023; Kampylis et al., 2023; Zhang et al., 2023). Recent endeavors in education
have witnessed a deliberate infusion of Computational Thinking (CT) principles into primary and secondary
curricula across numerous nations. This trend is corroborated by a meticulous review of both academic and
grey literature, which underscores the prevalence of a core set of pivotal CT skills within primary and lower
secondary education (Kampylis et al., 2023). The methodologies for CT integration have been delineated in
diverse forms, spanning from embedding CT throughout the curriculum as a transversal skill set to integrating
it as a standalone subject or within specific subjects such as Mathematics and Technology (Kampylis et
al., 2023). These diverse approaches reflect the concerted effort to empower students with CT skills in
multifaceted ways, which resonate with various educational contexts and goals.
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Moreover, the notion of CT transcends traditional boundaries and extends its influence into interdisciplinary
domains. While studies have predominantly emphasized the integration of CT with science, technology,
engineering, and mathematics (STEM), recent exploration has embraced the STEAM perspective, which
encompasses science, technology, engineering, the arts, and mathematics (Zhang et al., 2023). This
expansion heralds the significance of art in early CT learning and signifies a broader avenue for nurturing
CT skills through cross—disciplinary engagement. As the exploration advances, it unveils the symbiotic
relationship between CT and STEM, underscoring how CT serves as a catalyst that invigorates STEM learning
for young learners (Zhang et al., 2023). This underscores the interconnectedness of subjects, where CT acts
as a bridge, rendering intricate STEM concepts more accessible and engaging.

Furthermore, empirical research attests to the efficacy of utilizing coding activities, robotics, and
computational tools to augment student learning outcomes. A notable study by Acar and Ovez (2022) delved
into the domain of block—-based game development activities as a means to enhance geometry achievement
and CT skills among seventh—-grade students. This intervention—driven research employed a goal-based
scenario approach, wherein a purposeful sampling of participants engaged in hands—on activities. The
results of the study unveiled tangible enhancements in students’ computational thinking skills and geometry
achievement, illustrating the potency of such interactive approaches in fostering multifaceted cognitive
growth (Acar & Ovez, 2022).

Building on this notion, in the study conducted by Adanir et al. (2023), their comprehensive analysis
unveiled that the predominant pedagogical methods employed in educational contexts primarily encompassed
a diverse range of instructional strategies. These encompassed the utilization of robotics, block-based
programming, STEM (Science, Technology, Engineering, and Mathematics) education, unplugged activities,
and various forms of gaming—based learning activities. This rich array of pedagogical approaches highlighted
the multifaceted nature of modern education and the dynamic ways in which educators engage with
technology and interactive methodologies to enhance learning outcomes. With this wealth of insights in
mind, it is conceivable that these findings could have significant implications for the integration of innovative
teaching practices in various educational settings. Given the relevance and importance of this source, it is
worth considering its incorporation into our current research or educational initiatives.

(3) Integration of Unplugged Programming in Non—-CS Subjects

Lastly, Emerging trends suggest a growing interest in the utilization of “unplugged” approaches as a means
to facilitate the integration of computational thinking (CT) into non-computing disciplines. These unplugged
approaches offer several advantages, particularly for educators who lack a background in computer science or
programming. By sidestepping the resource—intensive demands associated with traditional coding instruction,
such as extensive time commitments and the need for professional development, as well as the challenges
related to hardware management, unplugged methods present a more accessible entry point. As highlighted
in a study by Huang and Looi (2021), this approach holds promise for supporting mathematics education by
providing educators with tangible strategies for grounding abstract mathematical concepts, aligning with the
foundational “Abstract” stage of the Pictorial-Concrete-Abstract framework.

In sum, the integration of coding activities, robotics, and computational tools into educational contexts
offers a transformative paradigm for bolstering students’ comprehension of mathematical concepts and their
prowess in problem-solving. This approach mirrors the ever—evolving educational landscape’s commitment
to nurturing computational thinking skills, permeating both traditional and interdisciplinary domains. Through
diverse integration methods and innovative pedagogical strategies, educators pave the way for holistic
and enriched learning experiences that empower students with crucial skills for their academic and future
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pursuits.

2. Cognitive and Creative Development
As we delve into the realm of cognitive and creative development through computational thinking (CT)

skills, the synthesis of research findings unfolds a rich tapestry of insights into how programming activities
contribute to the intellectual growth of learners. This dimension is characterized by two key foci: the
development of CT skills and the fostering of 21st-century skills. The former accentuates the pivotal role
of programming in honing algorithmic thinking, pattern recognition, and logical reasoning, while the latter
explores the broader impact of CT on creativity, critical thinking, and innovative problem-solving abilities.
Through a comprehensive exploration of studies spanning various educational levels and contexts, this
section illuminates the intricate connection between programming activities and the cognitive and creative
development of students, shedding light on the transformative potential of computational thinking in shaping
well-rounded, adept learners.

The cognitive and creative development domain extends beyond academic achievement to focus on broader
cognitive skills and 21st—century competencies fostered through the integration of coding and mathematics
education. This domain explores the development of CT skills, such as algorithmic thinking, logical reasoning,
and problem-solving strategies, which are not only pertinent to mathematical tasks but also applicable to
real-world challenges. Additionally, it emphasizes the cultivation of creativity, critical thinking, collaboration,
communication, and adaptability—skills that are indispensable in the rapidly evolving landscape of the 21st
century. Unlike the achievement domain, which primarily concerns academic outcomes in mathematics, the
cognitive and creative development domain encompasses a broader spectrum of life skills and competencies
essential for holistic student development and success in diverse personal, academic, and professional
contexts.

(1) Development of CT Skills

Programming activities contribute to the development of essential computational thinking skills,
encompassing algorithmic thinking, pattern recognition, and logical reasoning (Kado, 2022; Luo et al., 2022).
The contemporary educational landscape recognizes the transformative potential of moder information and
communication technology (ICT) tools in imparting mathematics and science education, particularly in regions
witnessing rapid digital technology integration. A case in point is the utilization of Python programming, a
dynamic tool capable of visually representing abstract mathematical concepts, which offers educators novel
means to elucidate intricate calculus principles that were previously challenging to convey through traditional
pedagogical methods (Kado, 2022). One illuminating study delves into the domain of Python-based coding’
s efficacy, specifically focusing on grade eleven students’ understanding of calculus concepts. Employing a
pre—test and post—test control group quasi—experimental design, the study showcased that the incorporation
of Python—based coding activities led to a significant difference in favor of the experimental group, indicating
enhanced comprehension of fundamental calculus principles (Kado, 2022).

Furthermore, the synergy between programming and mathematical learning is underscored by a pioneering
initiative targeting younger learners. A math-infused computer science course designed for third to fifth—
graders aimed to instill programming skills while reinforcing mathematical and computational concepts (Luo
et al., 2022). Findings from this study underline the positive impact of such interventions on knowledge
acquisition, showcasing noticeable improvements in students’ grasp of mathematical and computational
domains (Luo et al., 2022). This empirical exploration extends beyond academic outcomes, as it delves into
students’ perceptions and motivation. The study revealed that students found computer programming to be
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enjoyable, comprehensible, and valuable, thereby highlighting the potential of programming activities not only
to foster cognitive growth but also to engender a positive attitude toward computational learning (Luo et al.,
2022).

In sum, the burgeoning research on programming activities” influence on computational thinking underscores
their role in nurturing critical skills that span algorithmic thinking, pattern recognition, and logical reasoning.
The integration of dynamic programming tools, as evidenced by the Python—-based coding initiatives, not only
elucidates complex mathematical concepts but also enhances students’ understanding and engagement.
These efforts extend from higher secondary levels to early education, underlining the pervasive impact of
programming activities on computational thinking skill development and mathematical comprehension.

(2) Fostering 21st-Century Skills

Computational thinking fosters students’ creativity, critical thinking, and innovative problem-solving abilities
(Bers et al., 2019; Mari et al., 2022). Addressing the dynamic interplay between spatial knowledge, robotics,
and computer programming, a study delved into the potential of programmable floor robots, such as BeeBot®,
to cultivate spatial knowledge in mathematics classrooms. Employing an observation grid that considered
these distinct dimensions, the researchers analyzed mathematics lessons involving BeeBot® robots. The
study’s insights revealed an evolution across each dimension over the course of the lessons, showcasing how
the integration of robotics and programming fosters the development of spatial understanding among young
students (Mari et al., 2022).

In the realm of early childhood education, the fusion of coding, computational thinking, and robotics into
formal curriculums stands as a compelling challenge. A study embracing the philosophy of “coding as a
playground” within the framework of Positive Technological Development (PTD) harnessed the KIBO robotics
kit to introduce coding and computational thinking to preschool children aged 3-5 years old. The results
demonstrated the viability of teaching these foundational skills at an early age, ushering children as young
as three into the world of computational literacy (Bers et al., 2019). Moreover, the study illuminated how
such pedagogical interventions bolstered communication, collaboration, and creativity within the classroom,
fostering a holistic learning environment. Notably, the educators exhibited enhanced autonomy and
confidence in integrating coding and computational thinking across formal curricular activities, establishing
connections with art, music, and social studies, thus amplifying the interdisciplinary impact of these skills
(Bers et al., 2019). Finally, research showed evidence of the positive impact of block-based programming and
robotics approaches on students’ spatial reasoning ability (Dickson et al., 2022; Francis et al., 2016; Mari et
al., 2022).

In conclusion, the integration of computational thinking into educational paradigms yields substantial
dividends by fostering creativity, critical thinking, and problem-solving skills. Through the exploration of spatial
knowledge integration with programmable floor robots and the incorporation of coding and computational
thinking in early childhood education, these studies underscore the transformative potential of such
approaches in cultivating cognitive prowess and holistic development among students.

3. Motivation, Interest, and Engagement
Numerous studies underscore the noteworthy benefits of integrating programming and computational

activities with mathematics education. These findings consistently point to heightened levels of student

motivation and engagement when these elements are combined (Darmawansah et al., 2023; Siimen, 2022).
Furthermore, the incorporation of programming environments and robotics into educational settings has

been shown to not only pique students’ interest in coding and mathematics but also cultivate positive
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attitudes towards STEM subjects and careers. This holistic approach contributes to bolstering students’ self-
efficacy in these fields (Daher, 2022; Hudson et al., 2020; Jiang et al., 2022).

These collective insights underscore the transformative potential of merging mathematics education with
programming and robotics, heralding a new era of enhanced engagement, motivation, and career readiness in
STEM disciplines.

4. Teacher Professional Development and Pedagogical Practices
Effective integration of computational thinking into education necessitates well-trained teachers who can

skillfully design an appropriate level of integration within mathematics activities and effectively implement
these strategies (Huang & Looi, 2021; Lavigne et al., 2020). To achieve this, it is imperative to establish
professional development programs aimed at equipping educators with both computational thinking skills and
innovative pedagogical approaches (Hickmott & Prieto-Rodriguez, 2018; Wang et al., 2016). These programs
play a pivotal role in ensuring the successful implementation of computational thinking in the classroom,
enabling teachers to confidently navigate this evolving educational landscape.

(1) Collaborative Learning

In the study conducted by Ardito et al. (2014), the focus was on investigating the impact of a robotics
curriculum on students’ mathematics achievement and their ability to collaborate effectively in problem-—
solving scenarios. The researchers unearthed compelling evidence that students who actively participated
in collaborative problem-solving activities within the context of a robotics curriculum exhibited notably
improved scores in key mathematical content areas. Specifically, these students demonstrated significant
enhancements in their grasp of probability, algebra, and measurement concepts.

This study’s findings underscore the potent synergy between robotics education and mathematics,
highlighting how the incorporation of robotics can foster not only mathematical proficiency but also teamwork
and problem-solving skills. Additionally, the importance of knowledge sharing in the context of education
is further emphasized, as exemplified by the work of Forsstrom and Kaufmann (2018). Such knowledge
sharing can serve as a catalyst for innovative educational approaches and the dissemination of best practices,
ultimately benefiting both educators and students alike.

(2) Using Games as an Effective Pedagogical Strategy: The Realm of Game-Based Learning

The comprehensive review conducted in this study shed light on the adoption of game-based learning as
a pedagogical approach within the realm of computer programming integrated with mathematics lessons, as
evidenced by the research of Liu et al. (2014) and Ke (2014), among others. These scholars have delved into
the exciting intersection of gaming and education.

Liu et al. (2014), for instance, ingeniously wove the captivating concept of space into their educational
game, serving as an overarching theme that seamlessly bridged the realms of computer programming,
physics, and mathematics. This innovative approach not only engaged students but also demonstrated the
potential for interdisciplinary connections within game—-based learning environments.

On the other hand, Ke (2014) opted for a design-based learning strategy when immersing students
in mathematical concepts through games. This approach underscores the importance of design thinking
and creative problem-solving in the learning process, offering students a dynamic platform to explore
mathematical principles in a practical and engaging manner.

Furthermore, it is noteworthy that within the domain of game-based learning, certain game elements
compel players to navigate conflicts embedded within the game’s thematic structure. This not only enhances
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their cognitive skills but also encourages the development of crucial abilities such as memory retention,
strategic thinking, and problem-solving, as elucidated by Amory et al. (1999). This multifaceted nature of
game-based learning underscores its potential as a versatile pedagogical tool that can foster both content
acquisition and the cultivation of essential cognitive and problem-solving skills.

(3) Project-Based Learning

The integration of project-based learning (PBL) and coding in educational settings has gained considerable
attention as educators seek effective strategies to foster students’ computer programming abilities and
problem=-solving skills. Wang et al. (2016) conducted a study comparing the effects of project-based
computer programming activities on mathematics—gifted students and average students. The research
proposed an integrated Scratch and project—based learning approach to infuse problem-solving scenarios into
programming tasks. The results indicated that both groups showed significant progress, with mathematics—
gifted students outperforming their peers in problem-solving performance, learning attitude, and motivation.
This study highlighted the potential of PBL in enhancing the learning experiences of students across different
proficiency levels.

Brating et al. (2020) delved into the integration of programming in Swedish school mathematics,
particularly in relation to algebra learning. The study, based on Chevallard’s framework of the transposition of
knowledge, investigated the activities and systems of representations introduced with the implementation
of programming. Tentative results indicated syntactic and semantic differences between programming and
algebra, posing potential challenges for students. The study shed light on the complexities of integrating
coding into mathematics education and the need for careful consideration of the alignment between
programming activities and mathematical concepts (Brating et al., 2020).

Additionally, Calder (2018) focused on the use of Scratch, a graphical programming environment, to facilitate
mathematical thinking among 10-year—old students. The research project revealed that Scratch provided
opportunities for creative problem-solving and influenced the learning process. The findings suggested that
teachers should not only use Scratch for developing coding skills but also recognize its potential to enhance
thinking in other related areas, including mathematics (Calder, 2018).

In conlusion, the literature indicates that project—based learning, when integrated with coding activities,
holds promise for enhancing students’ problem-solving skills, learning attitudes, and motivation across various
educational contexts. However, challenges such as syntactic and semantic differences between programming
and mathematical concepts underscore the importance of thoughtful implementation and alignment in
educational practices. As educators navigate the landscape of integrating coding and project—-based learning,
careful consideration of pedagogical strategies and their impact on students’ cognitive development remains
crucial.

In sum, the effective integration of computational thinking into education hinges on well-trained teachers
equipped with both computational thinking skills and innovative pedagogical approaches. Professional
development programs play a pivotal role in ensuring successful implementation in the classroom, enabling
educators to confidently navigate this evolving educational landscape. Whether through collaborative
learning, game—based strategies, or project—based learning, the literature underscores the potential of these
approaches to enhance students’ problem=-solving skills, learning attitudes, and motivation. However, the
challenges highlighted, such as syntactic and semantic differences in coding and mathematical concepts,
emphasize the need for thoughtful implementation and alignment in educational practices as educators
explore these innovative teaching methodologies.
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5. Challenges and Future Directions
The integration of computational thinking and mathematics education holds immense promise, yet it is not

without its share of challenges that warrant careful consideration (Bulut & Ferri, 2023; Popat & Starkey, 2019).
These challenges encompass aspects such as aligning curricula, devising appropriate assessment methods,
and ensuring equitable access to resources for all students.

In charting the course for future research in this domain, it becomes imperative to explore strategies that
facilitate the widespread implementation of computational thinking initiatives while concurrently addressing
issues of accessibility (Lavigne et al., 2020; Rich et al., 2020). Moreover, it is essential to expand the scope of
curriculum studies beyond the commonly assessed areas, particularly given the findings of Chan et al. (2020)
that suggest a need to investigate other mathematical content areas.

Delving deeper into the impact of programming activities on mathematical understanding, Laurent et al.
(2022) uncovered negative effects on students’ comprehension of concepts like Euclidean division, additive
decomposition, and fractions. This underscores the need for a nuanced understanding of the potential
drawbacks of integration.

Furthermore, it is worth noting that the infusion of programming into mathematics education may not
always yield positive outcomes, as revealed by research conducted by Dohn (2020). The work of Brating et al.
(2020) pointed out the syntactic and semantic disparities between algebra and mathematics, which can pose
challenges to students’ algebra learning within the context of programming. This underscores the importance
of careful implementation.

Misfeldt and Ejsing—Dunn (2015) raise a cautionary flag regarding the role of teachers in effectively
conveying core mathematical concepts within the framework of programming. Hence, teacher competencies
in this area should be thoughtfully addressed.

Additionally, future research should place a greater emphasis on collaborative learning, as suggested
by Perez (2018), who proposed a framework of computational thinking dispositions supporting students’
mathematical knowledge and skill development. Collaboration emerges as a pivotal life skill, yet our review
reveals that only a limited number of studies have explored students’ collaboration strategies within the
context of computational thinking—integrated mathematics curricula.

Finally, the dearth of studies examining collaboration skills among students, as noted by Forsstrom and
Kaufmann (2018), necessitates further exploration into this critical facet of integrated education.

In conclusion, the amalgamation of computational thinking and mathematics education demonstrates
substantial potential. However, its successful implementation requires meticulous curriculum design, ongoing
teacher professional development, and thoughtful pedagogical practices. Moreover, it prompts a clarion call
for additional research to effectively address challenges and discern best practices, thereby facilitating the
seamless integration of computational thinking into the realm of mathematics education.

Discussion and Conclusion

The converging insights gleaned from the reviewed literature underscore the multifaceted and profound
implications of fusing computational thinking practices with mathematics education. The positive outcomes
resonate across various dimensions, notably enhanced mathematical comprehension, problem-solving
processes, and creative ideation. The synthesis of these findings reinforces the notion that the inclusion
of programming activities can imbue mathematics with renewed accessibility, vibrancy, and relevance in
students’ lives. As suggested by Darmawansah et al. (2023), the intricate interplay between computational
thinking and mathematical proficiency fosters a more holistic understanding of both domains, a notion that
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can potentially revolutionize conventional pedagogical paradigms.

Furthermore, the reciprocal benefits manifest in the augmentation of students’ motivation, interest, and
engagement. In line with the previous reviews (Chan et al., 2023; Ye et al., 2023), it is found that the dynamic,
interactive nature of programming activities captivates learners’ interest and stimulates their cognitive
faculties, leading to a heightened sense of ownership and agency over their learning journey. Such a shift
from passive recipients to active co—creators of knowledge has the potential to reshape the way mathematics
is perceived and internalized, consequently fostering a more enduring and meaningful grasp of mathematical
concepts.

Moreover, the resonance of computational thinking with the fundamental goals of mathematics education—
critical thinking, logical reasoning, and problem-solving—provides an organic scaffold for embedding
programming practices into curricula. While previous reviews focuses mostly either on problem-solving
or logical reasoning in mathematics learning (Ye et al., 2023), this review adds critical thinking into the
sub-themes together with the two. This symbiotic relationship can potentially mitigate the oft—perceived
abstraction and complexity of mathematics, rendering it more tangible, relatable, and palpable for learners
across diverse backgrounds.

To conclude, the exploration of the intricate relationship between computational thinking, programming,
and mathematics education has illuminated a compelling avenue for enriching students’ learning experiences
and academic outcomes. This comprehensive review, encompassing an array of research studies, has delved
deep into the symbiotic interplay between computational thinking practices and the realm of mathematics
education. By synthesizing findings from diverse contexts, methodologies, and pedagogical approaches,
this paper underscores the transformative potential of integrating computational thinking into the fabric of
mathematics instruction.

1. Future Directions
As the foundation laid by the current literature is both robust and burgeoning, there are several exciting

avenues for future exploration. First of all, a longitudinal lens can provide nuanced insights into the longitudinal
impact of computational thinking integration on students’ mathematical proficiency, ensuring the sustainability
and transferability of acquired skills over time. Furthermore, in the wake of emerging digital divides, rigorous
research is needed to strategize and implement equitable access to computational resources, ensuring that
the benefits of such integration reach all students, irrespective of socioeconomic status. Moreover, the
creation of comprehensive and dynamic assessment frameworks that holistically measure both mathematical
understanding and computational thinking competencies will be instrumental in gauging the true impact of
integration. Last but not least, exploring the potential of integrating computational thinking practices across
other subjects could unravel interdisciplinary intersections, thereby fostering holistic skill development and
cognitive synergy.

2. Implications
The findings of this comprehensive review extend their tendrils to various stakeholders in the educational

ecosystem: Firstly, teachers stand to benefit from tailored professional development initiatives that empower
them with the pedagogical acumen and practical strategies needed for seamlessly integrating computational
thinking into their mathematics instruction. Secondly, a well-conceived curriculum that seamlessly marries
computational thinking with mathematics can bestow students with indispensable skills while revitalizing the
pedagogical landscape. Moreover, the recognition of the catalytic role computational thinking plays in modern
education demands the design of policies that allocate resources, facilitate training, and promote innovative
teaching methods. Lastly, the research gaps and challenges unearthed by this review chart an ambitious
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agenda for future studies, including comprehensive longitudinal investigations, cross—cultural comparative
analyses, and granular explorations into optimal pedagogical practices.

In sum, the confluence of computational thinking, programming, and mathematics education bears the
promise of transformative reformulation. As the realms of education continue to evolve in response to the
ever—shifting landscape of the digital age, the integration of computational thinking emerges as a beacon of
innovation. By capitalizing on this synergy, educators, researchers, and policymakers can collaboratively propel
education into an era characterized by dynamic, engaging, and impactful learning experiences. Through this
symbiotic integration, mathematics education transcends its conventional boundaries, empowering students
to embrace a digital future with confidence, adaptability, and the intellectual agility necessary to thrive in an
interconnected world.
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