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This paper explores the role of programming not only as a technical skill but
also as a method for developing students’ scientific thinking. The study is
based on an experiment involving 258 university students who completed
a course designed to foster logical, analytical, and project-based cognitive
strategies. The experiment was conducted at V.I. Vernadsky Crimean
Federal University, Humanities and Education Science Branch, Yalta,
Russia. The proposed model integrates elements of the technological
pedagogical content knowledge (TPACK) framework with a custom-
designed pedagogical approach, treating programming as a universal
structure for processing and representing information. The data suggest that
systematic engagement with programming enhances students’ ability to
solve complex problems, conceptualize, decompose tasks, and apply
reflective design. The findings emphasize the need to rethink the role of
programming in higher education curricula across disciplines, beyond purely

TPACK framework technical training.
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1. INTRODUCTION

Modern university education faces the urgent need to rethink both the content and methods of
instruction. The rapid advancement of digital technologies, the increasing complexity of the information and
technological environment, and the growing importance of engineering and technological competencies have
made traditional forms of professional training insufficient. One of the most pressing challenges is the
development of students’ scientific thinking — the ability to systematically analyze information, design
solutions, and think in terms of algorithms, models, and processes.

In recent years, there has been a growing interest in integrating programming into non-specialized
academic courses and research practices. Pilot initiatives, elective modules, and interdisciplinary experiments
have shown promising results, yet they remain fragmented and often lack theoretical grounding. At the same
time, empirical evidence is limited regarding how programming actually contributes to the development of
thinking strategies and digital literacy, especially in non-science, technology, engineering, mathematics
(STEM) domains. Therefore, there is a clear need for systematic research that can provide robust evidence to
support the integration of programming across various curricular areas and inform instructional practices.
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The research question of the study is: how does systematic engagement with Python programming
influence the development of students’ scientific thinking across analytical, reflective, and verification
processes? Specifically, what measurable cognitive changes can be identified as a result of sustained
participation in a structured programming course? Additionally, how do these cognitive improvements
translate into students’ broader academic performance and interdisciplinary competence? Hypothesis:
participation in the course based on the proposed model will result in measurable improvement in students’
ability to analyze complex problems, verify solutions, and reflect on their reasoning strategies. It is expected
that structured and consistent exposure to Python programming will significantly enhance the quality of
students’ analytical, evaluative, and reflective thinking. Furthermore, such improvements will positively
impact their academic confidence and interdisciplinary integration skills.

2. THE COMPREHENSIVE THEORETICAL BASIS AND/OR THE PROPOSED METHOD/
ALGORITHM

Recent studies highlight the growing importance of programming as a means to develop students’
cognitive and interdisciplinary skills. In particular, research on the effect of educational games such as
CodeCombat on cognitive load in Python programming demonstrates the high effectiveness of gamified
approaches in reducing overload and increasing student engagement [1]. Programming is also considered
a tool for regional development of the digital industry and education, especially through the practice of
competitive programming [2]. The increasing popularity of chatbots and generative Al in educational settings
has driven the development of new strategies for teaching programming [3]. A comparison of manual and
Al-based feedback from ChatGPT in collaborative projects showed improvements in learning outcomes [4].
The integration of visual tools and program code comparison methods further confirms the effectiveness of
such approaches in collaborative learning environments [5].

Scientific thinking is regarded as a key cognitive strategy required in the digital age. According to
Jackson [6], a scientific approach involves systemic reasoning, hypothesis formulation, and solution testing.
In educational practice, this is often implemented through design thinking and bibliometric methods, which
foster innovation and creativity [7], [8]. In the context of digital transformation, engineering thinking and
sustainable IT competencies are becoming essential components in the training of future professionals
[9], [10]. However, challenges related to ethics, academic integrity, and inclusivity call for new pedagogical
approaches [11], [12].

One of the emerging solutions involves rethinking traditional education models through education
technology (EdTech) and adaptive technologies [13], [14]. The use of virtual and augmented reality,
optimization algorithms, and big data analysis contributes to improving the quality of higher education
[15], [16]. Engineering education increasingly relies on digital immersive technologies and game-based
approaches, as confirmed by several experimental studies [17], [18]. Digital transformation affects not only
teaching methodologies but also students’ literacy across various domains [19]. Moreover, technical
advancements in parallel computing and algorithm optimization offer additional opportunities to enhance
programming education. For instance, Sofranac ef al. [20] developed an efficient graphics processing unit
(GPU)-parallel algorithm that illustrates the application of advanced computational methods in real-time
problem-solving contexts, an approach that aligns with the development of algorithmic reasoning in
educational settings.

Particular attention is given to the technological pedagogical content knowledge (TPACK)
framework, which supports the integration of digital tools into pedagogical practices. Research shows that
successful implementation of TPACK requires a systematic understanding of the interconnections between
content, pedagogy, and technology [21], [22]. For instance, Zhang [23] explored how TPACK competencies
shape university instructors’ digital teaching skills, reinforcing the importance of such frameworks in
designing effective higher education curricula. Similarly, Aleméan-Saravia and Deroncele-Acosta [24]
conducted a systematic review highlighting the framework’s role in guiding technology integration strategies
across educational contexts. Wang et al. [25] demonstrated how Python teaching supports the development of
computational thinking, aligning well with TPACK’s emphasis on content-technology integration.

The quality of educational programs is increasingly evaluated not only in terms of formal learning
outcomes but also through the development of higher-order cognitive competencies. Contemporary research
highlights the growing role of advanced assessment methods in programming education, including Al-based
behavioral analysis and eye-tracking technologies, which allow for a deeper understanding of students’
cognitive processes during problem-solving [26], [27]. At the same time, technology-enhanced instructional
designs — such as internet of things (IoT)-based learning activities — have been shown to significantly
promote computational thinking and structured reasoning among learners [28]. Collaborative and digitally
mediated programming environments further contribute to students’ reflective abilities and analytical
performance by fostering peer interaction and iterative feedback mechanisms [29]-[31]. These approaches
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collectively support the idea that programming education can serve as a structured framework for developing
scientific thinking beyond purely technical skill acquisition.

3. METHOD

This experiment was conducted in 2023-2024 using a mixed-methods approach based on Python.
The theoretical foundation of the study combined the principles of digital pedagogy, the TPACK framework,
and a cognitive model of scientific thinking that includes analytical, verification, and reflective components.
The TPACK framework was used as a foundational lens to design and deliver the instructional course
content. Specifically, it guided the integration of technological tools (Python programming), pedagogical
strategies (project-based learning, reflection activities), and domain-specific content (scientific thinking
processes). Nearly 300 students from V.I. Vernadsky Crimean Federal University, studying at its Yalta
branch in the fields of pedagogy, humanities, and information technology, volunteered for the experiment.
All these young participants completed a specialized course in “Programming with Python”.

3.1. Research procedure

The experiment consisted of sequentially linked stages, as shown in Figure 1. Specifically, it guided
the integration of technological tools, pedagogical strategies, and domain-specific content. This ensured a
balanced alignment between what was taught (content), how it was taught (pedagogy), and the technology
used to support learning. The course materials and assessments were developed with explicit attention to
these intersections.

Stage 1. A sample was selected and an introductory lesson was held to
introduce the course's objectives. structure, and content.

i L

Stage 2. A preliminary assessment, which included a questionnaire with closed
and open-ended questions, as well as an essay designed to assess the students’
initial understanding of scientific thinking and its relationship to programming. —

Stage 3. This was the main stage of the study. It consisted of a course consisting of

three modules: "Introduction to Python Programming." "Classes. Objects. and

Inheritance." and "Error and Exception Handling." Each module focused on

developing specific cognitive strategies and included practical assignments that =1
supported the development of elements of scientific thinking. J =

Stage 4. Students completed individual and group project assignments that involved

solving non-standard problems using Python tools. At the end of the course, reflective

comments were collected from the participants. These reflections included self- -
assessments. challenges encountered. and strategies used to overcome them. [

Stage 5. The final stage included a post-assessment using the same instruments as the
initial assessment to identify cognitive changes. It involved systematization and
interpretation of the collected data using mixed-methods analysis.

Figure 1. Sequentially linked stages of the experiment

3.2. Analysis methods

Along with the qualitative characteristics of this experiment, quantitative indicators were also
obtained using questionnaires and expert assessments. Typically, studies of this type utilize descriptive
statistics (primarily for data visualization using charts) and Cronbach’s alpha test (suitable for the humanities,
sociology and psychology). Confirmatory factor analysis (CFA) was used to validate the process and ensure
its proper functioning. CFA tests how well observed variables represent latent constructs: in this case,
evaluation and verification (EV), analytical thinking (AN) and cognitive reflection (CR), as seen in Figure 2.
Typically, multiple observed indicators measure only one construct.

The questionnaire developed for the student survey used twelve indicators, PIt1-Plt12, as shown in
Figure 3. Indicators 1-4 assessed students’ analytical abilities, while indicators 9-12 - their ability to justify
and interpret process implementation, while 5-8 assessed their ability to self-assess and adjust the chosen
strategy. Each indicator was ranked on a three-point scale. The assessment criteria were developed in
advance and discussed with the instructors involved in delivering the course. To verify the internal
consistency of the diagnostic tools, Cronbach’s alpha reliability coefficient was calculated.
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Figure 2. CFA tests how well observed variables represent latent constructs: EV, AN, and CR
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Figure 3. Structure of the cognitive model of scientific thinking and distribution of indicators

The cognitive model underlying the course represents a structured system of interrelated
components that reflect the development of students’ scientific thinking during the programming learning
process. It includes five key stages: problem formulation, hypothesis construction, choice of implementation
tools, implementation and debugging, as well as reflection and adjustment. Each of these stages corresponds
to specific cognitive actions, allowing programming to be viewed not only as a technical skill but also as an
intellectual and research-oriented process.

Thus, the research methodology enabled not only the assessment of changes in students’ cognitive
development but also the identification of relationships between programming-related thinking structures and
components of scientific reasoning. A mixed-methods approach was applied, with particular emphasis on
analyzing the dynamics of scientific thinking formation. The questionnaire consisted of 12 items aimed at
assessing students’ cognitive skills. Participants rated their agreement with each statement on a 0-3 scale
(0 — strongly disagree; 3 — strongly agree). Sample items included: “I can effectively analyze a complex task
by breaking it into smaller components,” “I find it easy to formulate hypotheses and test them through
programming,” and “when solving problems, I regularly check the correctness of each step.” Qualitative data
were drawn from student essays and reflective comments, illustrating shifts toward more analytical and
reflective problem-solving approaches.

4. RESULTS AND DISCUSSION

The internal consistency of the diagnostic tools was verified through Cronbach’s alpha reliability
coefficient, which was calculated to be 0.714, exceeding the acceptable threshold and indicating satisfactory
reliability. The Cronbach’s alpha coefficient (0.714) indicates an acceptable internal consistency of the
diagnostic tool, making it suitable for assessing cognitive changes. The average task difficulty of 0.52 reflects
a balanced level of complexity — most students were able to complete the tasks, while they were not overly
simple. The discrimination index of 0.47 confirms that the tests effectively differentiate students with varying
levels of scientific thinking development.
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The experiment demonstrated the development of scientific thinking in students who mastered the
programming discipline using Python. A comparison of the scores obtained for the indicators of scientific
thinking dynamics before and after the experiment revealed a positive trend in the improvement of their
logic, outlook, and systems skills. It is especially worth highlighting the significant success of most students
in developing and implementing project assignments. As can be seen in Table 1, the factor loadings of the
cognitive model components correspond to critical limits, and indicators 2, 9, and 12 reached values above
average. At the same time, the CR values indicate the need for a more differentiated approach to the
component of CR, suggesting the expansion of relevant tasks and the integration of self-analysis methods
into the course.

Table 1. Factor loadings of components in the cognitive model
Construct  Indicator  Factor loading CR AVE o Decision

AN Pitl 0.79 0.883 0.685 0.861 Achieved
Plt2 0.89
PIt3 0.68
Plt4 0.76

CR PIt5 0.69 0.851 0.590 0.832 Achieved
Plt6 0.87
PIt7 0.75
PIt8 0.64

EV PIt9 0.90 0917 0.751 0912  Achieved
PIt10 0.63
Plt11 0.78
Plt12 0.98

Figure 4 presents the CFA model based on experimental data obtained during the programming
course. The model illustrates the structure of students’ scientific thinking by identifying three latent cognitive
components: AN, CR, and EV. These constructs were validated through observed indicators, with all factor
loadings exceeding the significance threshold (A>0.5), indicating strong alignment between the theoretical
model and empirical data.

The model comprises three latent constructs: AN, CR, and EV. AN reflects students’ ability to
analyze and decompose problems (PIt1—Plt4; loadings 0.55-0.89); CR captures self-evaluation and strategic
adjustment processes (PIt5—PIt8; loadings 0.56-0.69); and EV relates to hypothesis testing and result
interpretation (P1t9—Plt12; loadings 0.51-0.98). All factor loadings exceeded the significance threshold
(2>0.5), confirming strong alignment between the theoretical model and empirical data. Although a weak
negative correlation was observed between AN and CR (r=—0.06), the constructs demonstrated functional
autonomy. Overall, the CFA results confirm the structural validity of the proposed cognitive model.
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Figure 4. CFA model of cognitive components of students’ scientific thinking
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These findings support the hypothesis that programming serves as an effective tool for fostering
scientific thinking at the university level. The results are consistent with prior research demonstrating that
coding activities enhance analytical reasoning, reflection, and structured thinking [1], [3], [4], [6], [7], [25]-
Similar effects have been observed in studies on Al-supported and collaborative programming environments,
which promote evaluative and reflective competencies [26]-[29], as well as in research emphasizing
immersive and technology-enhanced learning contexts [17], [19], [30], [31]. Together, these findings
reinforce the broader applicability of the proposed model across interdisciplinary settings.

5.  CONCLUSION

This study confirmed the effectiveness of the proposed model for developing students’ scientific
thinking through systematic engagement with Python programming. The experiment demonstrated the
development of scientific thinking in students who mastered the programming discipline using Python.
A comparison of the scores obtained for the indicators of scientific thinking dynamics before and after the
experiment revealed a positive trend in the improvement of their logic, outlook, and systems skills. It is
especially worth highlighting the significant success of most students in developing and implementing
project assignments. From a practical perspective, the results suggest that programming courses can be
intentionally designed not only to develop technical competencies but also to cultivate higher-order cognitive
strategies. The proposed model may serve as a framework for curriculum development in interdisciplinary
university programs and for teacher training initiatives aimed at integrating programming as a cognitive tool
rather than solely a technical skill.

Despite these positive outcomes, the study has several limitations. The sample was restricted to one
university, which may limit the generalizability of the findings. In addition, part of the data relied on
self-assessment measures, which may introduce subjective bias. The study was conducted within a single
academic year and did not include longitudinal tracking to evaluate the long-term sustainability of cognitive
development. Future research should expand the empirical base by including multiple institutions,
cross-cultural samples, and longitudinal designs. Comparative studies involving different programming
languages and instructional models may further clarify the mechanisms through which programming
contributes to the development of scientific thinking.
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