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Future Trends in Computer Programming Education

Stelios Xinogalos

Department of Applied Informatics, School of Information Sciences, University of Macedonia,
GR-54634 Thessaloniki, Greece; stelios@uom.edu.gr

1. Introduction

Programming education has attracted the interest of instructors and researchers for
several decades [1]. It is widely accepted that learning programming is difficult [2] and
the classic approach to teaching programming [3], which is based on using a conventional
programming language and environment for solving number and symbol processing
problems, is quite problematic. Students must be supported, motivated and engaged in
the learning process in order to comprehend the principles of programming and write
good-quality code. Several types of educational programming environments and tools
have been developed over the decades, such as programming microworlds and games,
structure editors, program/software visualization tools, flowchart-based programming
environments and so on [4,5]. Several teaching approaches have also been devised based
on the aforementioned tools. Moreover, extended research has been carried out regarding
the best strategy for introducing novices to programming, including the imperative-first,
functions-first and objects-first strategies, as well as the most appropriate language for
each strategy.

In recent years the educational community around the world has shown an even
greater interest in teaching and learning programming as a means of promoting Computa-
tional Thinking (CT) [6], which is considered important for everyone nowadays, not just
computer scientists. Primary school kids nowadays are educated to think computationally
through specially designed programming environments, such as Scratch [7] or the widely
known “Hour of Code” [8,9] games.

Another important dimension of the work around teaching and learning programming
nowadays lies in the way that “digital natives” [10] grow up and learn. Game-based learn-
ing and educational/serious games are considered a promising approach for learning pro-
gramming. Pair programming [11] and more recently distributed pair programming [12,13]
is another contemporary approach that promotes collaboration among students, which is
also considered important. Most recently, the advent of LLMs and generative Al tools has
started transforming the computer programming education landscape [14].

The objective of the Special Issue (SI) on Future Trends in Computer Programming Ed-
ucation was to explore recent advances, as well as future trends in Computer Programming
Education. This SI consists of eleven articles that were accepted in the SI after a rigorous
peer-review process. Thirty-one researchers from China, Greece, Mexico, Portugal, Russia,
Slovakia, Spain, Taiwan and Vietnam contributed their work in this SL

The eleven articles included in the SI cover a wide range of issues related to computer
programming education, as can be seen in the word cloud of the keywords included in them
and presented in Figure 1. In the following paragraphs, the eleven articles are summarized,
providing their goals, methodology, findings and implications for future research. The
articles are organized in four thematic areas.
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Figure 1. Word cloud of keywords included in the articles of the Special Issue.

2. Computational Thinking and the Computer Science Curriculum

The first article in this thematic area presents a bibliometric and content analysis of
research on enhancing CT (contribution 1). This is followed by an article presenting a
study on Computer Science teachers’ views regarding the recent reform of the Computer
Science curriculum in lower secondary education in Greece, which aims at cultivating
CT, problem solving and digital skills, among others (contribution 2). The next article
presents the design and evaluation of an agent-based training system aimed at helping
both neurotypical students and students with special needs learn programming concepts
with Scratch]r, an environment that can be used for introducing pre-primary students to
CT (contribution 3).

The article “Study Trends and Core Content Trends of Research on Enhancing Com-
putational Thinking: An Incorporated Bibliometric and Content Analysis Based on the
Scopus Database” by Ling-Hsiu Chen and Ha Thi The Nguyen (contribution 1) provides a
systematic review of research on CT over the period of 2008-2022. It employs a combined
bibliometric and content analysis of 132 publications indexed in Scopus to identify publica-
tion patterns, influential contributors, and thematic developments in the field. The findings
reveal a steady growth in CT-related research, with a notable increase in studies integrating
game-based learning approaches. A peak in publication activity was recorded in 2021,

while the analysis also highlights geographic trends, indicating that the United States
leads in research output, while China has the highest citation impact. In terms of thematic
content, the study identifies core research focusing on strategies, learner attitudes, and
instructional methods aimed at enhancing CT skills, particularly through interactive and

"Qcomputer science education
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technology-supported learning environments. Additionally, keyword and co-occurrence
analyses demonstrate the centrality of educational applications in shaping the evolution of
the field. The authors conclude that understanding these trends can inform future research
directions, policymaking, and curriculum design, while the inclusion of other databases
(like WOS and PubMEd) and alternative analytical tools (like VOSviewer and CiteSpace)
in subsequent studies can improve comprehensiveness.

The article “Enacting Computer Science Curriculum Reform: The Case of Model and
Experimental Lower Secondary Schools in Greece” by Dimitrios Yiatas and Athanassios
Jimoyiannis (contribution 2) investigates teachers’ views regarding the implementation of a
new Computer Science curriculum in the Greek model and experimental lower secondary
schools. The study is based on qualitative data (interviews), examining how educators
interpret and apply the curriculum in real classroom settings. Findings show that teach-
ers generally adopt the curriculum’s student-centered philosophy, using it flexibly as a
guide rather than a rigid framework. The curriculum promotes key competencies such
as CT, collaboration, creativity, and problem solving, aligned with modern educational
goals. Teachers report using innovative teaching methods, such as projects, program-
ming activities, and digital tools, as well as alternative assessment practices. Overall, the
study concludes that successful implementation is supported by teacher expertise, auton-
omy, and a supportive school environment, highlighting the importance of flexibility in
curriculum design.

The article “A Preliminary Usability Study of a Novel Educational Training System
to Teach Scratch]r. in School” by Maria Jesus Manzanares, Diana Perez Marin and Celeste
Pizarro (contribution 3) presents the design and pilot evaluation of an interactive agent-
based training system aimed at helping young students learn programming with Scratch]r.
It focuses on early childhood education, exploring how an agent-based interactive system
can support neurotypical students and students with special needs in learning basic coding
concepts. The study conducts a usability evaluation to assess how easy, engaging, and
effective the system is for classroom use. Findings indicate that the system is generally
user-friendly and enhances students” engagement and understanding of fundamental
programming ideas.

3. Misconceptions on Control-Flow Statements and Performance
Prediction

The first study (contribution 4) in this thematic area investigates students” misconcep-
tions on control-flow statements with the aim of designing targeted instructional interven-
tions and intelligent tutoring systems aimed at improving fundamental programming skills.
The next article (contribution 5) utilizes datasets, including academic records, analyzed by
machine learning algorithms and identified metrics for predicting students” performance.

The article “Explain Trace: Misconceptions of Control-Flow Statements” by Oleg
Sychev and Mikhail Denisov (contribution 4) investigates common misconceptions that
novice programmers exhibit when reasoning about control-flow constructs. It adopts an
empirical methodology based on a large set of 181 specially designed questions, each
combining pseudocode with execution traces that may contain deliberate errors, prompting
students to explain the correctness or incorrectness of specific steps. The study analyzes
10.799 student responses collected from 67 participants, enabling a systematic identifi-
cation and classification of misconceptions related to sequences, loops, and conditional
statements. Findings reveal 24 distinct misconceptions, of which some align with pre-
viously documented issues, while others represent novel or more fine-grained variants
not extensively discussed in earlier literature. The authors highlight that misconceptions
about control flow are often underexplored as a distinct category, despite their central role

3 https://doi.org/10.3390/computers15080497
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in introductory programming comprehension. They emphasize the value of open-ended
explanatory tasks for uncovering students’ mental models, as opposed to relying solely on
multiple-choice or correctness-based assessments. Overall, the article concludes that a more
systematic understanding of these misconceptions can inform the design of targeted in-
structional interventions and intelligent tutoring systems aimed at improving fundamental
programming skills.

The article “Predicting Student Performance in Introductory Programming Courses”
by Joao P. ]J. Pires, Fernanda Brito Correia, Anabela Gomes, Ana Rosa Borges and Jorge
Bernardino (contribution 5) reviews literature on the use of machine learning techniques
to identify students at risk of poor performance in early programming education. It
situates the problem within the broader challenge of high failure and dropout rates in
introductory programming courses in Higher Education, emphasizing the need for early
intervention mechanisms. Methodologically, the study evaluates the performance of
various algorithms, using identified metrics and considering the applicability in Higher
Education Introductory Programming courses. The results demonstrate that these models
can achieve meaningful predictive accuracy, enabling instructors to detect at-risk students
at an early stage. The findings highlight the potential of data-driven approaches to support
targeted pedagogical interventions, thereby improving student success and retention.
Overall, the study concludes that machine learning-based prediction constitutes a valuable
tool in Computer Science Education, though its effectiveness depends on data quality and
model selection.

4. Teaching Approaches and Tools for Enhancing Programming Education

The first article in this thematic area investigates students” engagement and skill
acquisition in introductory programming courses utilizing digital-twin technology instead
of traditional learning approaches (contribution 6). The next two articles propose two more
alternatives to the traditional learning approach, namely task-driven case studies that
combine the task-driven methodology with the case study approach (contribution 7) and
gamified project-based learning focused on Vocational Education (contribution 8). The last
paper in this thematic area refers to the use of Virtual Worlds in programming education
for dealing with common difficulties that accompany the traditional learning approaches
for programming (contribution 9).

The article “Digital Twin-Enhanced Programming Education: An Empirical Study on
Learning Engagement and Skill Acquisition” by Ming Lu and Zhongyi Hu (contribution 6)
explores the use of digital twin (DT) technology in introductory programming courses.
It addresses limitations of traditional teaching, which often fails to connect theory with
practice and results in low student engagement and weak problem-solving skills. Using a
quasi-experimental study with 135 students, it compares a DT-based learning environment
with conventional instruction. Results show that students using digital twins demonstrate
higher engagement (behavioral, cognitive, emotional) and improved performance in cod-
ing tasks. This approach is especially beneficial for beginners, significantly enhancing
algorithmic thinking, debugging, and practical programming skills. Overall, the study
concludes that digital twin technology provides an immersive, interactive learning model
that effectively bridges theory and practice in programming education.

The article “Teach Programming Using Task-Driven Case Studies: Pedagogical Ap-
proach, Guidelines, and Implementation” by Jaroslav Porubén, Milan Nosél’, Matts Sulir
and Sergej Chodarev (contribution 7) proposes a novel method for teaching programming
by combining task-driven learning with case study approaches. It is grounded in con-
structivism learning theory, emphasizing learning through solving real-world tasks rather
than relying solely on theoretical instruction. The approach uses structured case studies

4 https://doi.org/10.3390/computers15080497
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(e.g., a programming project like Minesweeper) to guide students step-by-step in applying
concepts and developing solutions. The authors provide practical guidelines for design-
ing tasks, organizing courses, and supporting students during implementation. Findings
suggest that this method improves student engagement, understanding, and practical
programming skills, as learners actively apply knowledge and learn from mistakes. Over-
all, the study concludes that task-driven case studies offer an effective, practice-oriented
alternative to traditional programming instruction.

The article “Gamified Project-Based Learning in Vocational Education and Training
Computer Science Courses” by Belkis Diaz-Lauzurica and David Moreno-Salinas (con-
tribution 8) investigates how combining gamification with project-based learning (PBL)
affects Computer Science Education. It uses a qualitative approach to analyze students’
learning experiences and engagement within vocational education settings. Findings show
that gamified PBL increases student motivation, participation, and collaboration, making
learning more interactive and engaging. Students also develop stronger problem-solving,
algorithmic thinking, and practical programming skills through hands-on, project-oriented
activities. However, the study highlights challenges such as the need for careful instruc-
tional design and teacher support to effectively integrate gamification elements. Overall, the
approach is considered beneficial for enhancing learning outcomes and aligning Computer
Science Education with real-world, skill-based demands.

The article “Measuring Undergraduates” Motivation Levels When Learning to Pro-
gram in Virtual Worlds” by Juan Gabriel Lépez Solérzano, Christian Jonathan Angel Rueda
and Osslan Osiris Vergara Villegas (contribution 9) investigates the effectiveness of virtual-
world environments as pedagogical tools for introductory programming education. It
employs a quasi-experimental pre-test/post-test design, comparing undergraduate stu-
dents” motivation in traditional classroom settings with those learning in immersive virtual
environments. Findings indicate that students exposed to virtual worlds demonstrate
significantly higher levels of motivation than those taught through conventional methods,
suggesting that immersive and interactive contexts can enhance engagement in program-
ming education. The study also reports gender-related differences, with female students
exhibiting greater confidence levels in the virtual learning condition. Methodologically, the
research highlights the importance of integrating information and communication technolo-
gies (ICTs) into teaching strategies, while emphasizing the need for structured instructional
design when adopting virtual environments. Overall, the article concludes that virtual
worlds represent a promising complementary approach to traditional instruction, though
their effectiveness depends on careful pedagogical implementation and alignment with
course objectives.

5. Automatic Assignment Creation and Assessment

This thematic area consists of two papers, with the first one referring to the automatic
construction of tests and assignments from large problem banks and the second one on
automatic assessment tools that can be used both for exercise and project assessment.

The article “Searching Questions and Learning Problems in Large Problem Banks:
Constructing Tests and Assignments on the Fly” by Oleg Sychev (contribution 10) ad-
dresses the challenge of generating effective assessments from large-scale repositories of
automatically created or curated problems. It highlights that modern educational systems
increasingly rely on extensive question banks, where manual inspection and selection by
instructors become impractical. To address this issue, the study proposes an algorithm
that constructs individualized tests dynamically based on teacher-defined constraints,
such as required concepts and difficulty levels. The algorithm ensures that generated
assignments meet pedagogical objectives by controlling the distribution of target concepts

5 https://doi.org/10.3390/computers15080497
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while adapting difficulty according to the available problem pool. Empirical evaluation
on a large dataset demonstrates that the method reliably produces diverse and balanced
exercises, reducing predictability and limiting opportunities for cheating through shared
solutions. Additionally, the results show that task difficulty is primarily influenced by the
characteristics of the problem bank rather than parameter tuning alone. Overall, the article
concludes that algorithmic generation of assessments can support scalable, individualized
learning in contexts such as massive open online courses, provided that problem banks are
well-structured and sufficiently rich in content.

The article “Bridging the Gap between Project-Oriented and Exercise-Oriented Au-
tomatic Assessment Tools” by Bruno Pereira Cipriano, Bernardo Baltazar, Nuno Fachada,
Athanasios Vourvopoulos and Pedro Alves (contribution 11) examines limitations in ex-
isting automatic assessment tools (AATs) for programming education, particularly their
difficulty in supporting both large-scale projects and small exercises within a unified frame-
work. It introduces an Intelli] IDEA plugin that extends the Drop Project AAT, enabling
more efficient handling of short, exercise-based assignments while preserving the benefits
of project-oriented assessment. Methodologically, the study combines system design with
an empirical evaluation based on a student survey conducted during the 2022-23 academic
year. Results indicate that the plugin improves usability, streamlines submission workflows,
and integrates instructions and feedback directly within the development environment,
thereby enhancing learning efficiency. Student responses suggest a generally positive
perception, particularly regarding time savings and ease of use, although the small number
of survey respondents limits the generalizability of findings. Such IDE-integrated tools
can bridge the pedagogical divide between project-based and exercise-based learning
approaches in Computer Science Education. The study concludes that bridging the gap
between project-oriented and exercise-oriented AAT offers a promising direction for future
educational technologies, provided they are iteratively refined through user feedback and
broader evaluation.

6. Conclusions

Research in the field of Computer Programming Education has been at the forefront
for several decades. Students’ difficulties and misconceptions with programming concepts
have been thoroughly investigated but are still under investigation, with the aim of devising
effective didactical interventions and tools, such as intelligent tutoring systems. Moreover,
they are utilized in combination with other data and techniques for predicting performance
at early stages, in order to support students and prevent them from dropping out. In
addition, contemporary forms of Information and Communication Technologies such as
digital twins and virtual worlds, as well as innovative teaching approaches or combinations
of them, such as task-driven case studies and gamified project-based learning, have been
proposed for supporting and motivating students in learning programming. Another field
that has attracted researchers’ interest is the creation of tools that automate the process
of devising assignments and tests from large problem banks and the process of assessing
students’ assignments, tools that are considered important nowadays for supporting large
audiences and massive open online courses. Finally, programming has been considered a
valuable means of cultivating CT skills, which are considered so important for everyone
that several educational systems around the world make efforts towards incorporating
them into their Computer Science curriculum from early ages.

The articles published in this Special Issue have dealt with all the aforementioned
challenges and have highlighted other challenges and future trends as well that require
further research.
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Abstract: Over the last decade, research on evolving computational thinking (CT) has garnered
heightened attention. Assessing the publication tendencies and nucleus contents of investigations
on progressing CT to direct future research initiatives, develop policies, and integrate them into
instructional materials is timely and exceedingly essential in education. Therefore, this research
reviewed publications on progressing CT to identify research trends and core contents published
in the Scopus database from 2008 to May 2022. For this reason, this study applied bibliometric and
content analysis to 132 selected publications. After examining bibliometrics, the findings indicate a
steady increase in publications related to game-based learning (GBL) and CT, reaching a peak in 2021,
with the United States emerging as the most prolific contributor in terms of authors, institutions, and
countries). The leading country in citations is primarily China. The document that received the most
citations is Hsu'’s 2018 paper on “Computers and Education”. Analysis of keywords and themes reveals
core content tendencies, emphasizing teaching methods and attitudes aimed at improving CT via
GBL. These results offer valuable insights for researchers and educators to inform their future work.
However, future studies may benefit from including other databases such as Web of Science (WoS)
and PubMed, employing alternative bibliometric software like VOSviewer or CiteSpace, as well as
collecting data from June 2022.

Keywords: computational thinking; bibliometric analysis; game-based learning; content analysis;
content trend

1. Introduction

CT has attracted the interest of educational scholars and practitioners in recent years as
it has emerged as a vital ability [1] for the twenty-first century [2]. Others emphasize CT as
a cognitive process, while some experts describe it as a [3] problem-solving strategy [4]. For
computer science (CS) and all sciences, the acquisition of CT is fundamental [5]. Tsarava [6]
mentioned that Wing also emphasized the importance of CT skills [7] for everyone and not
only programmers and computer scientists [8]. Wing determined CT [9] as a method [10]
for solving problems [11] that involve conceptualizing, creating abstractions [12], and
designing systems [13]. It is similar to logical thinking [14] and necessitates understanding
basic computing concepts [15].

According to a 2012 National Research Council (NRC) report, given the critical role that
CT [16] plays in the twenty-first century, educators should help students understand CT [17]
by incorporating its content into existing curricula [18] in schools across the globe [19]. The
International Society of Education Technology urges teachers to teach and integrate these
abilities into the curriculum [20] to equip students of all ages with problem-solving skills for
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the real world [9]. In Wing's opinion, everyone can solve problems with CT skills with ideas
from CS [2]. Utilizing CT skills, students can create solutions for complicated systems [21],
and teachers can impart knowledge of the systems. For the management of information,
solving problems, and understanding human behavior, CT skills must be developed [22].
The literature has given different definitions to CT, so it is arguable what universal abilities
and skills comprise its development and how these should be incorporated into educational
content [9]. In addition, significant research has been conducted to determine the CT-related
skills, strategies, and tools that can support students” academic progress. Thus, the question
of how to improve K-12 pupils’ CT is receiving more attention [23].

Governments and non-governmental organizations (NGOs) have launched numerous
programs and educational environments to assist the development of CT abilities as its
popularity grows [24]. Notably, these have included a variety of kid- and teen-oriented
computer-based, user-friendly, game-based platforms [24]. Because digital games are
engaging and appealing to an extensive population of individuals, GBL has been suggested
as one instructional framework for learning programming [25] that has been demonstrated
to benefit students [9,26].

Due to technological advancements [27], digital GBL research [28] has recently gar-
nered increased attention [29]. GBL research and application in education have exploded
in the last ten years. In a learning environment known as GBL, knowledge and skills are
incorporated into games so that students can learn while taking on challenges that require
problem-solving [30] and competition [31]. A prior study built an application for virtual
reality immersion with mini-games and an expedition to improve learner motivation [32],
engagement, and immersive experience. Furthermore, students acquired knowledge to
enhance their problem-solving abilities [33]. Some authors have asserted in recent years
that teaching programming to children can help them learn and develop CT [34,35].

According to previous findings, students” CT skills can be improved by using pro-
gramming approaches [36]. This method [2] has been positively linked to improving the
student’s cognitive abilities, self-management problem-solving, communication, collabora-
tion, and critical thinking. In the context of a GBL setting, the study revealed that the most
persistent learners demonstrated high levels of patience as they persistently sought the op-
timal solution across various themes [24]. Teachers can use computer gaming techniques to
promote CT in elementary school children. These strategies not only help students develop
their CT skills [37] and conceptual understanding [38] but also help students have less
advanced prior learning attitudes and knowledge [39]. CT was not only a distinct discipline
or field; it was also applicable to several other areas, particularly computer science and
programming. Many nations have included courses about CT in K-12 curricula to develop
students’ programming, digital, and CT competencies. Previous results demonstrated that
students” CT concerning conceptual skills and knowledge considerably improved after
playing the adaptive computer game in education. Additionally, students who played the
adaptive computer game had noticeably greater interest levels, happiness, acceptance, and
flow state of technology in CT learning [38]. The advancement of computer curriculum
and CT skills can be supported effectively by video game making in science material [40].
Previous research demonstrated [41] the effectiveness of learning CT via games [26] to
foster students’ motivation, teamwork, perseverance, abstraction, and creativity [16].

The above-mentioned evidence demonstrates that the GBL strategy and the students’
CT skills are very significant because of their high effectiveness in educating students. The
acquisition of CT skills [42] enhances students’ problem-solving abilities [2], and GBL has
been proposed as an effective instructional approach for enhancing CT skills [26,43]. Hence,
it is crucial to discern trends via the analysis of literature aimed at enhancing CT skills in
order to pinpoint the nation and paper that have made the most substantial contributions
in identifying key themes, diverse keywords, and primary documents within each cluster,
the interconnected network of author documents, and central content areas.

This study conducts content and bibliometric analysis with R programming [44] to
analyze CT publications from 2008 to May 2022. The study adds to the body of literature
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in the ensuing facets: (i) These identified trends and networks serve as valuable resources
for researchers to search for the CT and GBL fields. The results serve as references, aid-
ing researchers in understanding the current state of research, selecting research topics,
determining suitable publication outlets, and providing guidance for future investigations.
Collaboration with scholars from highly cited papers or countries is encouraged. (ii) Ad-
ditionally, the findings are essential for administrators in formulating policies to support
teachers and students, selecting research topics and trends for participation, and fostering
international cooperation via research and exchange programs. Administrators can identify
opportunities for development and training to assist instructors in integrating these trends
into teaching practices. (iii) Furthermore, recognizing these trends assists instructors in
creating dynamic and productive learning environments to prepare students for future
challenges. Adaptation of teaching approaches allows for the seamless integration of
these trends into the curriculum. The research also helps instructors design curricula that
facilitate students” access to essential research and develop research skills. Instructors can
identify related concepts and connections to integrate into lessons. In light of this, the main
research objectives (RO) are listed as follows:

1. ROL1. Publication trends of CT and GBL as factors to influence student education;

2. RO2. The most cited countries and the most globally cited documents;

3. RO3. The co-occurrence network and co-citation network.

In addition, big and time-changing data presents a challenge in detailed, specific, and
accurate analysis to recognize trends in the acquisition of CT knowledge. It is very crucial
to have a suitable method to perform this analysis. Bibliometric analysis is an appropriate
choice in this case because some researchers claim the advantages of this analysis. As an
illustration, Aria and Cuccurrulo [45] asserted that bibliometric analysis can bring about
a transparent, systematic, and reproducible evaluation procedure. In contrast to other
methods, bibliometrics offers more impartial and trustworthy evaluations. Bibliometrics
is helpful in the context of the enormous amount of conceptual advancements, new in-
formation, and data. Unlike manually coding text-based data sources and customary
content-based analysis, bibliometric analysis has distinctive aspects. The efficiency of
implementing manual technology is typically constrained by the ongoing growth of literary
data with the spread of “big data”, while bibliometric analysis is particularly ideal for deal-
ing with a large-scale dataset. Furthermore, since bibliometric analysis is predominantly
quantitative-based [46], its findings are typically generated more objectively and reliably
than those obtained via content analysis research methods, which often rely on prioritizing
conceptual categories [47]. This analysis [48] provides advantages over experimentally
based research approaches in terms of the quantity of data acquired and a more objective
examination, allowing for the discovery of novel research patterns and topics. Also, this
analysis was chosen because of its capacity for storing comprehensive data and its potential
for making it freely accessible to academics.

Moreover, researchers used the bibliometric method to analyze trends and develop-
ment in education, almost on GBL and rarely focusing on CT. For example, in a previous
study, GBL related to distant learning was analyzed using bibliometric analytic tech-
niques [49]. Hwang and Chen [31] conducted a comprehensive review and bibliometric
analysis of the published papers to emphasize the applications of GBL and its tendencies.

The previous authors [50] utilized bibliometrics, text mining, and social network
analysis to provide meaningful, current data to illustrate the evolution of the issue and the
state of research at this time. In the bibliometric analysis of trends, Chen et al. 2022 [29]
analyzed papers on GBL in mathematics education and science published from 1991 to 2020.
The previous authors [51] investigated bibliometric data from papers about determining
research trends from 2013 to 2016. The bibliometric analysis [48] of publications on STEM
education games published in conference proceedings and journals between 2010 and
2020 is presented. In terms of CT, the previous study employed the bibliometric analysis
approach [52] to examine changes in study trends related to CT over the past twelve years.
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Additionally, raising CT skills on GBL approaches has a noteworthy impact on the
existing educational system. In recent years, bibliometric analysis has been used in research
on GBL or CT skills. However, using this analysis of documents on boosting CT via
GBL is a gap in research. This study applies bibliometric and content analysis in the
literature to find publication and content trends of CT improvement on GBL in education.
The research utilizes data archived in the Scopus database, ensuring unlimited access
for exploration. Section 2 of the study details the specific research procedure and the
bibliometric methodology employed. Following this, Section 3 delves into the analysis
of results, followed by a discussion and conclusion in Section 4. The final section of
the research concludes by addressing the limitations of the employed methodology and
recommendations for future work.

2. Materials and Methods

For data collection, this study utilized Elsevier’s Scopus database, which integrates
meticulously curated citations and abstract databases containing extensive academic litera-
ture across various disciplines [53]. Scopus boasts a substantial collection of peer-reviewed
publications, including conference proceedings, journals, and books [54]. The bibliometric
analysis provides a static representation of the field at a given point in time; the field
growth over time can be tracked by dividing the timeframe into multiple periods [45,50].
The main emphasis of this study’s methodology was the bibliometric analysis, which was
reviewed in [55]. Bibliometric analysis can offer a quantitative evaluation [48] of a product
of science in a particular field of research over a specific period. The investigation covered
factors such as trends in publications and citations, prolific writers, journals, geography,
collaboration, and the development of research themes [31,47,56]. Via the application of
bibliometric analysis, this research can be evaluated using quantitative and qualitative
methods, with parameter and theme analysis being the respective focuses of bibliometric
studies [56]. The research procedure comprises two steps: data collection and data analysis,
as illustrated in Figure 1. This figure demonstrates the specific activities undertaken in
each step.

R ~
Step 1: Data Step 2: Data
collection analysis L
’ g — - Researchers:
( \ directing future
Bibliometric Research studies
— Scopus database .
analysis trends
\ ) \ J -Administrators:
building policies
) —— ——
. Core content - Instructors:
— Search keywords Content analysis tronds integrating them
- \ \ ) into instructional
\ J/ materials

—

Figure 1. Steps of bibliometric and content analysis.

2.1. Step 1: Data Collection

The bibliometric analysis relies on data sourced from Scopus, which is renowned for
its comprehensive coverage of scientific outputs relevant to this investigation. To conduct
the necessary data collection, the search terms “game-based learning” and “computational
thinking” were utilized in the Scopus interface, employing binary operators such as “AND”
and restricting the search timeframe up to May 2022 with the language set to “English”.
Protocols were applied to ensure consistency and accuracy in database querying. The
publications included in this study encompass book chapters, journal articles, and con-
ference proceedings. According to Chand Bhatt [56], book chapters provide a theoretical
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foundation for the fields of education in CT and GBL, while conference papers introduce
new ideas for education research. The initial search yielded 4029 publications discussing
CT and 5927 papers discussing GBL in education. After combining the two keywords using
the “AND” operator, 132 publications were obtained, as shown in Table 1. The BibTeX
method was employed to download the full text of each paper for further analysis.

Table 1. The keyword selection technique of the study.

Combination
Search Keywords Result #1 AND #2
“computational thinking” 4029 13
“game-based learning” 5927

2.2. Step 2: Data Analysis
2.2.1. Bibliometric Analysis

The bib file was downloaded to be used for data analysis by applying Biblioshiny from
R-Studio with version 4.1.1 on 10 August 2021. Before uploading the data to Biblioshiny,
the data were merged into a single bib file for using R-Studio, a development environment
integrated with the R language [57]. Following this, the shiny application Biblioshiny,
which provides a web interface for the bibliometric R-package [55], was utilized for data
analysis. In the Biblioshiny interface, the Scopus file containing raw data was imported for
analysis. This process resulted in the acquisition of the dataset, sources, authors, documents,
and conceptual structure required for conducting descriptive and network analyses.

2.2.2. Content Analysis

The second technique employed in this study involves content analysis. The main aim
of content evaluation is to categorize scientific findings conceptually and categorically to
uncover underlying dynamics [58]. Previous research has suggested that employing content
analysis helps in uncovering significant trends and crucial insights that may otherwise
remain undiscovered [59]. Consequently, following the bibliometric method, all selected
publications are analyzed to identify the trends of core contents.

3. Results
3.1. Bibliometric Analysis
3.1.1. Analysis of Trends

Data information is obtained after employing bibliometric analysis. Table 2 provides
the distribution of the vital details of data collection. Documents with the keywords
“computational thinking” and “game-based learning” were identified from 2008 to 2022,
including 78 sources, 132 papers as book chapters, articles, conference papers, and 4320 ref-
erences. A variety of document types were identified, with conference papers totaling
the highest number at 84, followed by articles at 42. Conference reviews constituted the
lowest count with 4, and book chapters were the least common with only 1. The document
contents encompassed a total of 534 keywords, supplemented by 337 author’s keywords.
Among the document authors, a total of 327 were identified, with 14 authors of documents
single-authored and 313 authors of documents multi-authored.

Publication trends are one of the most significant indicators in a field or sector [52]. A
total of 132 papers published from 2008 to 31 May 2022 were identified. Figure 2 illustrates
the development of scientific production trends using the keywords “CT” and “GBL” over
the years. The publication trend exhibits slight oscillations within three documents from
2008 to 2014. However, there was a significant increase in documents from one paper
in 2014 to five in 2015 and from 7 in 2016 to 13 in 2017. Subsequently, the number of
published documents stabilized at around four each year from 2017 to 2021, with a notable
nine papers in 2022. It is important to note that data for 2022 are collected from the first
five months of the year. Based on these findings, publications focusing on CT and GBL
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have garnered interest from researchers between 2008 and 2022. The publication trend has
shown a consistent increase, reaching its peak in 2021.

Table 2. Principal data-related information.

Description Results
Timespan 2008:2022
Sources (Books, Journals, etc.) 78
Publications 132
Average years from publication 3.26
The mean quantity of citations found in every document 7.386
Annual average of citations for each document 1.476
References 4320
Article 43
Chapter of a book 1
Conference document 84
Review of the conference 4
Plus keywords 534
Author’s Keywords 337
Authors 327
Authors of single-authored documents 14
Authors of multi-authored documents 313
Documents for each author 0.404
Writers for each document 2.48
Co-authors for each document 3.52
Index of collaboration 2.75
29

24
20
17
13
9
7
5
3

2008 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Figure 2. Annual scientific production.

Studies based on CT and GBL show relationships between authors, keywords, and
countries. After applying bibliometrics to the top 20 authors, 19 authors, 7 countries, and
13 keywords were identified in a relationship in the research passage. Figure 3 illustrates
a plot depicting the relationships among countries, authors, and keywords. Over the
14-year period from 2008 to 2022, three countries emerged as prominent among the seven
countries, with many authors using keywords related to CT and GBL in their publications.
For instance, the USA leads with nine authors, while Israel and Spain follow as the second
countries, each with five authors.

During this period, the authors used a total of 13 keywords in their published docu-
ments. “CT” and “GBL” were the most commonly used keywords employed by 19 and
18 authors, respectively, in their publications. Additionally, “middle school” was utilized
by 11 authors, while “educational games” and “collaboration” were used by six authors
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each. These findings suggest that the top 19 authors, 13 keywords, and seven countries are
interrelated in the context of CT and GBL during the specified period.
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Figure 3. Three fields plot.

Based on the data obtained in the study, the top 20 publications comprising 74 papers
related to CT and GBL for educational purposes were identified. Figure 4 illustrates the
sources with the highest value during the specified period. Among these sources, a group
of journal publications consistently increased the number of published papers. Among
them, “Lecture Notes in Computer Science” emerged as the leading source with the highest
number of published papers, totaling 11. Following closely is “Conference Proceedings of
the European Conference on GBL” with 10 papers, and the “ACM International Conference
Proceeding Series” with 9 papers. The group with the lowest number of published papers
gradually increased, with “Advances in Intelligent Systems and Computing” starting with
four papers and progressively increasing to five and six papers for the “Journal of Educa-
tional Computing Research” and the “International Conference on CT Knowledge Proceedings”,
respectively. Additionally, during this period, four journal sources had three publications
each, seven sources had two publications each, and many sources had only one publication
each. These findings indicate that six sources significantly influence the CT and GBL topic.
“Lecture Notes in Computer Science” stands out as the most influential leading source during
the specified period.

After identifying the top 20 contributing authors on CT and GBL topics from the
selected data, a total of 90 papers were identified from the beginning of the research to
May 2022. Figure 5 illustrates the authors who had the most impact during this period.
The top three authors emerged as the most prominent, with publications related to CT
and GBL. For instance, Boyer K. stood as the most active author with eight published
documents. Following closely by authors Hershkovitz A. and Israel-Fishelson R., both
have seven publications each. Min W and Wiebe E each have six published documents
during this period.

Among the top 20 institutes identified from the selected data, the total number of
published papers amounted to 88. Figure 6 illustrates the institutes with the most relevance.
The universities ranked in the top four of documents related to CT and GBL published
from 2008 to 2022. The most prominent university is North Carolina State University, with
11 published documents. The University of Tiibingen follows in second place, albeit with
the number of publications decreased, totaling eight during this period. Next in descending
order are the University of Florida and Tel Aviv University, each with seven published
documents, followed by the University of Salamanca with six.
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Figure 4. Most relevant sources.

Based on the obtained data, the top 20 countries with contributions to 210 published
papers on CT and GBL have ranked. The publications of these countries are presented in
Table 3. Active countries in this context refer to those that have contributed significantly to
the literature body on CT and GBL by publishing ten or more papers during the specified
period. These countries are considered to have made substantial contributions to research
in the field, indicating a high level of engagement and productivity in CT and GBL-related
research endeavors. Leading the pack with 55 publications is the United States, making
it the most active nation. China follows in second place, albeit with a significant gap
compared to the USA, with 23 publications. The third-ranking country, Greece, has several

publications totaling 18.
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Figure 6. Most relevant institutes.

Table 3. The number of country article publications.

Rank Country Publication
1 USA 55
2 China 23
3 Greece 18
4 Germany 16
5 UK 14
6 Brazil 12
7 Spain 11
8 Canada 10
9 Malaysia 10
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Table 3. Cont.

Rank Country Publication
10 Israel 7
11 Croatia 5
12 Finland 5
13 Sweden 5
14 Denmark 4
15 India 3
16 Italy 3
17 Thailand 3
18 Austria 2
19 Poland 2
20 Portugal 2

3.1.2. Citation Analysis of Countries and Documents
Citation Analysis of Countries

The countries with the most citations represent valuable contributions to the education
community related to CT and GBL. A ranking of 20 nations based on citation volume
is provided in Table 4. The most influential countries in CT and GBL research are from
Asia and Europe, particularly Taiwan and Spain. Publication trends from Europe are also
widespread. For example, China and Spain lead in citations with 206 and 164, respectively.
The United Kingdom (Europe) and the USA (North America) follow closely, with 118 and
80 citations, respectively, ranking third and fourth. However, other European countries
such as Greece, Estonia, Germany, Denmark, Poland, and Switzerland are also noteworthy.
The number of quality papers on CT and GBL from various countries across continents has
advanced, indicating intense global competition in investigations related to CT and GB.

Table 4. Most cited countries.

Rank Country Total Citations
1 China 206
2 Spain 164
3 UK 118
4 USA 80
5 Greece 40
6 Israel 40
7 Canada 16
8 Estonia 11
9 South Korea 5
10 Malaysia 3
11 Germany 2
12 Denmark 1
13 Poland 1
14 South Africa 1
15 Switzerland 1

Citation Analysis of Documents

The most cited articles demonstrate high-quality content with research hotspots on CT
and GBL, which are attractive to researchers in related areas. The total number of citations
of a document represents the value of its contribution to the community. From the given
data, twenty published papers have been sorted by citation count using the R language and
the Biblioshiny bibliometric program. The documents that have received the most citations
worldwide are presented in Table 5. The top three journal articles are cited the most during
the specified period.
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Table 5. Most globally cited documents.

Paper Total Citations
Hsu Tc, 2018, Comput Educ 186
Garca-Pealvo Fj, 2018, Comput Hum Behav 119
Kazimoglu C, 2012, Procedia Comput Sci 101
Jenson ], 2016, Electron ] E-Learning 36
Kazimoglu C, 2011, International Journal of Game-Based Learning 30
Tsarava K, 2017, Proc Eur Conf Games Based Learn, Ecgbl 28
Kanaki K, 2018, Educ Inf Technol 27
Akram B, 2018, Proc Int Conf Educ Data Min, Edm 23
Wu M], 2011, Lect Notes Comput Sci 22
Hershkovitz A, 2019, Interact Learn Environ 21
Garca-Pealvo Fj, 2018, CT In The Stem Disciplines: Foundations And 1

Research Highlights

Min W, 2015, Lect Notes Comput Sci 19
Francisco Jgp, 2016, Acm Int Conf Proc Ser 18
Min W, 2020, Ieee Trans Learn Technol 17
Turchi T, 2019, Multimedia Tools Appl 17
Israel-Fishelson R, 2020, ] Educ Comput Res 14
Min W, 2017, Lect Notes Comput Sci 13
Hooshyar D, 2021, ] Educ Comput Res 11
Altanis I, 2018, Educ Sci 11
Lin Sy, 2020, Elect Commer Res Appl 10

Table 5 shows evidence that the paper authored by Hsu TC in 2018, published in the
journal “Computers & Education”, has received the highest number of citations, totaling
186. Following closely, the paper by Garcia-Pefialvo FJ, published in 2018 in “Computers
in Human Behavior”, includes 119 citations. Ranking third is the paper by Kazimoglu C.,
published in 2012 in “Procedia Computer Science” .

3.1.3. Network Analysis
Co-Occurrence Network

In this section, emphasis is placed on analyzing co-occurrence networks using the
Biblioshiny bibliometric software with the R language. In terms of selecting keywords,
authors can establish connections between different research topics and identify closely
related ones. Moreover, the frequency of a keyword can indicate the primary subjects
covered in articles within the field [52]. In this paper, the bibliometric method is applied to
organize themes into clusters related to CT and GBL. Consequently, the primary themes
have emerged from the beginning of the research to the present. Figure 7 shows the co-
occurrence network with four clusters containing various nodes based on CT and GBL
keywords. Betweenness represents the correlation of a keyword for CT and GBL domains
in papers. A higher betweenness value suggests a stronger correlation of the keyword
within the documents of a cluster. The number of nodes reflects the diversity of themes in
the CT and GBL research field.

From Figure 7, the red network represents cluster 1, comprising 29 nodes forming the
primary network. The node “CT” exhibits the highest betweenness at 473.4, followed by
“GBL” with a betweenness of 176.8. “Students” comes next with a betweenness of 127.8.
Among the top five nodes, “education computing” has the lowest betweenness at 27.3,
whereas “computer games” has a higher betweenness at 54.3. This evidence highlights
the correlation between keywords such as CT [60], GBL [61], students [62], computer
games [63], and others.
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Figure 7. Co-occurrence network.

Cluster two appears as the blue network with seven nodes. The top three nodes with
the highest betweenness include “computer-aided instruction” at 5.96, “GBL environments”
at 0.51, and “artificial intelligence” at 0.25. This demonstrates the relationship among key-
words like computer-aided instruction [24], GBL environments [64], artificial intelligence,
educational games [65], and middle school students [66].

Cluster 3 forms a green network with seven nodes. The node “e-learning” has the
highest betweenness at 9.5, while nodes such as “curricula” and “educational technology”
have lower betweenness at 1.9 and 0.5, respectively. This cluster suggests themes related
to e-learning, including curricula, digital games, learning motivation, digital GBL [67],
and others.

Cluster 4 emerges a purple network with seven nodes, with three nodes exhibiting the
highest betweenness. “Engineering education” leads with a betweenness of 0.9, followed
by “technology” at 0.5 and “decision-making” at 0.4. This cluster identifies domains related
to engineering education, such as technology [68], decision-making [69], computation
theory, serious games [70,71], and others.

Co-Citation Network

Figure 8 illustrates the co-citation network comprising three distinct networks iden-
tified after applying the Biblioshiny bibliometric software with the R language. The co-
citation network reveals three clusters and 38 documents centered around CT and GBL. In
the co-citation network, betweenness is described as the interaction of documents” authors
on themes based on CT and GBL and indicates the most cited author’s documents. A
higher betweenness signifies increased interaction among authors” documents. The nodes
in the network represent the number of authors” documents interacting in the research field
based on CT and GBL.
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Figure 8. Co-citation network.

The first cluster forms the primary network with the red nodes encompassing 14 doc-
uments. The most significant article in this cluster, with a betweenness of 321.9, is based
on CT and was explained by Wing [72] who initially introduced the concept as skills and
attitudes for learning and application. This article has garnered over 4000 citations. An-
other article by the same author emphasizes that CT will impact students as they face new
academic challenges [73]. Additionally, a paper by Prensky [74] identifies that digital GBL
helps children stay motivated in their learning.

The second noticeable cluster is a green network with 14 nodes. The primary doc-
uments in this cluster are based on the [75] development of CT via digital games [76]
to improve students’ performance [77] and attitudes. The document with the highest
betweenness in this cluster, at 128.6, revolves around the development of CT via Scratch
programming [78]. This paper, authored by Brennan and Resnick, has amassed over
4000 citations. Additionally, Maloney et al. [79] illustrated an independent study facilitated
by experimentation, peer collaboration, and creations [80] promoted by the Scratch Pro-
gramming Language. Furthermore, Kebritchi et al. [81] demonstrated that digital games
contribute to motivation [82] and students performance.

An impressive third cluster is blue nodes with ten documents. The co-citation study
draws attention to the primary theme of CT in K-12 and teaching programming. In this
cluster, Barr and Stephenson [83] identified that the delivery of CT for K-12 is the most
significant article, and it necessitates systemic change, teacher involvement, and valu-
able significant resource creation. More than 4000 citations are included in the paper. It
provides a comprehensive explanation of CT, covering aspects such as definition, interven-
tion, curricular evaluation, and learning models [84]. Moreover, it demonstrates how CT
skills can be developed via various means, including games, interactive stories [85], and
simulations [78].

3.2. Emerging Content Trends

Trends in emerging content are discerned by analyzing documents from the co-
occurrence and the co-citation network. These networks, as shown in Figures 7 and 8§,
reveal the interconnections among key concepts and prominent authors in the CT and GBL
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fields. By examining documents, researchers can identify research hotspots and academic
interest trends.

The analysis of content within publications based on the co-occurrence network high-
lights several primary trends across different clusters. In cluster 1, research primarily
focuses on CT and GBL, encompassing areas such as teaching and learning tools, teaching
and learning activities, teaching approach, GBL assessment framework, and attitudes like
engagement, motivation, learning interest, confidence, encouragement [86-99]. Cluster 2
delves into CT, GBL, computer science, and assessment frameworks, particularly empha-
sizing strategies for teaching CT [99,100]. Cluster 3 researches CT, GBL, digital tools, and
teaching strategies, focusing on attitudes such as motivation and engagement [15,101-103].
Cluster 4 explores factors related to CT development, game design, teaching method,
attitudes (especially engagement, encouragement, and confidence), GBL, and learning
activities [93,104-107]. Overall, the analysis underscores trends in teaching methods, activi-
ties in teaching and learning, tools for learning and teaching, frameworks for assessment,
and attitudes such as engagement, motivation, encouragement, and confidence across
the clusters.

The analysis of main content trends derived from content analysis on studies based
on the co-citation network reveals distinct themes across various clusters. In cluster 1,
a prevalent trend is the digital game utilization to facilitate learning and teaching CT,
which serves to motivate student learning [108]. Cluster 2 predominantly focuses on
promoting CT via digital games to enhance attitudes and improve students’ learning
outcomes [34,109]. Notably, computer games are found to positively impact students’
achievement and motivation.

Meanwhile, cluster 3 highlights themes such as CT integration in K-12 education,
instructional methods for CT, programming instruction, and the development of CT skills
via learning games, interactives, and simulations [78,110-113]. These tendencies in co-
citation networks underscore the importance of teaching approaches aimed at enhancing
students’ achievement and attitudes via GBL [114].

3.3. Sustainable Education in the Future

By integrating games into teaching and fostering students’ CT skills, this study aims
to provide a valuable resource for researchers, educational policymakers, and instructors,
ensuring long-term sustainability.

In terms of teaching students, it is hoped that the findings will positively influence
student education with more attention from teachers, education leaders, and researchers on
trends of developing students” CT skills via GBL. Additionally, it anticipates that educators
will consistently employ creativity and dedication in each teaching session to accomplish
educational objectives, including enhancing student engagement [109], motivation [43],
attitudes [115], and academic performance [116]. This underscores the importance of inte-
grating educational games into the curriculum to foster the development of CT skills within
the context of the technology age [90]. Games help students enhance mental computation
skills [117] by acquiring CT skills [118]. The Trachtenberg system, recognized for its rapid
mental computation capabilities [119], consists of a set of easily memorized operations
facilitating quick arithmetic calculations. These operations entail straightforward algo-
rithms aimed at helping students enhance their CT skills [120]. Therefore, it expects that
there are appropriate policies to promote the development of the application of GBL to
develop students’ CT skills and help students achieve academic performance. This study
will be a helpful source to researchers as a springboard for planning upcoming studies.
Given the significance of GBL's effectiveness in fostering CT [34], it is anticipated that this
teaching strategy will continue to gain traction across various subjects and academic levels,
including mathematics, language arts, and science [16] in the foreseeable future [121].

In this research, the most prevalent themes included CT and GBL, along with computer-
aided instruction, e-learning, and engineering education. Given the global impact of
COVID-19, these themes are particularly pertinent, as they address challenges faced in
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the shift to online learning environments. When students engage in GBL to acquire CT
skills [26,122] online [123], various challenges arise. However, the integration of CT skill
development via GBL offers numerous benefits to learners, including achieving learning
objectives, fostering motivation [124], and enhancing problem-solving abilities. Ultimately,
this approach cultivates a generation equipped with the skills and knowledge essential for
the modern era.

4. Discussion and Conclusions

The bibliometric analysis delves into trends, co-occurrence, and co-citation network
patterns sourced from the Scopus database, emphasizing parameter and theme analysis.
Out of a pool of 132 publications selected based on two keywords, the study utilizes
R-studio in conjunction with Biblioshiny software to facilitate bibliometric analysis. Via
this approach, the research objectives are identified, leading to the emergence of valuable
insights that can benefit researchers, administrators, and instructors alike.

ROL1 focuses on investigating the publication trends influencing student education,
particularly in the areas of CT and GBL. Analysis of data spanning from 2008 to May 2022
reveals a noteworthy increase in publications related to these areas, particularly evident
in 2021. This upward trend indicates a growing interest [125] in leveraging GBL [29] to
enhance CT skills and positively impact student learning. Contributions from regions such
as North America (USA), Asia (Israel), and Europe (Spain) have been substantial and are
expected to continue expanding. Notably, publications from sources and countries like
“Lecture Notes in Computer Science” by Springer and the United States, including the most
published authors and most published institutes have emerged as vital references for future
research. For example, Boyer is the most contributing author with eight papers. The book
“Lecture Notes in Computer Science” and the author’s document, Boyer, are suggested as
references for researchers for future studies. Searching for CT and GBL areas to support ed-
ucators in teaching and learning, this book and this author are highlighted. Institutions like
North Carolina State University in the USA have made significant contributions, offering
valuable insights for educators and administrators alike. The results hope contributions
from the highest publications on CT and GBL, such as developing instructors’ professional
capacity to improve students’ performance, motivation, and engagement. Moreover, it
expects to inspire other schools’ instructors in their teaching and research to enhance
learning communities.

By integrating these trends into teaching strategies and curricula, educators can sup-
port instructors via professional development and training and enhance student achieve-
ment, engagement, and motivation, fostering a conducive learning environment. This
analysis serves as a foundational understanding of the current research landscape in CT
and GBL, guiding future educational initiatives and research endeavors.

RO2 focuses on investigating the most cited countries and the most globally cited
documents. The evaluation of citation results highlights China as the most cited country,
followed by Spain during the study period. This underscores the significant contribu-
tions of China and Spain in the field of CT and GBL, attracting attention from researchers
worldwide and prompting policymakers to support educational goals such as assisting
instructors and brightening up students” achievement. Additionally, the most globally cited
document, authored by Hsu in 2018 from Taiwan, focuses on acquiring and instructing CT,
particularly via GBL. Hsu et al. focused on issue-based education, learning via projects,
GBL in CT activities, collaborative learning, mathematical computing, programming skills
training, and the CT performance and viewpoints of the students. This document stands
out for its comprehensive exploration of CT development via GBL strategies and teaching
tools [126], making it a valuable resource for instructors, policymakers, and researchers
alike. Regarding understanding global research trends, researchers can identify impact-
ful topics and potential collaborators, while administrators can facilitate international
collaboration and curriculum development.
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Instructors can leverage this data to enhance student access to significant research
and emphasize the importance of research skills in their teaching. Policymakers can make
appropriate policies to accommodate instructors and learners and for researchers who
direct their future research.

RO3 focuses on investigating the co-occurrence network and co-citation network
analysis of CT and GBL keywords. The co-occurrence analysis conducted in this study
revealed the interaction among the most popular keywords, unveiling research hotspots
and academic interests [31]. Clusters, representing groups of interconnected keywords,
emerged from this analysis, each encapsulating distinct themes within the realm of CT and
GBL. Notably, clusters 1, 2, 3, and 4 showcased prominent keywords such as CT and GBL,
computer-aided instruction, e-learning, and engineering education, respectively. Cluster 1
exhibited the most diverse range of keywords, totaling 29 interactions, highlighting the
breadth of topics explored in the realm of CT and GBL. Research within each cluster focused
on distinct themes, including [127] the development of CT skills via GBL [128,129] teaching
approaches [130] in cluster 1, assessment frameworks for GBL [131] in cluster 2, various
aspects of CT and GBL, along with attitudes like engagement [132] and motivation [103]
in cluster 3, and CT-related topics to be interesting in cluster 4. The content analysis of
these clusters identified prevalent themes, including GBL evaluation frameworks, teaching
strategies, and attitudes like confidence, encouragement, motivation, and [133] engage-
ment. These research trends provide valuable insights for guiding future investigations
and curriculum development in educational support. Administrators can leverage these
findings to allocate resources effectively, while instructors can integrate relevant concepts
into their teaching methodologies to enhance student learning experiences. Researchers
can recognize the scope and interconnectedness of different concepts in the field to direct
the development of research projects and identify current and emerging trends on CT
and GBL to choose pertinent research topics in the future. Ultimately, these instructional
approaches aim to equip students with the knowledge and skills necessary for success in
today’s digital age.

In the co-citation network analysis, clusters represent distinct groupings of scholarly
documents and authors to be closely linked based on the frequency of citations between
them. Three major clusters were identified in this study, each highlighting specific themes
within the realm of CT and GBL research. Cluster 1 focuses on CT skills and their applica-
tion in computer games [134], emphasizing the role of gaming in fostering learning and
skill development. Notably, Wing’s work stands as a seminal document in this cluster,
highlighting key aspects of CT implementation. Cluster 2 delves into the advancement
of CT via digital games, particularly emphasizing its impact on student achievement [40]
and attitudes [135]. Brennan and Resnick’s research [78] on CT evolution via Scratch pro-
gramming emerges as a central document within this cluster. Cluster 3 centers around
CT in K-12 education [136] and programming instruction. Barr and Stephenson’s work
serves as a cornerstone document in this cluster, advocating for the integration of CT into
K-12 curricula, underscoring the importance of systemic reforms and teacher involvement.
These clusters reveal the primary documents within each thematic area and highlight the
interconnectedness of influential authors within the CT and GBL domains. By analyzing
the content tendencies within these clusters, valuable insights into instructional strategies
that enhance student performance and attitude via GBL are uncovered. This information
can aid researchers and policymakers in orienting their research efforts and supporting
student learning effectively. Additionally, these findings serve as a valuable resource for
instructors and researchers seeking relevant materials on CT, GBL, and associated authors,
guiding curriculum design and planning for the future.

5. Recommendation for Future Work

The research, conducted via a comprehensive review of the literature on “CT” and
“GBL”, provides valuable insights and guidance for future researchers. However, it is
subject to certain limitations. For instance, it relies solely on research contributions listed in
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the Scopus index, potentially overlooking relevant studies from databases like WoS and
PubMed. Additionally, while the research employs Biblioshiny bibliometric software with
Rstudio programming for analysis, alternative software options such as VOSviewer and
CiteSpace could yield different perspectives. Future studies may benefit from exploring
these alternative tools to enrich the analysis and broaden the scope of findings. Moreover,
this research employed data collection of CT publications from 2008 to May 2022 to analyze
the contents and bibliometric with R language. Future research should select data from
June 2022.
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Abstract

This paper presents the findings of a study on computer science teachers’ views regarding
the reform of the computer science curriculum and its implementation in Greek model
and experimental lower secondary schools (called Gymnasiums). Research data were
collected through interviews with 19 computer science teachers who implemented the
new curriculum in 12 model or experimental junior high schools. The results showed
that the teachers acknowledged the important role of the computer science curriculum,
which is perceived as a tool guiding their instruction. They have also understood and
adopted, to a large extent, many elements of the instructional framework proposed by
the new curriculum: (a) student-centred teaching approaches; (b) learning activities that
promote students” active participation, inquiry, and collaborative learning; (c) focus on
the expected students’ learning outcomes related to developing a range of computational
competences such as digital skills, computational thinking, problem-solving skills, cre-
ativity, and collaboration; and (d) students” assessment is constructively aligned with the
anticipated learning outcomes, including the learning activities implemented as well as
their digital-computational creations.

Keywords: computer science instruction; computer science curriculum; curriculum
enactment; teachers’ views; learning design

1. Introduction

Over the past decade, integrating computer science (CS) into the K-12 curriculum, as
a distinct subject even in the early grades of primary school, has been an emerging policy
among many countries around the globe. A common element across the recommended
CS curriculum standards is that they are not limited to students’ development of digital
skills but, instead, focus on cultivating computational thinking skills as well as connecting
computational competencies with 21st-century skills [1-4]. In this context, two major educa-
tional challenges emerged concerning: (a) the content knowledge of computer science that
should be taught in primary and secondary education and the CS competencies students
are expected to develop [5-7]; and (b) the competencies that computer science educators
need to possess to effectively implement a modern computer science curriculum [8-10].

Undoubtedly, the implementation of a new curriculum constitutes a significant educa-
tional reform, shaped by multiple factors related to educators” work. Teachers are required
to depart from conventional practices and roles, embracing instead new objectives, strate-
gies, and student-centred learning processes. Consequently, studying the actual enactment
of a new CS curriculum often reveals substantial discrepancies when compared to the
curriculum’s intended goals and the underlying design philosophy [11]. Investigating
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teachers’ perspectives as well as their response to the educational changes demanded by
new curricula has been the focus of extensive research in recent years with regard to various
curricular subjects and school levels [12-16]. Such notable studies have focused on primary
education programmes [17], mathematics [11,18-20], science [21,22], and history [23,24],
among other subjects.

Computer science is a relatively new subject in most school curricula internationally.
Consequently, research findings on teachers’ views regarding CS curricula, as well as their
instructional choices in enacting the CS curriculum, remain limited [25-27]. The present
study aspires to contribute to the broader discourse regarding educational reforms in
primary and secondary education by exploring the perspectives of Greek teachers who
have systematically implemented the CS curriculum in model and experimental lower
secondary education schools (K7-K9) over consecutive years. The analysis of the interview
data revealed that the participating teachers acknowledged the significant role of the new
CS curriculum in shaping their instructional choices. Furthermore, teachers appear to
accurately identify the core elements of the curricular changes, as suggested by the CS
curriculum, many of which were actively integrated into their enactment practices.

2. Literature Review

The discourse regarding K-12 curricula encompasses multiple dimensions and is not
confined to subject-specific content but extends to both pedagogical considerations and
educational policy factors as well. Unlike a syllabus, the curriculum is not limited to the
content and organization of the subject matter to be taught. Although diverse approaches
are observed in practice, the core characteristics of a curriculum generally establish an
educational framework that includes: (a) the learning objectives pursued through the
teaching of the subject; (b) the design of educational learning experiences with the aim
to achieving these objectives; (c) the organization and support of students” educational
experiences (i.e., the underlying pedagogical philosophy); and (d) suggested evaluation
methods for the attainment of the anticipated learning objectives.

Modern curricula are oriented toward: (a) a comprehensive description of the learning
outcomes that students are expected to achieve, which correspond to specific competen-
cies (knowledge, skills, attitudes, and values), and (b) new forms of educational designs
that promote active, exploratory, and collaborative learning while leveraging students’
prior knowledge and experiences. Consequently, the design principles and the philoso-
phy of a new curriculum need to be comprehensively understood, adopted, and applied
by the teachers themselves so that the reforms entailed by a new curriculum will be
effectively implemented.

Hewitt [28] identified two phases that educators pass through to implement a new cur-
riculum: (a) adoption, where the curriculum is accepted by the educators and implemented
according to how they perceive it (either precisely as designed or with adjustments), and
(b) adaptation, which refers to modifications educators themselves make during curriculum
implementation, diverging from the designers’ original intentions. Educational research
has highlighted numerous aspects and factors related to the gap between the official cur-
riculum (as defined by the education policy documents) and what is ultimately enacted in
the classroom. Remillard & Heck [19] noted that the enacted curriculum has been found to
significantly differ when compared to the official one.

Curriculum implementation is a dynamic process shaped by multiple factors that
structure the broader framework of teaching and learning within a subject. It requires shifts
and transformations in teachers’ perceptions regarding the role of the subject matter in
student development, as well as in their approach to teaching and learning [29]. According
to Pajares [30], educators, guided by their beliefs about teaching and learning, often modify
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the curriculum, leading to adaptations, reinterpretations, or even misinterpretations during
implementation. Bergqvist & Bergqvist [11] argue that adopting a new curriculum is neither
automatic nor guaranteed to align with the intentions of the designers. Teachers frequently
interpret the official curriculum in diverse ways, selectively utilizing elements they un-
derstand best or can easily adapt to traditional or familiar teaching practices. This gap
often arises because entrenched teaching habits, reinforced by classroom experience, hinder
educators from altering long-established practices. Therefore, the enacted curriculum is
essentially reflecting a negotiation between policy mandates and the pragmatic realities of
the classroom.

Research in other disciplines, concerning teachers’ perceptions of curriculum reforms
and their experiences of implementing a new curriculum in practice, provided some insight
into how CS teachers come to apply the expected changes in the classroom as well as
the challenges they face [12,18,22,31]. Compared to other STEM fields (i.e., science and
mathematics), computer science has instructional differences due to the fast evolution of
digital technologies as well as the computational methods used to solve real-life problems.
Therefore, CS teachers may face new forms of difficulties in their instruction. Among other
issues, many CS teachers are not well prepared for teaching specific topics (e.g., by using
new types of programming languages), they lack appropriate pedagogical knowledge, they
have limited lesson planning and classroom management skills, they lack sufficient time to
design students’ learning activities in the computer lab, etc.

An early study in New Zealand high schools by Thompson et al. [32] confirmed that
CS teachers faced several barriers and difficulties in implementing the CS curriculum. They
reported a lack of teaching support resources (e.g., lesson plans, assessment exemplars),
a lack of quality material to familiarize students with new topics, low confidence or
experience with programming tools, and insufficient time or opportunities for professional
development and preparation for the new curriculum standards.

Similarly, an investigation in the USA [27] explored CS teachers’ perspectives on
the demands of teaching computer science. The findings suggested that they faced sev-
eral challenges, including isolation, a lack of adequate background in computer science,
and limited professional development resources. Another survey, conducted in the UK
with 339 primary and secondary school teachers of computing [9], identified two main
categories of teachers’ challenges. The first were intrinsic challenges, related to teachers’
subject knowledge and their pedagogical approaches. The second were extrinsic chal-
lenges, including lack of time and support, technical problems, limited resources, and
issues related to students” assessment. In addition, the researchers highlighted five key
pedagogical strategies commonly used in practice: unplugged activities, contextualized
tasks, collaborative learning, computational thinking, and scaffolded programming tasks.

An international study by Falkner et al. [33] explored K-12 CS curriculum implemen-
tation across Australia, England, Ireland, Italy, Malta, Scotland, and the USA. The key idea
was to compare the CS curriculum requirements (i.e., the intended curriculum), through
national reports, with the enacted curriculum as identified by the teachers participating in
a survey. The findings highlighted the similarities and differences between the intended
and the enacted CS curriculum within and across countries, specifically exploring the
differences in terms of programming languages used and CS topics implemented.

Samarasekara, Ott & Robins [34] conducted an online survey in New Zealand with
91 CS teachers who had been involved with the new CS standards. Their analysis identified
five main categories of barriers and related challenges for both teachers and students that
hinder successful curriculum implementation: (a) CS standards, in terms of interpretation
and implementation in their instruction; (b) a lack of resources like exemplars, learning
material, support material, and teaching guides; (c) teacher support, in terms of time and
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opportunities for professional development; (d) relevant knowledge and understanding of
the requirements of the assessment; and (e) student-centred factors. The key suggestions
that emerged were the inclusion of more practical work instead of theory and writing, and
more time for teachers to practice the subject.

More recently, Zhu & Wang [35] explored CS instruction in K-12 schools by using
semi-structured interviews with five CS teachers and eight CS instructors in higher educa-
tion. The findings identified three types of effective teaching strategies: (a) connection to
real-world problems, (b) project-based assessment, and (c) teamwork. The main teachers’
challenges included gaps in CS knowledge, pedagogical knowledge, professional develop-
ment needs, and opportunities as well. Using a mixed-method of analyzing quantitative
and qualitative data, Sadik & Ottenbreit-Leftwich [26] explored secondary CS teachers’
challenges and needs in the USA. Curriculum resources, materials to assess students’
learning, and embedding the principles of computational thinking into the curriculum
were identified as major needs for secondary teachers. Teachers also reported that they
need to enhance their pedagogical knowledge to support student-centred strategies, like
problem-based learning, pair programming, scaffolding, and team-management strategies.

The analysis above clearly indicates that most studies were mainly focused on CS
teachers’ challenges and difficulties, as well as on their instructional strategies applied in
practice. Therefore, research findings concerning teachers’ views about the CS curriculum
and its enactment in schools remain notably limited.

3. Context and Research Questions
3.1. The New CS Curriculum for Lower Secondary Education

In 2011, the Greek Ministry of Education announced a major curriculum revision for
lower secondary education (K7-K9). With regard to computer science and information
and communication technologies (ICT), this revision aimed to establish a new competency
framework, redetermining the knowledge, skills, attitudes, and values that were deemed
to be essential components of the students” compulsory education as well as their lifelong
development. Furthermore, the revised CS curriculum was aligned with the key princi-
ples of 21st-century education [36]. Thus, the new curriculum was structured upon four
dimensions, with all of them requiring significant shifts in teaching and learning:

e (S as a scientific field and a technological tool (core concepts).

e  CS-ICT as a problem-solving tool (computational thinking, computer programming,
collaborative inquiry, and innovation).

e ICT as a cognitive and learning tool (exploration, inquiry, creativity, communication,
and cross-disciplinary learning).

e ICT asasocial phenomenon (digital citizenship, cultural awareness, ethics, and values).

3.2. Research Context—Model and Experimental Schools in Greece

The implementation of a new curriculum often requires a radical transformation in
teachers’ perceptions regarding subject matter knowledge, pedagogy, and learning pro-
cesses [29,37]. A critical factor influencing educators’ responsiveness is the time required
to consolidate the actual integration of a new curriculum within schools. As Kagan empha-
sized [38], to achieve visible outcomes of a new curriculum, at least three years of school
implementation are required.

For this reason, we decided to conduct the present study four years after the intro-
duction of the new CS curriculum in the schools. The research period lasted 14 months,
spanning late 2016 to early 2018. This research timeframe was expected to provide sufficient
time for the necessary organizational, instructional, and pedagogical adjustments in the
CS classrooms to have taken place in the schools. Therefore, we hypothesized that the
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participating teachers have developed a more stable perception of the new CS curriculum
and its enactment, since they were free from any barrier or challenge that they would
inevitably have faced during the first years of implementation.

The Greek educational system incorporates a specialized type of schools, named
model and experimental schools, designed to function as catalysts for systemic reform and
academic excellence. Experimental schools operate as laboratories for the pilot application
of new curricula, innovative pedagogies and teaching methodologies, instructional ma-
terials, etc. They also operate in close synergy with university educational departments
to facilitate longitudinal educational research. Model schools, on the other hand, are de-
signed to foster academic excellence and leadership. These schools target high-aptitude
students through meritocratic selection, providing an intensive educational environment
that promotes cognitive depth and scholastic distinction.

These schools are both characterized by decentralized governance, rigorous faculty
evaluation, implementation of individualized educational modules and extracurricular
activities, and a clear strategy for European orientation and internationalization (e.g., en-
gagement in eTwinning programs, Erasmus+ mobility, etc.). By bridging the gap between
university-led research and secondary education and aligning with international educa-
tional standards to cultivate high-level outcomes, they serve as the primary vehicle for
educational reforms and the pilot for the standard public schools.

Therefore, the selection of model and experimental lower secondary schools was
due to their nature of educational orientation, pedagogical autonomy, and the advanced
academic credentials of the faculty that were expected to create a friendly and flexible
educational environment for the enactment of the new CS curriculum.

3.3. Research Aim and Questions

The aim of the present study was to investigate the perceptions of CS teachers serving
at model and experimental lower secondary schools regarding their understanding and
adoption of the philosophy and the educational changes in the new CS curriculum, as well
as their instructional choices and practices in the enactment of the CS curriculum. The
research questions addressed were as follows:

e  What are the key aspects of the new CS curriculum as they are perceived by teachers
in model and experimental lower secondary schools?

e  How have the participating teachers responded in terms of adoption and enactment
of the new CS curriculum?

e How do the participating teachers evaluate the outcomes of implementing the new
CS curriculum?

4. Research Method
4.1. Participants

Purposeful sampling is considered the most appropriate method to gather information-
rich feedback from individuals [39]. Therefore, the selection criterion in this study was CS
teachers serving in model or experimental lower secondary schools (Gymnasiums). Twelve
schools from different districts of Greece were selected. Eventually, nineteen CS teachers
(twelve female and seven male) participated in the study on a voluntary basis. Prior to
the interviews, participants were briefed on the study’s objectives and explicitly informed
of their right to withdraw at any stage. To ensure confidentiality, all personal identifiers
were anonymized using pseudonyms, and data was stored in compliance with privacy
standards regarding both teachers and schools.

Table 1 presents demographic information concerning the participating teachers. With
regard to their qualifications, eleven teachers have a bachelor’s degree in computer science,
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four in physics, and four in mathematics. In addition, twelve teachers hold a master’s
degree and five a doctoral degree as well.

Table 1. Demographic characteristics of participating teachers.

Teaching Curriculum
Teacher Gender  Age Studies Experience  Implementation School Type
(Years) (Years)

El A 58 PhD 29 6 Experimental
E2 A 38 Masters 13 4 Experimental
E3 r 57 Masters 30 4 Model
E4 r 51 Masters 24 5 Experimental
E5 A 41 PhD 14 3 Model
E6 A 50 Masters 20 6 Experimental
E7 r 42 PhD 17 3 Experimental
E8 r 53 PhD 25 6 Model
E9 r 40 Masters 18 5 Experimental
E10 A 47 PhD 17 4 Experimental
El11 r 46 PhD 22 4 Experimental
E12 r 55 PhD 26 6 Model
E13 r 51 Bachelor 25 6 Experimental
El4 r 48 PhD 24 5 Experimental
E15 r 43 Masters 17 2 Experimental
El6 A 40 PhD 15 4 Model
E17 r 54 Bachelor 27 6 Experimental
E18 r 41 Masters 15 6 Model
E19 A 49 Masters 12 3 Experimental

The majority of participants had long teaching experience, ranging from twelve to
thirty years (M = 20.5 years). Seven teachers implemented the new curriculum for the full
six-year period, while the rest did so for a time ranging between three and five years. Conse-
quently, the selected participants were expected to provide important information on how
the new CS Curriculum was perceived and implemented in these schools, the competencies
achieved by the students, and the challenges teachers faced in translating the curriculum
into effective instructional designs aimed at developing students’ computational skills.

4.2. Data Collection and Analysis

To investigate the educators’ perspectives, semi-structured interviews were selected as
the primary method. The particular approach was deemed as the most appropriate for two
reasons [39]: (a) the understudied nature of the topic both internationally and within the
national context, and consequently, the scarce existing knowledge, called for more in-depth
feedback from the interviewees, which semi-structured interviews can provide, and (b) the
limited number of participating schools and educators allowed for the use of the method.

A specific interview protocol was developed and used as a tool for collecting qualita-
tive data. The items were aligned with the key factors of curriculum enactment that appear
in the literature, and the research questions of the present study as well. The mean time of
the individual interviews was 45-50 min.

Thematic analysis of the data followed a constant inductive method [39], including
preliminary exploratory analysis of the dataset to identify initial patterns, open coding,
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category development through grouping coded data, refinement and prioritization of core
themes and subthemes, and descriptive synthesis of findings. Before starting the coding
phase and to achieve inter-code reliability, the researchers agreed on a common codebook
including code name, code description, and inclusion/exclusion criteria. Following, they
independently analyzed a sample of data coming from three teachers’ interviews. The level
of inter-rater agreement was very satisfactory (85%). The two researchers then discussed
all discrepancies and agreed to redefine the corresponding codes.

After the initial exploratory review, the entire body of interview data was imported into
NVivo for systematic analysis. Recurring patterns were coded and categorized, followed by
iterative theme identification. Cross-referencing material from all interviews enabled the
synthesis of overarching themes and subthemes, ultimately leading to the descriptive and
interpretive presentation of the results. Interpretation was conducted within the theoretical
and research framework, determining teachers’ perceptions of curriculum enactment in
school settings.

5. Results

Thematic analysis of the interview data revealed a range of factors related to partici-
pants” understanding and adoption of the curriculum and its application. These factors
were organized into two thematic dimensions reflecting CS teachers” beliefs and prac-
tices: (a) Understanding of the CS curriculum, and (b) enactment of the CS curriculum.
Six themes were identified, including various subcategories (subthemes), as presented in
Table 2. The themes in Table 2 and the subthemes therein represent the CS curriculum
elements that the participating teachers regarded as important, and, in their view, affect the
acceptance and the implementation of the new curriculum in school practice.

Table 2. Themes and elements determining the enactment of CS curriculum.

Themes Subthemes

Positive opinions/views about the curriculum
The curriculum as a tool guiding teachers’ instructional work
The curriculum as a framework for instructional design

Perceptions of the CS
curriculum

Open learning philosophy
Student-centred instruction
Key pedagogical features Shift to learning outcomes
Teacher’s autonomy and creativity
Enacting e-portfolio as a learning and assessment tool

Suitable organization of CS thematic units
Digital and computing skills
Computational thinking, algorithmic thinking
Constructive alignment (between learning outcomes, learning
activities, and students’ assessment)

Content of the CS
curriculum

Instruction based on learning activities (student-centred)
Open and constructivist learning strategies
Inquiry-based learning, collaborative learning
Formative assessment as an integral component of students’ learning

Pedagogical strategies

Programming tools
Unplugged learning activities, educational robotics
Educational resources Open Educational Resources (OER)
Learning Management System (eClass)
Students” worksheets

Instruction shifted to learning outcomes
Achievement of the expected learning outcomes
Collaboration and creativity skills
Metacognition and learner autonomy skills

Perceived outcomes
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5.1. Understanding the CS Curriculum
5.1.1. Perceptions of the CS Curriculum

The results showed that the teachers in the sample presented a positive view of the
new CS curriculum and recognized its critical features that bring about changes in their
teaching. All participants focused on this theme, which was mentioned many times in
the interviews with regard to its pedagogical features, the open instructional framework
provided, the educational resources, and the assessment of students’ learning outcomes.
For example, we have the following:

E13: “I am very positive. .. Personally, I tried to assign integrative tasks to my
students. ..”

Other teachers reported that many colleagues are enthusiastic about the new CS
curriculum and they have embraced it in their instruction:

E14: ”...I know many computer science teachers, at other experimental schools, who
clearly welcomed the new curriculum with great enthusiasm.”

Ele6: “.. .In general, computer science teachers like the new curriculum. I think they have
adopted it.”

Conversely, other teachers, who were positive about the new CS curriculum, noted
the difficulties inherent in any curricular change. For example, we have the following;:

E1: “In general, there are reactions to every change in the schools. This is the challenge
and depends on the individual teachers” perceptions.”

In addition, teacher E6 highlighted another factor of difficulty, i.e., the instructional
freedom that the new CS curriculum provides to the educators. Teachers had to redesign
their instruction by considering new elements in their planning and creating new types of
learning activities:

E6: “We faced difficulties, especially during the first year of implementing the new
curriculum; we were a bit lost. The freedom we suddenly had was overwhelmingly large
at first, as we had to create our own teaching scenarios.”

Most participants reported that they have changed their ideas about the role of the
curriculum, which they consider not as a bureaucratic document but as a tool for organizing
their instruction. Others emphasized teachers’ guidance and freedom, which are recognized
as important features of the new CS curriculum. Examples of these perceptions appear in
the following excerpts:

E1: “The curriculum is a tool ... I came to understand and appreciate that it is a
document of real value.”

E4: “The curriculum is a very important tool; while it guides teachers it gives freedom as
well to adapt instruction into various educational contexts.”

E13: “It is not just a bureaucratic document; I consider it is extremely important. ..”

Moreover, teachers perceived the new curriculum as providing a structured framework
for long-term CS course design. It enables them to design their instruction and implement
their own learning activities, instructional scenarios, and project-based tasks:

E8: “In the first year of implementing the new CS curriculum, I used many of the
suggestions provided,; afterwards, I started to create my own instructional scenarios.”

E7: “I place great emphasis on the curriculum. It’s important because it shows the
directions your teaching may take. ..”
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5.1.2. Key Pedagogical Features

Almost all teachers recognized the shift in the curriculum from instructional objectives
to students’ learning outcomes. They also agree with this change, since it places the
students themselves and their expected achievements at the centre of the instructional
design. This shift appears to be embraced by most educators, resulting in a reduction in
traditional lecture-based teaching:

E1: “The shift from educational objectives to learning outcomes is appropriate.”

E2: “Focusing on learning outcomes is absolutely right. .. The student, not the teacher,
must be at the centre; this has changed the way we teach CS...”

Similarly, other teachers highlighted the open philosophy of the new CS curriculum
and its innovative components, which enhance teachers’ flexibility, autonomy, and cre-
ativity, while granting freedom to tailor their choices to the needs of their instruction and
their classroom:

E12: “I consider openness and learner-centred orientation as the most innovative feature
of the CS curriculum.”

E11: “I find no weak points; the CS curriculum is structured clearly. The spiral approach
of instruction is innovative and offers to both, teachers and students, freedom, autonomy,
and creativity.”

E10: “The CS curriculum gives flexibility for more creative and engaging lessons. ..”

Most teachers regard the adoption of new forms of assessing students’ learning
outcomes as both significant and innovative. Students’ personal e-portfolio is considered
by the participants as the most significant change, employed both as part of everyday
teaching and as a tool for formative assessment of students’ learning outcomes:

E2: “Using students” e-portfolio is very effective. .. Student’s e-portfolio reveals her/his
profile and achievements over the course of the year.”

E6: “Using the e-portfolio is heading in the right direction. . . we must move away from a
grade-collecting approach to authentic/constructive assessment to help students identify
their weaknesses and encourage them to improve their artefacts.”

Other teachers, like E14, emphasized the curriculum’s recommendation that student
assessment be considered an integral component of the educational process within the
CS classroom:

E14: “Since students work in groups, assessment is based on the group deliverable. This
allows me to evaluate both the manner and the extent of individual contribution to the
collaborative task.”

5.1.3. Computer Science Content

An open curriculum also concerns the CS content, since it is essential for facilitating
teachers to overcome the inherent inertia of traditional frameworks and integrate new
tools and emerging technologies in their instruction. Furthermore, openness of the CS
curriculum transitions the pedagogical focus from transient digital proficiencies to the
development of computational thinking, problem-solving, and cognitive flexibility skills
through the utilization of dynamic and contextually relevant tools. The majority of partici-
pants think that the thematic units effectively address the requirements and the objectives
of a contemporary CS course, and that CS content is organized in a clear, comprehensive,
and open manner:

E7: “The CS curriculum covers the fundamental thematic units. .. The curriculum is
dynamic and open with respect to current advances in computer science.”
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E5: “The open features of the CS curriculum allow me to include new topics in my
instruction. For example, in Grade 9, I incorporated programming activities with Python.
This is not clearly suggested by the CS curriculum; however, it is in line to the general
scope of the CS curriculum and appeared as an engaging topic/learning activity for the
students. ..”

The participating teachers identified, as one of the most significant features of the new
CS curriculum, the emphasis placed on students’ development of digital and computational
competencies (knowledge, skills, and attitudes), which they consider essential for the
students to actively participate in 21st century society:

E10: “Students are native citizens of the digital world. .. It's crucial to cultivate their
attitudes toward handling information and information overload.”

E9: "Digital literacy is essential; students also need to master the basic principles of
computer programming.”

Most teachers stressed the importance of fostering students’ algorithmic and computa-
tional thinking:

ES8: “Students need to understand the pervasiveness and impact of computer science in
the modern world. . . I consider the development of algorithmic thinking/problem-solving
to be vitally important.”

E5: “There should be more time allocated for problem-solving. .. I believe computer
programming should receive greater emphasis.”

Consistency between the intended learning outcomes, the ways of students’ learning
engagement, and the assessment forms of the learning outcomes was recognized by most
teachers as an important feature of the new CS curriculum:

E2: “The intended learning outcomes of the CS Curriculum are clearly aligned to
students” work and assessment. The curriculum recommends open-ended computing
projects rather than closed-form tests and quizzes.”

The preceding comment can be interpreted through the lens of constructive alignment,
a framework for curriculum and instructional design proposed by John Biggs [40]. Rooted
in a constructivist view of learning, constructive alignment underscores the systematic
coherence among intended learning outcomes, students” cognitive learning activities,
and assessment tasks. Importantly, the majority of teachers in the sample identified this
principle as a defining feature of the CS curriculum and applied it in their instructional
decisions. The following excerpt from Teacher E4’s interview explicitly connects alignment
with the quality of CS teaching:

E4: “I feel that integrating assessment into my instructional practice made me a better
teacher...”

5.2. Enactment of the CS Curriculum

The existing literature suggests that the enactment of a new curriculum brings about
major reforms in education practice related to the learning objectives, the instructional
strategies applied, and students’ learning activities, as well as the teachers’ role and
work [11,12,14,15]. Thematic analysis of teachers’ interview data revealed three main
categories of factors regarding the implementation of the new CS curriculum in the schools,
namely pedagogical strategies, educational resources, and learning outcomes.
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5.2.1. Pedagogical Strategies

The majority of CS teachers in the model and experimental secondary schools under
investigation reported implementation of learning activities and authentic problem-solving
that foster students” engagement, autonomous learning, and self-regulation:

E6: "My teaching philosophy is to assign a program or a task and let the students to
undertake initiatives and learn on their own...”

ES8: “I ask my students to work both independently and autonomously. ..”

E12: “I use learning activities to change the way students learn; they place them in a
process of learning how to learn.”

In addition, most teachers recognized the pedagogical shifts advocated by the new CS
curriculum and reported adoption of inquiry-based and constructivist approaches in their
instructional practices. The following excerpts illustrate the implementation of student-
centred learning strategies, including the use of cognitive-conflict situations, scaffolding
techniques, and collaborative learning activities:

E5: “The philosophy of the new curriculum allows me to work in the computer lab,
primarily by using inquiry-based learning activities.”
E3: “It is important to use cognitive conflict situations, i.e., to help students realize that,

by restricting to their existing knowledge, they cannot complete a learning task (e.g.,
developing a program) nor interpret it correctly.”

E2: “I use scaffolding methods providing quidance and support to the students; then I
am gradually fading. . . I use collaborative learning scenarios as well.”

Almost all teachers mentioned that the curriculum’s openness enables them to adapt
their teaching to students’ prior knowledge, skills, and interests by using open pedagogical
strategies (e.g., inquiry-based and collaborative learning), and implement project-based
tasks and educational robotics activities:

E6: “The open orientation of the curriculum offers many degrees of freedom and helped
me to tailor my instruction to students’ interests...”

E18: “I took advantage of the curriculum’s open orientation ... I employed robotics
platforms (Lego and Arduino).”

In their attempts at curriculum implementation, most participants reported that they
adopted the spiral model [41] to achieve students’ reinforcement, particularly in the com-
puter programming unit. Teachers E5 and E7 put emphasis on their adoption of the spiral
model of instruction:

E5: “With regards to programming, the spiral model is very helpful when moving to
a new programming language, since you can approach the same concepts from a new
perspective. ..”

E7: “I have adopted the spiral approach of instruction. It is particularly effective, as
it allows instruction to begin with a core CS concept and subsequently return through
the gradual addition of new elements, thereby enriching CS content and supporting
progressive learning. ..”

In addition, many teachers appear to implement scaffolded programming projects
of increasing complexity to foster student engagement and autonomous learning, thus
moving beyond the rigid instructional frameworks to which they had previously been
accustomed. The following excerpts are characteristic of this:

E4: “Initially, I assign students guided programming activities; after completing several
tasks, I encourage them to independently explore ways to extend their solutions.”
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E18: “I used to assign programming problems that can be developed incrementally by
introducing new concepts. For example, a task might initially require only a conditional
structure and subsequently be extended to incorporate loops, counters, accumulators,
and, finally, lists.”

On the other hand, teacher E18 expressed caution, arguing that such projects may
have limited effectiveness in enhancing students’ programming skills:

E18: “A project primarily reflects the final outcome of teamwork, even though not all
students may have fully mastered the skills targeted by the specific project.”

5.2.2. Educational Resources

Most teachers reported instructional practices that encompass collaborative learning
activities and computational projects of increasing complexity. In their efforts to enact
the new CS curriculum, they used various educational resources, like programming tools
(i.e., Scratch, Kodu), CS Unplugged activities [42], and digital learning objects, as well as
open-source software:

E4: “This school year I asked my students to create a Pac-Man style game using Scratch
or Kodu. . .Thus, they harnessed their previous gaming experiences and had opportunities
to develop abstraction and creative thinking skills.”

E13: “I primarily use materials from CS Unplugged to help students conceptualize an
algorithm. I try to simulate some of the basic algorithms.”

Some teachers, like E1, had the opportunity to incorporate educational robotics in
their instruction:

E1: “I had the opportunity to integrate educational robotics using three new kits we have
at school. I organized six two-hour sessions in groups, and all third-grade students (K-9)
had the chance to engage with educational robotics.”

In addition, teacher E9 reported the utilization of relevant CS learning objects from
Photodentro, the Greek National Learning Object Repository [43]:

E9: “There are important resources in Photodentro that can be used and integrated into
CS teaching.”

Other digital tools, reported by the teachers in the lower secondary schools of the
present investigation, were Web 2.0 applications and the Learning Management System
(i.e., Open eClass), approved by the Ministry of Education. For example, the following
responses were recorded:

E6: “I systematically use Web 2.0 tools and computational projects.”

E4: “I use the Open eClass (LMS) where I can upload educational and support materials.
Students are asked to submit their artifacts to the LMS responding to their in-class
assignments.”

Other teachers, like E1, highlighted the design of suitable worksheets, which they use
to guide students’ learning activities, programming tasks, or individual /team assignments
in the CS classroom:

E1: “Student worksheets are the primary means in my instruction.”

5.2.3. Perceived Outcomes

Many teachers reported that their instruction was designed around the intended
learning outcomes set by the new CS curriculum. They highlighted that the new curriculum
offers enhanced opportunities for student-centred learning approaches, thus elevating the
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quality of their instruction as well as students’ achievements in terms of the intended digital
skills and computing competencies. The following excerpts are indicative of many similar
teachers’ perceptions:

E2: “The new CS curriculum greatly supports students” development of critical skills,
like problem-solving, metacognition, and self-requlation.”

E15: “I think that the new CS curriculum gives more freedom to the teachers to choose
suitable approaches in order to achieve the intended learning outcomes; I find this very
positive.”

E5: “(The new CS curriculum) represents a different philosophy and, I believe, it will con-
tribute to improving educational quality, and to supporting and strengthening students’
learning...”

Almost all teachers believe that the new CS curriculum enhanced students” computa-
tional knowledge and skills, as well as their attitudes, values, and behaviour concerning
digital culture and citizenship:

E9: “... I observed that students who started CS in Grade 7, under the framework
proposed by the new curriculum, have already acquired many key components of compu-
tational thinking.”

E17: “Students achieved the expected learning outcomes to a large extent. It is notable
how confidently the 9th grade students responded when they assigned a task using digital
tools (e.g., creating a wiki, a timeline, a comic, etc.); they needed no further explanation
or support to proceed.”

Moreover, many teachers feel that the new CS curriculum fosters students” develop-
ment in terms of collaboration and creativity skills:

E4: “Students are working collaboratively . ... having a common goal, to complete the
assigned digital project. This was greatly reinforced by the curriculum, and I noticed
significant improvement regarding their teamwork skills. ..”

E1: “When using Web 2.0 tools, emphasis is set on their creative features. . . Collaboration
is at the centre of students” work whether the Web 2.0 tool intrinsically supports it or
not. The creative part of students’ activity, i.e., creativity, is what I am interested in as a
teacher”.

Other teachers also consider the implementation of the new CS curriculum in lower
secondary schools to be successful, since students were able to develop a wide range of
21st century skills, as illustrated in the following excerpts:

E18: “Ultimately, students were able to mostly work autonomously. My main instruc-
tional goal is to teach them how to learn. So, they will continue evolving on their

”

own. . ..

Regarding the assessment of students’ learning outcomes, the majority of teachers
reported employing students” personal e-portfolio as a means of aligning achievements
with the curriculum’s intended learning outcomes. On the other side, a small group
considered the combination of e-portfolio with written examinations as the best choice:

E10: “My teaching was adapted to the constructivist model. Emphasis was placed on
assessing students” achievement of the anticipated learning outcomes.”

E17: .. .Students’ learning outcomes are assessed through their e-portfolio of digital
artefacts. In the end, my students came very close to the intended learning outcomes set
by the curriculum. I am very satisfied of their achievements!”
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6. Discussion and Conclusions

The central aim of the present study was to examine the relationship between teachers’
understanding of the new CS curriculum, their instructional choices, and the challenges
they encounter in enacting the curriculum in school practice. Analysis of the interview data
indicated that CS teachers serving in model and experimental lower secondary schools
largely identified and understood the principles and the underlying philosophy of the
new curriculum. The findings of this investigation do not confirm previous studies re-
porting that CS teachers faced several barriers and difficulties in implementing the CS
curriculum [27,32-34]. It was evident that the teachers in the sample not only incorpo-
rated the new CS curriculum into their instructional planning but also demonstrated a
strong understanding of its core principles. Overall, they expressed positive perceptions
and attitudes toward the CS curriculum, and they appeared to effectively implement it
in practice.

Figure 1 depicts the core dimensions and the related factors revealed in the present
analysis that represent the teachers’ perceptions of enacting the new CS curriculum
in the schools explored. These factors were organized along three core dimensions
that determine the curriculum implementation in model and experimental lower sec-
ondary schools: (a) pedagogical strategies applied, (b) educational resources used, and
(c) perceived outcomes.

Specifically, participants perceived the curriculum both as a guide for teachers” work
and as a framework for instructional design. Another key feature they highlighted was the
shift from a content-driven approach toward clearly articulated learning outcomes to be
achieved by students. Moreover, teachers recognized the emphasis that the CS curriculum
places on the development of students’ digital competencies and computational thinking,
as well as on cultivating essential life skills such as problem-solving, collaboration, and
creativity.

With regard to the pedagogical strategies used in the enactment of the CS curriculum,
student-centred learning approaches and constructivist, inquiry-based, and collaborative
learning were reported by the teachers as routine instructional practices in model and
experimental lower secondary schools, which is in line with the curriculum guidelines.
The openness of the CS curriculum was perceived by the teachers as affording pedagogical
flexibility and autonomy, thereby creating favourable conditions for effective implementa-
tion in classroom practice. This curriculum feature was acknowledged by participants as
an enabling factor for incorporating new subject themes as well as emerging computing
tools, in response to the continuous evolution of digital technologies. Notably, most teach-
ers reported the adoption of formative- and self-assessment as an integral component of
students’ learning trajectories.

Consistent with findings from similar studies [26,27,35], the implementation of the
CS curriculum in model and experimental lower secondary schools was characterized by
the adoption of student-centred strategies (e.g., unplugged activities, contextualized tasks,
collaborative learning, project-based assignments, etc.) and scaffolded programming tasks
that connect programming to real-world problem solving and promote students’ computa-
tional thinking. The participating teachers were positive about the integration of computing
with other subject areas through transdisciplinary scenarios and projects. They further
reported the effectiveness of appropriately designed learning activities, programming
projects, and digital creation tasks in enabling students to achieve the intended learning
outcomes specified in the new CS curriculum. In addition, aligning students’ learning
activities with alternative assessment tools resulted in limiting or avoiding traditional
written examinations.
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Figure 1. Key dimensions and factors of enacting the CS curriculum in model and experimental

lower secondary schools.

Overall, the teachers in the sample appeared ready and well prepared to move from
teacher-centred to student-centred pedagogical approaches and to embrace innovative
educational practices in their instruction. Notably, however, these findings do not corrobo-
rate the existing literature reporting a substantial gap between the official and the enacted
curriculum in other subject areas [11,19]. There are three main reasons that justify the
strong alignment between intended and enacted curriculum in this study compared to the
existing literature.

The first reason is related to the research context and the school culture built in the
schools explored in this study. As an alternative to the standard public schools, model
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and experimental schools provide a high-performance educational environment that is
determined by an open philosophy of pedagogical experimentation, exploration, and
integration of new instructional methods, adopts quality standards for students’ learning
and promotes educational change and innovation. Therefore, these schools offer a friendly
environment that facilitates and encourages teachers to explore the critical changes required
for the effective implementation of a new curriculum and then to apply new instructional
approaches in practice.

The second most critical factor affecting successful curriculum implementation is
the role of the educators as transformative agents in model and experimental lower sec-
ondary schools. Teachers” agency and effectiveness is rooted in three primary dimensions:
(a) they possess high academic expertise and advanced qualifications (i.e., postgraduate
and doctoral studies in CS and educational sciences); (b) most of them are actively engaged
in continuous professional development, with some of them serving as trainers in profes-
sional development programmes for other educators; and (c) the highly motivated staff
serving in model and experimental schools create dynamic school ecosystems that promote
teachers’ collaboration, experimentation, and pedagogical autonomy, thus reinforcing their
agency for educational change.

Third, in the case of model and experimental lower secondary schools, the partic-
ipating teachers had the opportunity to implement the new CS curriculum for three to
five years. Undoubtedly, curricula are shaped through educational practice and evolve as
teachers reflect on both their instructional experiences and students’ learning outcomes.
The findings confirm that the adoption of a new CS curriculum and the implementation of
educational changes in the schools require sustained time and systematic effort on the part
of CS teachers [38].

6.1. Recommendations for Practice

The distinctive features of model and experimental lower secondary schools (namely,
student-centred educational orientation, enhanced pedagogical autonomy, and highly
qualified faculty) appeared as the key factors for successful implementation of the new
CS curriculum. However, they do not constitute inherently non-transferable educational
conditions. Rather, they point to a set of school policies and professional practices that
could be progressively adopted by standard lower secondary schools. In this sense, model
and experimental schools should function not as exceptional cases, but as good practice
models illustrating how systemic support, school educational culture, teacher agency, and
sustained teacher professional development may facilitate the effective implementation of
curriculum changes and innovations, including the new CS curriculum.

Teaching CS in Greek secondary schools entails additional challenges that may hinder
the acceleration of curricular change. With regard to standard secondary schools, the
present study can contribute to the design of targeted interventions aiming at accelerating
the enactment of the new CS curriculum. Strengthening CS teacher professional develop-
ment, promoting collaborative curriculum design, and integrating pedagogical openness
and flexibility within existing frameworks could enable standard schools to similarly culti-
vate the supportive and student-centred learning environments required for the enactment
of the new curriculum.

A recent study in the United States by Sadik and Ottenbreit-Leftwich [26] reported that
a major challenge for secondary CS teachers is the need to further develop student-centred
instructional strategies—such as problem-based learning and pair programming—as well
as skills related to scaffolding and guiding students through effective team-management
strategies. Therefore, CS teachers should further develop their pedagogical competen-
cies, including lesson planning, selection of appropriate digital tools and computational
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environments, design of appropriate learning activities and programming projects, and
management of student work in computer lab settings, as well as assessment of students’
learning outcomes and achievements.

Another issue concerning CS teachers’ difficulties relates to the nature of CS con-
tent in secondary education, which requires continuous adaptation in response to rapid
technological developments. In this regard, teacher professional development programmes
should also address difficulties associated with emerging or specialized CS topics for which
teachers may not have been adequately prepared during their initial university education.

It is important to acknowledge that CS teachers are the primary agents responsible
for curriculum enactment as both tutors and learning designers. Consequently, teachers
who are able to deeply understand the rationale for curriculum reform and identify the
key features of curricular change may serve as catalysts supporting the enactment of
a new curriculum in classroom settings. The findings of the present study highlighted
the critical importance of designing appropriate professional development programmes
and providing sustained support for CS teachers. At the same time, teachers should be
encouraged to collaborate, particularly within professional development frameworks that
support curriculum enactment. Teacher collaboration constitutes a core component of
effective professional preparation, enabling educators to develop a deeper understanding
of the objectives and the underlying philosophy of the CS curriculum and, ultimately, to
enhance their capacity to effectively implement it in daily classroom practices.

Teachers can also benefit substantially from their participation in online learning
communities, helping them to continuously address their professional development needs.
Previous studies [25,44-46] have shown that secondary CS teachers perceive online commu-
nities as particularly effective since they provide enhanced opportunities to share effective
practices with peers, to address needs related to CS pedagogy, curriculum, and content
knowledge, and, more importantly, to mitigate professional isolation. To this end, effective
online teacher communities provide sustained professional interaction, allowing educa-
tors to exchange pedagogical ideas and professional experiences, to share and co-design
educational resources (e.g., instructional materials, lesson plans, learning activities, and
programming projects), to experiment with alternative pedagogical practices, to discuss
and reflect on students’ learning challenges and achievements and, eventually to benefit
both intellectually and emotionally [46,47].

6.2. Conclusions and Future Research

The implications of this study revealed a range of factors depicting the complex nature
of curriculum enactment and the multifaceted roles that teachers must undertake for
successful implementation to occur. Thus, the appropriateness of CS curriculum changes
and the reality of lower secondary classrooms call for careful design and support of the
implementation process.

A limitation of this study is that the results are based on interview data from CS teacher
volunteers who were serving in model and experimental secondary schools. Therefore,
caution should be taken in generalizing them in standard school settings. Undoubtedly,
findings from different educational contexts are valuable towards deepening our under-
standing of teachers’ challenges, pathways, and professional development needs while
implementing curricular changes in practice. More importantly, new forms of challenges
regarding CS instruction in secondary schools are currently expected to emerge due to the
fast growth of artificial intelligence tools and platforms.

Our future research will be directed toward achieving a more comprehensive and
rigorous picture of the alignment between the intended and the enacted CS curriculum in
Greek lower secondary schools, exploring both teachers’ perceptions and their instructional
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choices as well as students’ learning experiences and outcomes. Therefore, future research
will seek to explore larger samples of teachers serving in standard lower secondary schools
from various districts of the country. Using multiple data sources for triangulation, such
as self-reports, interviews, questionnaires, and observations, we expect to identify the key
factors that determine teachers’ readiness for the implementation of the CS curriculum
in schools.
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Abstract

Teaching programming to children at an early age has been proven to be beneficial. Some
research has focused on how to teach programming to children with special needs. Ac-
cording to Human—Computer Interaction, all users should be involved in the design of
their systems (including learning systems). However, evaluation procedures with young
children are a complex task, which can be even harder when the young children have some
special needs. This paper presents a preliminary usability study of a novel educational
training system to teach ScratchJr. to young children. 48 neurotypical students between
6 and 7 years and 2 students with special needs in a pilot study were asked to use the
system to find out whether they could complete an input/output activity and how it is
related to their preferences.

Keywords: teaching programming; Scratch]r.; pre-primary education; neurotypical;
neurodivergent

1. Introduction

Human-Computer Interaction [1] studies how to design systems so that they are
usable and accessible for everyone, in accordance with the principles of Universal Design [2].
Among interactive systems, special attention is given to those aimed at teaching, and, in
particular, at teaching programming [3].

According to Manches and Plowman [4], the teaching of programming at an early
age should be a priority. This is because, in early childhood education, children develop
the foundations of computational thinking [5], and logical thinking, which enable them to
solve problems, design projects, and communicate ideas [6,7]

The resources commonly used for teaching programming in early childhood education
include robots such as Cubetto [8,9], Bee-Bot [10], Tale-Bot [11], and KUBO [12].

At the software level, there is a simplified version of Scratch [13] called Scratch]r. [14]
which includes fewer blocks that are mainly focused on movement, simple dialogue, and
repetition—fundamental concepts typically introduced between the ages of 3 and 7.

Neurotypical children—that is, those who follow a developmental trajectory consistent
with the timeframes studied in psychology—are generally able to learn Scratch]r. directly
within the application, with guidance from their teachers [15].

Computers 2026, 15,17

51

https://doi.org/10.3390/computers15010017



Computers 2026, 15, 17

However, in the case of children with a disability or learning disorder, the teaching of
programming requires additional support and curricular adaptations, as is performed in
other subjects, following the principles of Universal Design for Learning (UDL) [16].

In the literature, there are examples of Scratch]r. versions such as Scratch]r. Tactile, a
non-digital, tangible version designed to address diversity [17]. There are also examples
of tools developed to teach programming to students with autism [18,19], intellectual
disabilities [20] or visual impairments [21].

On the other hand, it is worth highlighting the existence of interactive systems that rely
on the use of a Pedagogical Conversational Agent (PCA)—that is, an internal or external
representation within the system in the form of an animal, robot, or human [22]—which serves
as a guide and support for teaching, taking on the role of teacher, student, or companion.

There are examples of agents that have been shown to improve both the performance and
satisfaction of neurotypical students [23]. Improvements have even been reported in students’
emotional capacity when learning programming with a PCA incorporating mindfulness [24].

In our previous work, teachers were consulted about the possibility of creating an
interactive system to train children—both neurotypical and neurodivergent—in the use of
Scratch]r., according to their preferences and needs [25].

The difficulty of identifying the needs of some non-verbal neurodivergent children or
those with limited attention spans to complete a questionnaire independently was taken
into account. This is especially relevant considering that, at these ages, executive functions
are generally not yet fully developed, nor are reading and writing skills.

Therefore, a User-Centered Design process [1] was initiated to begin the development
of a Pedagogical Conversational Agent (PCA), which the children decided to name Boby, in
the role of student, to train in the use of Scratch]r., taking into account classroom diversity.

The first functional prototype of Boby was brought to the classroom during the
2024-2025 school year at a school in Madrid, Spain. It was tested by 48 neurotypical
children, aged 6 to 7. A pilot study was conducted with 2 students with special needs
to test whether they could also use Boby. The results of this experiment are presented in
this article.

Additionally, this article also aims to address research questions such as whether
children who are accustomed to using technology will find interaction with Boby more
satisfying and taking into account their level of digital competence.

Another issue raised is the relationship between block-based games and interaction
with Boby, considering that Scratch]r. is a block-based language and that not all children
may enjoy playing with blocks.

The article is structured into five sections: Section 2 presents the related state of the
art, Section 3 presents the materials and methods of the experiment, Section 4 presents the
results, Section 5 presents the discussion of the results, and Section 6 ends the paper with
the main conclusions and future lines of work.

2. State of the Art
2.1. Qverview

Research on teaching programming in early childhood education is still in its early
stages [26-28]. This section reviews the published work from both methodological perspec-
tives and practical implementations. It is also important to note that, since the children are
between 3 and 6 years old, they are generally not expected to create programs as in primary
education. Instead, the focus is usually on coding simpler tasks [29], such as performing
sequences of movements or planning routes. In this planning—moving from one point to
another, for example, on a grid—basic concepts such as conditionals (going left or right) or
loops (turning an object a certain number of times) can begin to be introduced.
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Furthermore, when teaching coding to preschool-aged children, it is essential to use
an appropriate pedagogical approach, as at this age children have only developed very
basic reasoning, lacking the ability to abstract or make complex associations. However,
they can already perform two tasks simultaneously, making it an ideal time to introduce
them to computer science [30].

Bers [31] proposed, at a methodological level, the TangibleK program, which is a
detailed curriculum for teachers who wish to teach coding in early childhood education.
The theoretical foundations of this approach can be found in the framework of Positive
Technological Development, aimed at developing personal and coding skills based on
constructionism [32], and Positive Youth Development [33]. The program involves a
minimum of 20 h of in-person work divided into six sessions dedicated to engineering
design processes, robotics, flows, loops and parameters, sensors and loops, and sensors
and branches.

Each session follows a similar format: (1) initial preparation; (2) activities; (3) individ-
ual or collaborative work on a small project; (4) technology circle; and (5) assessment. The
MECUE methodology [34] is based on the TangibleK program adapted for an unplugged
teaching approach without using robots, and on books such as Hello Ruby [35] in which
a 5-year-old girl must solve various puzzles using coding skills—for example, dressing
herself using the correct sequence of clothing. Other tasks may involve asking children to
perform movements as if they were a robot executing the orders provided by the teacher in
sequence, as if following a program.

At the practical tools level, ref. [36] distinguished two main approaches: software
environments and robots. In the case of software environments, it is emphasized that
interaction for children aged 3 to 6 should be primarily tactile, interacting with a digital
projector in class or with tablets. One of the most widely used software environments is
the Scratch]r. programming language [37]. This language is simplified compared to Scratch
but follows the same philosophy, facilitating the transition to using Scratch when the child
turns 6. The instructions are also pieces of a puzzle that form the program to move an
object, which can also be a cat. However, unlike Scratch, Scratch]r. has fewer instruction
blocks and is used on a tablet, as shown in Figure 1.

EaxasY. o om
®)

&

Figure 1. Example of the ScratchJr. environment (source: scratchjr.org).

Figure 2 shows an example of a program to say “Hello” in Scratch]r. on a tablet screen.
It can be seen how the instruction with the text “Hello” is selected, and when executed, the
cat says “Hello.”
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Figure 2. Example of a program in Scratch]r. (source: own elaboration).

In the case of robots, approaches without screens are distinguished, such as Cubetto [8,9],
in which children also complete a puzzle—in this case, pieces to be placed on a wooden
controller to move the robot on a grid mat forward, turn left, or turn right. It is also possible
to combine this with a mixed approach, where one group of children uses Cubetto while
other children perform the same actions themselves, following the robot’s sequence [36].

Another group of robots is used with buttons, such as KIBO, Bee-Bot, Code & Go, and
Code-a-pillar [38], which differ in their design, how children can explore concepts and
interact with the robot, and the range of activities that can be performed with the robot.
Figure 3 shows an example of the most representative button-based robots for developing
programming skills in early childhood.

os9

(0) (d)

Figure 3. Example of robots: (a) KIBO, top left; (b) Bee-Bot, top right; (c) Code & Go, bottom left;
(d) Code-a-pillar, bottom right (own elaboration).

It can be observed that, in all cases, the design is friendly, rounded, and features bright
colours to attract children’s attention. Additionally, three of the four robots are shaped like
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animals, which are generally very appealing at these ages. Regarding materials, plastic
is typically used to reduce costs. They can also be distinguished based on whether they
use insertable code blocks, as in KIBO, or plastic tiles, as in Code & Go. In any case, the
benefits of young children being able to immediately see the effects of their interactions
with the robot have been validated in multiple studies [31,39-43].

2.2. Teaching Programming to Students with Special Needs

The teaching of programming, as indicated in the various studies found in the lit-
erature, is beneficial for children from an early age. However, research on the teaching
of programming in Early Childhood Education is still in its early stages [26-28], This
section reviews the existing literature from both a methodological perspective and that of
practical implementations.

This section presents studies by several authors highlighting the benefits of the use of
ICT and robotics for all pupils, and particularly for pupils with special educational needs.

1. One relevant study identified is the work by Lorena Lanzas Llorente entitled “Emo-
tional comprehension work in children with ASD (autism spectrum disorder) through
Educational Robotics: a proposed intervention approach”, which focuses on the
benefits provided by robotics, in this case through the use of a robot called AISOY1
Kik-E, for children with ASD (autism spectrum disorder). The study centres on
developing the understanding of basic emotions through the recognition of facial
expressions. Through this work, the aim is to provide children with an innovative
resource that promotes their emotional development and, consequently, supports
their educational development.

In this study, the author takes into account the principles of meaningful learning by
using the AISOYI Kik-E robot as a motivating element and a tool for enhancing pupils’
skills, allowing learners to play an active role in the teaching-learning process [44—46].

Therefore, this study introduces the use of AISOY1 Kik-E as a support or facilitator of
learning rather than as the object of learning itself [44,47].

The conclusions drawn by the author from this study were as follows

(1) At a general level, the author observed the benefits of Educational Robotics for
pupils with special educational needs; in this specific case, for pupils with ASD, as it
facilitates learning and enhances interaction, among other aspects,

(2) Robots such as AISOY1 Kik-E help children with ASD (autism spectrum disorder)
to develop various socio-emotional skills by using visual resources adapted to their
needs, which enable repetition, interaction, and emotional comprehension.

2. Other relevant studies identified include the work by [48], in which the authors, in
their study on technological tools for inclusive education, highlight the possibilities
offered by ICT in addressing classroom diversity. They argue that these tools can
facilitate access to education and provide high-quality learning opportunities for
pupils with different special educational needs present in mainstream classrooms.

In this study, the authors use various tools already available on the market, such
as Araboard, Araword, Pictsonidos, and Pictogram, all integrated within the ARASAAC
software version 2024-2028 (project 38-09), for the teaching of different disciplines, such
as writing and associating images with their meanings, among others. These tools are
particularly aimed at pupils with special educational needs.

The conclusions drawn from this study indicate that ICT represents an approach with
significant potential, especially for individuals with motor disabilities, ASD (autism spec-
trum disorder), and ADHD (Attention-Deficit/Hyperactivity Disorder) within
educational contexts.
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Studies such as that by [49] reinforce the idea that the use of ICT with all pupils, and
particularly with pupils with special educational needs, provides a controllable environ-
ment and learning situation. This, in turn, increases learners’ motivation and reinforcement,
as it promotes attention and reduces frustration in response to errors, enables autonomous
work, fosters the development of self-regulation skills, and adapts to the individual charac-
teristics of pupils with special educational needs, thereby facilitating their inclusion.

3. Studies such as that by [50], in their work entitled “Software tools for inclusive ed-
ucation in the early childhood education stage”, also focus on the various existing
computer-based tools applicable in early educational settings, paying particular atten-
tion to how these tools may influence development and learning, especially among
pupils with special educational needs. The study conducted by these authors was
qualitative in nature, allowing for a more in-depth exploration of existing software
tools used in inclusive education, the identification of best practices, and an examina-
tion of how their use influenced children with special educational needs.

The results obtained were as follows:

1. The authors observed a growing trend in the use of these tools in inclusive
education at early educational stages and were also able to verify, through
studies conducted by [51], that not all software tools are equally effective for
pupils with special educational needs.

1.1 The existing software tools used with pupils with special educational
needs and analysed in the authors’ study include:

1.2 Tinker cad, used to teach programming to secondary school students.

1.3 Various educational mobile applications employed in different learning

processes for pupils in Early Childhood and Primary Education.

2. Several interactive programmes aimed at the development of logical and motor
skills, used with preschool and primary school pupils.

3. Furthermore, through this qualitative study, the authors were able to confirm
that 67% of educational institutions have incorporated at least one software tool
designed for inclusive education into their early childhood education programmes.

4. Finally, at least 72% of pupils with special educational needs showed a notable
improvement in learning during their educational process, underscoring the
relevance of these tools within the field of inclusive education.

4. Another study identified is “The influence of motivation and cooperation among
primary school pupils through educational robotics: a case study” by [52]. This
study seeks to explore the relationship between Educational Robotics and the fac-
tors influencing pupils” motivation during the implementation of a robotics-based
project, with the aim of determining whether Educational Robotics constitutes
part of an educational change in the classroom from both a methodological and a
procedural perspective.

The study is focused on an early educational level (primary education) and is ad-
dressed to all pupils, both neurotypical and those with special educational needs;
however, it does not place particular emphasis on pupils with NEE.

This research shows how studies by authors such as [53] identify robotics as one
of the most important resources within educational technology, as it can provide a
constructive learning environment in the classroom.

The conclusions reached by the author [52], in this study were as follows:

1. Educational robotics promotes increased motivation and interest among pupils
in the classroom, leading to more meaningful outcomes in the teaching-
learning process.
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2. A cooperative working methodology generates both academic and social benefits
for pupils.

3. Additionally, drawing on the work of [54] in his book, the author argues that in
order to achieve an effective technological learning environment, it is necessary
to take into account all the emotions that may influence pupils. She maintains
that for learning to occur, it is essential to generate an emotional response in
learners; when this emotion is positive, learning becomes more meaningful, as
motivation plays a central role.

5. A brief summary of other studies identified in the literature is presented below:

1.  Floor Robots (Bee-Bot)
The Bee-Bot robot is part of the new generation of educational robotics designed
to introduce young children to programming, specifically pupils in Early Child-
hood Education and the first cycle of Primary Education. Several studies have
employed Bee-Bot, a programmable bee-shaped robot specifically designed for
children aged 4-7 years.

v According to Angeli and Valanides [55]:

O The authors examine how working with Bee-Bot influences sequen-
tial thinking skills (sequencing, route planning, and debugging) in
pupils in the early years of primary education.

O They conclude that, with appropriate scaffolding, children improve
in problem decomposition, step anticipation, and logical reasoning.

v According to Di Lieto et al. [56]:

@) An Educational Robotics Lab programme using Bee-Bot and Pro-
Bot was implemented with pupils with special educational needs
(neurodevelopmental conditions and learning difficulties) integrated
within mainstream classrooms.

O The benefits observed included:

«  Improvements in executive functions (planning, working mem-
ory, and inhibitory control).

«  Increased participation and better behavioural regulation dur-
ing classroom tasks.

« Inclusive activities in which both pupils with special educa-
tional needs and their peers without special educational needs
participated, thereby strengthening social interactions.

v Review of educational robotics and neurodevelopmental disorders [57]:

@) A critical review of studies involving educational robots with chil-
dren with ASD, ADHD, intellectual disability, among others.
@) The review includes experiences with Bee-Bot-type robots at Early

Childhood and Primary Education levels.
O The main conclusions indicate that:

= Robots increase motivation and participation.

»  They can support both academic skills (pre-programming and
logical-spatial concepts) and social skills (pair work, turn-
taking, and communication).

2. Kit-Based Robots (KIBO) for Children Aged 4-7 Years
KIBO is a robot explicitly designed for children aged 4-7 years and is pro-
grammed using physical wooden blocks, making it a screen-free system.
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v According to Elkin, Sullivan, and Bers [58]: “Programming with the KIBO
Robotics Kit in Preschool Classrooms”

O The study involved work in early childhood classrooms using KIBO.
O Results:

«  Children aged 3-5 years were able to create simple programmes,
sequence instructions, and debug them.

»  KIBO was naturally integrated with activities such as art, music,
and storytelling, which supported the development of language
skills and creativity.

v KIBO as a tool for Computational Thinking and STEAM

O Documentation and studies from DevTech/KinderLab show that
KIBO enables children aged 4-7 years to develop computational
thinking, problem-solving skills, and STEAM exploration without
the need for screens.

O Although many studies involving KIBO do not focus specifically on
pupils with special educational needs, they do report:

= High accessibility due to its tangible and manipulable nature.

= The possibility of adaptation for pupils with attentional, motor,
or communication difficulties, owing to the physical, collabora-
tive, and multimodal nature of the activities (sound, movement,
and construction).

3. Social Robots and Programming with Children with ASD/Special Educational Needs
This line of research combines social robotics with the development of so-
cial competences, while also incorporating elements of simple programming
or “co-programming”.

v According to Gkiolnta et al. [59]: “Robot programming for a child with ASD”

O The study presents a case of robot programming involving a child
with ASD.

O The child participates in guided programming activities, with ob-
served improvements in sustained attention, interaction, and enjoy-
ment of the task.

Although many of these studies focus more on social skills than on “pure” program-
ming, in practice robot programming activities (such as deciding sequences and testing
them) are used as a vehicle for developing attention, cognitive flexibility, and cooperation.

3. Materials and Methods
3.1. Context

During the 2024 /2025 school year, a school in the Community of Madrid, Spain, was
asked for permission to attend a validation session of a new interactive system being
developed as a future training agent in Scratch]r. This was performed to assess whether, at
that stage of development, students were able to interact with the system and to show their
level of satisfaction.

Figure 4 shows an example of a system screen, where it can be seen that the Scratch-Jr.
blocks are displayed on the left, the question appears at the top, and students must drag
the blocks to the center to check whether they have completed the exercise correctly or if
they need to try again.
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QUESTION 1: | HAVE TO SAY HELLO, HOW DO | DO IT?

Figure 4. Example of the initial screen of the agent Boby (source: own elaboration).

As can be seen in Figure 4, the initial question is “I have to say Hello! How can I do
it?”. The idea is that the child helps Boby by dragging the Scratch]r. blocks so that “Hello”
is said in the correct position. Initially, no support is provided to see if neurotypical or
neurodivergent students can complete the task independently. The option to receive help is
available, including interacting with the agent by speaking (microphone) if a block cannot
be dragged, and receiving all information in audio for students with visual impairments.
For students with autism, the idea of sequence is emphasized using the numbers 1 and 2,
and guided information about the task is provided in advance. For students with ADHD,
they are allowed to take a pause and receive recommendations, such as going for a walk or
using a Bobath ball, to better focus on the system’s instructions.

The novel approach of the tool should also be highlighted: it does not aim to teach
the student and does not assume the role of a teacher. On the contrary;, it takes on the role
of a student who needs help, in order to increase motivation and satisfaction for learners
who are not only learning for themselves but also helping the agent Boby, following the
Learning by Teaching methodology used by agents such as Betty [60].

Figure 5 shows the technical diagram of how the agent works.

System Elements

If you need help
/ )
SayorPress 162 [l Recommendation

Say o Press 1,26 3

Voice or
Mouse Access

i Feedback [

> -Tdont Know
2- | am Sad bl SayorPress3 PN 2-Second

3 —Good / Happy

i

Question
1,263

Feedback Feedback

[ system B

o
Feedback

Figure 5. Technical diagram of Boby.

As can be observed, the student accesses the system directly either through voice input
or via mouse interaction, without requiring any form of authentication. On the initial screen, or
main interface, the system asks the student “How are you?”, and depending on the response
provided—either verbally or through mouse interaction—the system behaves as follows:
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(a)

(b)

If the student selects options one or two, a screen presenting recommendations on the

actions to be performed is displayed. These recommendations are provided both in

written form and as audio output.

a. Once the student has completed the recommended actions, they return to

the initial or main screen of the system, either by voice command or via

mouse interaction.

If the student selects option three, a screen displaying the number of activities pro-

posed by the system is shown.

a. When the student indicates—either verbally or through mouse interaction—the

activity they wish to perform, the corresponding activity screen is displayed.

Instructions for completing the activity are provided both in written form and

through audio.

i If the child is able to complete the activity independently, they can

automatically return—by voice command or mouse interaction—to

the main screen containing the set of questions in order to select

another activity.

ii. If assistance is required, the system redirects the student to the recom-

mendations screen. Once the student has completed the recommended

actions, they return to the initial or main screen of the system, either

verbally or through mouse interaction.

From this main screen, the student may choose to continue working with the system

or to exit it, indicating their decision either by voice or via mouse interaction.

A sample dialog of how Boby and the student interact is shown in Figure 6.

Welcome. I'm Bobby. T want to learn with you.
Shall we go?

Child:

How are you?
Chila:

I'm Fine.

Mow you must choose an activity lewel

Chila:

r 1
| T choose lewvel one.
L )

Mow choose an activity from this lewel.

Child:
r 1
Activity one.
¥
L

How co I make the character say hello?

Chila:
r 1
| ¥ou have to mowe the "hello™

| block.
L )

| on, ckay, I"we learned it now. This Block is For

showing text. Mow "hello™ appears on the screen.

Thark you.

Figure 6. Sample dialog between Boby and a student.
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3.2. Sample

Fifty children aged 6-7 years were recruited, of whom 17 (34%) are boys and the
remaining 33 (66%) are girls. Two of the children are neurodivergent and have special
educational needs. They are distributed across two classes with 25 students each, and in
each class, 24 are neurotypical and 1 is neurodivergent with educational support needs.

None of the students have previously learned programming or are familiar with
Scratch]r. Forty-three of the 50 students (86%) are able to complete a simple questionnaire
and have basic reading skills.

3.3. Research Questions

The main objective of this study is to validate if students are able to use the Boby system
to train in the use of Scratch]r., and to analyse which factors influence user satisfaction with
the tool.

Research Question 1 (RQ1) is: which factors influence students’ satisfaction with Boby?
The associated hypotheses are:

H1. Students who are accustomed to using tablets for learning will find using the Boby system
more satisfying.

H2. Students who enjoy block-based games will find using the Boby system more satisfying.

Research Question 2 (RQ2) is: to what extent does the student’s reading ability influ-
ence their ability to use Boby?

Research Question 3 (RQ3) is: which factors influence students’ ability to complete the
activity shown in Figure 4, that is, teaching Boby to say “Hello”.

3.4. Instrument

To address the research questions, a questionnaire with nine multiple-choice questions
was designed and validated by a Special Education teacher, as described in our previous
work [25].

The questionnaire is included in Appendix A (in Spanish).

3.5. Procedure

During a session in the computer classroom, students were arranged so that everyone
had access to a tablet connected to the Internet to interact with the Boby system (see
Figure 4). The classroom tutor and a support teacher for students with special educational
needs were present. Additionally, the first author of the article was allowed access to the
classroom as an observing researcher.

Initially, all students were asked to individually complete a paper questionnaire
validated by the Special Education teacher, as described in our previous work [25]. All
neurotypical students were able to complete the questionnaire, as were the two students
with special educational needs, with partial support of the teacher.

Subsequently, all students were allowed to interact with the Boby system freely for
30 min. It was observed that all neurotypical students were able to interact with the system
without difficulty, and the two neurodivergent students with special educational needs
were also able to interact with the system with the support of their teacher.

Finally, all students and their teachers were thanked for their participation in the
experiment. The tablets were collected (an email with information about the completed
exercise was sent to the researchers), and all data on the classroom tablets were deleted.
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4. Results

In this section, the quantitative results of the study are presented. The main outcome
variable, Y26 (“Did you like the app?”), is used as an indicator of students’ satisfaction
with Boby. Three research questions are then addressed: RQ1 examines which background
factors (such as usual tablet use and preference for block-based games) are associated
with students” satisfaction; RQ2 explores to what extent students’ reading ability (Q7)
is related to satisfaction; and RQ3 focuses on students” ability to complete the “Hello”
activity using ScratchJr. Given the small sample size, the presence of missing data, and
the strong imbalance in satisfaction responses, the analyses are based exclusively on
descriptive statistics (frequencies and percentages), supported by tables and bar charts in
the following subsections.

4.1. Descriptive Overview of the Participants and Variables

Fifty children aged 6-7 years participated in the study. As described in Section 3.2,
17 (34%) were boys and 33 (66%) were girls, and two of the children had identified special
educational needs and were considered neurodivergent. None of the students had previous
experience with Scratch]r., and 43 out of 50 (86%) were able to complete the paper ques-
tionnaire with at least basic reading skills. The distribution of the main sociodemographic
and background variables is summarised in Table 1.

Table 1. Sample characteristics and data availability.

Variable Category Y%
Sex Boys 35.4
Girls 56.3
Age 6 years 56.3
7 years 37.5
Class Class A 46.7
Class B 53.3
Neurodivergent status Neurotypical 97.8
Neurodivergent 22
Reading ability (Q7) 0 = reads one word 2.2
1 = reads some words 15.6
2 =reads all words 82.2
3 = advanced reader (if used) 0
Tablet use (Q10) Mainly for games 66.7
Mainly for learning 244
Other/mixed 8.9
Likes block games (Q14) Yes 82.2
No 8.9
Other/mixed 8.9
Questionnaire completed Yes (valid responses) 93.75
No/missing 0.06

The main outcome variable used in the analyses was item Y26 (“Did you like the
app?”), with response options “Yes”/”No”. The explanatory variables considered were:
(a) Q10, usual use of the tablet (e.g., mainly for games or mainly for learning); (b) Q14,
whether the child likes block-based or piece-based games (“Yes”/”No”); and (c) Q7, reading
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ability on an ordinal scale from 0 to 3, where higher values indicate greater reading
proficiency. In addition, information was collected on whether the questionnaire was
completed, which allows the amount of valid data available for the analyses to be estimated.

Given the age of the participants and the classroom context, some items have missing
data. In addition, the distribution of the main outcome is strongly skewed: most children
reported that they liked the app, with only a small minority selecting “No”. This imbalance,
together with the small number of children in some categories (for instance, those who
do not like block games, or those at the lowest reading level), makes complex modelling
approaches difficult to interpret. For this reason, the results are reported using simple,
robust descriptive statistics (frequencies and percentages), complemented by bar charts.
Percentages are based on valid responses for each variable. Small deviations from the
nominal sample size (N = 50) reflect missing data for some items.

4.2. RQ1—Factors Associated with Satisfaction with Boby

Research Question 1 (RQ1) asks which factors are associated with students’ satisfaction
with Boby, operationalised as answering “Yes” to Y26 (“Did you like the app?”). Among the
children with valid data for Y26 and the background variables, 34 out of 40 students indi-
cated that they liked the app, which corresponds to 85% of the usable sample. Descriptively,
no subgroup shows a pattern of general dissatisfaction with the system.

In this subsection, satisfaction is described by usual tablet use (Q10) and by preference
for block-based games (Q14). The corresponding frequency distributions are summarized
in Tables 2 and 3, and visualized in Figures 7 and 8, respectively.

Table 2. Satisfaction with the app (Y26) by usual use of the tablet (Q10): frequencies.

Tablet Use (Q10) n “Yes, I Liked the App” n “No”
Mainly for games 23 4
Mainly for learning 2
Other/mixed 4 0
Total (valid cases) 34 6

Table 3. Satisfaction with the app (Y26) by preference for block-based games (Q14).

Likes Block Games (Q14) n “Yes, I Liked the App” n “No”
Yes 27 5
No 4 0
NA 3 1

4.2.1. Usual Use of the Tablet (Q10)

Table 2 summarizes the distribution of “Yes”/”No” responses to Y26 across the cate-
gories of Q10 (usual use of the tablet). For each category, the table reports the number of
children who said that they liked the app and the number of those who did not.

As shown in Table 2, satisfaction is high in all three groups. Among students who
reported using the tablet mainly for games, 23 out of 27 indicated that they liked the app.
Among those who reported using it mainly for learning, 7 out of 9 liked the app. Finally, all
4 students in the “other/mixed” category reported that they liked the app. Overall, 34 out
of 40 students with valid data for Q10 and Y26 reported that they liked the app.

Although the proportion of “Yes” responses is slightly higher in the “other/mixed”
category, this group is very small and the difference should therefore be interpreted with
caution. There is no clear pattern indicating that using the tablet mainly for games or mainly
for learning is associated with a markedly different level of satisfaction. Figure 7 presents
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these relationships graphically (together with other background variables), highlighting
that the bar corresponding to “Yes” is consistently dominant in all Q10 categories.
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Figure 7. Proportion of “Yes, I liked the app” (Y26) across subgroups of tablet use and previous

experience with technology (panels for Q10, Q9, Q8 and Q14).
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4.2.2. Preference for Block-Based Games (Q14)

To explore Hypothesis H2 (“Students who enjoy block-based games will find using
the Boby system more satisfying”), Table 3 summarises Y26 by Q14. Among children who
said that they like block or piece-based games, 27 reported that they liked the app and
5 reported that they did not. In the small group of children who stated that they do not like
block games, all 4 reported that they liked the app. For students with missing values or
“not applicable” responses on Q14 (labelled as NA), 3 liked the app and 1 did not.

Thus, satisfaction with Boby is high in all Q14 categories, including among those
who reported not liking block games. The small size of some subgroups—particularly the
“No” and NA categories—means that the observed differences should be interpreted with
caution. Figure 8 displays the same information as a bar chart, showing that the percentage
of children who liked the app is consistently high and that disliking block-based games
does not appear to prevent students from enjoying their interaction with Boby.

100.0%
80.0%

60.0%

Percentage

40.0%

20.0%

NA Yes No
Do you like block games?

Figure 8. Percentage of children who liked the app (Y26 = “Yes”) according to preference for block-
based games (Q14).

Taken together, the descriptive analyses for RQ1 suggest that no clear subgroup of
children is dissatisfied with the system based on their usual tablet use or their liking of
block-based games. Satisfaction scores remain high and relatively homogeneous across the
different categories considered.

4.3. RQ2—Reading Ability and Satisfaction with Boby

Research Question 2 (RQ2) examines to what extent students” reading ability (Q7) is
related to whether they report liking the app (Y26). For this analysis, data were available
for 40 children with valid scores in both variables.

Table 4 shows, for each level of Q7, the total number of children, how many said that
they liked the app, and how many did not. The pattern is very stable:

o At the lowest reading level (Q7 = 0, “reads one word”), the only child in this category
reported that they liked the app.

e Among those who “read some words” (Q7 = 1), 6 out of 7 children liked the app and
1 did not.

e Among those who “read all words” (Q7 = 2), 27 out of 32 children liked the app and
5 did not.

e No students were classified as “advanced readers” (Q7 = 3) in the current dataset.
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Table 4. Satisfaction with the app (Y26) by reading ability level (Q7): frequencies.

Reading Ability (Q7) Total n in Subgroup n “Yes, I Liked the App” n “No”
0 = reads one word 1 1 0
1 = reads some words 7 6 1
2 = reads all words 32 27 5
3 = advanced reader (if applicable) 0 0 0

Overall, 34 out of 40 children with reading data (85%) reported that they liked the app.
Figure 9 visualises these percentages, showing that the bars corresponding to each reading
level are all high and very similar in height. There is no clear trend suggesting that higher
reading ability is associated with greater satisfaction.

100.0%

80.0%

60.0%

Porcentaje

40.0%

20.0%

0.0%
One Some All

Words he readas and understands

Figure 9. Percentage of children who liked the app (Y26 = “Yes”) by reading ability level (Q7).

From a descriptive perspective, these results indicate that high reading ability is not
required for children to enjoy using Boby. Children with more limited reading skills were
still able to report high levels of satisfaction with the app.

4.4. RQ3—Completion of the “Hello” Activity

Research Question 3 (RQ3) focuses on which factors influence students” ability to
complete the activity shown in Figure 4, namely teaching Boby to say “Hello” using
the Scratch]r. blocks. For this analysis, log data on completion were available for
42 students, distinguishing between completion without help, completion with help, and
non-completion.

Table 5 summarises the distribution of completion outcomes by group. Among
neurotypical students with available log data (n = 41), 37 completed the activity (2 without
help and 35 with help), while 4 did not complete it. For the neurodivergent student
with available log data (n = 1), the activity was not completed. Thus, in total, 37 out of
42 students with valid completion data (88.1%) succeeded in completing the “Hello” activity,
although the majority required some degree of assistance.
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Table 5. Completion of the “Hello” activity by group and need for help (valid log data).

Group n Total n Completed Without Help n Completed with Help n Not Completed
Neurotypical 41 2 35 4
Neurodivergent 1 0 0 1

These results indicate that most students were able to use the system to solve the
simple programming task, but also that support from teachers or assistants played an
important role in enabling completion, particularly for some students. Given the small
number of neurodivergent students with log data, the results for this group should be
interpreted with extreme caution and are better understood as illustrative cases rather than
as generalisable evidence.

4.5. Synthesis

Across the three research questions, the descriptive results show a coherent pattern.
First, satisfaction with Boby was very high in almost all subgroups considered (RQ1), and
there was no clear descriptive evidence that usual tablet use or preference for block-based
games systematically influenced whether children liked the app (see Tables 2 and 3 and
Figures 7 and 8). Second, reading ability did not appear to be a limiting factor for enjoyment
of the system (RQ2): children with different levels of reading proficiency reported very
similar percentages of “I liked the app” (Table 4 and Figure 9). Third, most students
successfully completed the “Hello” activity (RQ3), including the two neurodivergent
students, who required only minimal support (Table 5).

Overall, within the limits of this small and imbalanced sample, these descriptive
findings suggest that Boby was perceived as usable and enjoyable by the large majority
of participating children, regardless of their previous experience with technology, their
preference for block-based games, or their reading ability.

5. Discussion

Regarding the first research question (P1) about the factors that influence students’
satisfaction with Boby, the following hypotheses were explored:

H1. Students who are used to learning with a tablet will find the use of the Boby system more satisfactory.
H2. Students who enjoy block-based games will find the use of the Boby system more satisfactory.

As shown in the results (Section 4.1), neither of the two hypotheses was confirmed.
This means that it is not necessary for students to be accustomed to using a tablet in order
to use Boby, nor is it necessary for them to enjoy block-based games.

These results are relevant because they broaden the number of students who can
interact with the agent to carry out their programming training using Scratch]r.

In particular, this includes autistic students who might not show interest in playing
with blocks [61], but who may still be motivated to use Boby for training in Scratch]r.,
which is a block-based language.

It also takes into account students who usually do not have access to tablets due to
economic constraints in their families or other types of limitations. Specifically, this refers
to new regulations such as those in the [62] in Spain, where the use of screens has been
legally prohibited for children aged 0 to 3, limited to one shared hour per week for students
in the second cycle of Early Childhood Education (ages 3—6) and the first cycle of Primary
Education (ages 6-8), one and a half hours per week for students in the second cycle of
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Primary Education (ages 8-10), and two hours per week for those in the third cycle of
Primary Education (ages 10-12).

There are exceptions to these laws for children with special educational needs, provided
that a psychopedagogical report justifies that technology could support their learning [62].

Regarding the second research question, which examined the extent to which a stu-
dent’s reading ability influences their capacity to use Boby, the statistical analysis presented
in Section 4.2 also found no evidence that higher reading ability is associated with a greater
likelihood of satisfaction when using Boby. This finding is significant because it indicates
that students do not need to know how to read in order to use the app, which was designed
to be visually accessible through descriptive icons and also includes auditory aids for
students who are visually impaired.

These results are consistent with other studies that have gone a step further in explor-
ing the inverse relationship—namely, that the use of an interactive application may even
improve reading ability. In particular, studies have shown that young learners can engage
successfully with interactive reading applications and that such experiences can positively
influence their later non-digital reading skills [63,64].

Regarding the third research question, which explores the factors that influence stu-
dents” ability to complete the activity shown in Figure 4—that is, teaching Boby to say
“Hello”—the results show that both neurotypical and neurodivergent students are able to
complete the activity regardless of their ability to use tablets, read, or visually identify the
content of images.

In total, 38 out of 48 students were able to complete the activity (79.2%), including the
two neurodivergent students, although both indicated that they had needed help. In any
case, the assistance provided was minimal, and at no point did the teacher or the researcher
complete the exercise for the student; rather, support was given only to allow the student
to finish it independently.

When examining the cases in which students did not need help to complete the
activity, no significant pattern was observed that could link reading ability or visual image
recognition skills. Based on direct observation, it appears instead that this may be more
closely related to the students” own attitude—specifically, their preference for completing
activities independently and their lower tendency to ask for or request help.

Finally, it should be noted that no student highlighted the agent’s “student” behaviour,
possibly due to the short duration of the interaction (only a single session). This time
limitation should be taken into account when interpreting the results.

It should also be considered that validating the usability of the agent on one simple
task (i.e., an activity to say hello, input/output concept) is quite limited to validating the
learning outcomes of all programming concepts.

6. Conclusions

The use of a pedagogical conversational agent in the role of a student to train learners
in Scratch]r. appears to be effective, regardless of the students” ability to use tablets or play
with blocks, when the students are between 6 and 7 years of age.

Overall, 79.2% of the students were able to complete the activity requested by the
agent. However, as stated in the Discussion, more research should be devoted to exploring
the results with other programming concepts such as sequences or loops.

In the pilot study with the two neurodivergent students, it is noteworthy that both
were also able to complete the activity. More sample is needed and research on how
students with special needs could use agents such Bobby to learn Scratch]r.
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Further exploration is planned to investigate the agent’s potential for teaching addi-
tional ScratchJr. instructions over longer periods and multiple sessions with more students
with special needs, and to subsequently assess to what extent the agent enables both neu-
rotypical and neurodivergent students to program directly in the ScratchJr. environment.
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Appendix A

WHICH NAME DO YOU LIKE MORE?
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HAVE YOU COMPLETED THE EXERCISE TO
SAY HELLO?

70 https:/ /doi.org/10.3390/computers15010017



Computers 2026, 15, 17

@‘, QUESTION 1: | HAVE TO SAY HELLO, HOW DO | DO IT? T Seln
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DID YOU DO THE ACTIVITY WITH HELP?
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WAS THE ACTIVITY EASY?

@‘, QUESTION 1: | HAVE TO SAY HELLO, HOW DO | DO IT? e
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TOOLS
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MARK THE IMAGES WHERE YOU KNOW WHAT
THE CHILDREN ARE DOING
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MARK THE IMAGES WHERE YOU KNOW WHAT THE CHILDREN ARE DO-
ING

HI, HOW ARE YOU?

I DON'T KNOW
I'M SAD

I'M GOOD. (1 ACTIVITY)
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MARK THE IMAGES YOU UNDERSTAND

MICROPHONE
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DID YOU LIKE THE APP?
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Abstract: Control-flow statements often cause misunderstandings among novice computer science
students. To better address these problems, teachers need to know the misconceptions that are
typical at this stage. In this paper, we present the results of studying students” misconceptions
about control-flow statements. We compiled 181 questions, each containing an algorithm written
in pseudocode and the execution trace of that algorithm. Some of the traces were correct; others
contained highlighted errors. The students were asked to explain in their own words why the selected
line of the trace was correct or erroneous. We collected and processed 10,799 answers from 67 CS1
students. Among the 24 misconceptions we found, 6 coincided with misconceptions from other
studies, and 7 were narrower cases of known misconceptions. We did not find previous research
regarding 11 of the misconceptions we identified.

Keywords: misconceptions; control-flow statements; introductory programming

1. Introduction

Nowadays, the growing need for software engineering (SE) specialists makes SE
educational institutions improve both quantitatively and qualitatively. Mastering pro-
gramming fundamentals remains one of the key requirements for successful software
engineering education. However, this field introduces a lot of new concepts which are
difficult to master [1,2]. This attracts a lot of attention from researchers, aiming at studying
and improving introductory programming courses.

Most SE teachers witnessed students becoming confused while trying to understand
the behavior of a computer program [3] or learn new concepts. Unfortunately, program
execution in most of the IDEs is not visible until the user takes steps to visualize it (such
as using the debugger), which many worse-performing students do not do, relying on
their guesses instead. There is often little time to identify and eliminate the misconcep-
tions of each student personally. So, correcting misconceptions should be a part of the
regular educational process, as studying common misconceptions is useful. In software
engineering, there have been a number of studies concerning misconceptions [4-7]; differ-
ent methods have been developed for detecting misconceptions [8]. Some studies were
conducted to fix misconceptions during classroom work [9]. Usually, methods for detecting
and fixing misconceptions are based on domain knowledge and typical errors in students’
mental models.

A review of the related literature showed that little attention has been paid to the
systematic study of misconceptions related to control-flow statements, unlike other topics
such as the syntax of programming languages [10,11], memory allocation for objects and
scalar values [12], passing parameters by value or by reference, and other advanced topics.
The misconceptions concerning sequences, loops, and selection statements are mixed with
misconceptions about other programming constructs in many studies. This does not allow
gathering data aimed specifically at identifying misconceptions of control-flow statements
and often makes misconception definitions too general.

The misconceptions described in the literature were formulated differently: some
are very specific, and others are vague. The systematic formulation of a set of possible
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misconceptions is an important challenge helping to cover the subject. Misconceptions are
identified in order to correct students’ mental models more easily, so a good misconception
formulation should allow for identifying ways to correct them.

So, we see some misconceptions as too broadly formulated to be useful: their formula-
tions may be too abstract or combine several different errors. Such high-level misconcep-
tions are suitable only for superficial diagnostics and cannot be used for planning corrective
pedagogical interventions. For example, the misconception “T2: Students misunderstand
the process of while loop operation” [12] is too abstract and useful only for giving the
student more tasks on while loops; it says nothing about how to correct their understanding
of loops in general (e.g., it may relate to repeating the same lines of code, the role of loop
conditions, etc.) and of the “while” loop in particular (e.g., the precondition).

Consider an example of composite misconception “M33: Loops terminate as soon as
the condition changes to false” mentioned by [5,13]. Although it expresses a well-formed
state of the student’s mind, it touches on several low-level misconceptions, such as breaking
the sequentiality of actions within the loop body and ending the loop without explicit
evaluation of the loop’s condition.

Obviously, it is impossible to consider and describe all the high-level misconceptions
that students have (and may have in the future) about control-flow structures, which
reduces the effectiveness of teaching aimed at detecting and removing high-level miscon-
ceptions. However, it is possible to reduce high-level errors to low-level misconceptions
that relate to elementary rules for executing program code. In this case, the misconceptions
should be aimed at explaining one trace line—i.e., one event during code execution. If we
continuously correct simple misconceptions and explain to the students why this statement
should be executed next, then, over time, we can deal with all higher-level misconceptions.
For example, if the control condition of a selection statement is false, the “then” branch
should not be executed; an attempt to execute the “then” branch can be attributed to a
misconception related to the consequences of the selection statement’s condition evaluating
to false. An example of a high-level misconception about this is “The ‘then” branch is
always executed” [13].

Our research questions are:

e RQI. What undergraduate students’ misconceptions of control-flow statements can
be identified by interpreting a single line of trace?
¢ RQ2. How do these misconceptions relate to the misconceptions known in the literature?

Misconceptions concerning sequences, loops, or selection statements are found in
many studies intermixed with wrong ideas about similar topics; they are rarely studied
on their own. That affects good coverage of the topic, e.g., Sirkid and Sorva mention
“Wrong False” but no kind of “Wrong True” [14]; Albrecht and Grabowski report “order of
conditions” but ignore the possibility of skipping conditions [15].

Most of the researchers report only frequent misconceptions, which makes sense for
teachers who have limited classroom time. However, the developers of software tutors
should take into account less frequent misunderstandings as well to provide students
with useful feedback in the maximum range of possible situations. Automatic feedback
requires the misconceptions to be specific and precise. Some authors provide too broad
formulations of misconceptions such as “Students misunderstand the process of while
loop operation” [12], or “Difficulties in understanding the sequentiality of statements” [13],
which gives no idea of what is actually wrong and what kind of help the student needs
besides re-reading the relevant textbook chapter.

Too few misconceptions about loops have been found; they are mostly concerned with
just “loop” or “while loop” [12]. We found no mention of other kinds of loops, such as
“for loop” and “do-while loop”, and a variant of the latter, “repeat-until loop”, which has
its condition inverted. The now popular family of “foreach” loops is closely related to
the concept of collection and can easily be modeled by simpler loops, so we believe that
“foreach” can be studied as a variant of the “for” loop.

81



Computers 2023, 12, 192

In this study, we aimed to close this gap and research specifically the misconceptions
about the control flow during program execution. We did it by showing an algorithm and
its trace to students and asking them to explain why a particular trace line should be there
(for correct traces) or should not be there (for incorrect traces). That limited the number
of errors the students could make but let us get an insight into their thinking. As a result,
we confirmed some already reported misconceptions, created detailed versions of some
broadly generalized misconceptions, and identified misconceptions that we did not find in
the relevant literature.

The identified misconceptions can help teachers plan their lessons and develop as-
sessments; they also can be used to foster the development of software tutors providing
automatic feedback: for example, to explain deviations from the solution path [16], to create
sequences of follow-up questions [17], or to indicate invalid solution states [18].

This article is organized as follows. Section 2 describes related works from two points
of view—methods for identifying misconceptions and examples of misconceptions related
to selection statements and loops. Section 3 explains how the research on misconceptions
was conducted. Section 4 describes the results of the study. In Section 5, we compare
our findings with findings of other researchers and briefly discuss the limitations of our
approach. Section 6 describes the threats to study validity. The Section 7 emphasizes the
most important findings and shows the directions for further research. The list of the
misconceptions found is provided in Appendix A.

2. Related Work

Identifying misconceptions is a developed field of study in many areas of educa-
tion, including software engineering. Misconceptions of many different areas of software
engineering education have been studied over time [4,19-21].

Some of those works are devoted to studying the influence of programming languages
and teaching methods on understanding the basics of programming [22]. Others analyzed
methods for detecting and reducing misconceptions [8,9]. There are two main aspects of the
reviewing literature about misconceptions in software engineering education: the methods
used and misconceptions in related areas that can be compared to our findings.

2.1. Methods of Studying Misconceptions

Identifying misconceptions requires collecting representative data on students’ think-
ing. Two basic approaches are to study the students’ thinking (mainly using structured
and unstructured interviews) or the artifacts that students produce (program code, result
prediction, code-tracing problems).

2.1.1. Interview

Various forms of interviews were used to study misconceptions such as verbal com-
munication about assignments [23], “explain in plain English” [3], etc. Researchers have
used the interview as a method of detecting students” misconceptions [24,25]. In particular,
Kaczmarczyk et al. [12] conducted interviews with students, encouraging a student to think
aloud. The communication protocols were recorded and handed over to the specialists
who analyzed the interview results independently to avoid bias. The assessment results for
each answer were discussed, and the researchers came to a general conclusion on the type
of misconception the student had.

This method allows in-depth insight into the students’ thinking. Still, it requires
significant work to process each interview, so the number of participants is usually small,
which threatens the validity of the results. One of the ways of increasing the number of
participants is by structuring the interviews into a series of free-text responses to prede-
fined questions. Further, it is possible to survey teachers (instead of students) about the
misconceptions they encounter [26,27].
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2.1.2. Analysis of Code Written by Students

This method relies on the results of code-writing assessments [28-32]. In their study,
Ref. [15] used a bank of program code submitted by students to an automated learning
environment. The code submissions were tested automatically, and the ones that did not
produce the required answer (or the code did not compile) were chosen for further analysis.
Each researcher assessed them.

This method allows analyzing bigger banks of code but does not give insight into
what the student thought while writing the analyzed code.

2.1.3. Result-Prediction Problems

A result-prediction problem requires the student to imagine the execution of a program
(or parametric function) and predict its output [13] or return value [6,7].

The method of mining misconceptions from students’ predictions is based on guessing
a mental model that, with the given program, would produce the prediction obtained. That
is not always possible, so only a small fraction of answers is normally used. The advantage
of this method, as well as of the previous method, is a significantly higher number of
participating students.

2.1.4. Code-Tracing Problems

To understand how, in the student’s opinion, a program (or algorithm) works, the re-
searchers can ask the student to build an execution trace of the given program. Sirkia and
Sorva asked students to simulate the execution of a small program by manually performing
all actions of the program in the graphical interface of a visual simulator [5,14]. It con-
cerned the data about values, operators, function calls, parameters passed to functions, call
stack, changes in the execution position, etc. The researchers analyzed obtained traces of
program code execution by each student. They reported, among other things, patterns of
erroneous behavior, probably related to the complexity of the simulator’s user interface
(UI). To reduce the cognitive load on the student, this approach can be enhanced by using
simulators, focusing only on one aspect of the program behavior [33].

2.1.5. Combined Methods

Some studies combine different methods: for example, Veldzquez-Iturbide [29] ana-
lyzed the code created by the students in conjunction with free-text comments written by
them in their code.

2.2. Misconceptions Related to Flow of Control

Kaczmarczyk et al. [12] identified several misconceptions; some of them concern
iterations and loops. The closest to our topic is: “Students misunderstand the process of
while loop operation”. However, that misconception is formulated very broadly and so is
of little use.

Albrecht and Grabowski [15] identified 50 misconceptions related to programming.
The following misconceptions are related to control-flow statements:

*  “spurious/missing text/code fragment”;

*  “missing condition” (it is unclear whether it applies only to loops or to “if-else”
as well);

*  “missing loop”;

e “order of conditions”;

e “code outside of function block”;

e “infinite loop”.

Swidan et al. [13] studied 11 misconceptions from the big list of misconceptions
compiled by Sorva [5], which contained more than 160 items. These misconceptions were
better formulated and more detailed. Some of them concern control-flow statements,
for example:
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e 23-Ctrl “Difficulties in understanding the sequentiality of statements”;

e 24-Ctrl “Code after “if” statement is not executed if the ‘then’ clause is.”;

o 26-Ctrl “A false condition ends program if no ‘else’” branch exists”;

e 27-Ctrl “Both “then’ and ‘else’ branches are executed”;

e 28-Ctrl “The ‘then’ branch is always executed”;

e 30-Ctrl “Adjacent code executes within loop”;

° 31-Ctrl “Control goes back to start when a condition is false”;

e 33-Ctrl “Loops terminate as soon as condition changes to false” (interrupting iteration/
skipping the rest of iteration).

Sekiya and Yamaguchi [6] conducted a study where students were asked to predict the
results of performing small functions involving loops. The closest of the seven identified
misconceptions to our research is “NFL: Neglect(ignore) For Loop” (the control condition
was not evaluated at the beginning of the loop or after the iteration).

Sirkid and Sorva [14] identified 11 misconceptions by analyzing student-generated
execution traces. Some of them are related to the topics of our research, e.g., “Wrong
branch”, “Wrong False”.

3. Method

Our goal was to collect students” thoughts on how control-flow statements affect
program execution. To do this, we asked them in a free-text form why the particular lines
of code should or should not be in the specified positions, then marked and analyzed their
answers. The scheme of our study is shown in Figure 1.

Researcher 1 Researcher 2 External expert

test tagks D)
T

E

prepare test

conduct test |
I 4sample of L--tdall 11k
collected 921 answers answers
11k
answers identify common
misconceptions

] select answers with

otential misconceptions

T
verify

analyze
selected
answers

analyze
selected
answers

refine decisions when
the researcher and expert
disagreed
]
[ refine wordings and ]

drop out low-frequent
misconceptions

Figure 1. Method flowchart: UML activity diagram of studying misconceptions from students’ re-
sponses.

3.1. Data Collection

To collect students’ thoughts, we conducted a test using questions with free-text
answers. Each question showed a small algorithm and its execution trace. One of the lines
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in the trace was highlighted: the students had to explain why the highlighted line was
correct or incorrect. We created and verified 181 questions on the reasoning for the traces of
code execution (see Table 1). The questions can be divided into four categories as follows:

e Selections and sequences (correct traces) (e.g., the question shown in Figure 2);
e  Selections and sequences (incorrect traces);

*  Loops (correct traces);

e Loops (incorrect traces), see the example in Figure 3.

For each question category, several small algorithms were compiled—various forms
of selection statements (one to three “if”, “if else” branches, with or without the “else”
branch), and loops (“while”, “do-while”, “for”, “foreach”). Some questions about loops
contained selection statements within the loop. Some of the algorithms have been used to
create both correct and incorrect traces.

For each algorithm, a series of correct execution traces were created automatically by
setting values for control conditions of selection statements and loops (we tried to keep
traces short but non-trivial). A trace was represented as a sequence of acts of execution.
Execution of simple statements was represented as a single act; the beginnings and ends
of complex statements (selection statements and loops) and their parts (branches and
iterations) comprised separate acts of execution to show nesting in the trace. That allowed
us to verify how students understood statement nesting, which was rarely explicitly
verified in previous studies. Statement nesting was shown by indentation and curly
braces (for example, in Figure 3, the statement “wait” is inside the loop, but the statement
“wait_seconds(3)” is not). The acts were supplemented with information about the values
of control conditions and how many times they were executed (see Figure 3). Incorrect
traces were created manually by modifying correct traces: deleting, duplicating, or moving
acts of the original trace. Some correct traces were used in several questions; different lines
of that trace were highlighted.

The questions used a pseudo-code notation, which was close to the C programming
language the students studied. We did not specify expressions, replacing them with labels
to avoid distracting students from the study topic—control-flow statements—and also
avoid muddying the results with expression evaluation problems. So we replaced them
with words and simple phrases resembling actions and conditions. The only exceptions
were control conditions of selection statements and loops, which affected the control flow.
The students saw the results of the control conditions” evaluation in the relevant trace
lines (for example, see the third trace line in Figure 2). The students were provided with
samples explaining the pseudo-code notation of the algorithms and trace lines before the
beginning of the study.

Table 1. Test setting and answers collected.

Topic Selection Loops Total:
Algorithms 6 9 15
Trace kind  correct erroneous correct erroneous
Traces 7 7 14 12 40
Questions 23 54 76 28 181
Respondents 67 67 63 47 67
Answers given 1539 3602 4254 1404 10,799
Answers with 32 85 21 42 180
misconceptions

85



Computers 2023, 12, 192

Question 8

{ program began

if red // over color selection gwver color began lst time
wait condition of selection (red) evaluated lst time - true

lelze if green branch of condition (red) began 1lst time // begin of branch
run wait executed lst time

lelze branch of condition (red) ended 1st time
get_ready selection owver color ended lst time

1 program ended

Explain why the branch should begin at the specified position.

The beginning of the branch must be at the specified location, because ...

e

Figure 2. Example of the question about a selection statement with a correct trace.

Question 172
{ _ .
while red ./ waiting condition of loop (red) evaluated lst time - true
wait iteration 1 of loop waiting began
Wwait seconds(3) walt executed l1st time
e iteration 1 of loop waiting ended
} iteration ? of loop waiting began // =rror !

wa2it executed Ind time
iteration 2 of loop waiting ended
condition of loop (red) evaluated 2nd time - false
loop waiting ended 1lst time
walt seconds(3) executed l=t time
go executed lst time
program ended

Explain why the iteration should not begin at the specified position.

The iteration should not begin at the specified position because...

e

Figure 3. Example of the question about a loop with an incorrect trace.

The questions were used in a summative assignment in the “Programming basics”
course for the first-year undergraduate students of Volgograd State Technical University
majoring in software engineering. The test was conducted in a remote mode because of the
COVID-19 lockdown. We analyzed the anonymized results of that assignment.

A total of 10,799 answers were received from 67 students.

3.2. Data Analysis

The analysis was based on a hybrid inductive-deductive approach [34]. All the
researchers had experience in teaching introductory programming courses as professors
and teaching assistants teaching the “Programming basics” course for years.

First, we analyzed a sample of responses to 23 questions from different categories
(921 responses in total), identifying and clustering frequent errors.

Based on that clustering, a preliminary list of misconceptions that were possible
to identify with the created questions was compiled. The findings were formulated in
terms of low-level misconceptions about the trace acts ordering, i.e., their mutual position,
the absence of a necessary act, or the presence of an extra act. For example, suppose a
student places the initialization of a FOR loop after an iteration, i.e., later than its usual
location at the beginning of the loop. In that case, we consider this move as both LOOP8
(missing, skipping initialization) and LOOP6 (unexpectedly late initialization) miscon-
ceptions (see Table Al). Both of these elementary problems can arise separately because
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of the step-by-step nature of the trace construction and should be explained separately.
Researcher 1 verified the resulting list and made corrections. The resulting list contained
16 misconceptions about selection, 12 about loops, and 9 other misconceptions.

After that, the collected answers were analyzed. Out of 2370 incorrect answers, we
selected for further analysis 258 potentially interesting answers (11%) that could expose
misconceptions. The remaining 89% of incorrect answers were excluded as irrelevant
because they were incomplete, contradictory, lacked clarity, or were not related to answering
the relevant questions (there were even 5 jokes).

Then, the remaining 258 answers were analyzed and assigned the labels from the
selected sample with the misconception type from the previously created list. For each
answer, the status was determined: the answer demonstrates a misconception, the answer
is correct (i.e., answers the question at least partially), or the answer is unclearly formu-
lated. After a discussion, the team excluded about 30% of the responses as not having
misconceptions (either correct or irrelevant answers).

The remaining 180 responses with misconceptions (1.7% of all responses collected)
were agreed to contain a misconception by both of the researchers. They were indepen-
dently labeled with the previously agreed misconception labels. The two researchers’
agreement about the kind of misconception calculates to be 92% (agreed on 166 responses,
disagreed on 14 out of 180). After that, we compared the two lists and produced a final list,
flagging the answers on which there was and was not agreement. The answers with no
independent agreement were discussed with the research team and with an external expert
(also a teacher assistant in an introductory course) to achieve a shared understanding of
their interpretation. The Cohen’s Kappa metric [35] for the final agreement was 0.918,
which is interpreted as almost perfect agreement.

Finally, for each misconception, we counted the number of students who expressed it
at least once as a more fair measure of its frequency (the number of questions, answers to
which can expose a given misconception, varied). We excluded the misconceptions that
were expressed only by one student if they were not mentioned in the previous literature.

4. Results

Table A2 shows examples of students” answers exposing misconceptions.
The final list of misconceptions aligned with the findings from related work is shown
in Table Al. It includes 22 misconceptions and two types of terminological substitution:

* 3 misconceptions about sequences (SEQ*¥),

e 10 misconceptions about selection statements (SEL*);

e 8 misconceptions about loops (LOOP*);

* 1 misconception about concept recognition (RECsl);

e 2 misconceptions about notation (NOT¥) or used terms.

Six of the misconceptions we observed align with related work precisely. These are as
follows:

e  SEL1 matches “28-Ctrl” reported by [5] and is close to “Misc2: Wrong branch” by [14];

e  SEL2 is effectively the same as “UI2: Failing to jump upon selection” [14];

e  SEL3 matches “e26: order of conditions” [15];

e SEL6 is a generalized form of “27-Ctrl: Both then and else branches are executed”
reported by [5];

e LOOP3 is a sub-type of “30-Ctrl: Adjacent code executes within loop” reported by [5];

e LOOP4 is close to “Extra Count” (an extra iteration) by [7].

Other misconceptions we found are specific cases of known misconceptions. For ex-
ample, “T4: Students cannot trace code linearly” [12] and “23-Ctrl: Difficulties in under-
standing the sequentiality of statements” reported by [5] are covered in our misconceptions
SEQ1, SEQ2, and SEQ3. Another general misconception “T2: Students misunderstand the
process of while loop operation” [12] was clarified by LOOP1-LOOP4.
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The misconception when the student does not attempt to repeat the control condition
and loop body, reported by [6] as “NFL: Neglect(ignore) For Loop”, is close to LOOP2 and
LOOP5. LOOP1 and LOOP2 are subclasses of “e45: missing condition” [15].

Some known misconceptions occurred rarely (i.e., were demonstrated by only one student):

¢  RECsl and SEL9 are kinds of “31-Ctrl: Control goes back to start when condition is
false” [5,13];
e LOQOPS is a more general misconception than “Missing 0” (skipping the first iteration)
by [7].
To the best of our knowledge, nine of the found misconceptions related to under-
standing how control-flow statements work have not been reported by other researchers.
These include the following:

e  SEL4, SEL10 are specific to “think aloud”/“write what you think” methods and
unlikely to be found by other methods;

e LOOP6, LOOP7, LOOPS are detectable by the “simulate execution” method too,
but they are about “for” and “foreach” loops which received less attention from other
researchers than “while” and “do-while” loops;

e SEL7 and SELS8 are only detectable if the researcher asks the students about the
beginning and ending of each control-flow statement during execution, not just about
executed lines, which was done rarely in the previous literature;

e  SEL5, SEL9 can be detected by using the “simulate execution” method, but they were
not reported in the literature (to the best of our knowledge); one possible explanation
is the low number of tasks using selection statements with multiple branches that are
required for detecting SEL5 and increase the possibility of detecting SEL9.

The two common misconceptions found (NOT1sl, NOT2pl) are related to terminology:
students used the word “loop” while speaking about selection statements or the entire
program. They can only be found using structured or unstructured free-text interviews;
other methods do not expose the terms the students use, which may explain why they were
not reported in the previous literature.

The misconception “Missed non-loop” reported in [7] was not found in our study.

5. Discussion

In this study, we researched misconceptions about control-flow statements (selection
statements: “if-else”, loops: “while”, “do-while”, “for”, “foreach”) by analyzing almost
10,800 short open-ended answers from students in the “Programming basics” course.
The questions showed students an algorithm and its trace and asked them to explain why
the particular trace line is correct or incorrect.

The vast majority of the answers we collected were at least partially correct. That
indicates a generally good understanding of control-flow statements by first-year un-
dergraduates majoring in software engineering. Many of the erroneous answers were
irrelevant or incomprehensible, which indicates that teachers need to pay more attention
to teaching students to formulate their thoughts clearly. Given our large initial base of
answers, the number of answers exposing misconceptions remained considerable.

¢ RQ1. What undergraduate students” misconceptions of control-flow statements can
be identified by interpreting a single line of trace?

During this study, we formulated a systematic list of 24 control-flow misconceptions
regarding a single line of code, including 3 misconceptions about sequences, 10 about
selection statements, 8 about loops, 1 about concept recognition, and two cases of misuse
of domain terms. The most frequently observed misconceptions were as follows:

1. Not considering the truth of a control condition as the cause for the execution of its
branch—demonstrated by 10 students out of 67 participants;

2. Conditions of a selection statement are checked in the wrong order—demonstrated
by 9 students;
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A “for” loop is initialized after its iteration—demonstrated by 8 students;

Calling the selection statement a loop—demonstrated by 8 students;

Failing to take into account the end of a block—demonstrated by 7 students;

Starting a ‘then’ branch after a false condition—demonstrated by 7 students;

Skipping the update step of a “for” or “foreach” loop—demonstrated by 7 students;

Two or more branches of one selection statement are executed—demonstrated by

6 students;

9.  Action, which is placed after the selection, is considered belonging to its branch—
demonstrated by 6 students;

10. Continuing a loop after its control condition evaluates to false—demonstrated by
6 students;

11.  Action, which is placed after a loop, is considered belonging to the loop—demonstrated

by 6 students.

P NG W

Out of the most frequently observed misconceptions, five concern behavior of selection
statements (primarily multi-branch selection), four concern loops (primarily “for” and
“foreach” loops), one concerns sequences, and one concerns terminology usage. This
indicates that the areas which most need additional attention during novice programming
courses are selection statements with more than two branches and “for” loops which are
more complex than “while” and “do-while” loops.

e RQ2. How do these misconceptions relate to the misconceptions known in the literature?

Out of 24 misconceptions that we observed, 13 are similar to the misconceptions from
previous research (6 coincide with previously found misconceptions, while 7 are narrower
cases of known misconceptions), and 11 were not found by us in the previous literature.
The misconception “Missed non-loop” (missing a trace line) that we found reviewing other
studies was relevant to our method, but no student demonstrated it during our study.

The newly found misconceptions are as follows:

1.  Not considering the truth of a control condition as the cause for the execution of
its branch;

Checking a condition after executing a branch;

Action, which is placed after the selection, is considered belonging to its branch;
Exiting a selection without executing a branch or checking all the conditions;
Multiple checks of the same condition in one selection statement;

Executing a wrong branch after checking a condition;

A “for” loop is initialized after its iteration;

Skipping the update step of a “for” or “foreach” loop;

Skipping the initialization of a “for” loop;

Calling the selection statement a loop;

Calling the program a loop.
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6. Threats to Validity

The main threat to the validity of this research is that it was conducted in one ed-
ucational institution, and all the participants were undergraduate students majoring in
computer science or software engineering. It is possible that K-12 students and non-CS
majors will have different distributions of the frequency of these misconceptions. Because
of the method we used (free-text answers entered into an automatic test program), some
of the information could be lost if the students did not consider it valuable enough to
report. The test was conducted in a remote mode, which is different from the classroom
situation, so the students could not ask their teachers for help during it. However, this
might have allowed them to expose their misconceptions more freely. Another threat to
validity is interpreting students’ free-text answers. Some of them were worded so vaguely
that it was impossible to say what the student meant. We excluded too vague answers from
misconception identification, which might have affected the observed frequency of the
misconceptions. The test was analyzed anonymously so that the students would not fear
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the results affecting their course grades; that did not allow us to interview the participants
about their vague answers.

7. Conclusions

This study provides a new perspective on misconceptions in computer science edu-
cation. First of all, in the previous research, the methods allowing insight into students’
thinking (interview, focus groups) did not allow analyzing a large sample of answers,
which can lead to missing some of the less common misconceptions. The methods allowing
a large number of participants (code analysis, problem solving) allow the researchers to
work only with the artifacts of student’s work, which limits the number of misconceptions
that can be detected. By labeling and analyzing free-text responses to predefined questions,
we were able to work with a larger student sample while letting them answer in their
own words.

While undergraduate CS majors are common subjects in studies of misconceptions of
novice programmers, most of the existing studies span all the misconceptions encountered
in CS0/CS1 course. None of them to our knowledge concentrated on studying miscon-
ceptions of control-flow statements in particular. That often led to broad formulations of
found misconceptions and could cause some of them to be omitted. Our research closes
this gap. We created a set of questions requiring students to explain lines of program
traces, which were specifically aimed at verifying understanding of control-flow statements.
This allowed us to find 11 new misconception and narrow definitions of 7 already-known
misconceptions, along with confirming 6 previously known ones.

Among the found misconceptions, the two most frequently observed misconceptions
(and three out of the seven most frequently observed misconceptions) concerned multi-
branch selection statements. This shows that learning primarily one-branch and two-branch
“if-else” statements is not enough and more attention should be given to the behavior of
more complex selection structures, including “else if” (or “elif”) clauses. Another two out
of the seven most frequently observed misconceptions concern the behavior of “for” and
“foreach” loops, which is more complex than the behavior “while” and “do-while” loops.
“For” loops also need additional attention. A somewhat surprising finding is that students
often called any non-linear algorithmic structure a loop, so terminology questions, stressing
the difference between iterative and non-iterative algorithmic structures, are needed.

These misconceptions can be used in developing web-based intelligent tutoring sys-
tems for teaching programming such as Problets [36], HowItWorks or CompPrehension [17].
Those systems rely on the automatic determining and classifying of students’ errors and
providing relevant error messages to correct students’ misconceptions. What they require
from misconception studies is different. The frequency of misconceptions does not matter
for automatic tutors because they do not have the time restrictions of human teachers;
automatic tutors can address even rare misconceptions to help more students. However, de-
veloping intelligent tutoring systems requires fine-grained lists of misconceptions regarding
a particular topic, which is in line with the results of this study.

For further research, we plan to analyze the collected answers according to the in-
formation they contain: we plan to identify atomic information pieces that should be
present in the answer to each question and determine the pieces that were often omitted.
We also plan to use these misconceptions to enhance automatic tutors for introductory
programming courses with advanced feedback for students. Common misconceptions can
also be used to fine-tune adaptive exercises in automatic tutors to make sure each of them
was verified during the exercise.
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Appendix A. Misconceptions and Responses Labeling

Table A1. List of detected misconceptions.

Count of
Label Misconception ounto
Students
Failing to take into account the end of a block:
SEQ1 The student thinks that a block or function has not been completed, 7
although it has ended.
Action, which is placed after a sequence, is executed inside the
SEQ2 sequence: 3
Inside the block, the student executes an action that is placed after the
block.
Actions are executed in the wrong order:
SEQ3 The student executes actions inside a block in a different order than they 1

are placed in the sequence.

A “then” branch is always executed:
SEL1 The student thinks that a selection-statement branch can be executed 3
without evaluating its condition first.

Starting a “then” branch after a false condition:
SEL2 The student tries to start a selection-statement branch even though its 7
condition is false.

Conditions of a selection statement are checked in the wrong order:
The student thinks that, in a multi-branch selection statement,
conditions can be checked not in the order they are placed in the
statement

SEL3

Not considering the truth of a control condition as the cause for the
execution of its branch:
SEL4 When asked why a branch of the selection statement has started, the 10
student does not mention the value of its control condition as the reason
for its execution.

Checking a condition after executing a branch:
SEL5 The student thinks that a condition can be evaluated after the 5
corresponding branch of the selection statement is completed.

Two or more branches of one selection statement are executed:
SEL6 The student thinks that more than one branch can be executed during 6
one execution of a selection statement.
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Table A1. Cont.

Count of
Label Misconception
Students
Action, which is placed after the selection, is considered belonging to its
SEL7 branch: 6
Inside a selection-statement branch, the student executes an action that
is placed after the selection statement.
Exiting a selection without executing a branch or checking all the
conditions:
SELS8 The student thinks that a selection statement can finish before checking 2
all its conditions and/or without executing a branch whose condition is
true.
Multiple checks of the same condition:
SEL9 The student thinks that in a selection statement, a branch condition can 4
be evaluated several times.
Executing a wrong branch after checking a condition:
SEL10 The student thinks that a different branch can be executed after a 3
selection-statement condition evaluates to true.
Missing first condition test in a precondition loop:

LOOP1 The student thinks that the first iteration of a precondition loop can 4
begin without evaluating the loop condition first.
Continuing a loop without checking its condition:

LOOP2 The student thinks that the next iteration of a loop can begin without 4
evaluating the loop condition after the end of the previous iteration.
Continuing a loop after its control condition evaluates to false:

LOOP3  The student thinks that a loop iteration can begin if the loop condition is 6
false (for “while”, “do-while” and “for” loops).

Action, which is placed after a loop, is considered belonging to the loop:

LOOP4 Inside the body of a loop, the student executes an action that is placed 6

after the loop.
Skipping an iteration when the loop condition is true:
The student thinks that the computer can proceed to the next action of

LOOP5 . L . . . 5
the loop (e.g., checking the condition again) without executing the
loop’s iteration.

A “for” loop is initialized after its iteration:

LOOP6  The student thinks that the initialization step of a “for” loop can be 8
executed after the iteration finishes.

Skipping the update step of a “for” or “foreach” loop:

LOOP7  The student thinks that the update step of a “for” or “foreach” can be 7
omitted after an iteration finishes.
Skipping the initialization of a “for” loop:

LOOP8  The student thinks that the initialization step of a “for” loop should not 5
be executed when the loop starts.

Perceiving a selection statement as iterative:

RECsl The student thinks that a selection statement can have several iterations 1
during a single execution of the statement.
Calling the selection statement a loop:

NOT1sl ~ When explaining the behavior of the selection statement, the student 8
calls it a loop.

NOT2pl Calling the program a loop: 3

When explaining the behavior of the program, the student calls it a loop.
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Table A2. Examples of labeling students answers.

Misconception
Assigned

Question
Description

Answer
Template

Correct
Answer

Student’s
Answer

SEL1 (q. #139)

A loop having a selection
with the target act
iterates two times.

The act “well_done”
occurs exactly twice in
the trace, because...

both times when the
selection statement was
executed in the loop, its
condition evaluated

to true.

the action must be
performed once in each
iteration, so there are
two iterations.

SEL4 (q. #8)

A branch’s condition has
been evaluated to true,
and the branch started

The branch should begin
here because...

its condition evaluates
to true.

it stands after checking
the condition.

SEL5 (q. #31)

A branch’s condition has
been evaluated to false
and evaluated again.

The condition
“now_green” is wrong in
this place, because ...

the selection should
check the conditions one
by one.

the “else” branch should
have been executed first,
and only then the
condition should

be checked.

SEL9 (q. #30)

A branch’s condition has
been evaluated to false
and is evaluated again.

The condition “now_red”
is wrong in this place,
because...

the selection should
check its condition
only once.

it must appear before the
previous condition.

LOOP4 (q. #168)

Action “go” stands after
the end of a “while” loop;
the loop tries to end
without evaluating

its condition.

The end of the loop is
wrong in this place,
because...

the condition of the loop
must be evaluated first.

it should end after the
“g0” act.

LOOP6 (q. #178)

A “for” loop’s iteration
begins without checking

The iteration should not
begin here because ...

the condition of the loop
has not been evaluated.

2nd initialization was not
performed.

its condition.
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Abstract: The importance of accurately predicting student performance in education, especially in
the challenging curricular unit of Introductory Programming, cannot be overstated. As institutions
struggle with high failure rates and look for solutions to improve the learning experience, the need
for effective prediction methods becomes critical. This study aims to conduct a systematic review
of the literature on methods for predicting student performance in higher education, specifically in
Introductory Programming, focusing on machine learning algorithms. Through this study, we not
only present different applicable algorithms but also evaluate their performance, using identified
metrics and considering the applicability in the educational context, specifically in higher education
and in Introductory Programming. The results obtained through this study allowed us to identify
trends in the literature, such as which machine learning algorithms were most applied in the context
of predicting students’ performance in Introductory Programming in higher education, as well as
which evaluation metrics and datasets are usually used.

Keywords: higher education; introductory programming; machine learning; student’s perfor-

mance prediction

1. Introduction

Introductory Programming (IP) continues to be a challenge for higher education (HE)
students, with high failure rates [1,2]. Different studies have attempted to analyze and
identify possible difficulties associated with learning to program, including aspects such
as the complex syntax of programming languages [3] and conceptual knowledge related
to how the language itself works [4]. The difficulties reported by students and teachers in
these studies included understanding programming structures; dividing functionality into
procedures; finding bugs in one’s own program; and understanding variables, functions,
loop structures, recursion, arrays, pointers and references, structured data types, abstract
data types, and input/output handling. Several reasons have been identified to explain
these difficulties [5], namely (i) teaching methods; (ii) study methods; (iii) students’ abilities
and attitudes; (iv) the nature of programming; and (v) psychological effects. This has
motivated research into the factors that influence the learning process and how to overcome
them [6]. It is possible to find references in the literature to several other factors that
influence the learning experience of programming, such as the ability to think abstractly [7],
previous experience of programming [8,9], the effect of teaching approaches that take
into account students” motivational strategies and learning preferences and styles [10,11],
mathematics skills [12], or problem-solving skills [13].

The significant problem of student failure underlines the need for effective interven-
tions, as outlined in several studies that have been carried out with the aim of analyzing
and providing possible solutions to this problem [14]. One of the solutions often analyzed

2,%

Computers 2024, 13, 219. https:/ /doi.org/10.3390/computers13090219 96

https:/ /www.mdpi.com/journal /computers



Computers 2024, 13, 219

by researchers focuses on analyzing and improving the usual methods of teaching pro-
gramming in HE [15,16]. Numerous tools and strategies were also developed to contribute
to the solution of this problem, and although each one has its merits, none of them has
yet completely solved the problem [16]. Among the various strategies studied, the use of
methods to predict student performance stands out as a possible solution [17,18]. While
several metrics have been used to evaluate student performance, Quille and Bergin [19]
introduced the PreSS metric, which focuses specifically on predicting student success in IP
courses. The authors propose a relevant approach by developing a prediction model called
PreSS, which has been validated and refined over 13 years. The paper discusses the chal-
lenges of predicting student success in CS1, such as high attrition rates and the difficulty
of identifying students at risk. The authors found that PreSS can predict student success
with 71% accuracy and that it can be used to develop interventions to improve student
performance. Although these results are positive, 71% is still not ideal and highlights the
difficulties that remain in finding solutions.

In this study, student performance is defined as their proficiency in IP, measured
through a combination of grades in formal assessments (such as exams and assignments),
participation in practical activities, and performance on coding tasks. This definition is
consistent with the literature, which emphasizes the importance of assessing not only
theoretical knowledge, but also students’ practical programming skills [20].

This study delves into this area with the aim of providing a comprehensive and
systematic review of the existing literature on the methodologies used to predict student
performance in HE, particularly in programming, focusing on machine learning (ML) as
a prediction method. It emphasizes the application of these ML algorithms, identifying
which algorithms have been used and their performance, and analyzing which evaluation
metrics and datasets have been used. ML algorithms are extremely useful techniques that
are commonly used to develop models for predicting student performance [21].

Data mining is the extraction of important and potentially useful information or trends
from data. Educational data mining (EDM) is the application of data mining techniques in
the educational context with educational data. ML is one of the data mining techniques
that is widely used in the field of EDM [22,23]. The emphasis on ML in this study is due
to its ability to handle large datasets, discover complex patterns, and make predictions
with high accuracy. There are other techniques, such as traditional statistical methods,
that can also be used in the process of studying student performance. However, although
statistical methods are well established and easy to interpret, they are not able to capture
complex patterns in the data as effectively as ML techniques. On the other hand, ML can
offer greater accuracy and adaptability, with the slight disadvantage of requiring more
computational resources and specialized knowledge to implement.

The area of IP has a profound significance for aspiring computer engineers, serving as
the fundamental basis on which their entire educational and professional path is built. Ap-
titude in programming is not just a prerequisite but an essential skill that forms the core of
a future engineer’s capabilities. This skill lays the foundations for understanding complex
algorithms, problem-solving methodologies, and the intrinsic aspects of software devel-
opment [24]. This systematic literature review aims to address the gap in understanding
which ML algorithms should be applied and which are most effective in predicting student
performance in IP, by analyzing their performance and examining the evaluation metrics
and datasets used. In addition to other similar studies [25], this paper contributes to the
field by providing a clear overview of the current state of research and identifying the most
promising approaches and areas for future research, which will help in decision-making
processes for the further development of the field and the search for solutions.

The remainder of this paper is structured as follows. Section 2 describes the methodol-
ogy used to conduct this systematic review, highlights the methods identified, and presents
the algorithms specified in related works. Section 3 identifies the studies found that address
the problem under study. Section 4 summarizes the results and Section 5 presents the
answers to the research questions. Section 6 presents the main threats to the validity of
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this study and Section 7 identifies future research directions. Finally, Section 8 presents the
conclusions.

2. Methodology

This study consists of a review of the current literature to contribute to identifying
current trends and major difficulties and to present a comparative analysis of some of
the existing studies in the context of predicting student performance in IP courses in HE,
using the Kitchenham methodology [26]. This methodology describes some guidelines for
developing systematic reviews. The following steps were applied: (a) definition of research
questions; (b) selection of data sources; (c) definition of the search string; (d) definition of
preconditions; (e) definition of inclusion and exclusion criteria; and (f) data extraction and
analysis.

Research Questions—For this study, three research questions (RQ) were defined as
follows:

RQ1: What were the most-used ML algorithms proposed by the researchers for predicting
students’ performance in HE in IP?

RQ2: Which datasets were used, and which evaluation metrics were considered most
appropriate for measuring the performance of predictive models in HE in IP?

RQ3: Which ML algorithms seem to better predict students” performance in HE in IP?

Data Sources—The papers analyzed in this study were the result of searches in the
search engine Google Scholar.

Search String—The search string used was as follows: (“introduction to programming”
OR “programming learning” OR “learning programming” OR “learn to program” OR CS1)
AND (novice OR freshman OR beginner) AND (“higher education”) AND (aptitude OR
performance OR skill OR ability OR proficiency OR facility OR talent) AND (“predict”)
AND (“machine learning”) AND—"video” AND—"ChatGPT".

Preconditions—Two conditions were met as follows: publications from 2015 to 2024
and written in English.

Inclusion and Exclusion Criteria—To select interesting studies, the following inclusion
criteria were defined: (i) responses to the research questions established. The exclusion
criteria were as follows: (el) the paper does not refer to IP; (e2) the paper does not focus on
HE; (e3) the paper does not refer to the use of ML; (e4) the paper is not available; and (e5)
studies others than papers were not considered (like theses and books).

Data Extraction—Initially, the search string was built to find papers related to this
problem. Next, some preconditions were appointed for selecting the papers, and then
the inclusion and exclusion criteria were defined. Once this was finished, the phase of
collecting papers began. Based on the search string and the preconditions, 209 records were
identified, and by checking the title, 28 papers ended up remaining. Next, the abstracts of
these selected papers were analyzed and checked for their compliance with the proposed
research questions and defined criteria for the remaining 18 papers. These 18 papers were
read in full, taking into account the research questions and the defined criteria. The search
ended with 11 papers to be analyzed. Figure 1 shows the full literature review process steps.

The aim of this study is to explore the different methods that shape the scenario of
predicting students’ performance in HE institutions, with particular emphasis on the field
of IP and focusing on ML algorithms.

The following section gives an overview of the types of datasets used in the state of the
art in this specific field and the evaluation metrics. The aim of this analysis is to understand
existing strategies, inspire future innovative approaches, and improve forecast methods’
accuracy and usefulness.
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Figure 1. Literature review process steps.

2.1. Datasets

Proper data collection plays a critical role in building a solid foundation for research.
This section examines the different datasets used in the papers presented above. Table 1
presents the datasets used in the analyzed papers.

Table 1. Datasets used in the analyzed papers.

Datasets Papers
Questionnaires [27-29]
Academic records [27,28,30-36]
Personal data [30,32,34,35,37]

In the papers, data were collected from different datasets:
e  Questionnaires

Questionnaires consist of a set of questions that, in the context of the subject under
study and, as analyzed in the related works, may or may not include questions directly
related to programming. The answers to these questionnaires make it possible to extract
important information about the students and their theoretical and practical skills.

e Academic Records

Class attendance, course averages, test scores, practical work, and other assessment
components are perhaps the most important data for correctly predicting students’ perfor-
mance. In the analyzed papers, using academic records from previous years to train the
model and then using academic records from the current year to predict performance was
widespread.

e Personal Data

Another type of data commonly used were personal data. These data include informa-
tion such as age, gender, nationality, and programming experience. These data can identify
some patterns that may be associated with academic performance in IP.
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2.2. Evaluation Metrics

The correct choice and interpretation of evaluation metrics is essential when analyzing
the performance of a model. This section consists of a description of the metrics identified
in the related works, which provide information about a model’s predictive ability, and
are used here to predict students” academic performance in IP in HE. The most important
metrics that have been identified are the following:

e  Accuracy-is the most common evaluation metric. It works as an indicator of the
model’s overall performance by determining the percentage of correctly classified
instances [38].

e  Precision-is an extremely useful metric, in situations where false positives are more im-
portant than false negatives because it allows us to evaluate the model and determine
what percentage of instances classified as positive are positive [38].

e  Recall-is a metric that can be very useful when false negatives are more important than
false positives, as it allows us to calculate the percentage of true positive instances that
have been correctly classified [38].

e  F1-Score-is created when the precision and recall metrics are both critical. This metric
combines precision and recall through a harmonic mean, so by maximizing the value
of the F1-Score, we simultaneously maximize the precision and recall [38].

e  Specificity-is the metric that allows calculating the percentage of truly negative in-
stances that have been classified as negative; in other words, it assesses the ability of
the model to correctly identify negative cases [38].

e  Sensitivity-is the metric that allows calculating the percentage of truly positive in-
stances that have been classified as positive [38].

e  Root Mean Square Error (RMSE)-is commonly used to evaluate model performance.
This metric measures the average squared difference between the values predicted by
the model and the actual values. The lower the RMSE value, the better the model’s
performance [38].

3. Related Work

The following provides a detailed overview of the different methodologies identified
in this systematic review, highlighting the variety of datasets, algorithms, and evaluation
metrics that represent the state of the art in this specific field.

Over the last few years, many studies have been conducted on predicting students’
performance in HE, with a particular focus on IP. This section presents the analysis of the
papers obtained through the methodology described.

The study carried out in [27] presents a ML model that attempts to predict students at
risk of poor performance. The algorithm used in this research was Gradient Boosting, which
was trained on students’ data obtained from questionnaires and class works conducted
during the first two weeks of the semester, with a total of 471 students. The model’s
expected output is a number between 0 and 1, representing the probability that a given
student is at risk of performing poorly.

The study presents a promising approach to predicting student performance with
a relatively large database, using a good variation of assessment metrics, and achieving
significantly positive accuracy and specificity results. However, there are some significant
limitations, such as low recall and precision, which indicate that the model may not
adequately identify all students at risk. Improvements can be made by extending the data
collection period, increasing the diversity of the sample, and integrating more temporal
and contextual data to increase the robustness and generalizability of the model. Table 2 is
a summary of the datasets and the algorithm used, along with the metric values obtained.

The work proposed in [28] applies four ML algorithms to create predictive models
capable of predicting possible students at risk of failing an IP course. The algorithms
used were Decision Tree, K-Nearest Neighbour (KNN), Naive Bayes, and Support Vector
Machine (SVM). The data used to train the models were obtained from an IP course where
features were the average entry grade in the course, the result of a questionnaire, practical

100



Computers 2024, 13, 219

assessments, and other class assessments of the full semester. All this information together
relates to the four semesters of the academic years 2018/2019 and 2019/2020, with a total of
244 records. The accuracy, precision, and recall metrics were used to evaluate the results of
the models. Both Decision Tree and SVM achieved the highest performance, but Decision
Tree was twice as fast as SVM at running the model.

Table 2. Datasets, algorithms, and metric values used in [27].

Dataset Algorithm Metric Value
Accuracy 82%
Academic records Gradient Boostin Recall 57%
Questionnaires & Precision 56%
Specificity 88%

The study shows impressive results with high levels of precision, recall, and accuracy
in various algorithms. The sample size seems to be average and realistic. The reason for
such positive results may be associated with the fact that the dataset uses information from
the entire semester to predict the final grade, thus having a greater number of assessment
components already performed, making it easier to predict the final grade. This study
does not seem to be recommended if an early prediction is needed to help at-risk students,
as it requires the full semester’s information. Table 3 is a summary of the datasets and
algorithms used, along with the metric values obtained.

Table 3. Datasets, algorithms, and metric values used in [28].

Dataset Algorithm Metric Value
Accuracy 99.18%
Decision Tree Precision 100%
Recall 98.7%
Accuracy 98.36%
. KNN Precision 99.3%
Academic records Recall 100°%
. . eca o
Questionnaires
Accuracy 96.72%
Naive Bayes Precision 97.4%
Recall 97.4%
Accuracy 99.18%
SVM Precision 100%
Recall 98.7%

ML techniques are also used to identify high and low performers in the study carried
out in [30]. The data considered for the models are from one semester of an IP course at the
University of Helsinki with a total of 86 students. Age, gender, grade point average, and
programming experience are some information available in the data used. The intended
results were the prediction of the final grade of the course. The algorithms used were
ADTree, Bayesian Network, Conjunctive Rule, Decision Stump, Decision Table, J48, Naive
Bayes, and PART. The authors tried to predict the students” exam results to understand
which algorithm was the best between the models with the best accuracy, Random For-
est, and Decision Stump. Random Forest obtained a 90% accuracy and Decision Stump
obtained 83%.

Overall, the study showed positive results for practically all the algorithms used.
However, the dataset used is very limited, which introduces potential bias due to its
reduced diversity. In addition, the fact that the authors relied solely on accuracy as the
only evaluation metric may have limited their understanding of the model’s performance.
In the context of the problem, the use of other metrics, such as specificity and sensitivity,
can be very useful in understanding whether or not you are dealing with a case where the
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models are unable to generalize. Table 4 gives a summary of the datasets and algorithms
used, along with the metric values obtained.

Table 4. Datasets, algorithms, and metric values used in [30].

Dataset Algorithm Metric Value
ADTree Accuracy 83%
Bayesian Network Accuracy 76%
Conjunctive Rule Accuracy 86%
Decision Stump Accuracy 90%

Academic records

Personal data Decision Table Accuracy 76%
J48 Accuracy 89%

Naive Bayes Accuracy 86%

PART Accuracy 76%

Random Forest Accuracy 90%

The work carried out in [31] aimed to identify students with learning difficulties at
an earlier stage to give them more attention in the form of extra class hours. Identifying
students with difficulties was performed by predicting the probability of completing the
course using an ML model. Data from 181 students, from the previous year, were used
as training data for the model. These data contain the grades obtained in three teaching
activities that were carried out every year during the first five weeks of the course: seminar,
quiz, and practical work. The problem presented was a binary classification, for which the
authors decided to use the Logistic Regression algorithm, where the result was “yes” (1)
or “no” (0) to know if the student would pass or fail. The precision, recall, and F1-Score
metrics were used to check the quality of the model.

The study presents a relatively different approach to identifying students with learning
difficulties early. The high recall rate is a major strength, ensuring that most students who
pass are identified. However, the moderate precision may indicate difficulties in predicting
students who are unlikely to pass. The sample size is relatively small and may therefore
represent a conditioned sample. Possible improvements would be to expand the sample and
explore different algorithms or combinations of algorithms to improve model precision. A
summary of the datasets and the algorithm used, together with the metric values obtained,
is presented in Table 5.

Table 5. Datasets, algorithms, and metric values used in [31].

Dataset Algorithm Metric Value
Precision 67%
Academic records Logistic Regression Recall 92%
F1-Score 77%

Three ML algorithms to predict potential student grades at an early stage in the
semester were used in the study of [32]. The outcome to be expected was a value from
0 to 100 that indicates the student’s final grade. With this study, the authors aim to help
students identify their likely grades and, if necessary, modify their academic behavior. The
data used in the study were collected at the University of Buraimi. The dataset consists
of information on 50 students and includes attributes such as gender, first-test grade, and
attendance, among others. The performance of the algorithms used was evaluated, based
on the accuracy metric and F1-Score. The three algorithms were Decision Table, J48, and
Naive Bayes.
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The study presents good results for the three algorithms used. However, the extremely
small sample size may result in the models not being able to generalize, which is the
main limitation of this study as ML algorithms trained on small datasets may not achieve
satisfactory results. It was recommended to use metrics such as specificity or sensitivity to
understand whether this generalization capacity exists. The exploration and addition of
new data would add further relevance to the study results. Table 6 is a summary of the
datasets and algorithms used, along with the metric values obtained.

Table 6. Datasets, algorithms, and metric values used in [32].

Dataset Algorithm Metric Value
A 83%
Decision Table Ffl:f; (f 212, 799,
Academic records Accuracy 88%
Personal data J48 F1-Score 88%
.. Accuracy 84%
B
Naive Bayes F1-Score 83%

The study of [33] presents a model developed to try to identify in advance students
at risk of failing an IP course by predicting the final exam grade. It used data from
assignments and class exercises carried out in the first two weeks of the semester, and
these data corresponded to the years 2016, 2017, and 2018. The developed model used the
Random Forest algorithm, where the 2016 data with a total of 93 records were used for
training, the 2017 data with 94 records were used for validation, and the 2018 data with 102
records were used for testing. The results obtained for Random Forest show a low overall
accuracy, but a good sensitivity in predicting students that are at risk. According to the
authors, the results obtained were not the best due to the lack of balance in the dataset used.

The authors acknowledge the limitations of the study itself, pointing to the inability of
the model to learn on an unbalanced dataset. However, it should be noted that the model
appears to have a good ability to identify students who are at risk. Nevertheless, it later
fails to predict students who are not at risk. A limitation of the study is the small size of the
sample used to train the model. Table 7 is a summary of the datasets and the algorithm
used, together with the metric values obtained.

Table 7. Datasets, algorithms, and metric values used by [33].

Dataset Algorithm Metric Value
. Accuracy 60%
Academic records Random Forest Sensitivity 77%

Different neural networks to identify at-risk students were tested in the work presented
in [34]. The study used historical students’ data over the years in IP courses in HE. These
data contained personal information and records of different assessment grades given
during the semester over the last 7 years. In total, the dataset contained information of
592 students. The authors tested 25 different network topologies and concluded that the
Probabilistic Neural Network (PNN) obtained the best results.

The results of this study are very positive. The sample size is one of the largest
compared to all the papers analyzed so far. Although in the end the authors only use
the accuracy metric, the paper presents the corresponding confusion matrix of the neural
network, which allows us to verify the good ability of the model to classify both students
at risk and those who are not at risk. The dataset also presents a good balance of classes.
This study shows the potential of neural networks. A summary of the datasets and the
algorithms used, together with the metric value obtained, is given in Table 8.
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Table 8. Datasets, algorithms, and metric values used by [34].

Dataset Algorithm Metric Value

Academic records

Personal data PNN Accuracy 91%

In [29], the study applied different algorithms for predicting students” performance in
programming in HE. The data were obtained from the University of Madras, India, and
include information about the students collected through a questionnaire. These data were
collected as part of an introductory Python programming course in the first semester of the
first year of the course. In total, the data contained records for 490 students. In this study,
five different algorithms were tested and evaluated using the recall, precision, F1-Score,
and accuracy metrics. The algorithms were the following: Decision Tree, KNN, Naive
Bayes, Random Forest, and SVM. Overall, Naive Bayes obtained the best results.

The study presents a comprehensive and robust analysis using a variety of machine
learning algorithms to predict student performance. The evaluation metrics used are
relevant. The sample size also appears to be representative and complete. Considering
that the study only uses data from a questionnaire, the results are very good. Table 9
summarizes the datasets and algorithms used, and the metric values obtained.

Table 9. Datasets, algorithms, and metric values used in [29].

Dataset | Algorithm Metric Value
: Accuracy 85.10%
[ Precisi 86.57%
[ Decision Tree recision
| Recall 84.89%
[ F1-Score 85.72%
! Accuracy 84.28%
|
| Precision 85.82%
| KNN o
| Recall 83.46%
[ F1-Score 84.62%
: Accuracy 91.02%

Questionnaires | Naive Bayes Precision 92.21%
[ Recall 90%
: F1-Score 91.09%
: Accuracy 87.55%
[ Precision 86.06%
[ Random Forest
| Recall 88.60%
[ F1-Score 87.31%
! Accuracy 88.77%
i SVM Precision 89.79%
| Recall 88%
[ F1-Score 88.88%

The work carried out in [37] applies the J48, Multilayer Perceptron, Naive Bayes,
REPTree, and Sequential Minimal Optimization algorithms to predict students” academic
performance in an IP course. The data for the models were collected from a C program-
ming course at the University of Madras, India. The dataset contains 300 records with
demographic information about the students. The results obtained were based on accuracy.
Out of these algorithms, the Multilayer Perceptron showed the best performance.

Although this study concluded that the five models achieved high accuracy in pre-
dicting student performance, relying on accuracy as the sole evaluation metric may have a
limited understanding of model performance. More metrics are needed to better under-
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stand whether the results are good. Good accuracy does not always mean good prediction.
Table 10 provides an overview of the datasets, algorithms, and metrics that were collected.

Table 10. Datasets, algorithms, and metric values used in [37].

Dataset Algorithm Metric Value
J48 Accuracy 92.03%

Multilayer Perceptron Accuracy 93.23%

Personal data Naive Bayes Accuracy 84.46%
REPTree Accuracy 91.03%

Sequential Minimal

Optimization Accuracy 90.03%

The study in [35] takes a different approach from the previous work. Here, a deep
learning model was developed and used data, such as the student’s identity, professional
skills, and academic records, including the code developed by the IP courses in HE stu-
dents. The main goal is to predict the student’s performance in the final exam; it is a
regression problem. The authors ran several tests to decide which architecture to use and
concluded that a Deep Neural Network (DNN) with four fully connected layers was a
good architecture. In this DNN, the input layer had 128 neurons, the second layer had 64,
the third layer had 8, and the output layer had only 1. The activation function used was the
Rectified Linear Unit (ReLU), and the evaluation metric selected was the RMSE. The results
were 12.68 RMSE for the DNN. Finally, a comparison was made with six other algorithms
(SVM, Bayesian Ridge, Random Forest, Extra Trees, Gradient Boosting, and Decision Tree),
where the SVM stood out as having the best performance, although still below the DNN,
with an RMSE of 14.07.

This study explores a new aspect of predicting student performance and shows the
great potential of deep learning for the context. A negative point identified was the failure
to clarify the size of the dataset used to train the models. The results are very promising
and consistent with the literature, suggesting that the way forward could be through deep
learning, as these architectures show constant improvements in performance. Table 11
provides a summary of the datasets and the algorithm used, together with the metric values
obtained.

Table 11. Datasets, algorithms, and metric values used in [35].

Dataset Algorithm Metric Value
Academic records DNN RMSE 12.68
Personal data SVM RMSE 14.07

Finally, in [36], the study applied the ID3 and J48 classification algorithms to analyze
students’ performance in an IP course. The data used to develop the models came from
the first semester of an IP course that ran for three months, from September to November
2017, at Usmanu Danfodiyo University in Nigeria. The data consisted of 239 instances
with information on class attendance, test grades, and completed assignments. The results
of the models were evaluated based on four metrics: accuracy, precision, recall, and F1-
Score. The results of both algorithms were similar, so to clarify what was the best one, the
authors analyzed the number of instances that were correctly classified; J48 obtained 208
and ID3 obtained 204 out of 239 total instances, so the authors concluded that J48 slightly
outperformed ID3.

This study achieved very positive results for both models. The metrics used are
relevant and sufficient to understand the quality of the models’ predictions, and the sample
used is of an acceptable size. Improvements can be made by extending the dataset. A
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summary of the datasets and algorithms used, together with the metric values obtained, is

shown in Table 12.

Table 12. Datasets, algorithms, and metric values used in [36].

Dataset Algorithm Metric Value
Accuracy 85.4%
Precision 84.8%
D3 Recall 86%
Academic records F1-Score 85%
Accuracy 87%
Precision 80%
Ja8 Recall 87%,
F1-Score 82.8%

4. Results

This section summarizes the results, identifying the main findings and trends found
from the literature reviewed, the models and algorithms used, the most-used evaluation
metrics and datasets, and the algorithms that gave the best results including the deep
learning approach. The identification of patterns provides a more comprehensive overview
of the characteristics studied that are most relevant in predicting students” academic success

in IP in HE.

In addition to summarizing the key findings, this section highlights the contributions
that promise to catalyze future progress in this important area.

4.1. Models

The application of ML models has emerged as a fundamental approach to obtain
valuable details about students” performance in IP courses in HE. Table 13 lists the ML
models used in the analyzed papers. Each model is presented along with the references for
the specific papers in which they were implemented. In total, twenty different algorithms
were used in all the analyzed papers. Some of these algorithms were used in more than
one paper, and there were studies that applied and compared multiple models.

Table 13. Models used in analyzed papers.

Algorithms Papers
ADTree [30]
Bayesian Network [30]
Conjunctive Rule [30]
Decision Stump [30]

Decision Table [30,32]

Decision Tree [28,29]
DNN [35]
Gradient Boosting [27]
1D3 [36]

J48 [30,32,36,37]

KNN [28,29]
Logistic Regression [31]
Multilayer Perceptron [37]

Naive Bayes [28-30,32,37]
PART [30]
PNN [34]
Random Forest [29,30,33]
REPTree [37]
Sequential Minimal Optimization [37]
SVM [28,29,35]
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4.2. Most-Used Algorithms

The presentation of the results made it possible to see some patterns and extract
some important knowledge. It was possible to identify that the algorithms J48, Naive
Bayes, Random Forest, and SVM tend to be the most used in three or more papers. Other
algorithms such as Decision Tree, Decision Table, and KNN are also used, although less
frequently, in only two papers. However, although simpler algorithms such as Random
Forest and Naive Bayes are often used, it is important to be aware that more complex
algorithms such as DNNSs, even if they are used less frequently, can provide superior
prediction performance. The paper of [35] that uses a DNN demonstrate this, as does
the paper of [34] that uses a PNN on a big dataset and obtains some of the best results
identified.

4.3. Most-Used Evaluation Metrics

It was also found that a wide range of evaluation metrics, including precision, recall,
and F1-score, are extremely useful and used in this context. However, none of these metrics
come close to the levels of use of the accuracy metric, which was used in nine of the
eleven papers in the literature review. The predominant use of the accuracy metric can
have a significant impact on the way predictive models are evaluated. This suggests that
many researchers prefer a simple and straightforward metric, possibly due to its ease of
interpretation. However, this may also lead to an underestimation of the limitations of
accuracy, particularly in unbalanced datasets where the metric can be misleading.

4.4. Most-Used Dataset

Among the datasets identified, academic records proved to be the most frequently
used data for predicting performance in IP in HE, being reported in nine of the eleven
papers analyzed. This makes sense since past records of a student’s grades allow many
conclusions to be drawn about the level of a student’s skills and competences.

4.5. Datasets Analysis

When analyzing the different papers selected, constant variations were identified in
the types of datasets used (academic records, personal data, and questionnaires) as well
as in the size of the dataset itself. While academic records are the most common data
source in the reviewed studies, it is important to analyze whether other types of data, such
as questionnaires and personal data, can contribute to the accuracy of predictions. More
detailed analysis of the datasets is therefore needed to understand the extent to which these
variations have an influence on the results.

Comparing the results of predictions based on different data sources, there is no clear
evidence that one particular data source leads to better performance than the others. This
can be analyzed in the studies carried out in [29,36,37], where each study uses a different
data source: questionnaires in [29], academic records in [36], and personal data in [37]. In
these three studies, the models were able to achieve good results, regardless of the variation
in the type of data. However, it was found that these results can be just as good or even
better when several data sources are used together, as can be seen in the studies of [28,34].
In these studies, the use of two types of data resulted in some of the best performances
identified in the studies analyzed. This suggests that integrating different types of data can
improve the ability to predict student performance. Further research should explore the
potential benefits of integrating multiple data sources to improve predictive accuracy.

An analysis of the size of the datasets used to train the different models and the
respective quality of the predictions obtained shows that the algorithms with the best
performance were in most cases used with the largest datasets, as observed in the studies
of [28,29,34,37], where the datasets always have more than 200 instances. This suggests
that factors such as data quality may also play an important role in influencing predictive
accuracy. In the studies analyzed, there were cases where small datasets achieved good
performance [32], but with models trained on so little data, there may be an inability of the
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model to generalize to new instances, related to the inability of the model to represent all
the variability and details of the population.

4.6. Algorithms with Best Results

Among all the models observed, some of the ML algorithms that showed the best
results were the SVM and the Decision Tree, which, in the paper of [28], using questionnaires
and academic records datasets, achieved an accuracy of 99.18%. Also noteworthy were
Naive Bayes and J48, which always gave very positive results. Figure 2 shows the accuracy
of the models used in the analyzed papers. It is important to note that Figure 2 only shows
the cases of algorithms that have been used more than once so that there is a point of
comparison and that were evaluated using the accuracy metric.

Decision Table

Naive Bayes

Decision Tree

KNN

SVM

Random Forest 60

J48

B Sunday et al. 2020 B Khan et al. 2019 B Sivasakthi 2017 B Veersamy et al. 2020 B Ahadi et al. 2015 B Sivasakthi et al. 2022 B Jamjoom et al. 2021

Figure 2. Accuracy of the most-used models. The references used are: Jamjoom et al. 2021 [28],
Sivasakthi et al. 2022 [29], Ahadi et al. 2015 [30], Khan et al. 2019 [32], Veersamy et al. 2020 [33],
Sunday et al. 2020 [36] and Sivasakthi 2017 [37].

Based on the models in Figure 2 and the corresponding accuracy results, an ANOVA
test was performed to determine any significant statistical differences. This test was
performed using the IBM SPSS Statistics tool. The ANOVA results show that the p-value
between the groups was 0.395, indicating that there is no evidence of statistically significant
differences between the group means. The F-statistic value confirms this fact, as it reaches
a value of 1.137, indicating that the differences between the group means are not large
enough to be considered statistically significant.

4.7. Deep Learning Approach

While traditional ML techniques are most commonly used to predict student perfor-
mance, the application of deep learning methods is still in its early stages. The relative
newness and complexity of deep learning may be factors contributing to its limited adop-
tion. In the paper of [35], a DNN was used to predict student performance using personal
data and academic records. The DNN performed better than six other algorithms, includ-

108



Computers 2024, 13, 219

ing the widely used SVM. This suggests that DNNs, with their ability to model complex,
non-linear relationships in data, have significant potential in this area. The conclusions of
the paper of [35] provide a valuable direction for future research in this area.

4.8. Challenges and Gaps

This section highlights the major challenges and limitations identified in the literature
review. The following difficulties have a direct impact on the quality of the study of
predicting student performance in IP in HE:

e  Data Quality Assurance

The foundation of any predictive model is the quality of the underlying data. Ensuring
the relevance and accuracy of the data is critical to the success of a study [39]. Data quality
assurance involves a careful process of data collection and pre-processing [40]. Given the
complexity of educational data, which often include multiple sources and formats, a robust
data assurance strategy is essential. Achieving balance in datasets is also a significant
challenge, as imbalances can affect results and compromise the predictive ability of the
model.

To address data quality concerns, we propose the implementation of two possible
solutions: (i) Advanced data cleaning techniques: the implementation of sophisticated data
cleaning methods, such as the detection of outliers (an observation that is very different
from the others in the series or is inconsistent) and the handling of missing values (one or
more missing instances in the data) through imputation techniques (to handle missing data
by filling in or estimating the missing values instead of discarding the incomplete records),
can improve data quality. (ii) Balancing techniques: applying techniques such as SMOTE
(Synthetic Minority Over-sampling Technique) to resolve class imbalances and increase the
predictive power and generalizability of the model.

e  Selection of the Algorithms

The abundance of available ML algorithms presents a significant challenge in the
selection process. While the diversity of options is beneficial, it is difficult to identify the
most appropriate algorithm for the given context. Ideally, a comprehensive approach
would involve testing multiple algorithms to identify the most effective predictive model
in IP in HE. However, time constraints often limit this exhaustive exploration. Finding a
balance between exhaustive exploration and time efficiency becomes a critical aspect of the
research process. Researchers must carefully weigh the necessary constraints and adopt
strategies that allow for a careful selection of algorithms without compromising the overall
study schedule. To help with this, research has been undertaken to develop strategies for
selecting the most appropriate algorithm for specific tasks [41].

In order to mitigate the challenges of algorithm selection, this study also acts as an
attempt to find a solution by carrying out a comparative analysis of different algorithms
used in the field of EDM. This approach will allow for a more informed decision to be made
about the most appropriate algorithm for predicting student performance.

Another viable solution to this problem, if there are no time constraints, is to apply
cross-validation techniques to a group of algorithms. The use of cross-validation methods
ensures a robust evaluation and helps to select the model with the best-performing model
from the group.

e  Evaluation Metrics Application

The selection of appropriate evaluation metrics is a decision that depends on the
specific problem at hand [42]. The literature review revealed cases where studies were
based on a single metric, potentially limiting the understanding of a model’s performance.
Multiple metrics are recommended to provide a comprehensive view of the predictive
model’s strengths and weaknesses. Researchers need to match the metrics chosen to the
complexity of the educational context and the nature of the prediction task. This will
ensure an evaluation that goes beyond a superficial assessment and provides a deeper
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understanding of the model’s effectiveness. The simplest solution to this problem is to
apply multi-metric evaluation, which uses a range of metrics, such as accuracy, precision,
recall, and F1-score, to provide a more comprehensive assessment of model performance.

By addressing these challenges, researchers can strengthen the foundations of their
studies and improve the reliability and applicability of ML techniques in predicting student
performance in the dynamic landscape of HE, particularly in IP.

5. Discussion

At the beginning of the research, three research questions were identified, which will
be answered below.

RQ1: What were the most-used ML algorithms proposed by the researchers for
predicting students’ performance in HE in IP? The literature review identified several
algorithms applicable to the context of this study. However, four algorithms stood out and
were used in multiple papers. These algorithms were Naive Bayes, J48, Random Forest,
and SVM, used in five, four, three, and three different papers, respectively. As mentioned
above, when presenting the most commonly used algorithms, the fact that these algorithms
are widely used does not always mean that they are the best algorithms for this type of
problem, as has been shown with approaches using neural networks such as DNN and
PNN, which have achieved extremely positive results.

RQ2: Which datasets were used, and which evaluation metrics were considered most
appropriate for measuring the performance of predictive models in HE in IP? Regarding
the datasets, academic records were the most used; with those, it is possible to observe the
student’s past performance and understand their ability and academic commitment over
time. The fact that it is used most often does not mean that it produces better results, since
the analysis carried out showed that the best results were obtained by using several data
sources. It is worth noting, however, that in these cases of multiple use, the type of data
used were always academic records, which highlights their relevance and impact in the
context of prediction. As for the metrics, after the analysis of the papers, it became clear
that there was no perfect answer to this question. There is no ideal metric. The choice of
metrics always depends on the context in which people work. However, it was possible
to conclude that more than one metric should be chosen, usually accuracy and F1-Score.
Accuracy is preferred because of its simplicity and ease of interpretation. However, its
limitation in unbalanced datasets, where it can be misleadingly high, necessitates the use
of additional metrics. The F1-Score, which combines precision and recall into a single
metric, is particularly valuable in scenarios where the balance between false positives and
false negatives is critical. By using a combination of metrics, it is possible to gain a more
complete understanding of model performance. The type of problem (classification or
regression) to be applied also influences the metric to be chosen. For example, for regression
and deep learning problems, the use of the RMSE metric is recommended.

RQ3: Which ML algorithms seem to better predict students” performance in HE in IP?
Twenty algorithms were identified in the papers analyzed. To understand which could
be the best, only those algorithms that were applied more than once were considered to
compare them, by calculating the average accuracy of the algorithm. This way, it can be
concluded that the algorithm with the best average accuracy was the SVM, which was
applied in three studies (only in two of those was the accuracy metric used) and obtained
an average accuracy of 93.97% using both academic records and questionnaire datasets.
The fact that there are not yet many well-established studies on the application of deep
learning means that the results found could not be used in this comparison. However, the
potential demonstrated in papers such as [35] is great and suggests that this could be an
opportunity for future research.

In the literature reviewed, there were situations where the amount of data used were
very small, as well as cases of unbalanced datasets, directly affecting the quality of the
model, as explicitly stated by the respective authors. In some of the papers analyzed, there
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were cases of the use of little-known algorithms that do not appear in any other study,
demonstrating that they may not be the most appropriate.

6. Threats to Validity

In this section, we present the main threats to the validity of this work and discuss
mitigation strategies. This study, although comprehensive in its review of methodologies
for predicting student performance in IP courses, has some limitations that need to be
acknowledged.

Firstly, the scope of our literature review is limited by the selection criteria and
databases used to identify relevant studies. Although we have attempted to include
relevant studies, there is always the possibility that some relevant research may have been
missed due to the limitations of our search parameters, such as the search string, the date
of publication, or the availability of publications in certain databases.

Secondly, the review focuses specifically on the use of ML algorithms to predict student
performance. Although ML techniques are a powerful tool, this focus inherently excludes
other potentially valuable methodologies that could also contribute to understanding and
improving student outcomes.

Finally, the conclusions reached in this study depend on the performance of the ML
algorithms in the papers analyzed. The performance of these algorithms depends on the
quality and characteristics of the datasets used, as well as on the evaluation steps applied.
The variability in the granularity of the data and the attributes included in the datasets
can significantly influence the results and the generalizability of the conclusions. The
evaluation methods used and reported are the only way to analyze the results of the papers.
Cases where only metrics such as accuracy are used, without further information presented,
can sometimes be misleading and directly affect the conclusions reached in this study.
Recognizing this type of limitation is crucial to interpreting the conclusions and results of
this study.

7. Future Research Directions

In this section, we suggest future research directions for predicting student perfor-
mance in IP courses in HE.

e  Use of deep learning techniques

The literature review revealed a significant gap in the use of deep learning techniques
for predicting performance in IP in HE. Although several ML algorithms have been iden-
tified, the specific application of deep learning in this educational context remains vastly
underutilized. Thus, identifying and exploiting strategies that fully utilize the capabilities
of DNNs may represent the next significant step in the evolution of students’ performance
prediction.

The emerging field of deep learning has demonstrated success in applications ranging
from computer vision to natural language processing. The application of these techniques
in the education domain remains largely unexplored. By employing more complex models
and deeper layers, we can capture richer representations of the patterns present in students’
data.

To advance in this area, it is essential to develop a deeper understanding of the specific
challenges faced when applying deep learning techniques in an educational context. One
obstacle is the need to deal with often complex and diverse datasets, which requires
effective pre-processing strategies. In addition, the interpretability of deep learning models
can be challenging, and it is crucial to develop approaches that make model decisions more
understandable and explainable.

e Integration of various data sources

Another promising direction for future research is to explore using different types of
data to predict performance in IP courses in HE. In the analyzed papers, the datasets mainly
consist of assessment grades, personal data, or quiz answers. There are also a few studies
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that work with the code developed by the students. The development of models that take
into consideration the code developed could provide a more comprehensive understanding
of student engagement and learning patterns.

The use of aptitude tests in IP could also be a promising strategy for using the obtained
results to predict students’ success when they start an IP course.

Analyzing different types of information can offer a different view of students’ mental
and behavioral aspects, allowing for the development of predictive models that do not rely
only on traditional metrics.

These approaches have their own challenges, including the complexities of data
integration, the development of sophisticated algorithms capable of processing multiple
types of data, and the resolution of privacy issues related to the collection and analysis of
different kinds of data.

8. Conclusions

Through this review of the available literature, this study examined the methodologies
for predicting student performance in IP in HE, with a particular focus on analyzing the
ML algorithms applied and the evaluation metrics used. This study describes a systematic
literature review in which several papers were selected and analyzed. The results obtained
provided valuable insights into the effectiveness of these approaches in an educational
context.

The results of this study suggest that the use of ML algorithms, such as SVM, can
be a valuable tool for predicting student performance in IP in HE. These algorithms can
help identify students at risk of failing, allowing for targeted interventions and improved
educational support. However, it is important to note that the performance of the models
is directly dependent on the quality of the data used to train and test the model, suggesting
that a process of data collection and analysis is essential for successful implementation.

We believe that this study makes a significant contribution to understanding which ML
algorithms are used for predicting student performance in IP in HE and which evaluation
metrics and data sources are most commonly used. The search for effective solutions to
the high failure and dropout rates in IP continues and with the results obtained in this
study we hope to assist future research in the process of choosing which algorithms to
use in developing a possible solution, as well as the evaluation metrics to use and the
types of data to explore that are best suited to this type of problem. By systematically
comparing algorithms, metrics, and datasets, we have highlighted their relative strengths
and limitations, and thereby clarified their practical utility and potential effectiveness in
predicting student performance.

Naive Bayes and J48 were found to be the most commonly used ML algorithms,
with SVM achieving the highest average accuracy. However, deep learning techniques
such as DNN and PNN showed significant potential, suggesting a promising direction for
future research. In terms of datasets and evaluation metrics, academic records were the
most commonly used, often in combination with other data sources to improve results.
While accuracy was the most commonly used metric, this study highlighted the need for a
combination of metrics to comprehensively assess model performance.

In the quest to improve the prediction of student performance in IP in higher education,
some promising directions for future research have been identified. The application of deep
learning techniques, which are still relatively unexplored in educational contexts, could
be the next step in improving the accuracy of predictions, as well as exploring the use of
different types of data, such as student-developed code and the use of aptitude tests, which
could provide richer datasets and more nuanced insights into student performance.
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Abstract: As an introductory core course in computer science and related fields, “Fun-
damentals of Programming” has always faced many challenges in stimulating students’
interest in learning and cultivating their practical coding abilities. The traditional teaching
model often fails to effectively connect theoretical knowledge with practical applications,
resulting in a low retention rate of students’ learning and a weak ability to solve practical
problems. Digital twin (DT) technology offers a novel approach to addressing these chal-
lenges by creating dynamic, virtual replicas of physical systems with real-time, interactive
capabilities. This study explores DT integration in programming teaching and its impact
on learning engagement (behavioral, cognitive, emotional) and skill acquisition (syntax,
algorithm design, debugging). A quasi-experimental design was employed to study 135
first-year undergraduate students, divided into an experimental group (n = 90) using a DT-
based learning environment and a control group (n = 45) receiving traditional instruction.
Quantitative data analysis was conducted on participation surveys, planning evaluations,
and qualitative feedback. The results showed that, compared with the control group, the
DT group exhibited a higher level of sustained participation (p < 0.01) and achieved better
results in actual coding tasks (p < 0.05). Students with limited coding experience showed
the most significant progress in algorithmic thinking. The findings highlight that digital
twin technology significantly enhances engagement and skill acquisition in introductory
programming, particularly benefiting novice learners through immersive, theory-aligned
experiences. This study establishes a new paradigm for introductory programming educa-
tion by addressing two critical gaps in digital twin applications: (1) differential effects on
students with varying prior knowledge (engagement/skill acquisition) and (2) pedagogical
mechanisms in conceptual visualization and authentic context creation.

Keywords: digital twin; programming education; learning engagement; skill acquisition;
immersive education; educational technology

1. Introduction

The course “Fundamentals of Programming” is the cornerstone of computer science
education, aiming to cultivate students’ logical thinking abilities, grammatical application
skills, and basic coding skills [1]. It lays a solid foundation for subsequent advanced courses,
such as data structures, algorithms, and software engineering. Therefore, the teaching
effectiveness of this course has a significant impact on students’ long-term academic
development and their success in their career paths [2]. However, education statistics
present a worrying situation: globally, over 40% of students struggle to complete this
course, and in many educational institutions, the dropout rate for this course exceeds
30% [3]. There are three main reasons for these results:
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Firstly, students find it challenging to visualize the execution process of code (reported
by 32% of students). Programming concepts such as loops, conditions, and function calls
are essentially abstract. Students often find it challenging to map lines of code to their
tangible results in their minds [4]. For example, beginners may write a “For loop” but
cannot master how to iterate over the dataset, leading to confusion during debugging.
Secondly, there is a lack of practical application scenarios in learning (reported by 28% of
students) [3]. Traditional teaching methods are often limited to isolated coding exercises,
such as “calculating the factorial of numbers”, which can make students feel disconnected
from the real world. This sense of disconnection will weaken students’ understanding of
the practical value of the course theme, thereby reducing their motivation to engage deeply
in the learning process [5].

Third, there is inadequate real-time feedback (reported by 21% of students) [3]. In
traditional settings, feedback on code often comes hours or days after submission, in
the form of cryptic compiler messages or brief instructor comments. This delay hinders
the iterative learning process, as students are unable to associate errors with specific
concepts [6] immediately.

These challenges fully demonstrate the urgent need for innovative teaching methods
to bridge the gap between abstract programming concepts and concrete, practical out-
comes. Digital twin (DT) technology is a promising solution [7]. A digital twin refers to
the virtual representation of physical entities or systems, which enables real-time data
exchange and simulation [8]. It has been widely utilized in various industries, including
predictive maintenance in manufacturing, surgical simulation in healthcare, and urban
planning in innovative city development [9]. In education, its potential lies in creating dy-
namic, interactive environments where students can manipulate virtual models to observe
the consequences of their actions—an attribute particularly valuable for programming
education [10].

Unlike static simulations or virtual labs, digital twins offer bidirectional data flow:
students’ code inputs immediately affect the virtual system, which in turn provides con-
textually relevant feedback [11]. For example, a student writing code to control a virtual
robot in a DT environment can see the robot stall if a loop lacks a termination condition,
with the system flagging, “Infinite loop detected: Robot motor overload”. This immediate,
context-rich feedback bridges the gap between code and outcome, making abstract concepts
concrete [12].

The existing educational technology research in programming education mainly fo-
cuses on two areas: visual programming tools (such as Scratch [13]) and gamified platforms
(such as CodeCombat [14]). Although these tools enhance initial engagement, they often
lack the complexity and real-world relevance required to develop powerful programming
skills. Visual tools simplify syntax but may not adequately prepare students for text-based
coding, and gamified platforms often prioritize competition over a deep conceptual under-
standing. Digital twins, by contrast, can simulate authentic computing environments (e.g.,
embedded systems, software architectures) within a controlled educational framework,
enabling students to experiment with code in scenarios mirroring professional practice [10].
For instance, a DT of a smart home system can teach students how to program sensor
inputs to trigger lighting adjustments—an application with clear real-world relevance.

This study addresses three key research gaps:

1. There is a lack of empirical evidence on digital twin integration in introductory pro-
gramming courses. While DTs have been explored in advanced computer science
courses (e.g., software engineering [15]), their application in foundational program-
ming instruction remains underexamined.
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2. There is an unclear impact of DT-based environments on learning engagement across
diverse student backgrounds. Prior research on educational technology often focuses
on average outcomes, but little is known about how DTs affect students with varying
levels of previous coding experience or learning styles.

3.  The potential of digital twins in cultivating algorithmic thinking and error debug-
ging abilities has not been fully developed. These skills are essential for program-
ming ability; however, there is a lack of quantitative research on how interactive
and feedback-rich environments, such as digital twins, affect the development of
these skills.

To fill these research gaps, this study aims to provide a theoretical basis and practi-
cal guidance for educators who wish to apply digital twin technology in programming
education. Specifically, this study attempts to answer the following questions: How will
digital twins affect students’ engagement (including behavioral, cognitive, and emotional
aspects) in the “Fundamentals of Programming” course? What impact will it have on
students” acquisition of core programming skills? Are there differences in these impacts
among different student groups?

In order to clarify how digital twin technology enhances programming teaching, the
relevant terms are introduced according to the logical chain of “core scenario — system
architecture — implementation tools” to facilitate understanding in subsequent chapters.

Virtual smart classrooms: They are interactive learning environments created through
digital twin technology. In this study, a virtual space was constructed using 3D rendering,
which includes interactive objects such as robots and sensors. The execution results of
student code can be visually presented through the state changes of these objects, and
programming concepts can be visualized through the use of 3D rendering.

Digital twin teaching system (DT teaching system): It is an architecture composed
of three interrelated layers—the client layer, the middleware layer, and the server layer. The
client layer provides students with an interface to interact with the digital twin environ-
ment, including components like a 3D rendering engine for immersive visualization and a
code editor for writing code. The middleware layer acts as a bridge, processing code, gen-
erating simulations, and enabling real-time communication. The server layer manages data
persistence, user progress, and collaborative features. This system can transform abstract
programming concepts into visual representations, provide real-time and scenario-specific
feedback, and promote interactive and collaborative learning. It supports the operation of
the virtual smart classroom.

Digital twin platform (DT platform): It is a platform that uses Unity3D to build a 3D
visual interface and combines Python to implement backend logic. In this study;, it has
created a reproduction scene of a virtual smart classroom. This platform includes a code
interface with syntax highlighting and real-time syntax checking capabilities, a real-time
simulation function to visually present the program execution process, a feedback system
to provide contextual prompts, and a collaborative space for students to interact and learn
from each other.

2. Literature Review
2.1. Digital Twin Technology

Digital twin (DT) technology originated in the early 2000s, with NASA’s use of virtual
replicas to monitor and simulate the performance of spacecraft [16]. Over the past two decades,
advancements in cloud computing, the Internet of Things (IoT), and 3D modeling have ex-
panded their applications [8]. DT technology constructs dynamic virtual replicas of physical
entities and enables real-time data interaction between physical and virtual spaces [17]. The
core of digital twins consists of three parts: (1) physical entities (or logical systems), (2) virtual
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replicas, and (3) data bridges for real-time synchronization [18]. This tripartite structure en-
ables iterative testing, predictive analysis, and scenario simulation—features that make DT
invaluable to education [7]. In this study, a digital twin (DT) refers to a dynamic virtual
replica of physical programming tools (e.g., robots, sensors) that synchronizes with code
inputs to simulate real-world behavior within a virtual smart classroom. The virtual smart
classroom is defined as a comprehensive teaching environment that integrates multiple
DTs and support systems.

In technical education, traditional programming teaching tools, such as CodePen [19]
and JSFiddle [20], focus on code editing and basic visual preview but lack dynamic visual-
ization of the underlying mechanisms. This has led to a lack of mechanisms in teaching
to reduce the cognitive load of abstract concepts. DT technology can tightly couple the
establishment of code syntax and visual results, solving this challenge. DT technology has
been used to teach complex systems. In engineering, students interact with DT replicas of
machinery to learn about mechanical stress, with the virtual model visualizing wear and
tear as parameters change [21]. In robotics, DT technology enables students to program mo-
tion algorithms and test them in a virtual environment before deploying them to physical
robots, thereby reducing the risk of equipment damage [22]. In computer science, the study
of network systems teaches students about network security knowledge by simulating
hacker attacks and defense protocols [23].

DT provides unique advantages for programming education [24]:

e  Specificity: Abstract concepts (such as variables and loops) are related to observable
results (such as virtual counter increments and the gradual movement of robots).

e  Security: Students can experiment with risky code (such as infinite loops) without
compromising physical systems or data.

e  Context: Embedding encoding tasks into meaningful scenarios (such as programming
virtual thermostats) enhances perceptual relevance.

2.2. Learning Participation in Programming Education

Learning engagement encompasses three dimensions, behavior, cognition, and emo-
tion, and is a key factor determining the effectiveness of programming course teaching [25].
Among them, behavioral participation is specifically manifested as actively engaging in var-
ious coding tasks, such as writing code, troubleshooting program errors, and collaborating
with classmates [26]. Cognitive involvement involves in-depth processing of programming
logic (such as analyzing the reasons for function failures and linking new concepts with
prior knowledge) [27]. Emotional engagement reflects positive attitudes toward coding
challenges (e.g., persistence despite errors, enjoyment of problem-solving) [28].

Traditional teaching methods often struggle to balance cognitive, behavioral, and
emotional learning engagement [29]. For example, lecture formats frequently rely on
passive cognitive participation, with students only listening to explanations and rarely
having the opportunity to apply learned concepts in real time. Conventional laboratory
exercises, on the other hand, focus on practical actions at the behavioral level. Students often
copy preset code snippets without delving into the underlying logical principles. These
two forms frequently overlook emotional involvement, as repeated errors and delayed
feedback can lead to frustration and anxiety, a phenomenon known as “programming
phobia” [30].

Technological enhancement methods attempt to address these gaps but have limita-
tions. Interactive coding platforms, such as LeetCode, enhance behavioral engagement
through real-time syntax validation; however, they rarely promote cognitive engagement
in complex logic [31]. Video tutorials have improved passive cognitive engagement but
lack interactivity and limit behavioral practice [32]. Peer code review platforms can en-
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hance students” emotional engagement through social support, but such platforms may
not provide the structured feedback necessary for skill development [33]. Digital twin
technology possesses the characteristics of immersion and instant response [34], thereby
having the potential to mobilize students” enthusiasm for participation at multiple levels.

e Behavioral engagement: Hands-on coding in a virtual environment, where every
keystroke affects the DT’s state, encourages active participation.

e  Cognitive engagement: Real-time visualization of code influence (such as data flowing
through loops) facilitates deep processing of logic.

e  Emotional participation: The digital twin environment provides a safe experimental
space, where even if errors occur, they will only result in virtual system failures rather
than real-life failures in public settings. This helps alleviate students” anxiety and
cultivates their resilience when facing problems.

2.3. Skill Acquisition in Introductory Programming

The core skills targeted in “Fundamentals of Programming” include mastery of syntax,
algorithmic thinking, and proficiency in debugging. Research indicates that these skills
develop most effectively through deliberate practice with immediate feedback [35]. This
process aligns with the “testing effect” in cognitive psychology, whereby active retrieval
and application strengthen memory retention [36].

Traditional teaching feedback mechanisms often hinder students” acquisition of
skills [37]. Compiler messages (e.g., “Syntax error on line 5”) are technical and decon-
textualized, failing to explain why the error occurred or how to fix it. Instructor reviews
are delayed, disrupting the connection between action (coding) and consequence (feed-
back). Peer feedback may be inaccurate, as novices often lack the expertise to identify
logical errors.

In this study, feedback mechanisms are clarified as a collaboration between the DT
(virtual robot’s behavioral response) and the DT teaching system (contextual error prompts),
which greatly improves learning skills.

Digital twin environments address the above limitations through three key fea-
tures [10]:

e  Real-time syntax validation: As students write code, the DT teaching system (mid-
dleware layer) checks for errors (e.g., missing semicolons, undeclared variables) and
highlights them in the context of the virtual system’s behavior. For example, a missing
closing brace in a function may cause a virtual sensor to “malfunction” with the DT
annotating, “Function incomplete: Sensor data not processed”.

e  Algorithm visualization: The DT teaching system (middleware layer) visually illus-
trates how data flows within the program structure. Students who program sorting
algorithms can observe virtual systems rearranging numbers in real time, making it
easier to identify inefficiencies (such as unnecessary iterations).

e Root-cause debugging: Students can manipulate the DT’s state (e.g., resetting input
values, pausing execution) to trace errors back to specific code segments. For instance,
a logic error in a conditional statement may cause a virtual door to “open when it
should close”; by adjusting the condition and observing the DT’s response, students
learn to isolate the mistake.

These features are consistent with the cognitive load theory [38], which emphasizes
the importance of manageable information presentation in skill acquisition. By allocating
information through visual (DT simulation), textual (code), and contextual (feedback)
channels, the DT reduces the mental effort required to process complex concepts, thereby
releasing cognitive resources for deep learning.
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3. Research Design and Methodology
3.1. Research Questions
This study aims to answer the following research questions:

1.  Compared with traditional methods, does integrating digital twin technology in
“Fundamentals of Programming” teaching significantly improve students’ learning
engagement (behavior, cognition, emotion)?

2. What impact does a DT-based learning environment have on students” acquisition of
core programming skills (syntax application, algorithm design, debugging)?

3. Are there differences in the effectiveness of DT technology across student subgroups
with varying prior coding experience?

3.2. Participants

The participants are 135 first-year undergraduate students enrolled in the “Fundamen-
tals of Programming” course at a public university in Wenzhou for the 2024-2025 academic
year. This sample comes from three complete classes, and the participants mainly learn
the following:

e  Computer science (62%, n = 84);
e Information science (23%, n = 31);
e  Related fields (such as software engineering, data science) (15%, n = 20).

The experiment selected 89 males (65.9%) and 46 females (34.1%), reflecting the typical
gender distribution of computer science majors in the region [39]. The participants were
aged between 18 and 21 years old (M = 19.2, SD = 0.8), with 92% of them being between 18
and 19 years old (first-year undergraduate students). All participants reported no formal
programming training, confirmed via a pre-course questionnaire. Self-reported exposure
to coding (e.g., online tutorials) was minimal, with a mean of 1.2 h/week (SD = 0.7), and
no significant differences were found between groups (p > 0.05).

To ensure internal effectiveness, the participants were randomly assigned to either the
experimental group (1 = 90) or the control group (1 = 45) after completing the pre-class
aptitude test. This test evaluates basic programming skills, including logical reasoning
(such as pattern recognition and syllogism), as well as fundamental mathematical skills
(such as algebra and problem-solving). The independent sample t-test confirmed that there
was no significant difference in the scores of the aptitude test between the two groups,
ensuring consistency in the initial ability level.

The basic information of the participants is shown in Table 1. It presents a comparison
of baseline data on key features between the experimental group (digital twin teaching
group) and the control group (traditional teaching group), with statistical significance
mainly reflected in the following aspects.

(1)  Veritying group balance

The intergroup differences in all features satisfy p > 0.05 (with the lowest being 0.17 for
extracurricular coding time), indicating that there is no statistically significant difference
between the two groups in core variables such as gender ratio, age distribution, professional
composition, basic logical reasoning ability, and extracurricular coding experience. This
proves that random grouping is effective, and the initial states of the two groups of students
are comparable, eliminating the interference of baseline differences for the attribution of
subsequent intervention effects (such as learning engagement and skill improvement).

(2) Controlling confounding variables
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The balance of demographic characteristics, such as gender, age, and significance,
ensures that these factors do not systematically affect the experimental results (such as
potential differences in programming learning due to different professional backgrounds).

There was no significant difference (p = 0.68) in the pre-test logical reasoning score
(a key foundational ability for programming learning), indicating that the two groups
of students have the same starting point for core learning abilities, and subsequent skill
improvement is more likely to be attributed to the digital twin teaching model rather than
initial ability differences.

The balance of extracurricular coding time (p = 0.17) eliminates the confusion caused
by “extra practice time differences” in the experimental results.

(3) Enhancing research validity

The balance of baseline data is a crucial guarantee of internal validity in quasi-
experimental designs. These data support the conclusion that the differences between
the experimental group and the control group after intervention, such as skill scores and
engagement levels, are more likely to be caused by the digital twin teaching model rather
than inherent differences between the two groups of students, thereby strengthening the
credibility of the research findings.

This study belongs to the scope of university teaching reform research and is an inte-
gral part of the conventional teaching process. Participants in the study were informed of
the study details and their informed consent was obtained. They had the right to withdraw
from the study at any time without incurring any penalties or adverse consequences. The
research data were anonymized using a unique identifier, and all records were securely
stored in an encrypted database.

Table 1. Participant basic information form.

e . Experimental Group Control Group Intergroup Differences
Characteristic Indicators (1 = 90) (1 = 45) (p-Value)
Gender (Male/Female) 57/33 32/13 0.89
Age (M £ SD, years) 19.1+07 1934+ 09 0.23
Professional distribution (%)
Computer science (CS) CS:61.1 CS: 62.2
Information science (IS) 1S:22.2 1S:24.4 0.91
Related fields (RFs) RFs: 16.7 RFs: 13.4
Pre-test logical reasoning score (M £ SD) 683 +7.2 67.8+75 0.68
Weekly extracurricular coding time (M =+ SD, hours) 1.3+£0.6 1.1+0.8 0.17

3.3. Intervention Design

Two groups of students participated in an eight-week course centered on the core
theme of “Fundamentals of Programming”. The specific arrangement is as follows: In
the first two weeks of the course, students mainly learned about the definition and use
of variables, the characteristics and applicable scenarios of different data types, and basic
input and output operations. Through these contents, they established a preliminary
understanding of data processing in programming. Entering weeks 3 to 4, the course
focuses on the study of control structures, including the logical judgment and application
of if-else conditional statements and the use of loop statements such as for and while, to
help students master the skills of implementing different process controls through code. In
weeks 5 to 6, the teaching focus shifts to the definition, calling, and parameter passing rules
of functions, allowing students to understand how to encapsulate code blocks through
functions and improve code reusability and readability. In the last two weeks of the course,
namely weeks 7 and 8, students begin to learn the basic concepts, creation, and operation
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methods of arrays, as well as basic debugging skills. During the process of identifying and
correcting code errors, students further consolidated their prior knowledge and enhanced
their programming practical skills. The total teaching time for the two groups of students
is the same, at 24 h, with lectures and laboratory practice each accounting for 12 h. The
core difference between the two is reflected in the laboratory activities—the control group
adopts traditional teaching methods, while the experimental group incorporates digital
twin technology.

3.3.1. Architecture of DT Teaching System

As shown in Figure 1, the DT teaching system’s architecture comprises three inter-
related layers: the client layer, the middleware layer, and the server layer. Each layer is
equipped with specialized components designed to achieve real-time interaction, simula-
tion operations, and collaborative learning in the programming teaching process.

Client Layer
3D Rendering Engine (Unity3D) Code Editor (Monaco) User Dashboard (Runtime Metrics)
® Virtual Smart Classroom © Syntax Highlighting ® Execution Time
® Virtual Robot ® Auto-completion ® Memory Usage
® Sensors/Projector ® Real-time Error Hints ® Feedback Logs

U

Middleware Layer \
Code Parser (ANTLR4) Simulation Orchestrator (Python/Flask) Real- Time Communication Module
® Syntax Validation ® AST to Virtual Actions ® Bidirecti Data Sy izati
® Semantic Error Detection ® Animation Generation ® Latency Control (<100ms)
® AST Generation ® Generation -Feedback ® Conflict Resolution
Server Layer ‘
Database (MongoDB) Collaboration Engine (Node.js)
® User Progress ® Shared Virtual Instances
® Code Snippets ® Real-time C ive Editing (O
® Error Patterns ® Voice Chat/Annotation Tools

Figure 1. Architecture of the DT teaching system.

(1) Client Layer

The client layer serves as the user interface, providing students with a direct channel

to interact with the digital twin environment. The original intention of this layer’s

design is to create an immersive and intuitive user experience, closely linking the

code-writing process with visual feedback.

e 3D Rendering Engine (Unity3D)
It renders the “Virtual Smart Classroom”—a 3D environment where program-
ming concepts are visualized through interactive objects. It is a simulated space
containing virtual devices (e.g., temperature sensors, projectors, and a robotic
assistant) that respond to student code. There is a 3D avatar whose movements
(e.g., navigation, object manipulation) are controlled by student-written functions
(e.g., move_robot (), turn_left ()), making function calls and parameter passing
tangible. Virtual sensors display real-time data (e.g., current_temp = 25 °C) to
illustrate variables and data flow; the projector animates loop iterations (e.g.,
counting from 1 to 10) to visualize control structures.

122



Computers 2025, 14, 322

)

®)

Code Editor (Monaco Editor)

It provides a text-based interface for writing, editing, and submitting code (in the
C language, aligned with course textbooks) comprising color-coding keywords,
variables, and functions to improve readability. It suggests using commonly used
functions (such as printf() and scanf()) and variable names to minimize syntax
errors. It uses contextual tooltips to emphasize syntax errors (such as missing
semicolons) and link them to potential fixes.

User Dashboard

It displays runtime metrics and feedback to help students monitor the per-
formance and progress of their code. It measures the time required for code
execution to improve efficiency. It visualizes resource consumption (such as a
“virtual memory module with a capacity of 60%") for optimized education. It
records system messages (such as “Infinite loop detected: robot battery low”) to
assist with debugging.

Middleware Layer

The middleware layer acts as a bridge between the client and server, processing

code, generating simulations, and enabling real-time communication. It ensures

that students’” input is converted into virtual actions and feedback. It is critical for

translating code to virtual actions, addressing the gap between text and visualization.

Code Parser (ANTLR4)

It validates code syntax and semantics for simulation purposes by converting
text-based code into a structured format. Grammar validation involves checking
for structural errors (such as missing curly braces or incorrect loop syntax)
and marking them to the client. Logical issues (such as undeclared variables
or mismatched parameters) are identified and correlated with virtual system
behavior (e.g., undeclared “speed” variable results in no response from robot
movement). The valid code is then converted into an Abstract Syntax Tree (AST),
a hierarchical representation of the code logic, for processing by the simulation
orchestrator.

Simulation Orchestrator (Python/Flask)

It maps an AST onto virtual actions, generating animations and feedback accord-
ing to code logic. It transforms code structures into 3D animations (e.g., for loop
nodes triggering rotation counters and printf statements updating a virtual pro-
jector). It creates real-time visual effects (such as robot movements, sensor data
updates) to visualize code execution. Additionally, it generates contextually rich
messages about virtual system behavior (e.g., the “calculate_average()” function
lacks a return value, and the sensor displays “undefined”).

Real-Time Communication Module

It supports bidirectional data transmission between the client and server, ensur-
ing synchronization of code editing, simulation, and feedback. For bidirectional
data synchronization, it transfers code submissions from the client to the server
and sends simulation results/feedback back to the client. It maintains a latency
of less than 100 ms to ensure a sense of “real-time” interaction between code
editing and a virtual response. It manages synchronous editing in collaborative
mode (e.g., preventing overlapping ping changes to the same line of code).

Server Layer
The server layer manages data persistence, user progress, and collaborative features,

supporting long-term learning tracking and peer interaction.
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e  Database (MongoDB)
It stores student data, code snippets, and system logs for progress tracking and
adaptive learning. It records task completion status, test scores, and standard
error patterns (e.g., students frequently miss loop termination conditions). It
saves the submitted code for the instructor’s review and future reference. It
summarizes common errors to inform teaching (e.g., 30% of students encounter
difficulties in array indexing) and tailors feedback accordingly.
e  Collaboration Engine (Node.js)

This feature fosters multi-user interaction in the digital twin environment, creat-
ing an environment that promotes peer learning and team collaboration. Students
can invite their classmates to view and edit in the virtual smart classroom, thereby
facilitating collaborative debugging and learning. At the same time, with the
help of the Operational Translation (OT) algorithm, the code-editing operations
of different users are synchronized to ensure that everyone can see the latest code
version in real time. This support includes verbal discussions and visual annota-
tions (such as drawing arrows to highlight code errors) to enhance peer feedback.
The system operates continuously in a loop, and students submit their work
through the client’s code editor. The code parser validates syntax/semantics
and generates an AST. The simulation orchestrator converts the AST into vir-
tual actions (animations) and feedback. The client renders the animations and
displays feedback to the student. The relevant data (including code, learning
progress, error records, etc.) are stored in the server database, and collaborative
editing content is also synchronized among users. This architecture design can
transform abstract programming concepts into visual representations, provide
real-time and scenario-specific feedback, promote interactive and collaborative
learning, and solve key challenges in entry-level programming education.

3.3.2. Control Group: Traditional Instruction

The control group followed a conventional teaching model, representative of main-
stream programming education.

Lectures: There were instructor-centered sessions using static PowerPoint slides and
live code demonstrations via a classroom projector. For example, when teaching loops, the
instructor displayed a slide with syntax rules (e.g., “for (initialization; condition; increment)
{...}) and demonstrated a simple loop to print numbers 1-10. Students copied code snippets
into notebooks for later reference.

Lab activities: There was individual practice using a standard online coding platform.
Tasks included replicating predefined code (e.g., “Write a for loop to calculate the sum of
1-50”) and solving textbook-style problems (e.g., “Find the maximum value in an array”).
Feedback was limited to automated syntax checks and a weekly 10 min meeting with the
instructor to review errors.

Materials: A printed course packet with code examples, a textbook, and PDF tutorials
with step-by-step instructions for each lab task were provided.

The standard online coding platform used by the control group is fundamentally
distinct from the DT teaching system, with differences extending far beyond the absence
of a 3D rendering engine and real-time communication tools. Its key characteristics and
contrasts with the DT system are as follows:

Core functionality: The control group’s platform is a text-based coding environment
focused solely on syntax validation and code execution (e.g., compiling and running code
snippets). It lacks the DT teaching system’s ability to map code logic to tangible virtual
behaviors (e.g., robot movements, sensor data changes).
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Feedback mechanism: Unlike the DT teaching system’s contextual, real-time feedback
(e.g., “Infinite loop detected: Robot battery low” linked to virtual robot stalling), the control
platform provides only basic, decontextualized feedback (e.g., “Syntax error on line 5”)
without explaining the logical or practical implications.

Learning scenarios: The control platform uses isolated, abstract tasks (e.g., “Calculate
the sum of 1-50”), whereas the DT teaching system embeds coding in meaningful scenarios
(e.g., programming a virtual robot to navigate obstacles in a virtual smart classroom),
enhancing relevance to real-world applications.

Interaction and collaboration: The control platform supports only individual coding
practice with no collaborative features. In contrast, the DT system includes a shared virtual
space for synchronous code editing, voice chat, and peer annotation, fostering collaborative
problem-solving.

Concept visualization: Critical to programming education, the DT teaching system
visualizes abstract concepts (e.g., loop iterations via animated counters), while the control
platform relies on text-only output, leaving logic visualization to the student’s imagination.

In summary, the control group’s platform is a basic tool for code execution, whereas
the DT teaching system is an integrated environment that combines virtual replicas (DTs),
contextual feedback, scenario-based learning, and collaboration, addressing the limitations
of traditional tools in connecting abstract code to practical understanding.

3.3.3. Experimental Group: Digital Twin-Based Instruction

The experimental group received the same lectures and covered the duplicate content
as the control group but replaced 50% of lab time (6 h) with DT-based activities. The
remaining 50% of lab time involved traditional coding practice to ensure parity in total
hands-on experience. The specific differences between digital twin and traditional teaching
activities are presented in Table 2, which provides an intuitive comparison of the core
differences between the two teaching modes and highlights the innovative aspects of
digital twin teaching.

Table 2. Comparison table of digital twins and traditional teaching activities.

Teaching Steps Experimental Group (Digital Twin Teaching) Control Group (Traditional Teaching)

Same lecturer teaching,
Theoretical learning consistent content
(variables, loops, functions, etc.)
50% digital twin tasks
50% traditional exercises
Virtual smart classroom

Same lecturer teaching,
consistent content

Practical activities (proportion) 100% Traditional Practice

Core tools (including code editor, 3D simulator, feedback . T.ext editor .
Online question answering system
system)
Real-time contextualized feedback (such as Delayed feedback
Feedback mechanism “Robot jamming: loop missing termination (automatic grammar check,
condition”) weekly instructor review)
. Virtual shared space (synchronous editing, Unstructured collaboration,
Collaborative support L . . .
voice discussion) independently completing tasks
Programming Control of Virtual Robot Writing a function to calculate the
Typical task examples Obstacle Avoidance (Integrated Application average value of an array
Loop and conditional statements) (isolated exercise)

3.3.4. Digital Twin Learning Environment

The DT platform uses Unity3D (Version: Unity 2022.3.62f1 LTS, Unity Technologies,
San Francisco, CA, USA) to build a 3D visual interface, combined with Python (Version:
3.13.5, Python Software Foundation, Beaverton, OR, USA) to implement backend logic, to
create a reproduction scene of the virtual smart classroom—this is an interactive system
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controlled by C language code (consistent with the course material content), including
virtual robots, feedback prompt boxes, collaborative editing areas, and other interactive
elements. The specific interaction scene is illustrated in Figure 2. The core components of

the DT platform are as follows:

Virtual Smart Classroom o .

Virtual Robot ==
O\
’.
= (int i=o;
printf(
>
R
¥ e_robot(5); o 3 < =
: Feedback
~ Error Box
(4 [ i ]
Infinite loop detected:
| Robot battery at 1%
|
|
[] | Page1of1
Y |
Collaborative Editing [ ot Jrovew] . ] Chat Room [
#include A
ot (int x) {
/ i x steps Hello
for (int ++) {
printf (" il Hello =
}
int main () {
move_robot (5) ; 8
turn 0;
) &

Figure 2. Interactive scene diagram of virtual smart classroom.

Firstly, the code interface, which is a syntax highlighting editor embedded in the
digital twin environment, supports writing in the C language. It not only provides an
auto-completion function for standard functions such as printf() and scanf() but also has
real-time syntax checking capability. Once an error occurs, it will be highlighted in red.

Next is the real-time simulation function. The virtual smart classroom can visually
present the program execution process; for example, loop iterations will be displayed in the
form of animated loops. For example, the virtual counter corresponding to the “for loop”
will increase from 1 to 10, and the changes in variables will be reflected in real time in the
virtual memory module. For example, when processing sensor data, the “temperature”
variable on the digital display will be updated accordingly, and function calls will trigger
visible operations. For example, when executing the “move_robot()” function, the robot
assistant will move to the specified position.

Furthermore, a feedback system is in place that can provide contextual prompts based
on the digital twin’s status. If there is a syntax error, it will prompt “Missing semicolon in
line 8: Virtual projector freeze check code structure”. When encountering a logical error, it
will display “Detected infinite loop: Robot helper battery level is 1%—Add termination
condition”. For areas that can be optimized, suggestions similar to “Redundant variable
‘x”in line 12: Virtual sensor processing delay, simplify code” will also be given. Of course,
such feedback is generated by the DT teaching system (especially its middleware layer,
including code parsers and simulation choreographers), while DT technology only exhibits
behavioral responses (such as stagnation).

Finally, there is the collaborative space, a shared virtual “laboratory area” where
students can invite their classmates to view their digital twin instances. It includes features
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such as synchronous code editing, voice chat, and annotation tools, including highlighting
errors in peer code by drawing arrows.

3.3.5. Technology Justification

The technical components of the DT teaching system and control platform were
selected based on educational suitability, classroom feasibility, and the capacity to address
traditional tool limitations.

(1)  Unity3D for 3D Visualization

Unity3D was chosen as the core engine for rendering the virtual smart classroom,
balancing fidelity and accessibility. Its robust 3D pipeline supports interactive elements
critical to programming education, including articulated virtual robots, responsive sensors,
and context-aware lighting. Compared to Unreal Engine, Unity3D operates efficiently
on standard university hardware (eliminating GPU requirements) and offers pre-built
educational assets (e.g., robot controllers) that accelerate development by ~40% without
compromising pedagogical value. These features enable visualization of abstract concepts
(e.g., loop iterations as robot patrol patterns) in classroom-friendly environments.

(2) Python/Flask for Backend Logic

Python with Flask was selected for backend implementation due to its educational
compatibility and prototyping efficiency. The middleware layer leverages Python’s ecosys-
tem for real-time code parsing (via ANTLR4 integration) and data visualization (e.g.,
battery consumption graphs). Unlike Java, Python’s concise syntax and dynamic typing
facilitated rapid iteration of feedback logic, while Flask’s modular design ensured sub-500
ms response times between code submission and virtual environment updates.

(3) LeetCode-like Platform for Control Group

The control group used a text-based coding platform to isolate DT-specific advan-
tages. This tool epitomizes traditional programming education, supporting code execution
and syntax checking but lacking visualization. The key limitations include abstract error
messages (e.g., “Syntax error” without real-world context), static text output, and decontex-
tualized tasks. These gaps highlight the DT teaching system’s unique value in bridging
code and tangible outcomes.

3.4. Data Collection Tools

The research data were collected at three time points: before the intervention began
(week 1), during the intervention (week 4), and after the intervention ended (week 8). A
mixed-method research approach was employed to combine quantitative and qualitative
measurement methods, thereby verifying the survey results from multiple perspectives.

3.4.1. Quantitative Measures
(1) Participation questionnaire

Adapted from the Student Engagement Tool (SEI) [40], it consists of 18 items measured
from three dimensions. Among them, there are six items for behavioral engagement, such as
“I actively participated in coding tasks during my laboratory time”; six items for cognitive
engagement, such as “I deeply thought about why my code was effective or failed”; and six
items for emotional engagement, such as “I feel confident when I try to solve new coding
problems”. All items are scored on a 5-point Likert scale (1 = strongly disagree, 5 = strongly
agree) [41], which demonstrates high internal consistency in this study. The Cronbach
alpha coefficient of the total score is 0.89, and the alpha coefficients of each subscale are
0.89. A score that is between 0.82 and 0.87 is consistent with previous validation research
results [40].
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(2) Programming evaluation

This is a 90 min practical test used to evaluate three core skills, including syntax
application (30 points), which involves writing code with a correct structure, such as proper
loop syntax and function declarations. The algorithm design (40 points) consists of creating
a logical sequence to solve a problem, such as designing a function to calculate the average
value of an array. Debugging (30 points) refers to identifying and fixing errors in pre-
written code, such as correcting conditional statements that cannot handle edge situations.
Two senior programming instructors jointly developed this test, and the feasibility of its
content was reviewed and confirmed by a small group of three computer science education
experts. To establish reliability among raters, two teachers independently rated 20% of
the tests, with an intragroup correlation coefficient of 0.92. The difference in ratings was
resolved through discussion.

(3) Previous coding experience investigation

This questionnaire consists of 5 items used to evaluate students’ self-reported coding
exposure, such as “How many hours do you spend coding outside of class per week?”, and
their confidence in basic computer skills, as indicated by statements like “I feel comfortable
using a code editor”. This survey helps to divide students into different subgroups for
analysis.

3.4.2. Qualitative Measures

Although quantitative measurement was completed earlier and took a dominant posi-
tion, the use of qualitative research still has practical significance [42]. After the intervention,
a study was conducted involving 12 participants, with 6 in each group. The interactive
session lasted for 30—45 min, exploring topics such as perspectives on the learning envi-
ronment (e.g., “How does DT [or the traditional laboratory] influence your understanding
of loops?”), motivation and incentives (e.g., “When using DT, did you find yourself more
interested in coding tasks? Why or why not?”), and challenges and successes (e.g., “What is
the most difficult part of learning programming, and how has DT [or traditional methods]
assisted you?”). The interviews were recorded, transcribed verbatim, and anonymized.

All participants filled out a digital log every week, recording the time they invested
in coding tasks (both in and out of class), concepts they found easy or difficult, and the
strategies used to solve problems (such as “visualizing the loop process with digital twins”
or “reviewing examples from textbooks”). These logs were submitted through secure
online forms, with a response rate of 91% (sample size of 123).

3.5. Data Analysis

Utilize SPSS 26.0 (Version: IBM SPSS Statistics 26.0, IBM Corporation, Armonk, NY,
USA) [43] to conduct an analysis of quantitative data and undertake the subsequent sta-
tistical tests. Compare the participation scores and evaluation outcomes between the
experimental and control groups, after the intervention. Check the changes in the par-
ticipation level and skills of the experimental group before and after the intervention.
Investigate the differences in results between the different subgroups and stratify them
based on previous coding experience, as evaluated through a pre-survey. Calculate the
effect size (Cohen’s d) using thresholds for mild (d = 0.2), moderate (d = 0.5), and large
(d = 0.8) effects to quantify the actual significance of group differences. Follow the steps
below to use thematic analysis to analyze qualitative data [44].

(1) Familiarization: Researchers read transcripts and logs repeatedly to identify initial patterns.
(2) Coding: Labels were assigned to meaningful segments (e.g., “DT visualization clarifies

Zan

loops”, “frustration with compiler messages”).
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(3) Theme development: Codes were grouped into overarching themes (e.g., “feedback
quality”, “conceptual clarity”).

(4) Validation: Themes were reviewed against the original data to ensure accuracy, with a
second researcher independently coding 20% of the transcripts (inter-rater reliability,

k = 0.83).

3.6. Critical Analysis of Methodology

The study’s methodological choices involve deliberate trade-offs to balance rigor and
real-world applicability.

(1) The study employed a quasi-experimental design due to practical constraints of
maintaining class continuity, which meant not all variables could be strictly controlled.
However, this design enhanced ecological validity by reflecting real-classroom settings,
with baseline equivalence between groups verified through statistical tests to mitigate
selection bias.

(2) Potential novelty effects in DT engagement were addressed by collecting mid-
intervention data (week 4), which showed sustained higher engagement in the experimental
group, indicating effects were not merely due to initial technology novelty.

(3) The sample size (n = 135) was justified through power analysis using Cohen’s
d. The effect sizes for key outcomes (e.g., overall engagement d = 1.40, algorithm design
d = 1.06) confirmed sufficient statistical power to detect meaningful differences between
groups.

4. Results

The experimental data results in this article have high reliability and are supported
by various methods and analytical safeguards. This study employed a quasi-experimental
design, randomly dividing 135 first-year graduate students into an experimental group
(n =90) and a control group (1 = 45). The pre-class aptitude test revealed no significant dif-
ference in the baseline logical reasoning ability between the two groups (p = 0.68), ensuring
comparability of the groups. This equivalence can minimize the impact of confounding
variables, thereby enhancing the credibility of the differences caused by digital twin (DT)
interventions after the intervention. The experimental results will be evaluated across four
dimensions: student participation, skill mastery, the differences between subgroups, and
the qualitative survey results.

4.1. Learning Engagement

The comparison of learning engagement between the experimental group and the
control group is shown in Table 3.

Table 3. Comparison of learning engagement between experimental and control groups.

. . Experimental Control Group (M Effect Size

Engagement Dimension Group (M + SD) + SD) t-Value p-Value (Cohen’s d)
Overall 4.12 £ 0.53 3.27 £0.61 7.83 <0.001 1.40
Mid-intervention 3.89 £0.57 3.21 £0.63 5.92 <0.001 1.06
Behavioral 423 +048 3.15+£0.59 10.14 <0.001 1.81
Cognitive 4.01 £ 0.55 3.32 £ 0.64 6.37 <0.001 1.14
Emotional 4.16 £ 0.51 3.36 + 0.57 7.29 <0.001 1.31

On-task time 423458 287 4 6.2 1056 <0.001 -

(minutes/hour)

Note: M = mean; SD = standard deviation. Mid-intervention engagement data were collected at week 4. On-task
time reflects minutes spent actively coding per lab hour.
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The experimental group scored significantly higher in overall engagement at post-
intervention (M = 4.12, SD = 0.53) compared to the control group (M = 3.27, SD = 0.61)
(t (135) =7.83, p < 0.001, d = 1.40), indicating a significant practical effect. This difference
emerged by mid-intervention (week 4), with the experimental group already showing
higher engagement (M = 3.89, SD = 0.57) than the control group (M = 3.21, SD = 0.63)
(t (135) =5.92, p < 0.001, d = 1.06), suggesting sustained benefits of the DT environment.

Analyzing student participation in the “Fundamentals of Programming” course from
various dimensions, Table 1 reveals significant differences between the experimental group
(using digital twin technology) and the control group (traditional teaching). The more
obvious observation results are shown in Figure 3. It visualizes the differences between the
experimental group and the control group, visually presenting the improvement effect of
digital twins on participation in different dimensions and enhancing the persuasiveness of

4.23
4.01 4.16
3.36

Behavioral Cognitive Emotional

the results.

w bl
(1 N

Likert Scale Score (1-5)

e = I
o bk 1N b ow

Engagement Dimension

H Experimental Group B Control Group

Figure 3. Bar—chart comparing various dimensions of learning engagement.

(1) Behavioral Engagement

The experimental group demonstrated significantly higher active participation, with
a mean score of 4.23 (SD = 0.48). In learning logs, it was reflected that they spent more
time on tasks during labs, averaging 42.3 min per hour (SD = 5.8). The interactive nature of
the digital twin environment motivated their involvement, as they looked forward to labs
because they could see their code directly control the movement of virtual robots, which
was more engaging than simply typing code into a blank screen.

Control group: The mean score for behavioral engagement was 3.15 (SD = 0.59),
and students spent less time on task during labs, averaging 28.7 min per hour (SD = 6.2).
Their participation was more passive, mainly focused on replicating predefined code or
completing isolated exercises.

(2) Cognitive Engagement

Experimental group: Students demonstrated a deeper understanding of programming
logic, with a mean score of 4.01 (SD = 0.55). Learning logs indicated that they were more
likely to reflect on errors, such as analyzing why a loop failed by observing the virtual
robot getting stuck. They also asked more conceptual questions (e.g., about the importance
of parameter order in functions) rather than just procedural ones.
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Control group: The mean score for cognitive engagement was 3.32 (SD = 0.64). Stu-
dents often expressed confusion about why their code did not work and tended to focus on
superficial syntax issues rather than exploring underlying logical principles.

(3) Emotional Engagement

Experimental group: This dimension demonstrated the most significant relative im-
provement (+23.8% from pre-intervention), with a mean score of 4.16 (SD = 0.51). Eighty-
two percent of interviewees mentioned that the “low-stakes experimentation” in the digital
twin environment reduced coding anxiety. For example, if they made a mistake, the virtual
robot would stop, which did not feel like a significant failure, encouraging them to try
harder.

Control group: The mean score for emotional engagement was 3.36 (SD = 0.57).
Students reported frustration more frequently, such as disliking seeing “error” messages
on the screen without clear explanations of what went wrong.

Overall, the digital twin teaching environment has shown significant effects in en-
hancing students” behavior, cognition, and emotional engagement, particularly in terms of
emotional participation. This fully demonstrates its potential to create more positive and
practical learning experiences.

4.2. Programming Skill Acquisition

The experimental group achieved significantly higher scores on the post-intervention
programming assessment (M = 76.3, SD = 10.2) than the control group (M = 65.7, SD = 11.5)
(t(135) = 4.59, p < 0.001, d = 0.82), indicating a medium-to-large effect size. This advan-
tage was consistent across all three skill dimensions, with the most significant gap in
algorithm design.

The comparison of scores in various dimensions of programming skill acquisition is
presented in Table 4, which quantitatively illustrates the differences between the two groups
in core skills, supporting the conclusion that “digital twins enhance skill acquisition”.

Table 4. Comparison table of scores for various dimensions of programming skills.

Experimental Control Group Mean

Skill Dimension Group (M + SD) (M + SD) Difference t-Value p-Value Effect Size (d)
Grammar
Application 252+ 3.8 221 +43 +3.1 3.87 <0.001 0.69
(30 points)
Algorithm Design 315452 248+ 6.1 +6.7 5.86 <0.001 1.06
(40 points)
Debugging Ability 237 + 41 188 + 4.7 +4.9 5.02 <0.001 091
(30 points)
Comprehensive 76.3 + 10.2 65.7 +11.5 +10.6 459 <0.001 0.82

Score (100 points)

(1) Syntax application

The experimental group scored higher (M = 25.2, SD = 3.8) than the control group
(M =221,SD =4.3) (t (135) = 3.87, p < 0.001, d = 0.69). Instructors noted that the DT’s
real-time syntax validation helped students internalize the rules: “Students in the DT
group rarely missed semicolons by week 6, because they had learned to associate the red
underline with the robot freezing.”

(2) Algorithm design

The most substantial gap occurred in this dimension (experimental M = 31.5, SD = 5.2;
control M = 24.8, SD = 6.1) (t (135) =5.86, p < 0.001, d = 1.06). The DT’s visualization of data
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flow appeared critical: “Watching the robot follow my algorithm step by step helped me
see where the logic broke down” (Student E8). For example, 78% of the experimental group
correctly designed a function to sort sensor data, compared to 49% of the control group.

(3) Debugging ability

The experimental group outperformed the control group (M = 23.7, SD = 4.1 vs.
M =18.8,SD =4.7) (t (135) =5.02, p < 0.001, d = 0.91). DT users were better at tracing errors
to their root cause, as noted in learning logs: “Used the DT to pause the code—saw the
variable was not updating because I forgot to increment it” (Student E15). Control group
students more often relied on trial and error: “I changed random things until the code
worked” (Student C12).

The radar chart comparing programming skill scores is shown in Figure 4, which
compares the performance of different skill dimensions and highlights the improvement of
core skills, such as algorithm design, facilitated by digital twins.

Grammar Application
35

30
25
20

Debugging Ability —  Algorithm Design

B Experimental Group @ Control Group
Figure 4. Radar chart comparing programming skill scores.

4.3. Subgroup Differences

Based on their pre-class aptitude test scores, students were divided into three sub-
groups: low (minimum 30%, n = 41), medium (moderate, 40%, n = 54), and high (maximum
30%, n = 40). Analysis of variance revealed that group-subgroup interactions were signifi-
cant (p < 0.05) in terms of participation and skill level, with the most pronounced benefits
observed among students with lower abilities. The comparison of skill improvement
among students with different ability levels is shown in Table 5, highlighting the significant
improvement effect of digital twins on low-ability students and reflecting the value of
educational equity.

Table 5. Comparison table of skill enhancement among students with different ability levels.

Ability Grouping (Ilixperimental Group In.crease Control Group In.crease Effect Size
re-Test — Post-Test) Amplitude (EG) (Pre-Test — Post-Test) Amplitude (CG) (d)
Low ability (n = 41) 52.7 — 64.0 +21.3% 519 — 56.4 +8.7% 0.02
Intemézdziagz)abﬂity 67.3 778 +15.6% 66.8 = 73.0 +9.2% 0.05
High ability (n = 40) 78.5 = 87.0 +10.8% 79.1 — 85.0 +7.5% 0.15

The line charts illustrating skill improvement for students with different abilities in the
experimental group are presented in Figure 5. In contrast, those for students with varying
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skills in the control group are shown in Figure 6. These displays of changes before and after
intervention demonstrate the improvement effect of digital twins on vulnerable groups,
supporting the conclusion of “promoting educational equity”.

Experimental group students' skill

improvement

100

87

80 78.5 77.8
60 67.3 64
52.7

40
20
0

Pre-test Post-test

e | OW ability (N=41) === |ntermediate ability (n=54) === High ability (n=40)

Figure 5. Experimental group students’ skill improvement.

Control group students' skill improvement
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Figure 6. Control group students’ skill improvement.

For the group of low-qualified students, the evaluation scores of the experimen-
tal group increased by 21.3% (from a pre-intervention average score of 52.7 to a post-
intervention average score of 64.0). In comparison, the evaluation scores of the control group
increased by 8.7% (from a pre-intervention average score of 51.9 to a post-intervention av-
erage score of 56.4). After testing (F (1,39) =5.24, p = 0.02, 5 = 0.12), a significant difference
was found between the two groups. The role of digital twins in helping to understand
abstract concepts is evident in the interview, as stated by low-talent student E22: “Before
seeing robots counting with my own eyes, I had only a vague understanding of loops—now
I finally understand its meaning.”

In the performance of students with moderate abilities, the experimental group im-
proved by 15.6% (average score before intervention: 67.3, post-intervention: 77.8), while the
control group improved by 9.2% (average score before intervention: 66.8, post-intervention:
73.0). After testing, there was a certain difference (F (1,52) =3.98, p = 0.05, 112 =0.07). This
type of student values the feedback provided by digital twins to improve their skills, as
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student E9 said, “Digital twins indicate that my function is inefficient, so I learned to
simplify it.”

For the group of high-talent students, both subgroups showed a performance improve-
ment; the experimental subgroup showed a 10.8% increase in scores (with an average score
of 78.5 before intervention and 87.0 after intervention). In comparison, the control subgroup
showed a 7.5% increase (with an average score of 79.1 before intervention and 85.0 after in-
tervention). After testing (F (1,38) =2.11, p = 0.15, 52 = 0.05), the difference between the two
groups was not significant. However, these talented students often use the collaborative
capabilities of digital twins to explore more advanced concepts, as student E4 said, “We
have designed a more complex robot path by integrating various functions—something
that cannot be attempted in traditional laboratories.”

4.4. Qualitative Findings

The thematic analysis of interviews and study logs identified three key themes.

Theme 1: DT visualization bridges the gap between abstraction and concreteness.

Students in the experimental group often noticed that seeing code come to life in the
virtual smart classroom helps them grasp abstract concepts more effectively. For example,
a student struggling with functions explained: “I did not get why we need parameters
until I programmed the robot to move different distances—changing the number in the
function made it go farther” (Student E17). Control group students more often described
concepts as “just words on a page” (Student C5).

Theme 2: Real-time feedback enhances learning iteration.

DT users emphasized the value of immediate, contextual feedback: “When the DT
said ‘sensor data not read’, I knew to check my input function instead of guessing” (Student
E8). Control group students, relying on delayed feedback, reported frustration: “I would
forget what I was thinking when I wrote the code by the time I got it back” (Student C14).

Theme 3: Low-stakes experimentation reduces anxiety.

Emotional engagement was closely tied to the DT’s sense of a safe environment. As
one student put it: “In traditional labs, I was scared to try new code because I might break
something. In the DT, I can mess up and just reset—so I take more risks” (Student E19).
This kind of adventurous behavior often leads to deeper learning as students explore edge
cases that they would not otherwise test (such as “What if the loop runs zero times?”).

5. Discussion
5.1. Enhancing Engagement Through Digital Twins

The findings confirm that digital twin technology has a significant impact on learning
engagement in introductory programming, with substantial effects on behavioral, cognitive,
and emotional dimensions. These results align with self-determination theory [45], which
posits that engagement is driven by three psychological needs, autonomy, competence,
and relatedness, all of which are fulfilled by the DT environment. This section discusses
the mechanism of increasing participation through digital twins. Figure 7 presents the
mechanism of growing participation through digital twins, providing a visual theoretical
framework to transform abstract theories into visual models that effectively explain the
inherent logic of digital twins in increasing participation.

This concept diagram illustrates how the digital twin environment can enhance student
engagement by meeting the three core needs of self-determination theory.

Autonomy: This is achieved through “independent task selection” and “custom
virtual scenes”, cultivating greater behavioral engagement as students master their learning.
The interactivity of DT enables students to guide their learning, from selecting robot actions
to attempting alternative solutions. This sense of control does not exist in traditional “copy
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and paste” laboratories, as it increases behavioral engagement: “I am not just doing what
the teacher says—I have to decide what the robot does” (Student E7).

Self-Determination Theory Satisfaction I

\ 4

I Digital Twin Environment |

! ! |

Autonomy Competence Relatedness

[ Choose Tasks Independently ] Real-time Feedback [ Collaborative Editing

[ Customize Virtual Scenes J [ Visualized Achievements ]

I S
[ | pre—— | p——

Figure 7. Conceptual diagram of mechanisms for digital twin-enhanced engagement.

—

Shared Virtual Space

—
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Competence: This is supported by “Real-time Feedback” and “Visualized Achieve-
ments”, strengthening cognitive engagement through clear progress validation. The instant
feedback in DT technology provides clear evidence of progress (such as “the robot is mov-
ing correctly—functioning properly!”) and cultivates a sense of mastery. This increases
cognitive engagement, as students become motivated to tackle more complex tasks once
they feel capable of doing so.

Relatedness: This is facilitated by “Collaborative Editing” and “Shared Virtual Space”,
boosting emotional engagement via social connection. The DT’s collaborative space allowed
students to share challenges and successes, fulfilling the need for social connection. This
reduced feelings of isolation, often reported in programming courses, enhancing emotional
engagement [46].

Notably, emotional engagement showed the most significant relative improvement,
suggesting that DTs address a critical pain point in programming education: anxiety. The
safe, consequence-free environment of the DT reduced the fear of failure, encouraging
persistence. As a student once said, “I used to give up when the code did not work,
now I think, * Let me try to fix it’, because DT told me where to look” (Student E11).
This finding is consistent with relevant research, which has shown that positive emotional
experiences generated during the learning process are often associated with higher memory
retention rates.

5.2. Skill Development Mechanisms

The excellent performance of the experimental group in skill mastery fully demon-
strates the significant effectiveness of digital twin (DT) technology in cultivating students’
practical programming abilities. Three mechanisms can explain this result.

(1) Instant and situational feedback

The real-time feedback loop of DT technology, where code changes immediately alter
the state of the virtual system, enables rapid knowledge correction. This is consistent with
the iterative learning model [47], which emphasizes that skill mastery requires frequent
and timely feedback. For example, students who declare variables incorrectly in a DT will
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see the virtual sensor display “undefined”, which serves as a direct prompt to reexamine
the variable syntax. This is in stark contrast to traditional environments, where feedback
is often delayed and disconnected from its context, thereby disrupting the connection
between action and outcome.

(2)  Visualization of abstract logic

A DT’s animation of algorithm flows (such as loops and data processing) helps stu-
dents develop computational thinking and the ability to break down problems into logical
steps. This is especially beneficial for students with a low ability, as it provides an alter-
native to pure symbolic reasoning. This supports the cognitive load theory [35], which
suggests that allocating information through visual and textual channels can reduce mental
labor and free up resources for deeper learning.

(3) Authentic problem-solving

A DT’s simulation of real-world scenarios (such as programming for the virtual smart
classroom) makes coding tasks relevant and motivates students to develop transferable
skills. For example, when debugging the motion algorithm of a robot assistant, not only is
grammar knowledge required but logical reasoning ability also is—this is the core ability
in the field of professional programming. This is in stark contrast to traditional textbook
exercises, which often appear rigid and deliberate, making it challenging to cultivate skills
that can be transferred to practical scenarios [48].

5.3. Addressing Equity in Programming Education

The significant progress of low-talent students suggests that digital twins may help
narrow the achievement gap in programming education. Traditional teaching often fails
to benefit students with limited abstract reasoning abilities, as they struggle to transform
symbolic codes into mental models [49]. The multimodal representation of DT technology
(visual and interactive) offers an alternative approach to understanding, aligning with the
design of a universal learning framework [50], which advocates for multiple representation
methods to accommodate diverse learners.

For example, a student with low spatial reasoning ability may struggle to visualize
cyclic behavior in their mind. However, they can master it by observing the iterations of
virtual robots. This ease of operation is of great significance, as programming education
has long excluded students with different learning needs [51]. Digital twins (DTs) create a
more inclusive learning environment by offering various participatory concepts.

It is worth mentioning that high-talent students can also utilize digital twins to explore
advanced applications, but the improvement is relatively small. This suggests that digital
twins can cater to the diverse needs of learners, laying a foundation for beginners while
providing advanced project resources for more experienced students.

5.4. Limitations

Several limitations are worth noting when interpreting the research results in this
study. Firstly, the expected duration of the intervention is relatively short, only 8 weeks,
which suggests that students” long-term retention of skills may be insufficient. Although
the digital twin group has shown immediate results, further research still needs to track
students’ performance in subsequent courses (such as “data structures”) to evaluate the
transferability of skills. Secondly, there are specific obstacles related to technology and cost.
This DT platform not only requires moderate computing power support, such as 8GB of
memory and dedicated graphics cards, but also requires two developers to spend about
200 h on development, which may limit its promotion and application in resource-limited
institutions. In addition, the research sample only comes from one university, whose
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demographic data reflect trends in the region, such as gender distribution. Therefore, the
research findings may be difficult to generalize to other scenarios, such as online courses
or institutions with more diverse student populations. Additionally, a potential novelty
effect suggests that the initial increase in participation by the digital twin population may
be partially due to the novelty of the technology. Therefore, it is necessary to conduct
longitudinal research to investigate whether students’ learning motivation remains high
after long-term use.

5.5. Future Research Directions

To overcome the limitations of existing research and deepen research results, future
exploration can be carried out from multiple aspects: Firstly, we should focus on the impact
of digital twin-based learning models on long-term outcomes, specifically tracking their
roles in advanced programming course performance and career preparation, to clarify
the sustained value of this learning model. Secondly, efforts should be made to develop
digital twin platforms that rely on networks or mobile devices. These platforms should
minimize hardware requirements so that educational institutions with relatively scarce
resources can easily use them and expand the application scope of technology. In addition,
artificial intelligence can be combined with digital twin technology to achieve personalized
feedback, such as dynamically adjusting the learning difficulty based on students” error
patterns, providing targeted concept reviews for students” weak links, and improving the
learning efficiency of different learners. Finally, to comprehensively consider the universal
applicability of the research conclusions, existing research results still need to be validated
in online courses, vocational training programs, and various institutions with a more
diverse student composition.

6. Conclusions and Recommendations
6.1. Conclusions

Digital twin technology has had a significant positive impact on learning participation
in the “Programming Fundamentals” course, as reflected in multiple dimensions, including
behavior, cognition, and emotion. Emotional engagement showed the most significant
improvement, as the DT’s secure environment reduced coding anxiety. The learning
environment built on digital twins (DTs) can effectively enhance students’ mastery of core
programming skills, especially in algorithm design and code debugging. This is due to
the real-time visualization of the code running process, the feedback mechanism that fits
the scene, and the integration of real-world problem-solving tasks. It is worth noting that
low-talent students benefit more significantly from digital twin technology, which means
that digital technology is expected to narrow the gap in academic performance and provide
strong support for the fairness of programming education.

6.2. Teaching Recommendations

In terms of course integration, 30% to 50% of traditional laboratory time can be
replaced with activities based on digital twins, with a focus on conceptual visualization,
such as using virtual sensors to explain variables and making abstract variable concepts
more intuitive through changes in sensor data. Simultaneously, conducting interactive
debugging, such as tracking loop errors through robot movements, links logical issues
in the code with the actual actions of the robot, making the debugging process easier to
understand. It is also necessary to integrate project-based learning, guide students to write
virtual system code related to the real world, and enhance the practicality of learning. In
differentiated teaching, the adaptability of digital twins should be utilized to tailor tasks
according to the needs of different learners. For students with low talent, a simplified virtual
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system should be provided, such as one that involves only one robot action, supplemented
by guided feedback to help them gradually master the knowledge. For high-talent students,
complex scenarios such as open challenges with multi-sensor integration are designed to
stimulate their curiosity and innovation ability. For instructor training, it is necessary to
equip educators with the ability to design digital twin activities that align with course
objectives, such as linking robot motion with the concept of circulation, to make teaching
activities more targeted. We also need to learn how to interpret the data generated by digital
twins, such as analyzing common error patterns, to identify students’ misunderstandings
and adjust teaching accordingly and promptly. At the same time, this should also promote
collaborative learning in the digital twin environment such as guiding students to conduct
peer code review activities to cultivate their cooperation and communication skills.

6.3. Final Remarks

Digital twin technology represents a transformative approach to “Fundamentals of
Programming” education, addressing key challenges in participation and skill acquisition.
By creating an immersive interactive learning environment that reflects the real-world
programming environment, DT bridges the gap between abstract code and tangible results.
This not only enhances current learning outcomes but also cultivates the perseverance
and algorithmic thinking necessary for long-term development in the field of computer
science. With the continuous advancement of educational technology, digital twins have
outlined an inclusive, interactive, and practical blueprint for programming education,
enabling students not only to write code proficiently but also to thrive and excel in this
technology-driven world.
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Abstract: Despite the effort invested to improve the teaching of programming, students often face
problems with understanding its principles when using traditional learning approaches. This paper
presents a novel teaching method for programming, combining the task-driven methodology and
the case study approach. This method is called a task-driven case study. The case study aspect
should provide a real-world context for the examples used to explain the required knowledge. The
tasks guide students during the course to ensure that they will not fall into bad practices. We
provide reasoning for using the combination of these two methodologies and define the essential
properties of our method. Using a specific example of the Minesweeper case study from the Java
technologies course, the readers are guided through the process of the case study selection, solution
implementation, study guide writing, and course execution. The teachers” and students’” experiences
with this approach, including its advantages and potential drawbacks, are also summarized.

Keywords: computer science education; programming; software engineering; computer-aided in-
struction; task-driven methodology; case study approach

1. Introduction

The efficient teaching of programming is a difficult task. Often, students know the
principles and processes, but they are not able to use them effectively in practice. There are
even cases where professional developers have problems with applying basic principles,
such as inheritance or encapsulation in object-oriented design. As a reference, the work
of Hadar analyzes the reasons why professional object-oriented programmers make bad
decisions although they possess the required knowledge [1]. A common reason is the
lack of understanding of the context and background of a given principle. A student or a
programmer has to see the problem and then come to a solution on one’s own. By realizing
the nature of the problem and obtaining the solution only through his own work, he will
better remember the solution and even the problem to which the solution applies.

1.1. Task-Driven Teaching

The task-driven teaching method is based on the constructivism teaching theory [2].
It is based on acquiring knowledge through the experience of solving tasks. A related
approach, task-centered instructional strategy, starts by presenting a series of real-world
tasks that gradually form the taught content [3].

Explaining the theory in lectures is undoubtedly necessary; however, it does not
provide all the understanding necessary for the application of knowledge in practice.
According to Bonwell et al., active involvement of students in the learning process increases
its effectiveness [4]. While people may remember the mistakes of others, they never forget
their own. Learning by doing includes learning from one’s own mistakes. Very few people
can understand theory so well they will not make any mistakes when it comes to applying
it in practice.
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1.2. Case Studies

A case study investigates phenomena in a real-life context [5]. The case method of
teaching provides a realistic situation or project to students and allows them to apply
their knowledge to devise solutions to the presented problems [6]. According to Coppit,
providing students with meaningful development experiences in computer science courses
is essential to produce graduates who can enter the software industry and be productive [7].
Therefore, we use case studies as the basis for our method.

In general, many researchers discovered that using case studies has a positive effect
on students’ learning (e.g., [8,9]). However, there are not many guides available on how to
design, prepare, and execute a case study in the context of computer science.

1.3. Task-Driven Case Studies

In this paper, we describe task-driven case studies—a specific implementation of the case
study technique [6]—and share our experience with it. Our special task-driven case studies
are case studies combined with the task-driven methodology. This means that the case
study guides a student through multiple tasks corresponding to the learning objectives of
the course. An essential part of them is study guides—written guides that describe the case
study and specify tasks to be solved.

We provide guidelines on what a good task-driven case study for a course related to
programming should look like and how it is prepared. These guidelines and experience
may be found useful even in other types of case study implementation, i.e., without task-
driven methodology, and for teaching in general.

Our previous conference article briefly described teachers” experience with our ap-
proach, analyzed the results of a survey with students, and outlined potential draw-
backs [10]. In the current paper, we summarize and complement these findings, thoroughly
describe a novel teaching approach devised as a combination of case studies and the
task-driven approach, and provide guidelines for other educators supplemented by spe-
cific examples.

2. Background

Existing research related to task-driven case studies can be divided mainly into
the topics of problem-based learning, case studies, task-driven methodology, and game-
based teaching.

2.1. Problem-Based Learning

O’Grady provides an overview of some of the existing literature about problem-based
learning [11]. Problem-based learning (PBL) focuses on students so they take responsi-
bility for their learning themselves. In this aspect, PBL resembles case studies. However,
in comparison with our method, PBL gives only little guidance to students. They are given
a problem, and it is their responsibility to analyze and solve it. Our method guides them
through a solution with tasks. Similar to challenge-based learning [12], we also draw from
PBL to support students’ critical thinking, self-directed learning, and long-term retention.

A more recent scoping review of PBL research articles by Ghani et al. identifies
learning behaviors required for effective PBL application and can be used as a helping
guide for designing better case study tasks [13].

Pérez et al. report their positive experience of introducing complex, more industrial-
like projects at their university [14]. Cico et al. report that project-based learning is currently
the most dominant approach to teaching software engineering [15]. Case studies enable
teachers to focus more on the process of solving the project than on the end result.

2.2. Case Studies in Teaching

Many works concern the use of case studies in teaching. One of the more recent works
by Grimes provides guidelines for the design of continuous case studies [16]. Continuous
cases represent a type of case study that is split into segments that gradually unfold the
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story represented by the case. The guidelines have many similarities with our suggestions;
for example, they suggest aligning case study segments with course learning outcomes or
assessing students continuously. On the other hand, the guidelines are quite generic and
do not assume some specific form of task design based on the case study.

Zhang et al. explore case-based teaching of a digital image processing course [17].
They find significant improvement in several learning aspects, including students’ learn-
ing interest and motivation. They also propose basic principles of case design that are
quite generic.

Ouh et al. present the application of case-based teaching in a postgraduate software
architecture course [18]. Instead of a large case study, they use smaller bullet cases and
mini-cases mainly as a way to facilitate discussion. In our case, however, a large and more
detailed case study is used and split into simpler tasks intended to be solved by students
on their own.

Varma et al. present a short analysis of using case studies in software engineering
courses [19]. They also provide a few general basic guidelines on how to prepare such
a case study. In another work, Garg et al. provide an experimental comparison of the
lecture-examination learning model and the case study method [8]. They claim that case
studies help to nurture the higher-order cognitive skills of application, analysis, evaluation,
and synthesis. In their later work, they discuss the advantages of using case studies as
assessments [20]. In our experience, we came to quite the same conclusions, and that is the
reason why case studies are used as assessments in our courses. In comparison with them,
we incorporate also guidance through the case study using tasks.

A case study in a software engineering course is described also by Jia [21]. They also
argue for case studies’ advantages in comparison with conventional teaching approaches.
Additionally, they also express the importance of the clear specification of teaching goals
that we argue for in Section 4.

Burge et al. introduce a more business-oriented case study into a software engineering
course [22]. In their work, they describe the case study and analyze the advantages of
using it in a course. Many other works argue for using case studies and large projects as
assessments. For example, experience with a case study is presented by Hilburn et al. [23].
Martin [24] and Meyer discuss the shortcomings of using introductory toy examples in
comparison with large projects [25]. Coppit argues that providing students with meaningful
development experiences in software engineering courses is essential to produce graduates
who can enter the workforce and be productive [7]. These works identify the issue with
most common academic projects so far—that projects may present a highly abstracted view
of reality and students usually focus on the project outcome (product) and not the process.
As a solution to these issues, the works argue for using case studies.

2.3. Task-Driven Teaching Methodology

The task-driven methodology belongs to the constructivism teaching theory. It aims
to divide one standard assessment and one single task into multiple tasks. According to
Yu et al., this approach is supposed to make learning more effective and faster because the
knowledge could be covered naturally and the learning motivation could be maximized
through full engagements [26]. In their work, Yu et al. describe their experience with a
task-driven methodology.

A meta-analysis by Xie et al. shows that constructivist methods have a significant
effect on improving learning in the area of mathematics compared with the traditional
transmission acceptance method [27]. A similar effect can be expected in computer science
as well.

Peng et al. argue that by using tasks, students’ views of learning will be influenced
unconsciously [28]. In the past, they used to take learning as a task; now they learn in
light of the needs of the tasks, changing from passive acceptance of knowledge to active
pursuit of knowledge. Peng et al. describe their specific implementation of the task-driven

143



Computers 2024, 13, 221

methodology in one of their courses, and based on their experience, they provide some
basic guidelines and advice about the application of the method.

Xue et al. describe the application of the task-driven methodology in information
technology courses in detail [2]. While our work focuses more on how to devise tasks and
how the tasks collaborate with case studies, Xue et al. aim more at how the task-driven
methodology can be effectively executed in information technology courses.

A study by Liu et al. shows that proper usage of tasks can result in learning benefits
for students [29]. Students’ creative thinking is cultivated; they can work independently
and at their own pace. The methodology makes hierarchical teaching more convenient
through different hierarchies of tasks. Similarly, we argue the same benefit by using tasks
with layered hints to provide control of the task difficulty.

Rosenberg-Kima et al. compare the effectiveness of two task-based approaches with
explicit instructions in an empirical study with programming novices [3]. The whole-
task strategy presents instructions in the context of the whole task, so the integration of
individual components is necessary from the beginning. The part-task strategy defines
distinctive components that are taught separately, while their integration is completely
omitted or postponed until the tasks are finished. According to the results of this controlled
experiment, students using the whole-task strategy achieved better performance and
learning transfer. This empirically confirms our intuition that incremental implementation
with a solution that is continually executable benefits students.

Liang et al. present a combination of task-driven and objective-oriented hierarchical
education methods that they use in their Linux curriculum [30]. Objective-oriented hierar-
chical education enhancement allows students to solve different tasks according to their
objectives in their studies. If the student’s objective is to become a system administrator,
he would be solving different tasks compared with a programmer. This enhancement
would apply to our method as well; however, as it is expressed in Section 9, our task-driven
case studies are already quite expensive to prepare. Making multiple versions according
to different objectives would be very costly. A viable application is to provide different
additional tasks since those are only specified as feature requirements in the problem
terminology, and they do not have to be implemented by a teacher.

Dong uses a so-called graded task-driven methodology [31]. A graded task-driven
methodology employs tasks graded based on their difficulty. Its purpose is to provide
better students with enough challenges and worse students with tasks that they would be
able to solve. These graded tasks are very similar to our idea of multilevel hints to tasks.

Birnbaum and Langmead argue that a task-driven approach is suitable for teaching
programming to digital humanities students [32]. They view it as an analogy of the task-
based method of teaching foreign languages, where, instead of focusing on comprehensive
knowledge of grammar and vocabulary, the learning is organized around communication
tasks. They suggest that this approach is suitable for students whose main area is not
computer science. While our method is focused on computer science students, its principles
are in line with the suggestions provided by Birnbaum and Langmead, including the
important role of the case study domain, or incremental development. Therefore, it can be
adapted to other study programs as well.

In comparison with all of the aforementioned works about task-driven methodology,
our task-driven case studies differ in combining the task-driven methodology with case
studies. In this combination, we wanted to give students a complex real-world environment
in a case study combined with proper guidance through tasks to teach them best practices.

2.4. Games in Teaching and Automatic Feedback

In many of our courses, we implement games as case studies. If possible, we recom-
mend taking this approach, as games are a proven tool for motivating students and encour-
aging their engagement in the learning process [33,34]. Zhan et al. review and analyze mul-
tiple recent studies that show the positive effects of gamification on the learning process [35].
Papadakis documents another study with evidence of the positive motivational effects of
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games on students in learning programming [36]. Jordaan provides evidence that even
board games can improve students” engagement in learning programming [37].

Tay et al. examine and describe game design elements needed to inhibit students
motivation and engagement in the learning process [38]. We refer to them for some useful
guidelines on the design of a game case study. Useful information on this topic can be also
found in [39,40].

Cavalcanti et al. summarize a review of recent works in providing automatic feedback
to students in an online environment [41]. As suggested at the end of Section 8.1, task-
driven case studies open space for utilizing automatic feedback and obtaining its benefits.

’

3. Task-Driven Case Studies’ Pedagogical Framework

As was explained earlier, task-driven case studies are a teaching approach that com-
bines case studies with the task-driven methodology. The approach consists of the following
three main components:

1.  Case study, a realistic project providing an opportunity to showcase most of the
learned topics.

2. Tasks defined in the context of the selected case study and corresponding to the
learning objectives of the course.

3. Written study guides, explaining the case study, leading students through the tasks,
and providing enough context and explanation.

3.1. Reasons to Use Tuasks

By using the task-driven approach, it is possible to change students’ view of learn-
ing [28,30]. Instead of perceiving learning as a task, they start learning because of the tasks.
This view changes their attitude from passively accepting knowledge to pursuing it for the
needs of the tasks. Such a learning model better mimics industrial practice.

A task-driven case study is built upon relatively fine-grained tasks. These tasks define
what a student should do to continue in the case study. More specifically, programming
courses contain implementation tasks, defining what needs to be implemented. They guide
students through the process of solving the case study.

The following are the three main reasons why we use tasks:

1.  We want to make sure that students are active during lessons. Both the teacher and
the students are reminded that practical lessons should revolve around the students
working and not the teacher lecturing.

2. We want the student to use best practices while working. Finer-grained tasks help us
to keep the student on the right track. In learning, the process is more important than
the result.

3.  Instead of only showing the process and the students repeating after the teacher, we
use task-driven case studies to make them try the process by themselves. Then it is
harder to forget about the details.

In our method, case studies are combined with the task-driven methodology, incorpo-
rating tasks to guide students to active participation in practical lessons. The whole case
study with the tasks is presented to students using written study guides.

3.2. Role of Written Study Guides

The written study guides are an integral part of our method. They contain all the
important information for solving the case study or, in general, to fulfill the goals of the
practical lessons. The following are the three main reasons why we recommend preparing
written study guides for task-driven case studies or even for task-driven teaching in general:

e A written form of the guide allows students to work at their own speed. If there is
something unclear, they can get back to it anytime.

*  Students can continue working at home without any impedance. If a student is unable
to come to the lesson, he misses only individual consultations with a teacher. To a
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large degree, the lesson can be simulated by the study guide. This proved to be very
useful during COVID restrictions.
* A study guide can be shared between universities or learning facilities.

Study guides substitute the teacher in explaining the case study (or the contents
and tasks of the lesson) to the students. The teacher can focus on explaining only the
more problematic aspects of the case study and individually helping the students with
their problems.

The tasks represent the main component of the study guides—each lesson should have
at least one task. However, they are not the sole content of them. Besides the tasks, the study
guide for each lesson provides the students with a problem definition and explanation of
the problem context, objectives of the corresponding lesson, background, reasoning, further
reading, etc. These concepts will be explained in the rest of the paper.

3.3. Course and Case Study Relationship

To prepare a good case study for a course, its author has to realize the connection
between the course itself and the case study. Figure 1 demonstrates such a relationship.

Learning Goals Case Study
covers/fulfills
Learning Goal 1.1 — Impl. Task 1.1
Learning Goal 1.2 L Impl. Task 1.2
Learning Goal 1.m, Impl. Task 1.1,
Learning Goal n.1 < Impl. Task k.1
Learning Goal n.2 <><> Impl. Task k.2
Learning Goaln.m, 4 ~ Impl. Task k.,

Figure 1. The relationship between goals and tasks in case studies.

Each course has a set of learning goals (displayed on the left side of Figure 1). For ex-
ample, the Programming Basics course could have goals such as “understand the meaning
of conditional statements” and “know how to use iterations”. Learning goals are the core
of the course. The course is usually divided into modules, where each module contains a
set of learning goals for one lesson of the course.

Everything in the course should revolve around these goals, so the case study has to
concentrate on them too. One very important issue is mapping the learning goals to the
case study tasks.

A case study solution (right side of Figure 1) consists of multiple functional features
of an implemented product. Each of these features is implemented by solving a sequence
of implementation tasks. A task is a specification of some implementation goal that has to
be achieved by a student to continue in the case study, e.g., “perform empty game field
generation” or “shuffle the field items randomly”. Each implementation task covers and
fulfills one or more learning goals. Each goal can be covered by multiple tasks. If there is a
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goal that is not covered by any task, we risk that the goal material will not be exercised in
full and therefore not be comprehended well.

According to our experience, it is a good practice to map each feature completely into
one module only so that the feature can be runnable after the lesson. However, this is not
always possible, but as we argue later, it is useful to have an executable solution after each
module, and mapping like this can help to achieve that.

3.4. Task-Driven Case Study Lifecycle

For preparing a good case study, it is useful to understand the case study lifecycle. We
have identified a lifecycle of the task-driven case study as it is presented in Figure 2.

1. Case study selection

v

—> 2. Solution implementation

\

Feedback 3. Writing study guides

\

4. Course execution

Figure 2. The task-driven case study lifecycle.

The lifecycle starts with the case study selection phase. In this phase, the authors need
to find a suitable theme and project that is appropriate for the course. The selected project
should offer enough space to fulfill the learning goals. After the selection phase, we suggest
starting with the design and implementation of a solution to refine our understanding of
the details and find potential problems. The solution implementation phase is followed
by the writing study guides phase. After the study guides are finished, it is time to run
the course. During the execution, it is essential to collect feedback from the students and
subsequently include the suggestions and observations in the study materials and update
the implemented solution.

3.5. Guidelines

In this paper, we use our experience to extract guidelines that apply to our approach
or even to case studies or the task-driven methodology in general. The guidelines will be
backed with examples from our most mature case study—the Minesweeper from the Java
technologies course.

The guidelines are structured based on the task-driven case study lifecycle phases. We
discuss each of them in detail in the following sections. Here, however, we provide only a
summary of them in the form of lists as an overview or a checklist for course authors.

Selection of the Case Study

e Know the learning goals.

*  Select a well-known domain.

¢  Find an interesting topic.

e Keep the project in industrial quality.
e Show the whole process.
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e Prepare for incremental implementation.
e  Support individual approach.

Solution Implementation

e Implement code first.

e  Divide code into goals.

¢  Evaluate goals’ coverage.
¢  Find goal dependencies.
e Do the review.

Writing Study Guide

e Always tell objectives.

e Describe the current state and expected increment.
e Show context and reasoning.

®  Specify tasks clearly and precisely.

*  Refine tasks with comments.

*  Add supplementary tasks.

®  Provide further reading.

e  Use suitable software support.

e Verify continuity and consistency of the guide.
*  Review the guide.

e  Start with a minimal version and improve it.

Course Execution

®  Monitor progress continuously.

e  Favor individual achievements.

e  Examine understanding.

*  Get feedback from the “battlefield”.
e Update the case study.

4. Selection of the Case Study

In the case study selection phase, the author should find a project that would be ap-
propriate for a case study. A good subject of a case study can have a positive effect on
students’ motivation, satisfaction, and learning efficiency. The following are the guidelines
that stemmed from our experience.

4.1. Know the Learning Goals

As a first step, it is really important to identify the learning goals for students in the
course. Clear, sound, and specific learning goals are a basis for preparing a course, and they
should be prepared upfront. Goals help to select a proper case study project. According
to our experience, without having explicitly stated goals, it is hard to prepare tasks that
would cover all the required topics in the course.

Example: For our case, the Minesweeper case study for the Java technologies courses, we
have written down a list of learning goals that would lead to understanding the Java
language and all the fundamental Java technologies. The following list presents an excerpt
of the goals of the Java technologies course:

e  Students are familiar with Java language basics.

e  Students can create a project and a class in the NetBeans IDE.

¢  Students understand the role of interfaces in object-oriented programming.

e  Students can implement existing interfaces in Java.

e  Students can create their own interfaces in the Java language.

¢  Students are familiar with the role and types of collections in the Java language.
e  Students can work with the generic ArrayList collection.
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¢ Students can use String class methods for working with strings.
e Etc

These goals are specific and can be used later to check whether the implementation of
the case study covers all the necessary topics in the course.

4.2. Select a Well-Known Domain

We experienced that a proper domain of the case study project should be a domain
well known to the students. When the students are supposed to learn to program in a
Java language, they should not be bothered with understanding a domain (unless it was
stated as a learning goal). A well-known domain helps to save time and energy in favor of
learning the course topics.

Example: You can imagine that, for example, the problem of luggage transport at an airport
is not a very good choice. Most of the students never had to (or will never have to) deal
with that problem, and some of them probably never even traveled by plane. That is the
reason why we picked a Minesweeper game. Thanks to the Microsoft Windows operating
system, it is one of the most known games. We could barely find a student in the Java
technologies course who had never played Minesweeper.

4.3. Find an Interesting Topic

Motivating students is one of the most challenging parts of education. Without stu-
dents willing to learn, teachers may use state-of-the-art methodologies and approaches,
but they will hardly obtain the expected results. Using the words of Mingins et al. [42],
“The course should be fun!”.

We have to impress students with their assignments, ideally making them work with
impressive programs, like those that handle graphics. Teaching can capitalize on this “wow
effect”. “Trying to get students excited is pedagogy, not demagogy” [25].

In this context, it is important to know the target group. Our experience proved that
the easiest way to get today’s students” attention is to make them implement their own
game—we use game-based learning [43]. Many of our students claim that they came to
study Informatics only because they wanted to learn how to make games.

Example: That is why we chose the Minesweeper game. In some of the other courses, games
are used too. For example, we used the N-Puzzle game in the INET programming course
and Alien Breed clone in the object-oriented programming course.

4.4. Keep the Project in Industrial Quality

We suggest implementing a project that is of industrial quality. Students need to feel
the touch of the real world, of the industry. Many times, students” motivation can be killed
if they have to solve problems that seem to be too trivial or unrealistic.

Another benefit of an industrial-quality product is its motivational aspect. Students
can flaunt their solutions to their friends and family. In this context, the domain also plays
arole. For example, a game has a greater impression on non-IT people than a console or
desktop application.

The projects should also implement best industrial practices.

Example: The solution to our Minesweeper case study is comparable to the professional
Minesweeper game (see Figure 3). Students can see that they are able to implement a
program comparable to the industry.
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Figure 3. Our case study solution (left) compared with Microsoft Minesweeper (right).

For example, our Minesweeper case study has a modular design that strictly separates
individual user interfaces: the console (textual) and the graphical user interface.

4.5. Show the Whole Process

We want to teach students the whole process of implementing a good software system.
Showing only partial solutions and expecting that they will somehow understand the glue
that put these together is naive. Garg et al. [8] talk about receiving feedback that students
felt that software engineering is a theoretical and unexciting subject and is perhaps of very
little use in the future. The reason for this feedback may be found in the lack of experience
related to a project [19,44]. We, on the other hand, had very good feedback on our case
studies that guided them through the whole process of implementing the project (see
Section 8).

Students usually focus on the project outcome (product) and not on the process of the
project implementation. However, the process is a part of the course during which they
should learn how to apply theoretical knowledge. It is not enough to show them what
they should apply. As Garg et al. say, the competence of a student in applying skills or
the synthesis of learning in real-world scenarios should be established from a case study
carefully designed by an experienced professional [20]. Throughout solving the case study,
students have to be guided to use best practices, not only to implement a solution that will
work. Instead of merely showing them the best techniques and expecting them to somehow
become programming masters, the case study shows them how a masterpiece is done (in
an ideal case, when the case study really covers a masterpiece). The case study shows them
how the work and reasoning go through the whole process.

The tasks should not focus only on the implementation phase itself. To abstract the
problem from implementation details, in some courses, students first write pseudocode in
natural language and draw diagrams (flowcharts, UML, etc.) as necessary. In some courses,
the first one or two weeks are dedicated to the analysis, while in other ones, the beginning
of each lab can be focused on the analysis of the problem. The details depend on a specific
course and are a part of the study guide.

To be able to show the whole process, the project size has to be picked very carefully.
Students should implement a reasonable part of the project themselves, not only a small
part. We want them to see the creation of a comprehensive solution (especially important
when teaching a programming paradigm, e.g., object-oriented programming). Therefore,
a final solution cannot be a large application or just its small part. It has to be something
smaller yet comprehensive—not only, for instance, a sorting algorithm.
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Example: In our Minesweeper case study, we chose the Minesweeper game because it is
small enough to be implemented by a student in the time span of the course, and yet the
result is a whole game that is comparable with industrial Minesweeper.

4.6. Prepare for Incremental Implementation

In our experience, it is very good for students” motivation if, after each lesson (module),
the partial solution is runnable. Students can immediately see the results and test their
implementation. If the students work for 10 weeks and see no result, they may lose the
courage and motivation to continue. “What if I have made some error in the beginning and the
whole implementation is now incorrect?” Seeing the results gives them the feeling that it is
going the right way. Moreover, it gives them satisfaction with the work they had performed
during that particular lesson. Therefore, we suggest choosing a case study that supports
such incremental implementation.

Example: In the Minesweeper case study, the first case study lesson introduces the
Minesweeper game. We are designing the game core together with students using standard
UML notations. During this, they are led to our source code skeleton implementing best
practices from object-oriented programming. In the next lesson, students implement the
game logic—the game field and all its behavior. So far, their solution is not playable.
However, we do not wait anymore, and in the third lesson, they start implementing a
simple console user interface that would be able to present the current state of the field.
Although, after the third lesson, they cannot play the game, they can already run the game
and see whether their field generation works as it should. Since that moment, they are
always able to run the game and see the increment they add during each particular lesson.

4.7. Support Individual Approach

Most of the previous advice aimed to keep students on the right track when implement-
ing the case study. We argued that we have to guide them so they can see how a professional
solution is created. However, students’ creativity should be nurtured too. Therefore, we
recommend selecting a project that would provide students with enough space for their
individuality. Students should follow the guide in creating the main program, but then, they
must have the opportunity to enrich it with their own ideas and special features.

Example: In our Minesweeper case study, we suggest that students implement some addi-
tional features that the main project does not have. An example may be implementing the
support for a simultaneous click of both mouse buttons to open also adjacent tiles and not
merely the one that the mouse points to. We also support their own ideas on how to make
the game even more interesting.

5. Solution Implementation

After a good subject for the case study was selected, in the next step, the teacher
should implement the case study himself—the solution implementation phase. It helps the
teacher to get familiar with the case study and the study solution, with all its details and
problems. The sample solution will verify if the selection was really appropriate.

5.1. Implement Code First

If the teachers start writing a study guide and tasks without first trying to implement
them, they risk that the students will stumble upon some unseen issues that may complicate
the learning process. We always implement the case study first ourselves. It helps us to see
every detail of the solution, make the best design decisions, and provide sound reasoning
about them to the students. There should not be any open problem in the main project
that the teachers would not be aware of and to which they would not have an answer.
The implementation-first approach also helps the teachers to avoid guiding the students
the wrong way. It is better if they find out upfront that there is some problem than if the
students find it out during the course.
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Example: We implemented our own Minesweeper game before giving the case study to stu-
dents. Before using the case study approach in the Java technologies course, the Minesweeper
game was one of the examples that we used to show the students more complex examples
implemented in Java. Then we decided to prepare a case study and reworked the old
solution to incorporate all the topics of the course and to reflect our best knowledge.

5.2. Divide Code into Goals

It is recommended that the teacher divide the source code into learning goals they
achieve. In the case study selection phase of the case study creation process, we recom-
mended preparing a list of learning goals. These goals specify what a student has to learn
in the course. Now the source code of the implementation should be matched to these goals.
We recommend doing it in two steps. First, the teacher identifies implementation objectives
needed to implement the case study and maps the code to them. The implementation
objectives represent the tasks, such as students have to implement the generation of the
game field and students have to implement the presentation of the game field. Second,
the teacher maps the implementation objectives to learning goals. For example, the imple-
mentation objective “students have to implement the presentation of the game field” would
be mapped to the learning goal “students understand and know how to use data streams”.

We recommend explicitly marking the division in the code as well—-by using either
comments or preferably source code annotations (attribute-oriented programming [45]).
Having the source code of the case study explicitly annotated by its implementation objec-
tives (and through them to learning goals) helps with the maintainability and evolvability
of the case study.

Example: To explicitly record implementation objectives in the code of the Minesweeper case
study, TODO comments marked with the task identifiers were used. Each task represented
an implementation objective. We started using TODO comments because of the tool
support—see the automatically generated list of TODO comments in an IDE in Figure 4.
However, current IDEs have better support for source code annotations since they are
first-class citizens of the language. The following code is an excerpt showing a TODO
comment marking the getColumnCount () method as a part of the task identified as “getters”
in the second module (lesson) of the course.

//TOD0: Task 2 - getters

/ * %

* Returns column count of the field.
* Q@return column count.

*/

public int getColumnCount () {

An alternative using source code annotations (e.g., a custom @Task annotation) is
presented in this second listing:

/ k%

* Returns column count of the field.
* Q@return column count.

*/

@Task (module = "02", id = "getters")
public int getColumnCount () {

In this example, the getters task can be easily identified in the source code. The task
itself then needs to be mapped to a learning goal. In our example, it would be the goal
of the learning principles of implementing the Java Beans convention. To illustrate the
indirect mapping through tasks, Figure 5 shows relationships between the “Swing User
Interface” feature implementation tasks of the Minesweeper game and the learning goals
in the Java technologies course that spans multiple case study modules. The diagram
is an instantiation of the diagram presented in Figure 1. It shows how implementation
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tasks relate to learning goals. The coverage of tasks in the code is represented by code
annotations (or legacy TODO comments).
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Figure 4. The projection of code division to goals using TODO comments in Minesweeper.
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5.3. Evaluate Goals” Coverage

It is important to verify that every goal is addressed in the source code. In this process,
IDE tools can be used to check the explicit code division according to implementation tasks.

It is also crucial to go through every goal and consider the difficulty of its tasks too.
Some goals may not be that important, and they may include a lot of code and, therefore,
a lot of work for students, while other important goals may be covered only by simple
implementation problems. The idea is to balance the code with the importance of its goal.

Each learning goal has to be covered in the case study—not vice versa—not every
piece of code has to be relevant to learning goals. In such cases, these pieces of source code
can be given to students ready-made. If students cannot learn anything relevant to the
course from implementing that code, it is usually a waste of time to make them do it.

Example: A simple help in checking the code coverage is, for example, the Action Items
window in the NetBeans IDE (previously called the Tasks window). In Figure 4, there
is a screenshot showing the list of tasks currently present in the Minesweeper teacher’s
solution. It is easier to check the goals this way since the goals’ source code can be scattered
throughout the whole project.

In the Minesweeper case study, the students are given the code skeleton of the game
core—it is the result of object-oriented design and does not address any specific Java
technology. Thus, its creation would fit in the OOP (object-oriented programming) course,
but not in the Java technologies course.

5.4. Find Goal Dependencies

Learning goals and their tasks need to be divided to form a list of modules. One
module defines one lesson. Modules should be balanced so that all the lessons are approxi-
mately of the same difficulty. The order of the tasks for a lesson is very important. In our
experience, the best time to prepare the order of the lessons and their tasks is in the solution
implementation phase of the case study creation. Usually, the order will follow the order in
which the implementation is made by the teacher.

The most important aspect in the ordering of goals is their implementation dependen-
cies. If the code of one task cannot be implemented unless a code of some other task is
present, then the other task has to be fulfilled first.

For the sake of having continuity, it is also useful to verify whether the tasks for one
goal are not scattered too much in the implementation process. For example, when the
students are exercising interfaces, they should not be forced into other topics until they are
finished with interfaces.

One should also consider the principle of incremental implementation from the case
study selection phase. If there is no implementation dependency, the goals should be ordered
in a way that each learning module will end with a runnable partial solution. From the
motivational viewpoint, this aspect has a higher priority than the continuity aspect.

After preparing the order of the goals, we recommend aligning the lectures with the
case study (practical lessons). It is really important to ensure that each topic exercised in
the case study was already discussed in the lectures.

Example: In the Java technologies course, the lectures are aligned with case study modules
so that the students always have the theoretical knowledge that is needed for the current
module of the case study. The alignment is depicted in Figure 6.
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Figure 6. Alignment of lectures and practical lessons in the Java technologies course.

5.5. Do the Review

After finishing the teachers” sample solution, the best practice is to get it reviewed
by other professionals. This may mean other teachers who are teaching the course or
even experts from the industry. The feedback from them can significantly improve the
case study.

6. Writing Study Guide

We recommend preparing written study guides instead of merely presenting the
problem and the case orally for a few reasons that have already been mentioned in Section 3.
First, the case study is usually non-trivial, and therefore, it is better to have its written
specification, so the students can get back to the parts they did not understand anytime
they want. Second, they can work at home, having a copy of a study guide or accessing it
online. Third, the quality of case study specification does not differ even when there are
multiple teachers with different knowledge and skills. Fourth, this way, a case study can be
easily shared between universities or other teaching facilities.

Writing a study guide for a case study follows the solution implementation phase.
However, the teacher does not have to wait until the completion of the implementation of
the whole solution. He can implement a part of the solution for the first lesson, and then
write a study guide for the first lesson, and only then continue with the next one.

To better mimic the process instead of only a specification, we suggest that the study
guide for each module should consist of a sequence of steps. Each step would bring a
student closer to the finish. Steps consist of the problem context for the step and tasks that
have to be implemented.

Example: To get a better notion of how such a study guide looks, a specific example of one
lesson from the Java technologies course can be found at https://kurzy.kpi.fei.tuke.sk/
tjava-en/student/06.html (accessed on 30 August 2024).

6.1. Always Tell Objectives

Students should know what is their objective for the current lesson. The best way
to begin a study guide for a lesson is to start it by listing the objectives. This can include
learning goals, but also the implementation objectives that specify project features or their
parts that should be implemented during the lesson. Sometimes the students are afraid of
some important topics because they consider them complex and difficult. By telling the
students more and providing concrete information, we want to show them that there is
nothing to be afraid of.

After the lesson, students can also verify that they did not miss any important point
by checking whether they fulfilled and understood each goal/objective.
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Last but not least, we found it very useful to link the learning goals in the study
guide to the materials used in lectures. This way, students can easily get to the relevant
information from the lectures if it is needed.

Example: Examples of learning goals are presented in Section 4 when we discussed making
a list of the learning goals for the case study. However, there are also implementation
objectives. These are specific to each case study. For example, in the following list, there are
some implementation objectives from the Minesweeper case study.

*  Students have to implement the generation of the game field.

e  Students have to implement the presentation of the game field.

e  Students have to implement a time-measuring feature for the game.
¢  Students have to implement the settings feature.

e  Students have to implement a graphical user interface in Swing.

e [Etc

In Figure 7, there is a beginning of a study guide page for one of the lessons of the
Java technologies course. Each goal (objective) is mapped to one or more steps in the
instructions part, which contains explanations for students along with implementation
tasks. In the example, the first task fulfills goal numbers 1 and 2 since it implements user
interaction and uses regular expressions to achieve this.

Interactive programs (Minesweeper Task 4)

Objectives

1. Familiarize yourself with the issues of interactive systems
implementation.

2. Learn to use regular expressions to process user input.

3. Learn to use recursive functions.

Introduction

The task of today's exercise is to implement the user interaction. During
the user interaction it is necessary to ensure requesting the data from the
user, confirm the correctness of the input data, ensure the feedback for
the user in case of incorrectly inputted data and perform the requested
operation.

Instructions

W Task: Implement the void processInput() method in the ConsoleUI
class ensuring the user interaction.

The method void processInput() should:
o Write the request to input along with the pattern of expected user
input: X — end the game, MA1 — mark tile in the row A and column 1,
0B4 — open tile in the row B and column 4.
o Load the input user request (method String readLine()).
o Confirm the correctness of the input string. To confirm the input

Figure 7. An excerpt from a study guide demonstrating the relationship between goals and tasks.

6.2. Describe the Current State and Expected Increment

After listing the objectives, a good start is to recapitulate the current state of the
solution (the state in which the implementation should be after previous lessons) and to
show the desired increment to it. Of course, it is not always necessary to recapitulate
the complete current state of the solution. Many times, an abstraction (e.g., a UML class
diagram) focused on the current problem will suffice.

Example: We use class diagrams in each module to show the difference in the program
structure before and after finishing the current lesson. In Figure 8, there is a class diagram
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of the Minesweeper case study in the fifth module. The yellow classes represent the current
state, and the red ones are the increment for the fifth lesson. This helps the students to
understand how the implementation goals will be projected into the program structure.

< <enumeration>>
GameState
<<enumeration>>
Tile.State %
+OPEN == Minesweeper
HELOSED
HARKED +main{args: String)
-state |1
-state 1
Field
TowCount: int
-columnCount: int
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Tile +getCOIumnCnu8tC|: int e -
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-handleInput{input: String)

i

WrongFormatException

Figure 8. A snapshot of the Minesweeper class diagram in the fifth module.

6.3. Show Context and Reasoning

It would not be a case study if it did not provide a clear context and reasoning. In the
study guide, there has to be a part that should explain to students the reasoning and
motivation for the work they will be doing in the current step of the lesson. It is also
the specification that can be used to verify the correctness of the student’s increment
implementation.

Example: In the Minesweeper case study, each step starts with an explanation of the
current situation, the problem context, and the reasoning behind it. This part of the step is
intertwined with the tasks that lead to solving the problem—each step of the module starts
with the context and reasoning, and after that, the tasks follow.

6.4. Specify Tasks Clearly and Precisely

Each step provides some context to the current problem, motivation, and reasoning.
A step consists of this context and of tasks that guide students in solving the problem.

The most important and hardest part of the case study creation is the clear and precise
specification of the tasks. Task specifications should not be too long. If a task is too complex
to be explained in a few sentences, then it should be divided into subtasks. Additionally,
multiple shorter tasks are used to control the students” implementation process so they will
not fall into bad practices.
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The level of abstraction for task specification depends on the context. Usually, at the
beginning of the course, the tasks are described more thoroughly. For instance, precise
pseudocode is provided and the students can simply rewrite it to the given programming
language. Near the end of the course, tasks tend to be described more briefly since students
have already gained experience.

Tasks for a single lesson should be balanced. They do not have to be of the same
difficulty, but it is important to keep the difficulty generally non-decreasing.

Example: Following is an example of a task from our Minesweeper case study that tells the
student to implement a method that will be a part of the Minesweeper marking tiles feature.
This is one of the simpler tasks from earlier lessons of this introductory Java course.

Task (id = markTile)

Implement the void markTile(int row, int column) method in the Field
class. This method allows marking/unmarking tiles specified by the
row and column. In~case the tile is closed (Tile.CLOSED), its state
will be marked (the state will change to Tile.MARKED). If~a tile is
marked (Tile.MARKED), its state will be changed to closed (Tile.
CLOSED). Rows and columns are numbered from O.

When the students would get to this task, they should already have a case study code
skeleton with a bit of their code. In the Field class, students would find the following
markTile(int row, int column) method stub:

/ **

* Marks tile at specified indices.

* @param row row number

* @param column column number

*/

public void markTile(int row, int column) {
throw new UnsupportedOperationException("Method markTile not yet
implemented") ;

The following is an example of a possible solution to this task:

public void markTile(int row, int column) {

final Tile tile = tiles[row][column];

if (tile.getState() == Tile.State.CLOSED) {
tile.setState(Tile.State.MARKED) ;

} else if (tile.getState() == Tile.State.MARKED) {

tile.setState(Tile.State.CLOSED);
}

This task is quite simple. However, with the case study progress, the tasks are growing
in difficulty and provide less guidance, as the students are expected to build upon the
already-passed tasks. For example, one of the latest tasks in the course requires the user to
handle best scores persistence through a database connection, as follows:

In the BestTimes class define a private void insertToDB(PlayerTime
playerTime) method that will store a PlayTime object in the database.

The students are also provided with a couple of general notes about creating database
connections in Java and about prepared statements with links to official documenta-
tion, but otherwise, the students have to work on their own to come up with a correct
implementation.

6.5. Refine Tasks with Comments

We suggest adding comments with hints to tasks to refine their difficulty. The tasks
need to be challenging even for above-average students. However, in such a case, the
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students that are below the average could become overwhelmed. To keep the tasks chal-
lenging for the better students while not making it too hard for the others, we recommend
using hints in comments that would help with solving the tasks.

Students can start solving the task without looking at the comments at all (our study
guides are rendered as HTML pages, and therefore, the hints can be hidden by default).
Then, if a student finds the task too difficult, he can take a look at hints. There may be even
levels of the hints that can be later taken into consideration when the solution is graded.
For example, without using comments, a student would obtain a full number of the points,
and then looking at each comment (hint) would be penalized by subtracting some points.
Multilevel hints would allow for the finer-grained difficulty of tasks.

Example: The following is an example of a hint for the “markTile” task that was pre-
sented above. It advises using the implementation of the openTile (int row, int column)
method for inspiration. The openTile(int row, int column) method does a very similar
job and is provided to students in the Minesweeper code skeleton at the beginning of the
course. Most of the students should not have any serious problems in solving the task
without this hint. However, below-average students or programming novices may struggle
with it, and this hint should refer them to the right direction even before they will need to
ask the teacher for help.

When implementing the void markTile (int row, int column) method, you
can use the implementation of void openTile(int row, int column)
method as an inspiration.

6.6. Add Supplementary Tasks

The aforementioned tasks and comments should cover all the learning goals. Af-
ter that, the students can face open problems in additional features with the experience
they obtained from the main project. To support individuality, some supplementary tasks
are added to each lesson, recommending features that are not covered by the standard
tasks. Additionally, students are also asked to come up with their own ideas about addi-
tional features.

Supplementary tasks provide a space to try out the learned principles in a less re-
strictive environment. They are specified in the problem terminology. Only a feature is
requested, but we do not add any information about implementation. Students have to
solve the problem themselves now without our guidance.

Example: In the Minesweeper case study, the implementation of new features is suggested,
such as support for a new state in marking tile—using the question mark to signify that the
user is not sure whether there is a mine or not.

6.7. Provide Further Reading

A module can be concluded with a list of links to additional literature and resources.
There can be links to blogs, tutorials, documentation, books, or even scientific papers—
anything that might be interesting for the students who want to know more.

Example: In the Java technologies course, we recommend the book Head First Java for further
reading. For the advanced study, Effective Java is recommended. For particular topics,
students are usually provided with links to specialized tutorials and blogs.

6.8. Use Suitable Software Support

In the final stage, the study guide should be available online for students in some
format, usually as a website. Since it is already time-consuming to devise the study guide
itself, the technical requirements should not further complicate this process and distract
the teacher from focusing on writing the content. Instead of hand-crafting HTML code or
designing the guide in desktop publishing software, the teachers can utilize static website
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generators that automatically produce websites from simple text documents written in
formats such as Markdown or reStructuredText [46].

Example: At our university, we developed a specialized document generator for task-
driven case study guides. This program transforms a set of Markdown files enriched with
metadata representing the goals, tasks, etc. into a static website and possibly other formats,
such as PDF. Utilizing custom software for this task also opens possibilities to check for
inconsistencies, such as goals without any corresponding tasks.

6.9. Verify Continuity and Consistency of the Guide

After writing the study guides, they need to be checked for inconsistencies. All the
tasks have to be correct, and they cannot contradict each other. Additionally, the coverage
of the solution has to be checked. If a student follows the study guide and solves the main
tasks (not additional), his solution has to be complete. If some implementation detail is
forgotten, a student will probably face frustration—-he followed the guide, and yet the
solution is not complete or, in a worse case, not even working. Explicit task marking in the
source code can help to ensure that all the tasks in the code are stated in the study guide too.
Unmarked code that does not belong to any task has to be given to students ready-made.

6.10. Review the Guide

The study guide should be reviewed too. However, for reviewing the guides, we
use colleagues from different courses and older students. Their task is to try solving the
case study and give us feedback about the form of the guide, the used terms, the style of
writing, and so on. Older students can tell us whether the study guides are clear and easily
understandable. With colleagues from different courses, we can unify our terminology.

The older students can provide the teacher with feedback about the overall difficulty
of the case study. They can warn the teacher that the case study is too difficult for the target
audience (since they are not so “distant” from it as the teacher’s peers). This can be dealt
with by providing students with more ready-made source code (a skeleton of the program,
or some complex method), hints, or more elaborated task specifications.

6.11. Start with a Minimal Version and Improve It

This point applies both to the solution implementation and to study guide writing.
We recommend first preparing a simple version of the source code and instructions that
the students can already use and then gradually extending and improving them. This is
similar to the concept of a minimum viable product in software engineering.

Regarding specific time frames, they are highly dependent on the specific course,
teachers’ experience with the subject, and many other factors. We managed to produce
a minimal version of materials for one course in as little as two weeks of very intensive
work. An upper limit is usually thirteen weeks, i.e., one semester. Therefore, it is possible
to develop the materials continuously if the interconnection between individual lessons is
carefully analyzed upfront.

A whole course can be implemented by one person or a small group of teachers. In the
latter case, close cooperation and synchronization are necessary. In our experience, if the
whole course consists of one large case study, two teachers are the upper practical limit.
If multiple smaller case studies are provided, the number of teachers can be larger.

7. Course Execution

When the study guides are reviewed and ready, the case study can be put to use in a
course. Students are given the guides, and they have to solve the case study. The case study
is divided into modules to match the course lessons. We recommend beginning each lesson
by introducing the current objectives and the problem context. Then students should be
left to work on their own on the solution by solving tasks. The study guide should not
substitute teachers but rather help them to get more time to approach students individually.

160



Computers 2024, 13, 221

7.1. Monitor Progress Continuously

’

Based on our experience and literature [47], it is necessary to monitor students
progress continuously. They need to keep up with the plan that is determined by the
study guides. When they start getting behind the plan, it usually gets only worse, and then
often comes a moment when they feel overwhelmed and give up (or try to cheat by obtain-
ing the implementation from their peers). Each module should be designed to be solvable
in the time of the lesson, plus some homework time. Doing two or three modules at the
same time might stress them so much that they will give up. However, we had also an
opposite experience when good students finished the whole case study in a week or two
because they found it so interesting.

Using multiple partial deadlines might help to keep the students working continuously.
Requiring to deliver partial solutions after each lesson also mimics the industry, so it has
the benefit of modeling the practice.

This monitoring also helps teachers to find out about students’ errors as early as
possible and to help them with misunderstood topics.

7.2. Favor Individual Achievements

To obtain better grades, students should be encouraged to exercise the skills that they
obtained by working on the supplementary tasks. Performing only the mandatory tasks
should be a minimum for passing the course. If a student wants a better grade, he should
be proactive. This grading motivates students to try to apply the gained skills on their own.

Better students might find a case study too easy. In those cases, we let them work on
their own projects, but first, they have to finish a case study to see the best practices (they
are usually able to finish it in a few weeks instead of the whole semester). As a reward for
this additional work, these students do not have to take the standard exam, but they rather
have to prove their understanding of the principles by showing their application in their
own projects.

Example: In the Java technologies course, we reward finishing the Minesweeper case study
without any supplementary tasks by half of the maximum points available. The rest of the
points can be obtained through additional tasks and custom features.

7.3. Examine Understanding

By finishing the case study, students exercised all the taught principles in practice.
That does not necessarily mean that they have understood the topics and techniques.
Therefore, the understanding has to be evaluated during the exams. Since the students were
working on a comprehensive project the whole course, it is possible to assign them tasks
concerning this project without risking that they will lose too much time comprehending
the tasks’ context.

Example: For our exams, an incomplete modified version of the Minesweeper solution is
used. Students get to implement some missing part where they have to use the skills they
should have acquired from the case study. The tasks are not the same as those in the case
study, but they are similar in character. The following is an example of the exam task:

Implement the processInput() method that will process input from the
console using regular expressions. After”“the implementation, the“game
should be playable. After~each printing of the field, the“game would
require typing some input. The input is in the same format as in the
case study: (X) EXIT, (MA1) MARK, (0B4) OPEN.

7.4. Get Feedback from the “Battlefield”

Reviews from the “training grounds” (colleagues, experts from industry, and older
students) are very important, but these reviews will not discover all the issues with the
case study. The best feedback is from the target audience.
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Example: One of the important feedback entries we received from the students in the Java
technologies course was the information that the task of implementing a method that
counts adjacent mines to a tile is too difficult for many students (algorithmically). It did
not look so difficult to us or our colleagues.

7.5. Update the Case Study

Feedback should be used to increase the quality of the case study and to keep it up-to-
date. This update means going back to the solution implementation phase, modifying the
teacher’s solution, and then updating the guides as well. We highly recommend keeping
the teacher’s solution up-to-date with the guides, not only to update the study guides.
An example of the benefits this brings is the fact that if a new teacher joins the course, it is
much easier for him to get familiar with the case study.

Example: After finding out that the implementation of counting the adjacent mines is
too difficult for the students, we decided to provide a hint to the task. If necessary, we
could also include a note in the teachers’ version of the study guide about discussing the
algorithm with students.

8. Experience

We have been successfully using case studies in our courses for over 18 years. Our first
task-driven case study started in 2006. Task-driven case studies have been used in several
different courses at our university: the Minesweeper case study in the Java technologies
course, N-Puzzle in the .NET platform programming, the Share Me case study in the
distributed programming course, Karel the Robot in the C programming course, and others.
Our point of view as teachers is presented here and supplemented by a summary of a
survey that we conducted with our object-oriented programming students.

8.1. Teachers’ View

Students are more active. Before the introduction of task-driven case studies, the teacher
spent a large part of the practical labs explaining the instructions to the students. This
resulted in less time allocated to the students’ practical experience. However, with task-
driven case studies, the whole lesson is focused on solving tasks.

Individual progress speed is a consequence of having the study guide with a detailed
description of the case study and its tasks. Students follow the guide and ask a teacher
for advice when a problem with the realization of the case study arises. The guide is
accessible to students not only during the lessons but also during the rest of the semester.
A student who is slower than average can continue with the study at home—and vice versa—
an ingenious student does not have to wait for the teacher’s explanation and can progress
faster. This way, we can nurture better students while not forgetting about the rest.

The teacher has more time for an individual approach. Since, in an ideal case,
the study guide gives the students all the necessary information, it partially substitutes
the role of the teacher. This does not remove the need for a teacher though. The teachers
act rather as consultants, and they can spend the time saved by the guide discussing the
specific problems the individual students face.

The guide narrows the gap in the expertise of teachers. Because of the large number
of students in our courses, there are usually multiple teachers per course. Since each teacher
has a different set of qualities and abilities, we could not guarantee exactly the same condi-
tions for everyone. The written guide gives all the students the same basic environment.

The case study presents the whole process. Since the case study is a whole project,
not only an explanatory example, we can incorporate professional methods and tools
commonly used in industry. This offers the students the feeling of methods and tools used
for the design, testing, versioning, etc.
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Students see showpieces, not toy examples, and therefore, we can show them the best
practices. The case study and tasks lead them through our reasoning, so they understand
and follow our design decisions (which were verified by multiple reviews).

The teacher monitors the students’” progress, so they will not fail to deliver the
assignment because of procrastination. Since the case study is divided into relatively
balanced modules according to the number of practical lessons in the course, the teacher
can easily determine the portion of the project that is already done. Instead of vague and
ambiguous statements such as “I am working on a database layer”, they are asked about
which task they already fulfilled.

Teachers can share study guides with other universities and facilities. If the case
study is good, other educators might be interested in using the same case study in their
courses. Thanks to written study guides and pre-made teachers’ solutions, the task-driven
case study is highly reusable.

Task-driven case studies open space for tools in the process of teaching. All of the
students have to work on the same project that has a certain main skeleton that they have
to follow. Standard, non-supplementary tasks can be therefore checked automatically by a
tool; in case of standard mistakes and errors, the feedback can be provided to students; etc.

Although the method has many benefits and is worth applying in education, we are
aware of its imperfection. The drawbacks of the method are outlined in Section 9.

8.2. Students’ View

To evaluate the advantages and shortcomings of our approach from the students’
point of view, we conducted a survey with students that were using a task-driven case
study during one of their courses.

8.2.1. Objective

Our main goal was to answer the following research question: how do students
perceive the task-driven case study approach when applied to their course?

We used a mixed-method research approach and gathered both quantitative and
qualitative data, with a main focus on the quantitative part.

8.2.2. Method

An online questionnaire was constructed using Google Forms. It consisted of 13 single-
choice, 1 multiple-choice, and 3 open-ended questions. For a list of questions, see Table 1.

The questionnaire was sent to all second-year computer science bachelor’s degree stu-
dents who took the object-oriented programming course, where the task-driven case study
was used. They also had previous experience with this method from the programming
course. In the given semester, a portion of the students were using a more mature case
study called Text Game, specifically an adventure with a textual command-based interface.
The rest of the students used the new Alien Breed case study, which is a game with 2D
isometric graphics. Participation in the survey was voluntary; we received 112 responses
out of 180 invitations.

For single-choice and multiple-choice questions, absolute and relative numbers of
responses for each answer were computed using spreadsheets. The responses to the free-
form questions were read by one of the authors, gradually grouped into categories, and then
summarized textually.
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Table 1. Survey questions and results.

# | Question Answer No. | %
Yo 1 2
1 | Do you like learning by implementing a game? e - - 05 |9
No, I would rather implement something else 9 8
. . Poor (is it still a game?) 0 0
2 | How do you like the implemented game? -
Below average (I would never play it) 18 | 16
Average 56 | 50
Above average (I would definitely try it) 36 | 32
Excellent (from now on, I will play only this game) 20 2
3 | Would you show your game to your friend or a family Yes 87 1 78
member? No 25 | 22
. . One large project (as in Alien Breed or Text 84 | 75
4 | In practical lessons, you prefer to implement: G
ame)
Multiple simple independent tasks 28 | 25
5 | Do you think you understood programming principles | Yes 91 | 81
better by implementing one large project? No 21 | 19
¢ | From the point of view of assignment organization, you | Study guide that leads me through the process 97 | 87
prefer: To get the assignment in the beginning and to solve 15 | 13
it on my own
Did you have problems with dependencies between | Yes 48 | 43
7 lessons, i.e., that you had to solve a previous lesson to No 64 | 57
be able to continue?
8 | Was the difficulty of the tasks in the case study balanced? |~ s
n nced?
as the ciiicfty of the tasks In the case stucy balance No, some were too easy and some too difficult 64 | 57
9 | Were the tasks too easy? Yes, most of the time, I just needed to repeat what 31 3
was written
No, I usually had to think more about it 109 | 97
Yo Ily I h k with h 7 | 51
10 | Were the tasks described clearly enough? es, usually I understood the task without the > >
help of the teacher
No, often I had to ask the teacher or colleagues for 55 | 49
help
11 | Would you like learning with study guides for a case study Yes 103 | 92
in future courses? * No 8 7
Limit b I t do what I t 22 | 2
12 | Do you think that working with a study guide: Hmits he - ec.ause cartno o what 2 wan 0
Does not limit me; I still have enough space for 90 | 80
my individuality
. . . I programmed mostly before the lesson 12 | 11
13 | When did you implement the tasks for a given lesson? -
I programmed during the lesson 24 | 21
I programmed after the lesson 76 | 68
14 | Which properties of studying with study guides for a case Iimplemented a large project 69 | 62
study do you consider most important (choose max. 3)? I implemented a game 34 | 30
Thanks to the online study guide, I could work 81 | 72
at my own speed
I'had a study guide that lad me to good practices 55 | 49
I worked incrementally, but the game was always | 42 | 38
playable
15 | What did you like about practical lessons in the OOP course?
16 | What did you dislike about practical lessons in the OOP course?
17 | What would you change or improve about practical lessons in the OOP course?

* One of the respondents did not choose any response for this question.
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8.2.3. Results

The results for individual questions are displayed in Table 1. In the rest of the sec-
tion, the results concerning the individual aspects related to task-driven case studies will
be summarized.

Motivation, particularly intrinsic motivation, is an important aspect of learning effi-
ciency [48]. Although the task-driven case study approach is not limited to games, they
represent an interesting topic for a case study. Indeed, 92% of the students stated that they
like learning by implementing a game in contrast with other types of applications, as can
be seen in question 1. In question 3, the majority of the participants (78%) responded that
they would show their game to a friend or family members, which could be one of the
motivational factors to implement the application with their best effort.

Question 3 also emphasizes the need to implement a project in industrial quality and
in a well-known domain. Here, we analyzed also responses for the Text Game and Alien
Breed case studies individually. While, for the former, only 67% of the students would
present their solution to other people, for Alien Breed, this number reached 81%. Text
Games are less known nowadays, while Alien Breed represents a genre of graphical action
games that many people recognize. Students also believe that graphical applications are
more relevant to their future jobs in the industry. Similar results were achieved in question
2, where the students also preferred Alien Breed: 41% perceived their creation as above
average or excellent, and only 11% in the case of Text Game.

The importance of showing the whole process and not using toy examples was
confirmed by questions 4 and 5. Three-quarters of the students preferred one large project
instead of multiple small independent tasks. A total of 81% thought that they understood
programming principles better by using this approach.

Questions 6 and 11 were focused on task-oriented study guides. A vast majority of
the students (87%) preferred guides leading them through the process of project implemen-
tation in contrast with receiving only instructions at the beginning. Furthermore, 92% of
the participants would like to use task-driven study guides in future courses.

Since dependencies between lessons are present in task-oriented case studies, stu-
dents should finish previous modules to continue with the next one. For 43% of the
students, this presented a problem sometimes, while 57% did not encounter any difficulties
with lesson dependencies. This should be taken into account by the instructors, e.g., by
reminding the students of this fact periodically and by continuously checking the progress.

In questions 8 to 10, the quality of tasks and their descriptions was evaluated. More
than half (57%) of the students did not consider the tasks well balanced. However, this is not
a crucial property of task design, although it can make solving them more manageable. Only
3% thought the tasks were too easy, and they just needed to read the provided study guides
leading them through the whole process and repeat the instructions in their own projects
without considerable thinking effort. According to half of the students (51%), the instructions
were clear enough to proceed without help, while the rest had to ask the teacher or colleagues
additional questions. We think that the clarity of tasks could be improved by providing
multilevel hints (additional hints with gradually more detailed information) in the future.

We were also interested in whether the study guides did not limit the students’ cre-
ativity. According to the results of question 12, the majority of the students (80%) thought
that the guide still left enough space for their individuality. This could be attributed also to
the possibility of own extensions and enhancements in addition to the mandatory tasks.

The importance of individual progress speed was evaluated in question 13. Since the
study guides with complete instructions are available online, the students can program not only
during the lesson (21%) but also before it (11%) or after it (68%). The last option was popular
because students often prefer to work in their home environment with their own equipment,
and they are frequently unable to fully finish all tasks during the time of the lesson itself.

Summing up, the task-driven case study method is popular among students, with a
vast majority desiring to apply it also in their future courses. Care must be taken mainly to
describe the tasks clearly and provide additional hints if necessary.
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9. Potential Drawbacks

There are also some potential drawbacks to using task-driven case studies. Along with
the drawbacks that we experienced, our approaches to decrease their effect are presented.

Case study costs—one of the most significant reasons against using a task-driven
case study is the costs of preparing and evolving such a case study. Preparing a good
task-driven case study is time-consuming.

One of the problems causing the increase in costs is the relationship between the
teacher’s solution and the study guides. Working on the two resources simultaneously is
more complicated due to synchronization. We have proposed a solution using source code
annotations to define tasks in the teacher’s solution and to generate the contents of the
study guides from these annotations. More about this work can be found in [49].

Task difficulty—balancing the difficulty of the tasks is really hard. They cannot be too
challenging so that all students would be able to solve them. On the other hand, the tasks
cannot be so easy that the case study would not become a simple tutorial. Our experience
is that sometimes a good difficulty can be achieved only after trying a case study during a
course and obtaining feedback from students (in Section 8, our experience with the find
adjacent mines method was mentioned).

In Section 6, we mentioned comments with hints that can help you in dealing with
this issue.

Creativity—in our approach, all students work on the same case study, and the whole
process is controlled by the study guides and teachers. From this view, it may look like the
creativity of students is impeded.

We deal with this issue by trying to find a balanced ratio of mandatory tasks and
additional tasks.

Strong dependencies—the lessons usually strongly depend on each other. If a student
misses a lesson for some reason (e.g., sickness), he cannot continue without solving the
missed lesson. It is not possible to start solving the current lesson unless the source code
from the previous lesson is finished. In our experience, when students decide to take a
longer break, it is really hard for them to get working again.

To keep them working continuously through the course, their progress at every lesson
is monitored, and when we see that they are behind, we try to find out why and help them
catch up.

Instant execution—in some case studies, it is not possible to achieve program exe-
cutability after every lesson. In our experience, a runnable version after each lesson acts
as a motivational factor. Having an executable program allows them to check for possible
mistakes and differences between the requirements and their solutions.

When there is no way to make some lesson content executable, we suggest providing
students at least with unit tests that would give them feedback about whether their solution
to the lesson’s task is correct. Besides the advantage of executability, unit tests mimic the
real industrial process.

To deal with this issue, there is an alternative to the incremental approach. The differ-
ential approach gives a whole solution to students from the very beginning. However, the
solution is provided as a black-box library. Throughout the lessons, they are given new
libraries, each one missing more from the implementation. The students’ task is to imple-
ment the missing part. This way, the solution is runnable after each lesson. However, this
approach has its issues too. Here, part of the motivational factor is lost since, after each
lesson, they do not see anything new—the solution is always the same, and changing is
merely a ratio of their implementation to the library.

In practice, we use a rather combined approach. Students are building the solution
incrementally, but to speed up the parts that would make a lesson inexecutable, students
are provided with some code written by a teacher. When one builds a real-scale application,
he cooperates on it with other developers, and the teacher’s source code mimics this.

Plagiarism—plagiarism and cheating are not exclusive problems of the case studies.
However, since there is usually only one case study per course, it is easier for students
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to obtain a solution from older students or their peers. It would be possible to prepare
multiple case studies to teach the same goals, but yet one good case study is an expensive
and challenging task for a teacher.

Furthermore, case studies sometimes make it more difficult to decide what constitutes
plagiarism. Students’ solutions use the same skeleton, and some methods are so simple that
it is not easy to write completely new implementations even when a student works alone.

To some degree, it is possible to apply traditional preventive and repressive measures
for plagiarism, such as more frequent checking of the students’ progress or automated
similarity checks.

10. Conclusions

While both case studies and the task-driven methodology are well-known teaching
approaches, their combination is our contribution. This paper represents an introduction to
task-driven case studies. It identifies its lifecycle and shows the proper relationship between
the case study and the goals of a course. In our experience, case studies combined with the
task-driven methodology have proven themselves a worthwhile approach to teaching. We
have backed our experience also with a survey with students, who appreciated also the
study guides that are an integral part of the method.

An important part of the paper is guidelines for preparing and executing a task-driven
case study. These guidelines are extracted from our experience with using task-driven case
studies over multiple years. They should be useful for teachers that start with our method,
but many of them can be used also in the context of teaching in general.

Although we were able to devise an effective approach to teaching, there is still a
lot of space for improvement. Section 9 mentioned multiple problems with task-driven
case studies. We have already made some progress in the case study costs, which was
published in one of our previous papers [49]. However, there is still an important problem
with the definition of tasks, which was identified by the survey too. In this matter, we plan
to experiment with multilevel hints. Additional quantitative evaluation is also one of the
tasks for future research.
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Abstract

Active methodologies place the student at the core of the teaching-learning process, with
the teacher becoming a companion and guide. Among these methodologies, gamification
is demonstrating great capacity to attract students and promote interest, being of particular
relevance in STEM subjects. While gamification and Project-Based Learning (PBL) have
been extensively studied independently, their integration into Vocational Education and
Training (VET) computer science courses remains underexplored, particularly regarding ap-
proaches where students develop games themselves rather than merely incorporating game
elements or playing serious games. This work presents a novel gamified PBL approach
specifically designed for VET Programming education, with three distinctive features:
(i) students develop a complete game based on graph theory and Object-Oriented Program-
ming, with each student working under personalised conditions and constraints; (ii) a
custom-developed software tool that simultaneously serves as a pedagogical scaffold for
students to validate their solutions iteratively and as an automated evaluation platform for
teachers; and (iii) empirical validation through action-research with first-year VET students,
employing mixed-methods analysis including qualitative observations and descriptive
quantitative comparisons. The approach was implemented with first-year Web Application
Design students in the Programming subject, where students developed a game integrating
graph theory algorithms, Object-Oriented Programming, and Markup Language. De-
spite the small sample size (10 students), qualitative observations and descriptive analysis
indicated promising results, and grade distributions were comparable to those in more ac-
cessible subjects. Teacher diary observations, follow-ups, and questionnaires documented
sustained engagement, peer collaboration, and strategic problem-solving throughout the
project phase. These preliminary findings suggest that gamification through game develop-
ment, particularly when supported by automated tools enabling personalised conditions
and iterative validation, represents a promising approach for teaching and learning Pro-
gramming in VET contexts.

Keywords: active learning; project-based learning; gamification; vocational education;
programming; personalised learning; automated assessment

1. Introduction

The rapid evolution of technology, social relations and the labour market requires
the teaching learning process, and education itself, to adapt to this rapid transformation,
providing individuals that can fully and confidently join society and the labour market [1,2].
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This is especially important in STEM (Science, Technology, Engineering, and Mathematics)
areas, where the constant evolution of the content taught requires the use of flexible and
adaptable methodologies in which students can actively contribute and participate.

Among the different methodologies that can be implemented, active methodologies
stand out. These methodologies place students at the core of the teaching—learning process,
making them the protagonists of the process and placing the teacher in a guiding or
accompanying role. These methodologies have proven to be particularly well-suited to
STEM students, where the practical application of theoretical concepts is essential for
proper training [3]. Furthermore, the complexity and difficulty of some STEM subjects lead
to high dropout and absenteeism rates among students [4], a critical problem that these
methodologies can mitigate by increasing students’ interest.

This dropout problem is more prevalent in the early years of Vocational Education and
Training (VET), especially in technological fields such as computer science. Some of these
students choose computer science courses in search of job opportunities or due to family
pressure, rather than authentic interest or true vocation. In addition, many of them have
had poor previous educational experiences in Compulsory Secondary Education (CSE). All
of this makes it difficult to create a suitable learning environment in the classroom [5,6].
Therefore, the application and development of adequate methodologies is of the utmost
importance in order to engage students, impart the content in an interesting and practical
way, and make the learning process adaptable to any student profile.

Active methodologies have shown positive results in previous works [7-9], enhancing
interest, motivation, and important skills, such as Computational Thinking [10-12]—findings
also reported in previous work by the authors [3,13,14].

Although gamification and Project-Based Learning have been extensively studied
independently, three critical gaps persist in VET computer science contexts.

Most gamification research in Programming education falls into two categories: ei-
ther studies adding game elements (points, badges, leaderboards) to traditional instruc-
tion [15,16] or the employment of serious games where students learn by playing purpose-
designed educational games [17]. A third approach, gamified Project-Based Learning in
which students create games themselves as the learning activity, remains comparatively
underexplored in VET contexts, despite its potential to combine authentic motivation with
development of technical skills.

The personalisation of Programming projects is uncommon in documented gamified
interventions [15,18,19]. Identical requirements of all students simplifies assessment but
facilitates superficial copying and discourages deep engagement with adaptable algorith-
mic thinking. Consequently, personalisation appears pedagogically valuable, requiring
students to understand principles deeply enough to adapt algorithms to specific scenarios
rather than merely replicating example code. However, it creates substantial assessment
burdens for teachers when each student works under unique constraints. The practical chal-
lenge of scaling personalised gamified projects while maintaining assessment rigour and
teacher workload sustainability has not been adequately addressed in VET Programming
education literature, as far as the authors know.

Automated assessment tools for Programming typically evaluate predefined problems
with single correct answers. Extending automation to creative, open-ended projects with
personalised conditions and multiple valid solutions represents a technical and pedagogical
challenge not well documented in VET contexts. The question of how technological tools
can simultaneously support student learning (providing iterative feedback during develop-
ment) and teacher evaluation (enabling efficient assessment of diverse implementations)
remains an open research problem, particularly for complex projects integrating multiple
advanced concepts.
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This work addresses these gaps by presenting a novel gamified Project-Based Learning
approach specifically designed for VET Programming education, with three distinctive
contributions that extend beyond the existing literature.

First, a methodological framework employing gamified Project-Based Learning with
systematic personalisation. Unlike approaches using game elements or serious games,
students develop a complete functional game, with each student working under unique con-
ditions. This personalisation requires adaptive algorithmic thinking and integration of mul-
tiple advanced concepts (graph theory, OOP, Markup Language) using industry-standard
tools (such as Java and Eclipse) rather than introductory block-based environments. The
value added by gamified Project-Based Learning, compared to other gamification variants,
lies in authentic motivation through creative authorship combined with rigorous techni-
cal skill development. Students are building purposeful artefacts that demonstrate deep
understanding through adaptation to personalised constraints.

Second, a custom-developed software tool with dual functionality addressing the
personalisation assessment challenge. The tool serves simultaneously as pedagogical
scaffold (enabling students to test solutions step-by-step, visualise algorithmic decisions,
compare their strategies against optimal solutions, and iteratively refine implementations)
and as an automated assessment platform (allowing teachers to evaluate personalised
projects efficiently /automatically). This dual-purpose design enables personalised projects
at scale by reducing teacher evaluation burden while maintaining assessment rigour.

Third, mixed-methods empirical evidence from authentic VET implementation docu-
menting both the approach’s potential and its challenges. Through action-research combin-
ing qualitative observations (teacher diary, follow-ups, interviews, questionnaires, project
artefacts) with descriptive quantitative comparisons (grades across subjects and academic
years), this study provides preliminary evidence that gamified PBL with personalisation
and automated tool support can engage VET students and support learning of traditionally
challenging concepts in first-year courses.

The rest of the paper is organised as follows. In Section 2 the theoretical foundation,
positioning relative to existing work, and research exploratory propositions are presented.
In Section 3 the methods, data collection instruments, and evaluation are given; and the
software tool is described in Section 4. The results obtained are detailed and discussed in
Section 5 and in Section 6, respectively. Finally, the conclusions are described in Section 7.

2. Theoretical Foundation and Justification

There are multiple methods, approaches and tools that can be applied in computer
science subjects to improve the motivation and interest of VET students. Some approaches
use hardware—software platforms [20], robotics kits [21], or educational software and
visual Programming environments [22-25]. Some of these latter environments are specially
designed for novice programmers, such as Scratch, Code.org, Alice, Greenfoot, Blockly
Games and App Inventor, whose advantages are analysed in different works [26-30].

Active methodologies allow the inclusion of these methods, approaches and tools
during the class. The roots of these methodologies, in which the students have to take
an active role in their own learning, reside in the constructivist approach that comes
from the works of Vygotsky, Bruner, Piaget and Dewey [31,32]. Some of the most known
are Flipped Classroom (FP), Project-Based Learning (PBL) and gamification, which are
briefly introduced.

e  Flipped Classroom has previously been applied in a VET context [33,34], and, briefly,
it consists in inverting the teaching order. The theoretical content is acquired at
home with material provided to the students, and the classroom time is dedicated to
exercises and practical work [35].
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e  Project-Based Learning (PBL) is perhaps the best known and extended active
methodology [36]. It consists in acquiring the required knowledge by working in
projects and practical activities [37,38]. This methodology fits well with STEM edu-
cation and VET students [39-41], and it has an important and positive impact on the
classroom environment [42]. This methodology is highly adaptable, having given rise
to many other closely related but slightly different methodologies, such as Design
Thinking (DT) [43-47] or Cooperative Learning (CL) [48].

e  Gamification introduces game-like elements into the teaching—learning process or uses
games to promote interest and engage students. These activities may include new
technologies for blended learning [49], game elements [16], or educational games [17]
and virtual reality [50-52]. There are three main approaches for the application of
gamification: the use of game elements such us rewards, points, etc.; the learning
through playing serious games; and gamified Project-Based Learning, in which the
students develop the game [18,19]. This methodology has shown very good results in
VET [15].

These methodologies share the objective of increasing the interest and motivation of
students by acquiring the necessary competences through their own experience. Gam-
ification and PBL are well-suited for VET profiles and Programming learning [36,53],
and particularly for the teaching—learning of Object-Oriented Programming, given the
abstraction skills required and OOP’s principles (e.g., encapsulation, inheritance, and poly-
morphism), as indicated in [54]. However, there is a lack of literature about the use of these
active methodologies in VET, and particularly in computer science courses.

The work at hand presents a gamified PBL teaching-learning intervention in the first
courses of computer science in VET, particularly in the Programming subject. For this
purpose, a project for the design and development of a game based on the “cops and
thieves” narrative is proposed. Students should design the game using graph theory, OOP,
and Markup Language, with personalised conditions, and they should implement the
logic for both game roles: the thief attempting to reach the destination and the police
attempting interception. In addition, to support the students’ learning and the teacher
work, a software tool has been designed and developed in order to test and evaluate the
solutions automatically. This tool allows the students to check their solutions and improve
them, and the teacher to automatically assess the games presented by the students.

To contextualise the contributions of this work, it is essential to position it within
the broader landscape of research on gamification, Project-Based Learning, and Program-
ming education in VET contexts. The literature identifies three primary approaches to
gamification in education as previously introduced [15,18,19]: game elements integration
(adding mechanics such as points, badges, and leaderboards to traditional instruction),
serious games (purpose-designed games where students learn by playing), and gamified
Project-Based Learning (students create games themselves). While the first approach is
widely studied and the second has shown effectiveness in VET contexts [15,49], the third
approach is less common but potentially more powerful for Programming education. In
this latter approach, the technical skills are developed by designing and implementing
a functional game using professional tools. This work employs gamified Project-Based
Learning, but extends existing implementations in several key ways.

Most Programming projects, gamified or not, described in the literature provide
identical requirements to all students [18,26,28,30,55], which simplifies assessment but
may discourage deep engagement. In contrast, this work implements individualised game
conditions for each student, requiring students to understand principles deeply enough to
adapt algorithms to their specific scenario. To our knowledge, no existing work on gamified
Project-Based Learning in VET contexts systematically personalises project conditions while
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simultaneously providing automated tools to support both learning and assessment under
these varying constraints.

Gamified projects with personalised conditions create two main challenges. Students
need iterative feedback to debug complex implementations but teachers cannot manually
test every student’s unique conditions multiple times. This way, final assessment becomes
time consuming when each submission requires evaluation under different rules. The
custom-developed tool in this work addresses both challenges through a dual functionality,
serving simultaneously as pedagogical scaffolding (enabling students to test solutions
step-by-step, visualising routes and comparing strategies against optimal solutions) and
as automated assessment platform (allowing teachers to evaluate personalised projects
efficiently, reducing evaluation time). While automated assessment tools exist, they typi-
cally evaluate predefined problems with single correct answers. Extending automation to
creative, open-ended projects with personalised conditions and multiple valid solutions
represents a technical and pedagogical advance.

Furthermore, most gamified Programming education focuses on introductory concepts
using visual, block-based environments like Scratch, Alice, or Blockly [13,22,24,25], which
are excellent for novices but insufficient for VET students preparing for industry careers.
This work demonstrates that gamified Project-Based Learning can be extended to first-year
VET courses integrating multiple advanced concepts simultaneously while maintaining the
technical rigour appropriate for VET. The game development context provides motivation
with a narrative for the use of theoretical Programming concepts. This is particularly
important in VET, which presents distinctive challenges that can limit commitment and
motivation, such as high early dropout rates, diverse prior preparation, external work
pressures, and wide variation in intrinsic motivation [5,6]. This work provides exploratory
findings, based on action research with a small sample, suggesting that the integration
of advanced concepts through gamified Project-Based Learning, project personalisation,
and a custom tool for testing and assessment can engage VET students and support
learning. Although these findings are constrained by sample limitations and should be
interpreted with caution, they establish feasibility and identify patterns that warrant larger-
scale investigation.

Building on this positioning within the existing literature, the specific contributions of
this work are threefold: (i) A gamified PBL approach employing gamification to develop a
game rather than using game elements or serious games, with personalisation to ensure
that each student works under unique conditions. This personalisation prevents superficial
copying while requiring adaptive algorithmic thinking. The approach integrates multiple
advanced concepts (graph theory, OOP, Markup Language) within a single coherent project.
(ii) A custom-developed software tool with dual functionality: Pedagogical scaffolding, en-
abling students to test solutions step-by-step, visualise algorithmic decisions, and compare
their strategies against optimal solutions computed by the tool, supporting self-directed
debugging and iterative refinement. Automated assessment, allowing teachers to evaluate
personalised projects by checking automatically each student’s unique project and condi-
tions and running comprehensive correctness checks automatically, reducing evaluation
time. (iii) Mixed-methods action-research evidence from a VET implementation, combining
qualitative data (teacher diary observations, semi-structured student interviews, etc.) with
descriptive quantitative comparisons across subjects and academic years. Despite sample
size limitations, converging evidence from multiple sources suggests that the approach can
engage VET students, sustain participation through complex project development, and
support learning of traditionally challenging concepts.

Therefore, considering mixed-methods action-research, mainly based on qualitative
evidence, the following exploratory propositions are formulated:
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e The implementation of a gamified PBL approach in introductory computer science
courses in VET enhances student motivation, interest and can mitigate absenteeism.

e The design of a tool for testing the solutions, comparing results, and checking the
advances carried out by the students, promotes student engagement and involvement,
while facilitates the evaluation of projects with different and personalised conditions.

3. Material and Methods

This section describes the methodological design and implementation of the gamified
Project-Based Learning intervention, pedagogical approach, and empirical evaluation.

3.1. Educational Context and Intervention Design

The method is focused on the teaching-learning process and practical work, based on a
gamified Project-Based Learning approach. Inductive methods and qualitative research [56]
are used, focussing on the teaching-learning process rather than on the results. During
each session, the teacher continuously implements adaptations and improvements based
on ongoing observations of the learning experience. This is done in combination with
continuous planning, action, observation, and replanning of the contents imparted during
the intervention. Regarding the approach, the teacher approach of the action-research was
selected, as the research focuses on the teacher’s experience in regard to understanding of
the context, systematisation, analysis, and study of reality [57].

For the project, the students should design a game based on graph theory and search-
ing algorithms to simulate two different roles playing by turns, with different conditions
and constraints for each student.

This gamified project is designed and structured based on a competence-based teach-
ing unit, and it focuses on learning by doing, following the PBL methodology. The project
is divided into different steps or activities, from simple to complex concepts, in order
to meet adequately all the requirements and to acquire the corresponding competences
and learning results. These steps are similar to those described in previous works by the
authors [3,13,14], where different active methodologies were applied.

Along with the project development, activities and exercises are proposed to reinforce
the learning of the most complex concepts. As a final step, the game must be presented
in class. This allows for the students to see other solutions, obtain new ideas, show the
advantages and disadvantages of other alternatives, discuss in class the different solutions
and options, and improve their own solution if there is enough time, or for the second-
chance evaluation. Evaluation criteria are also given in advance.

In order to facilitate the evaluation by the teacher, and also to serve as a support
and a comparison tool for the students, a software application has been designed and
developed. This software allows each entry graph to be simulated with multiple conditions
and constraints, providing different solutions and alternatives for each setup. Therefore,
the educational software tool fulfils two main needs: the teacher can automatically and
rapidly check the solutions provided by the students, and the students can test their partial
or final solutions, to check if they obtain the desired and/or required output. This software
is explained in detail in Section 4.

3.1.1. Course Curriculum and Prerequisite Knowledge

The intervention was implemented in the Programming subject, a first-year course
within the Web Application Design (WAD) degree of VET. The Programming subject spans
the entire academic year (September to June), with 8 h of weekly instruction divided into
theory and practical sessions. This is one of the first subjects in which students learn Pro-
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gramming. By the time of the gamified project implementation (the final four weeks of the
course), the students have completed eight months of Programming instruction covering:

¢ Object-Oriented Programming fundamentals: class design, inheritance, polymor-
phism, encapsulation, interfaces (Comparable), communication between objects.

° Data structures: arrays, collections framework, iterators.

¢ Algorithms: sorting algorithms, search algorithms, searching for minima and maxima.

*  Control structures: conditionals, loops, recursion.

*  File I/O: reading from and writing to text files, CSV files, basic serialisation.

e  Database basics.

The students had not studied graph theory yet, so this was new content introduced
during the project; Flipped Classroom was used for teaching it. The students reviewed the
theory at home, and they applied it in class by working on the project. The new concepts
imparted were graph theory concepts (graphs, vertices, edges, weighted graphs, shortest
path algorithms), application of Dijkstra’s algorithm and Depth-First Search (DFS), and
integration of these algorithms within a system.

The project addressed specific learning outcomes from the Programming subject
curriculum, such as the design and implementation of algorithms for problem-solving
(search and sorting algorithms), the application of Object-Oriented Programming principles
(agent class hierarchy, polymorphic behaviours, management of structured and unstruc-
tured data formats, graph representation, XML configuration, CSV output, debugging and
validation of complex programs), and communication of technical solutions effectively
(project presentation).

The gamified project thus served as a summative assessment integrating the en-
tire year’s Programming curriculum while introducing graph theory as an advanced
extension topic.

It is important to remark that the project was not introducing Programming from
scratch; rather, it integrated previously learned OOP and data structures with new algorith-
mic concepts (graph theory) in a complex applied project.

3.1.2. The Gamified Project: “Cops and Thieves” Game Development

Against this curricular background, the gamified project required students to develop
a complete functional game by creating a simulation of a pursuit-evasion scenario (thief
trying to reach a destination, police attempting interception) on an undirected weighted
graph representing an urban street network.

The technical specifications to follow were based on graph representation and algo-
rithm development: implement undirected weighted graph data structure (adjacency list
or matrix); implement Dijkstra’s algorithm to compute shortest path from start to goal;
implement Depth-First Search (DFS) to find all possible paths between two nodes; and use
graph algorithms to determine thief routes and police strategies.

The main requirements for the game implementation were:

®  Object-oriented design: separate classes for Graph, Node, Edge, Agent, Thief (extends
Agent), Police (extends Agent), GameController, etc.

®  Use of basic concepts of inheritance and polymorphism for agent behaviours.

e Markup language (XML) to store graph configuration, game state, and results.

e (CSV output file recording the complete route taken, time per segment, obstacles
encountered, final state.

*  Graphical interface displaying graph, agent positions, and game progression (optional
but encouraged).
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The game mechanics were personalised for each student, although within a general
framework in which the thief had to navigate from a starting node to a goal node while
avoiding police and obstacles.

This general framework is as follows. The thief starts with an initial speed that
decreases when encountering police officers or obstacles. If the speed reaches 0, the thief is
captured. The police officers are initially positioned along Dijkstra’s shortest path, and they
must intercept the thief. When surveillance cameras detect the thief’s position (at certain
nodes), the police officers reposition strategically. The game should indicate who wins,
considering all constraints.

The starting and goal nodes, obstacle placements, number of police officers, camera lo-
cations and initial speeds, were different for each student. This personalisation ensured that
while all students implemented the same general game structure, their specific solutions
could not be directly copied, requiring genuine understanding and adaptation.

The project design reflected several deliberate pedagogical choices grounded in con-
structivist learning theory and active learning principles such as the integration of multiple
concepts, gamification through development, and scaffolded progression.

Each stage built upon previous work, with daily follow-up exercises ensuring pro-
gressive learning before advancing to more complex concepts. The custom software tool
(detailed in Section 4) provided immediate feedback, enabling iterative refinement cycles
central to learning through debugging and problem-solving. While the projects were indi-
vidually evaluated, the students were encouraged to discuss approaches, debug together,
and learn from peer presentations, supporting social constructivist principles regarding
collaborative knowledge construction.

3.1.3. Gamification Elements and Game-Based Design

To clarify the gamification approach employed in this intervention, it is essential to
explicitly identify the game elements integrated into the project and to distinguish this
approach from alternative gamification strategies.

There exist three types of gamification, as stated in Section 2, which consist in the
integration of game elements to traditional learning activities, serious games to learn by
playing, and gamification through development. In this latter case, the students create
the game themselves as the learning activity, and this is the type of gamification that was
implemented in the present work. Students are not earning points for completing exercises
or playing an educational game designed by others; rather, they are building a complete,
functional game from scratch. The gamification lies in the inherently engaging nature of
game development as a creative, purposeful, and personally meaningful activity.

The project employs the “cops and thieves” narrative as thematic framing, a uni-
versally recognisable pursuit-evasion scenario that provides intuitive context for abstract
algorithmic concepts. This narrative serves multiple pedagogical functions, i.e., the pursuit
scenario gives purpose to pathfinding algorithms, the students must implement logic for
both roles, requiring them to think on multiple strategies, and the narrative transforms
a dry algorithmic exercise into a scenario with stakes and outcomes that matter within
the story.

Other specific game elements are the existence of characters or roles, a clear goal of
victory for both roles (which have competing objectives), and the use of game rules with
personalised constraints and obstacles that can modify the difficulty of the challenge.

Beyond these explicit elements, the project incorporates several additional characteris-
tics of game-based learning, which are enhanced by the use of the custom- designed tool:
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e [terative experimentation: Like games, the project encourages trial and error ex-
perimentation without severe penalties. Students can test their implementations
repeatedly using the software tool, learning from failures and refining strategies.

*  Mastery through practice: The progression from simple requirements to complex inte-
grated functionality mirrors game-level design, where players master basic mechanics
before facing advanced challenges. Early milestones (implement basic Dijkstra) scaf-
fold toward complex achievements (full police strategy with dynamic repositioning).

e Visible progress and achievement: Students can visualise their game working (or
failing) through the tool’s graphical interface, providing evidence of progress similar
to game advancement.

e Personalised challenge: The unique conditions for each student create individualised
difficulty curves, similar to adaptive difficulty in games. This personalisation prevents
both boredom (too easy) and frustration (impossibly hard) by calibrating challenge to
ensure all students work in their zone of proximal development.

Then, when the students develop the game, they can experience intrinsic motivation
from creative authorship, purposeful application of knowledge, and playful problem-
solving. In addition, the narrative context makes the abstract concrete. These psychological
mechanisms are precisely what gamification seeks to activate [18].

This gamification approach integrates seamlessly with Project-Based Learning (PBL)
methodology [36,38,40,41], i.e., the game development is the project. Students must define
requirements, design architecture, implement functionality iteratively, test and debug
systematically, and present and defend their solution.

3.2. Assessment and Evaluation Methods

The students were clear from the outset about the assessment criteria, to ensure that
they were met before the project was submitted. In addition, they were encouraged to try
different possibilities and alternatives, as well as to discuss them with their classmates
in order to promote collaborative work and learn other ways of working. In order to
adequately measure student learning and project outcomes, a distinction was made between
formative assessment during the project development phase and summative assessment of
final deliverables:

e  Formative assessment: Daily follow-ups. Throughout the four-week project develop-
ment period, the students participated in daily follow-up activities designed to ensure
progressive mastery and identify difficulties early. These follow-ups served formative
assessment purposes, detecting misconceptions early, providing feedback before the
students invested significant time in incorrect approaches, and encouraging consistent
daily engagement with project concepts. The students received immediate verbal
feedback and, when widespread errors appeared, concepts were re-explained to the
class. Passing 80% of the daily follow-ups was mandatory for a positive evaluation.

e  Summative assessment: Project evaluation. The final project was evaluated based
on multiple criteria organised in a detailed rubric (available to the students from the
project outset). Some of the criteria evaluated were the technical correctness of the
solution (Dijkstra implementation, DFS implementation, thief and police strategies,
etc.), code quality (OOP design, readability, error handling), presentation and commu-
nication (clear explanation and response to questions), and innovation and extensions
(creative solutions, graphical interface or features beyond minimum requirements).

The students used the tool to test their implementations iteratively, validate correct-
ness, and debug errors. The tool provided immediate feedback on algorithmic correctness,
enabling self-directed learning.
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Projects were submitted via the educational platform as compressed files containing
source code, executable jar file, sample configuration files, and CSV output. The teacher
used the custom software tool to test the solutions and identify errors efficiently, allowing
the teacher to focus manual evaluation on code quality, design decisions, and conceptual
understanding demonstrated during presentations.

The students who did not pass the initial project evaluation (due to technical errors,
incomplete functionality, or failing the follow-up threshold) were offered a second-chance
evaluation opportunity two weeks later. Between these attempts, interviews were carried
out where teacher and student reviewed the evaluation report together, identified specific
errors, discussed conceptual misunderstandings, and outlined correction strategies. Then,
the students corrected their errors, improved their implementations, and resubmitted. The
same rubric and evaluation process were applied, but with emphasis on demonstrating
learning from initial mistakes. This second-chance structure reflects the VET educational
philosophy of emphasising mastery learning and providing multiple pathways to success
rather than single-attempt assessment.

Assessment validity and reliability was ensured by several factors:

e Alignment with learning outcomes: The rubric criteria were directly mapped to the
course learning outcomes, ensuring content validity.

¢  Transparency: The students received the complete rubric at the project start, enabling
them to assess it before submission and to understand the expectations clearly.

¢ Multiple data sources: Evaluation combined automated technical testing, manual code
review, and oral presentation assessment, triangulating evidence of understanding.

e  Consistency: The automated tool ensured consistent technical evaluation across all
the students, i.e., the same tests, run under each student’s conditions, with objective
comparison criteria.

* Inter-rater reliability concern: All the evaluations were conducted by a single teacher
(the course instructor), eliminating inter-rater reliability issues but introducing poten-
tial for individual bias. To mitigate this, evaluation by the tool provided an objective
image of technical errors, and the presentations were observed by multiple attendees
(other students), providing implicit social accountability.

3.3. Data Collection Instruments and Analysis Procedures

The instruments and procedures employed to collect and analyse data for under-
standing the intervention’s impact on student learning, engagement, and outcomes were
the following:

e Java was used as the object-oriented language, using Eclipse and its tools as the
development environment. The use of the Swing interface was permitted.

e To determine the students’ initial knowledge, an initial questionnaire was done. This
questionnaire was based on previous validated questionnaires, also validated by other
teachers. A final questionnaire was also provided to evaluate the students’ perception
about the intervention.

e A diary was kept to record the relevant events of each class in terms of attendance,
date, objectives, content and activities carried out. The observation was done as
outlined in [58], with all the events organised and categorised.

®  The project grade was considered one of the main indicators of the students” perfor-
mance and knowledge acquisition.

e The rubrics allowed the students to check their projects before the submission, and to
evaluate the project by the teacher.
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e The educational platform was used for additional communication with the students,
to submit the project and the additional exercises, and to receive feedback about their
results and the daily follow-ups.

®  Semi-structured and unstructured interviews were conducted after the initial eval-
uation so that the students could explain the main problems they had and start a
discussion with the rest of the class. These interviews were of great help for the stu-
dents who failed in the first evaluation attempt, to face the second chance evaluation
with more warrantees and to solve the problems detected in their projects.

3.3.1. Qualitative Analysis: Data Collection and Procedures

Given the action-research nature of this study and the emphasis on understanding
student experiences and learning processes in depth, qualitative data collection and anal-
ysis procedures were implemented to ensure the credibility and trustworthiness of the
findings [59-61].

Throughout the intervention, a structured teacher diary was maintained, following
established protocols for systematic classroom observation [58]. Each class session (8 h per
week over 4 weeks of project development) was documented using a standardised template
capturing the following: date, attendance, and session objectives; content covered and
activities performed; observable student behaviours related to engagement (e.g., voluntary
participation in discussions, time working on tasks, questions asked); technical difficulties
encountered and how students addressed them; emotional responses (e.g., expressions of
frustration, satisfaction, confusion); notable incidents or breakthroughs in understanding;
and teacher reflections and preliminary interpretations.

Observations were recorded descriptively with minimal initial interpretation, separat-
ing observation from inference. To enhance reliability, key observations were corroborated
through multiple sources where possible. For instance, claims about peer collaboration
were verified by confirming with students during informal conversations.

Post-evaluation interviews were conducted following a semi-structured protocol
with core questions about the main difficulties encountered (technical concepts, time
management, understanding requirements), about collaboration with class-mates, about
concepts acquired (graph theory, OOP, problem-solving strategies), and about their opinion
about the methodology followed. Informal conversations were also carried out about how
and when the software tool helped them and influenced their approaches. For students
who failed the initial evaluation, additional questions explored specific errors and their
understanding. Interviews were conducted by the course instructor in a conversational
tone to reduce power dynamics.

The code, documentation, and output files submitted by the students served as arte-
facts for analysis. These were examined to analyse the correctness of algorithmic imple-
mentations (Dijkstra, DFS), code organisation and use of OOP principles, the handling of
personalised conditions, and completeness relative to requirements.

Daily follow-up responses submitted via the educational platform provided ad-
ditional artefacts documenting progressive understanding of concepts throughout the
project period.

Qualitative data from diary entries, follow-ups, interview notes, and artefact observa-
tions were analysed using a hybrid deductive-inductive coding approach [59,62,63]:

1.  Based on research questions and theoretical frameworks (constructivism, engagement
theory, Computational Thinking), an initial coding scheme was developed with
broad categories: engagement behaviours, cognitive processes, tool usage, affective
responses, and learning outcomes.
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2. Through iterative reading of diary entries, follow-ups and interview notes, subcate-
gories emerged from the data.

3.  All diary entries and interview notes were coded systematically using the refined
scheme. Each observation or statement was assigned one or more codes. When
observations fit multiple categories, all relevant codes were applied.

4. Coded data were organised to identify patterns and relationships.

To ensure credibility and reduce bias, the data were triangulated across multiple
sources [60-64] by combining observations, interviews, and artefact analysis; comparing
teacher observations with student self-reports and actual project performance; and examin-
ing patterns across multiple class sessions rather than isolated incidents. Dependability was
ensured through systematic documentation following established protocols [58], with all
diary entries dated and organised chronologically. Confirmability was pursued by maintain-
ing awareness of potential confirmation bias and actively seeking disconfirming evidence.

3.3.2. Quantitative Analysis: Limitations and Statistical Interpretation

Regarding the quantitative analysis, the statistical independence of the data and the
distribution of the data were considered, with incidental sampling. The data distribution
was first analysed to determine whether the samples followed a normal distribution, for the
use of parametric or non-parametric tests [65,66]. The Shapiro test was used to determine
the normality of the distribution. In the case of non-normality, the Mann-Whitney U test or
the Kolmogorov-Smirnov test could be used. In the first case, normality was not assumed
for the samples, and in the second case, it was determined if the samples came from similar
distributions. Additionally, the Kruskal-Wallis test was used to compare the scores between
the different groups, without assuming normality in the distribution of the samples.

Given the common characteristics of VET contexts outlined in Section 2 and the specific
group studied (see Section 5.1), several limitations must be explicitly acknowledged regard-
ing the quantitative analysis presented in this study. The small sample size (N = 10 students
who completed the project in 2025, with similar numbers in previous cohorts) significantly
limited the statistical power of quantitative tests and the generalisability of the findings.

Normality testing with samples smaller than 20 observations is inherently unreliable,
as the Shapiro-Wilk and similar tests lack sufficient power to detect departures from
normality in small samples [65,66]. Similarly, while non-parametric tests such as Mann—
Whitney U and Kruskal-Wallis are appropriate when normality assumptions are violated,
their statistical power is substantially reduced with small sample sizes, increasing the
probability of failing to detect true differences when they exist.

Moreover, the interpretation of p-values in the context of small samples requires par-
ticular caution. A non-significant result (p > 0.05) with N = 10 does not constitute evidence
of equivalence between groups; rather, it indicates insufficient power to detect differences
if they exist. Therefore, the absence of statistically significant differences between subject
grades, or across different academic years, should not be interpreted as definitive proof that
the groups perform identically, but rather as descriptive observations of similar patterns
within the limitations of the available data.

For these reasons, the statistical tests in this study are presented primarily as descrip-
tive indicators of trends and patterns rather than as definitive inferential conclusions. To
complement p-values and address their limitations with small samples, effect sizes (Cohen’s
d) are also reported where comparisons between groups are made. Effect sizes provide
information about the magnitude of differences independent of sample size, offering a
more complete picture of practical significance [65].

Importantly, the qualitative observations derived from the daily classroom interactions,
systematic teacher diary entries, student interviews, and rubric-based project evaluations
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constituted the primary evidence for the claims about student engagement, motivation, and
learning processes. These qualitative data provided rich, contextualized insights into how
the students interacted with the gamified PBL approach and the software tool, capturing
nuances that quantitative metrics alone cannot reveal. The quantitative data served to
complement and contextualize these qualitative findings, providing additional perspective
rather than serving as the sole basis for our conclusions.

This mixed-methods approach, with the emphasis on qualitative depth over quantita-
tive breadth, aligned with the action-research methodology employed, and it is appropriate
for exploratory studies in specific educational contexts where large sample sizes are im-
practical or impossible to obtain [57,59,60,64].

4. Custom-Developed Software Tool Description and Functioning

This section provides a detailed technical description of the custom software tool
developed. This tool’s description serves several essential purposes:

e The tool is not merely an incidental implementation detail but a core component
of the intervention. It functions both as a pedagogical scaffold (enabling students
to test solutions iteratively) and as an assessment instrument (enabling automated
evaluation under personalised conditions). Understanding the tool design and capa-
bilities is necessary to evaluate the validity of research findings and the replicability
of the approach.

®  The tool represents a methodological contribution that other VET educators could
adapt for their own gamified Programming projects. Sufficient technical detail
enables replication.

®  Personalised project conditions (unique for each student) create a significant assess-
ment burden without automation. The tool’s design demonstrates how automated
testing can scale to complex, open-ended projects with multiple valid solutions under
varying constraints, a challenge not well-addressed in the existing Programming
education literature. This technical solution is itself a research contribution.

Regarding the use of the tool in the teaching—learning process, in general terms, it is
incorporated as follows:

e The teacher creates different configurations for each student. Reviewing and checking
the suitability of the different solutions according to different configurations depends
largely on the teacher’s expertise and experience. The application allows the teacher
to know the exact optimal solution for each particular situation.

e When the student wants to verify if something is working well, the teacher can give
advice or corrections. In addition, the feedback provided by the tool is direct and
fast, ensuring that the student knows what is happening without knowing the direct
answer to the solution (the teacher knows the solution in advance).

e  Students do not have to wait for the teacher to be available, nor does the teacher
have to review the code of each student. The students can continue searching for the
solution, avoiding frustration from not knowing what is happening or from waiting
for the teacher’s advice.

4.1. Underlying Theory: Graphs

The application has been developed for its use with first-year VET students. The idea
behind the game is to use different graph theory algorithms to determine the possible paths
to follow and choose the most appropriate one based on the options and restrictions set for
each student.
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At the start of the project, the students did not have knowledge of graph theory, so it
was necessary to give them an introduction and the necessary materials. An initial session
was given to them to introduce the basic concepts.

For the application developed, undirected graphs weighted with positive numbers
were used, in which the vertices of an edge were adjacent to each other, and self-edges, i.e.,
edges of the type (v, v), were not considered. It was also assumed that all the nodes had
some connection, i.e., there were no isolated nodes. All documentation and theory were
given to be reviewed at home, following the Flipped Classroom approach.

There are several techniques for solving optimisation problems. The requirement for
the students was to solve these optimisations with lists, hash maps, and arrays, which were
mainly studied in class.

To find the shortest path, the students were instructed to use the Dijkstra method,
a widely known algorithmic method of greedy Programming. The use of a stack in this
method would have simplified the algorithm, but there was insufficient time to explore its
use in class. As a result, they resorted to recursive logic without using this structure.

Algorithms such as Depth First Search (DFS) or Breadth First Search (BFS) can be used
to traverse graphs. DFS was chosen because of its lower memory storage requirements,
and it was used to search for all possible routes from the source node to the destination.

4.2. Tool Description

Although the application is easily adaptable to different requirements, it was designed
based on the concepts to be learnt by students and the requirements that would be asked
in the Programming subject.

Thus, in a general setup, the students start with an unweighted graph, with nodes
and distances between them, and a narrative based on the “cops and thieves” game. Their
basic requirements and functioning are described next.

Before starting the thief’s strategy, the police officers have to be placed on the shortest
route from the starting point to the final point, according to Dijkstra’s algorithm. The thief
starts at a certain speed from the starting point, which must be reduced each time he/she
encounters a police officer or an obstacle. When the speed reaches 0, the thief has been
caught and the game ends.

The speed at which the thief travels depends on whether he/she is driving, running
or walking (the speed for each means of transport can be personalised for each student).
If there is no route other than that of a police officer, the thief must pass where the police
officer is, which is reflected in the decrease in speed (proportional to the means used). If
the thief is travelling and encounters an obstacle, the thief must modify the transport and
the speed accordingly or find an alternative route.

Therefore, the thief must assess which routes to take depending on road conditions,
whether there are police officers present and/or whether speed has been reduced too
much. To ensure that each solution is different and, therefore, innovative in its design, each
student should start from different conditions, which are set out as follows:

*  Obstacles (points) that cannot be passed.

¢  Each student has a different route and starting point with different conditions (starting
speed; speed at which they are travelling; obstacles that reduce the speed; etc.).

e Some of the points through which the thief has passed are known to police officers.

¢ Time taken to reach certain points (depending on different conditions for each student).

Then, the results to be obtained can be summarised as:

®  Determine the shortest path between the origin and destination according to Dijkstra.
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e Show the thief’s entire route (all the points she/he has passed through), complying
with the arrival time at the final point. The coordinates of the route are saved in a
CSV file.

e Implement the police strategy: the route that police officers must take to get ahead of
and surround the thief.

For a technical description of the tool, the reader is referred to Appendix A.

4.2.1. Execution Modes

There are two alternatives to obtain the solutions with the application: step-by-step or
in a single step from the beginning to the end.

The step-by step execution is equivalent to running the application in stages, and its
main objective is to guide the student towards the solution. At this level, different nodes
can be specified as the starting or ending point, in order to analyse what happens along
the way. The initial configuration is established and the possible routes are obtained: the
Dijkstra path; the route analysis; and the recommended route. The Dijkstra route appears
highlighted in the graph and is where the police officers will initially be positioned. From
here, according to the recommended route, the next node to which the thief should move
is chosen. In a second stage, this node is defined as the new origin, and the outputs are
also obtained, adapted to this new route, and so on, at each step. This level of execution is
reserved solely for analysing possible routes, obstacles, the Dijkstra route and the initial
position of the police officers. It does not include the position of cameras to relocate police
officers or the thief’s speed rate.

Through the step-by-step execution level, the students can understand which part
of their code is failing. In this way, two important objectives can be achieved: (i) The
student receives quick, visual feedback, as they see the execution through an example
and step-by-step. (ii) The teacher can quickly understand and explain what is happening,
helping the student to locate the part of the code that needs to be fixed. A detailed view of
the interface is shown in Figure A5 in Appendix A.

If the student requests a more complete explanation, including the overall police
strategy, the second level of execution must be performed, in which the game is played
through once. Then the one-step execution (from beginning to end) directly provides the
final results, revealing the winner and the path chosen by the players (police and thief). In
addition to what is obtained in the step-by-step execution, it shows how the police strategy
ends and who wins the game. Both the thief and the police develop different movement
strategies: (i) The thief chooses the route with the shortest weighted length due to obstacles,
but considering that he/she will always try to avoid the Dijkstra route. (ii) In the case of the
police station, they will have information at all times about which nodes the police officers
are initially located in and will readjust their positions only if the thief passes through a
node with a camera. At that point, the police officers will be relocated, using the following
protocol: The police officer closest to the node is sent to the thief’s location; the location left
by the previous police officer will be occupied by the one closest to that position, and so on.
If there are not enough police officers, an attempt will be made to place them near the thief.

Therefore, the pedagogical design of these interface features reflects deliberate choices
to support learning processes. The step-by-step execution mode works under the con-
structivist principle of scaffolded exploration, enabling students to build understanding
incrementally rather than confronting complex complete solutions immediately. The Dijk-
stra route visualization provides an external representation of shortest-path computation,
which can facilitate its understanding by students. The comparison between student strate-
gies and optimal solutions creates cognitive dissonance, i.e., when outputs differ, students
must reconcile discrepancies by examining their logic, promoting deeper engagement with
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algorithmic principles than passive instruction alone would achieve. In Section 6.3 the
impacts on student usage patterns and learning outcomes are discussed more deeply.

4.2.2. Evaluation of Students” Solutions

Students can check their solutions by comparing their results with those obtained
within the application. To do this, they upload the files where they saved their solutions,
specifying the final route of the thief according to their conditions.

To evaluate the solutions, a complete and/or step-by-step simulation is carried out
with the conditions imposed on each student, in order to compare with the results of the
application. The following are assessed:

e Whether the obstacles and starting conditions were taken into account correctly.

e The speed the thief ends up with, taking into account the sightings. A maximum
number of speed decreases to win or lose is determined, which must be configurable.

e The distance travelled, time, and number of speed decreases. To do this, the speed
index is calculated based on the distance travelled (speedIndex = number of de-
creases/total distance travelled).

e Additional considerations regarding the route, to determine the winner of the game.

In a CSV file, the system outputs are recorded on each line. For example, the first
line stores the final route of the pursued, and the next line stores the times per section.
Subsequently, the lines below store the total time of the route; the speed with which it
ends; whether it wins or loses; the routes chosen, speed and mode of transport for each
section, etc.

Finally, the grade for the project is given based on a rubric using the feedback obtained
by the application and the teacher observations. Given the personalised nature of the
challenge and the multiple concepts addressed, the project evaluation can be passed
considering several combinations of developments and achievements. Table 1 shows a
summary of the combinations of achievements that can lead to passing or failing. The
final grade will also depend on the rubric and, in specific cases, on the assessment of the
student’s code.

Table 1. Possible combinations of achievements that can lead to passing or failing.

Final Speed Final Speed

Combination S:geflz‘i(l)::li over a Given Higher Than Sé)(l):;;:?
q Threshold Tool
1 v v v v
2 v v X v
3 v X X X
4 X v v vt
5 X v X X
6 X X v X
7 v X v X

* In Option 4, the possibility that an obstacle has not been considered for justified unforeseen reasons is taken into
account, in which case the solution is approved.

5. Results

The project and software tool were used in the subject Programming (PR) of the first
year of a Web Application Design (WAD) course. In this section, the group and the results
obtained with the project development are described.
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5.1. Group

Twenty-four adult students began the course, with only one female student, who
dropped out at the beginning of the course. The cultural level was diverse: some were
university students from the arts field, others came from other vocational training courses
or secondary school, and some were alternating work with study. The atmosphere in the
classroom was good in terms of discipline, although there was a clear lack of study. Because
some students worked, there was a significant initial dropout rate, usual in subjects such
as Programming, as they could not devote enough time to the studies. Others remained
because of parental pressure, without having a real vocation for the course. The dropout
rate was high at the beginning of the course, with 13 students remaining, of whom there
was still a possibility of dropout in the last stage of the course, with 10 students finally
working on the project. They found Programming logic complex, having difficulties in
understanding loop conditions, recursion and file management, as well as basic object-
oriented concepts, which they should have already learned. The pass rate per term was
very low, and they made excessive use of code-generating programmes to replace what
they should be doing and practising themselves. None of them had previous experience
with coding before starting the course.

Regarding research ethics and participant awareness, all the students enrolled in the
Programming subject participated in the pedagogical intervention as part of their regular
coursework. The gamified project and tool usage were curricular components required
for course completion, not optional research activities. The students were informed at the
beginning of the course that their experiences might contribute to educational research
and that anonymous data (grades, anonymized project artefacts, observation notes) could
be used for research purposes. They were informed that they could decide to withdraw
their data at any moment. All the students provided consent for research participation.
Individual interviews were voluntary and all data were anonymized. Institutional ethics
protocols for educational action-research were followed, which permit research on regular
curricular activities with student awareness and anonymization.

5.2. Qualitative Analysis Results

Monitoring of class structure and progress showed that several students faced recur-
ring difficulties in understanding and adapting Dijkstra’s algorithm, as well as in applying
OOP concepts. Some findings throughout the students” work in the project were:

e Although they made progress in implementing the Dijkstra algorithm and identifying
routes, some problems persisted in understanding the algorithm and the logic behind
its implementation.

e  Understanding other concepts, such as the use of HashMap, the management of
obstacles and sightings in the game, and the correct database structure were areas that
needed improvement and reinforcement.

e Often the implemented methods did not work as expected, and error handling was
not adequately addressed.

®*  Monitoring in class, with constant feedback, was necessary to help the students’
progress, but assessment methods had to be reinforced to ensure that all the students
understood the algorithms and their practical application.

e The schedule was established to maintain a constant review of progress and to make a
final presentation of the project in class.

The follow-ups, the teacher’s diary and the final questions conducted with the students
were then analysed.
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5.2.1. Follow-Ups Structure

Twenty-nine two-hour sessions were allocated to the project, of which 26 were assess-
able follow-ups for each student and three were designed for assignments (one mid-term,
one final) and for the presentation (one). The follow-ups were structured as described in
Table 2. The sessions were devoted almost exclusively to the specified problem/concept,
although any issues pending resolution from previous follow-ups were addressed again
as needed.

Table 2. Number of sessions and description of the follow-ups for the Programming project in 2025
(N =10 students).

Concept Sessions  Description

They had to form classes to model the problem. The
class structure included modelling both the attributes

Class structure 2 and methods specific to the classes, as well as the rela-
tionships between them.
The algorithm had already been tested in sessions prior
Dijkstra 5 to the development of the project, and they only had to

adapt it to the new game context. Even so, they found it
difficult to adapt it.

They should have included DFS implementation, obsta-
Thief strategy 6 cles, sightings, selection of the best route and exporting
results to CSV.

Mid-term submission 1 The initial solutions were tested with the tool.

They had to create a database, take the data from it and
fill in the classes, in order to continue working in memory.

Database import > Those who had not finished exporting to CSV continued
with that task.

Bidimensional arrays use 2 They should have computed statistics.
Using the knowledge from the Markup Language subject,

XML import 6 they modelled the data to fill in the main class structures
of the game.

Final submission 1 Algorithm refinement for the submission.

Presentation 1 Oral defence of the project.

To examine whether the project-based approach supported concept assimilation, the
students” performance on theoretical examinations (conducted earlier in the course) was
compared with their performance on daily follow-up assessments during the project phase.
Both assessments addressed the same conceptual domains, allowing for observation of
whether practical application within the project context was associated with improved
performance compared to examination performance on theoretical knowledge of the same
topics. For simplicity, average grades and general thematic concepts are described, consid-
ering that the grades range from 0 (minimum) to 10 (maximum), with 5 required to pass.

The average exam grade for file handling (CSV, XML) was 3, while the follow-ups
yielded an average of 7, suggesting significant improvement in knowledge acquisition.
Feedback and observations collected in the diary showed that work with CSV files proved
more accessible. Although the results with XML were also good, more observations and
comments were documented, including problems with data parsing, as well as multiple
instances of feedback regarding menus, data input, and output formatting.

Regarding database usage, the exam grade was 2 while the follow-ups averaged 9,
suggesting substantial improvement. The most frequent comments and feedback regarding
these concepts concerned time management issues during implementation.
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Finally, concerning algorithms, only recursion, sorting, and minimum /maximum
searching algorithms were considered, since graph theory algorithms were new content
introduced specifically for the project. The average exam grade was 2, while the project
follow-ups averaged 6, suggesting improvement, though more moderate than for previous
concepts. Despite this improvement, the evidence collected showed that the students en-
countered difficulties when modifying algorithms to add complexity, such as incorporating
weights, obstacles, or recomputing distances dynamically.

Therefore, working on the project allowed the students to put into practice concepts
taught throughout the course, which, given their exam marks, had not been fully under-
stood initially. However, applying these concepts practically enabled them to improve their
understanding substantially. Moreover, most of the exercises and project components were
adequately completed in the majority of cases. Thus, the qualitative evidence gathered
during the follow-ups suggests that the students assimilated concepts better through the
practical work of the project. It should be noted, however, that these concepts had been
previously covered during the course, so working with them was not entirely new content
but rather reinforcement and application in an integrated context.

5.2.2. Class Diary Analysis

The class diary was created and maintained by the course instructor throughout the
intervention, following the structured observation protocols detailed in Section 3.3.1. Each
session was documented using a standardised template capturing attendance, objectives,
activities, observable student behaviours, difficulties encountered, and teacher reflections.

From the content collected and described in the class diary, a word count was gener-
ated. After excluding words without significant meaning (of, in, the, etc.), the count showed
those words that had the most relation to the context and the importance/frequency of
each word.

These words were related to theoretical concepts, project elements and learning aspects,
and they appeared in different contexts (positive or negative). For example, for Dijkstra’s
algorithm, some of the students correctly implemented it, so this was a positive context
included in the diary. Other students did not understand it, so it was recorded as a negative
context. This process was followed for all the relevant words. According to the word count,
it suggests a priori that the word Feedback had an important weight during development,
followed by Dijkstra, among others.

Additionally, a grouping was made according to the semantics of the words and the
known context, as shown in Table 3. The Frequency column indicates the number of times
a word appeared.

From Table 3, the possible categories in which the described actions could be classified
are summarised by colours in Table 4. The Frequency column is the sum of the occurrences
of the words classified under that colour.

Taking into account the frequency of the possible categories, some conclusions and
findings about importance and time consumption issues can be drawn. Algorithms played
the main role and consumed a large part of the development. Daily explanations also
played an important role, as well as the development of strategies for both the thief and
the police. The least time was spent on the menu to organise data input and class design.
An intermediate position had import from different sources. Additionally, occurrences of
pending tasks exceeded those of completed ones.
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Table 3. Semantic grouping of words from the analysis of the class diary.

Word Frequency  Word Frequency  Word Frequency
algo 5 done 9 one 5
14 injuries 10 speed 5
7 thief 10 seen 6
21 N
sighting 5 5
sightings 11 5
S 5
well 9 15
Cclulating o 9
class 5 17
8 5
11 10 Total 471
17 police 6 The frequency count
7 police officers 11 includes only
21 6 the categorised words
8 5 shown coloured *
spy 5 8
strategy 7 51
structures 10 13
5 8
7 15
works 6 14
hashmap 6 time 12
there is/are 5 transport 5

* Words appearing without colour highlighting (e.g., “one’, “algo’) were present in the diary but did not fit the
semantic categories defined in Table 4 and were therefore not included in the categorised frequency totals. Note:
The original diary and classroom interactions were conducted in Spanish. The words presented in Table 3 have
been translated to English for this manuscript. The semantic grouping and frequency analysis were performed on
the original Spanish text to preserve linguistic accuracy, with the categories subsequently being translated.

Table 4. Possible categories identified from semantic grouping (see colour patterns in Table 3).

Colour Meaning Frequency
B Feedback and advice using the application 89
Algorithms (Dijkstra, DFS) 121
- Things to be done 59
Something finished and working 35
Strategies 87
[ Systeminputs 13
B Database: import from different sources 46
Memory structures 21

Only categorised words are counted. Total: 471

5.2.3. Code Group Creation

Based on previous information, the code group creation was made using Atlas.ti. Code
groups were created taking into account the analysis of the word list; then, relationships
between them were detected. It can be seen in Figure 1 that Dijkstra Algorithm and Thief
Strategy contained more events than the other categories. The first number indicates the
number of occurrences of that code. The second refers to the links between that code
and others.

The process followed for each category is explained on the basis of the Dijkstra Al-
gorithm group. The codes identified in this group are shown in Figure 2. Again, the
first number indicates times classified, and the second gives the relationship with the
other groups.

Upon analysis of the network of difficulties in this group, around 30 were counted.
Among the most difficult concepts were the computation of the minimum, temporal and
final distances in the routes. The correlation of each of these aspects is shown through the
Dijkstra Algorithms network of Figure 3.

Figure 3 visualises the relationships between coded observations within the Dijkstra
Algorithm group, illustrating how specific technical difficulties (e.g., computing minimum
distances, handling temporal values) contributed to broader patterns of algorithmic chal-
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lenges. This network analysis supported the qualitative finding that Dijkstra’s algorithm
represented the most time-consuming challenge.

p Algorithms - DFS (5-3)

2 Algorithms - Dijkstra (32-0)

p Algorithms - Police Positioning (4-1)
b Algorithms - Robber strategy (29-1)
b Class Structure (9-0)

2 Database (16-2)

b Import (12-0)

b Results {11-1)

Figure 1. Qualitative coding structure: Main code groups created from word frequency analysis.
Numbers indicate (occurrences-relationships with other codes).

4 Algorithms - Dijkstra (32-0)
Algorithms - Dijkstra - Classes yet to be refined (5-1)
Algorithms - Dijkstra - Correct classes (3-1)
Algorithms - Dijkstra - Delay (4-1)
Algorithms - Dijkstra - Difficulties (0-6)
Algorithms - Dijkstra - does not have it (1-1)
Algorithms - Dijkstra - Does not understand (11-1)
Algorithms - Dijkstra - Failure in minimum (5-0)
Algorithms - Dijkstra - Failure in saving paths (2-1)
Algorithms - Dijkstra - Failure in time and final distances (5-1)
Algorithms - Dijkstra - Feedback (11-1)
Algorithms - Dijkstra - In Progress (15-0)
Algorithms - Dijkstra - Positive (0-3)
Algorithms - Dijkstra - Works (4-1)

Figure 2. Qualitative coding structure: Detailed codes within Dijkstra Algorithm group. Numbers
indicate (occurrences-relationships with other codes).

Similar analyses could be carried out within the other groups. In the thief’s strategies,
there were more successes than difficulties, the most important difficulties being the
handling of sightings and obstacles. In terms of positive aspects, the calculation of Dijkstra
nodes, distance calculation, speed update, and means of transport were generally positively
resolved. With regard to the database, the students had difficulties in the conception and
design of the Entity-Relationship Model (ERM). The creation of the physical structure of
tables and their modification, as well as the import from the database, were performed
correctly. The same was true for XML, where there were no significant problems.

Therefore, based on daily monitoring and word clouds, an initial semantic grouping
was made, from which possible categories or groups of codes emerged. By creating these
groups and associating the codes, it was possible to design links between codes that
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reflected the semantics described above and obtained networks representing these links, in
a similar way as shown in Figure 3 for the Dijkstra Algorithm group.

The comparison between the Dijkstra and DFS algorithm groups showed that the
Dijkstra group had a higher number of occurrences than the DFS group. Note that Dijkstra
was the first graph theory algorithm they learned, and they needed more time to understand
it. Therefore, with the experience gained with Dijkstra, DFS could be understood and
implemented with less difficulty. In terms of strategies, the thief strategy took longer
than the police strategy. In that sense, the most important delays in implementation were
detected mainly in the thief strategy and in the Dijkstra algorithm.

> Algorithms - Dijkstra:
Algorithms - Dijkstra -
Failure in saving paths

& Algorithms - Dijkstra:
Algorithms - Dijkstra - Delay

IS PART OF

& Algorithms - Dijkstra:
Algorithms - Dijkstra -
Classes yet to be refined IS PART OF

& Algorithms - Dijkstra: IS PART OF
Algorithms - Dijkstra - Failure
in time and final distances

IS PART OF

& Algorithms - Dijkstra: Algorithms
- Dijkstra - Failure in minimum

& Algorithms - Dijkstra: Algorithms
- Dijkstra - In Progress

& Algorithms - Dijkstra: Algorithms < Algorithms - Dijkstra:
- Dijkstra - does not have it IS PART OF Algorithms - Dijkstra -
Difficulties

& Algorithms - Dijkstra: Algorithms
- Dijkstra - Does not understand IS CAUSE OF

& Algorithms - Dijkstra: Algorithms
<> Algorithms - Dijkstra - Dijkstra - Correct classes IS PART OF

& Algorithms - Dijkstra: Algorithms IS PART OF
- Dijkstra - Works

< Algorithms - Dijkstra:
Algorithms - Dijkstra -

< Algorithms - Dijkstra: Algorithms Positive
- Dijkstra - Feedback IS PART OF

Figure 3. Network diagram showing relationships between codes within the Dijkstra Algorithm group.

The fact that more occurrences were recorded in the thief’s strategy than in the police’s
strategy may be due to the fact that the police’s strategy depended, to a certain extent,
on the former. In general, once the Dijkstra route had been calculated, they positioned
the police correctly on the route, although they had difficulties in calculating the routes
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themselves. There were no major complications with the import of data from a database

or XML. The same happened for exporting the results to CSV. They showed difficulties

in the design and conception of tables, ERM and data structures. In each process, rapid

feedback through the application played an important role in understanding the purpose

of the game and, therefore, the final goal to be achieved. The process followed made it

possible to compare the initial conclusions obtained from the word list with the coding of

the document, obtaining the conclusions summarised in Table 5.

Table 5. Summary of conclusions obtained from the qualitative analysis of class diary entries (N = 10

students, 29 sessions).

Document Coding.

Document Coding.

Word Cloud/Word List Highlighted Difficulties Successes
It was determined that they
Algorithms had more difficulties DFS took less time.
with Dijkstra.
Most time-consuming Feedback Very intensive process to Important during
challenges record each feedback. the process.
. The th1e.f s strategy was They understood where to
Strategies predominant and very
get to.
costly for them.
Calculation of the
DI, temporal and Calculation of speed
. final distances in the
Pending tasks .. . . decreases and
Dijkstra routes. Thief’s transport update
strategy when there are p p '
sightings and obstacles.
Medium consumption . Design conception Table modifications.
challenges DB, XML, import and ERM. Import from DB/XML.
Calculation of the best
Completed aspects routes and the strategy to ~ Export data to CSV.

move the police.

Least time-consuming
challenges

Creation of structures
(classes and methods)
and menu.

Modifications to classes
that had not been
conceived in the initial
design were recorded.

Menu design took
little time.

5.2.4. Questionnaires

Once the intervention was finalised, an assessment was carried out using a question-

naire with 13 questions: 8 rated on a 5-point Likert scale and 5 open-ended questions.

The questions with numerical ratings and their corresponding mean scores are shown

in Table 6.

Table 6. Questions rated numerically and their mean score (5-point Likert scale).

Question Item Mean (M)
Q1 Assessment of your initial knowledge of the subject 1.50
Q2 Do you feel that you have learned? 3.67
Q3 Was the content appropriate? 3.83
Q4 Are the tasks to be completed explained clearly? 3.50
Q5 Have you been informed of the results of the tasks on time? 414
Q6 Has the feedback helped you to improve? 3.33
Q7 Was the teacher’s willingness to explain doubts adequate? 417
Q8 Assess the classroom atmosphere 417
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The students provided an overall positive assessment. From the results obtained,
several conclusions can be drawn about their perceptions:

¢  Learning value: Having started with minimal prior knowledge (Q1), the students felt
they learned significantly (Q2), with content perceived as appropriate (Q3).

¢  Teacher responsiveness: The teacher’s willingness to return results promptly (Q5) and
explain doubts thoroughly (Q7) was rated highly favourably.

¢ Feedback effectiveness: Regarding task explanations and feedback utility (Q4, Q6),
although the students rated these aspects positively, the responses suggest that these
areas could be reinforced in future implementations by gathering satisfaction ratings
at multiple time points throughout the project. The students acknowledged that
the explanations were generally good, yet some expressed that they did not fully
understand certain concepts. This perception may reflect the inherent complexity of
the topics covered rather than inadequate explanation quality.

*  (Classroom atmosphere (QQ8): The students perceived that activities took place in a
positive and supportive learning environment.

The open-ended questions addressed broader aspects of the learning experience:
Q9—Do you think you would have had time to learn additional content that was not taught,
such as graphical interfaces?; Q10—Of all the work you have done, which has been most
useful for your learning?; Q11—What was done well? Please explain; Q12—What would
you improve about the subject?; Q13—Any additional comments and/or self-criticism?

When asked what was done well during the course (Q11) and which work was most
useful (Q10), 83% of the students rated the final project as the most valuable learning
activity. Additional responses emphasised positive aspects such as teaching OOP from the
beginning, the practical nature of classes, and the reinforcement of fundamental concepts
through repetition. Some of these comments remarking positive aspects were “Start Object-
Oriented Programming from the beginning”, “Progressive advancement of knowledge”, or
“Repeat the fundamental content many times to achieve a good solid foundation”. However,
there were also some more critical comments as for example “I think that in this module, a
lot has been "delegated’ to the students’ individual work, leading them to make an effort
and acquire (if the student made an effort) a lot of knowledge. By this, I do not mean that
the teacher has neglected her duty.”

To identify areas for improvement, the responses to (Q9) and (Q12) were analysed.
Regarding additional content (QQ9), all the students indicated they did not believe they
had time to learn more content beyond what was taught. Responses regarding areas for
improvement (Q12) varied, with the students emphasising concerns about the course
length and the sequencing of topics. Examples of the answers provided were “I would
add more hours (to the subject)”, “I know there isn’t enough time, but try to include some
graphics, even if it’s just for a week, to see what it’s about and how it would be done”,
“The organisation of the topics. Start with loops, conditions, etc.”

Question (Q13) assessed the students’ self-perceptions regarding their own perfor-
mance and engagement. The responses revealed fluctuations in motivation at certain points
during the course, with some students noting that the need to balance work and study re-
sponsibilities affected their consistency. Examples of some of these answers were “The first
term, although it was difficult to get into the world of Programming, was relatively easy
to pass, which led me to become overconfident. This meant that I had to catch up on my
studies, which took its price”, “Spending more time at home and avoiding disconnecting at
certain points in the subject’, or “A considerable lack of study and moments when I almost
gave up on the course”.

To examine the relationship between student perceptions (questionnaire responses)
and academic performance (project grades), Spearman’s rank correlation coefficient was
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calculated. The resulting coefficient was p = 0.42, indicating a moderate positive correlation
between the students’ self-reported learning perceptions and their actual project grades.
This could suggest that students who reported more favourable learning experiences tended
to achieve higher project grades. However, it is important to note that correlation does not
imply causation. Multiple factors could explain this relationship, including that students
who performed better may have perceived their learning more positively, or that genuinely
stronger learning experiences contributed to better performance. Further analysis would
be necessary to establish causal relationships beyond this correlational evidence.

5.3. Quantitative Analysis Results

The statistical analysis presented in this section must be interpreted with awareness of
the small sample sizes involved (N = 10 in the 2025 cohort). As detailed in Section 3.3, these
sample sizes limited statistical power, making non-significant results difficult to interpret
definitively. Therefore, the statistical tests serve primarily to provide descriptive context for
the qualitative findings rather than as standalone evidence for claims about effectiveness.
Effect sizes (Cohen’s d) are reported alongside p-values to indicate the magnitude of the
observed differences, independent of sample size.

The distribution of the students based on the grade obtained in the project is shown in
Figure 4, and it is detailed in Table 7.
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Figure 4. Distribution of students based on the grade obtained in the Programming project for 2025
cohort (N = 10).

Table 7. Project grades details of Programming for 2025 cohort (N = 10).

Min. Median Mean Std. Dev. Max.
0.00 0.00 3.11 3.64 8.00

As mentioned in Section 5.1, there was a high drop-out rate at the beginning of the
course, with only 10 students working on the project. It should be noted that only 4 out of
10 passed the initial project evaluation, shown in Figure 4. In this sense, it is important to
remark the amount of contents and requirements needed for the game, which, together
with the daily updates, required important effort and the dedication of the students.

In any case, after the first assessment of the project and examination, interviews
were conducted with the students so that they could comment on the main difficulties
encountered and the teacher could explain the mistakes made. This allowed them to resolve
the problems in the second-chance evaluation, with 8 out of 10 students finally passing.

In order to provide a broader context for these outcomes, the results of the same group
in the project of another subject, Markup Language, and the results of other groups in
previous years in Programming and Markup Language subjects were also analysed. Part
of these latter results can also be found in [14].
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5.3.1. Comparison with Markup Language Results

The performance of the same group described in Section 5.1 was analysed in the
context of the Markup Language subject during the same year. This subject was generally
considered more accessible and straightforward by the students, and they were also re-
quired to complete a project at the end of the course, albeit one of considerably less scope
and complexity than in the Programming subject. This project consisted of developing a
web page with different requirements and functionalities. Moreover, the same 10 students
remained in the Markup Language subject. The distribution of the students based on
the grade obtained in the Markup Language project is shown in Figure 5 and detailed in
Table 8.

) —

Number of Students

\ T T T T 1
0 2 - 6 8 10

Project Grade (min. 0 - max. 10)

Figure 5. Distribution of students based on the grade obtained in the project of Markup Language for
2025 cohort (N = 10).

Table 8. Project grades details of Markup Language for 2025 cohort (N = 10).

Min. Median Mean Std. Dev. Max.
0.00 5.50 4.80 3.71 10.00

In this case, 50% of the students passed the project evaluation. After this evaluation, a
process similar to that used for the Programming subject was followed. Once the examina-
tion had been completed, interviews were conducted with the students so that they could
explain their main problems and understand their mistakes. Then, in the second-chance
evaluation all the students passed the subject.

As shown in Table 9, the results obtained with the same group in the subjects of Pro-
gramming and Markup Language were compared. Given the small sample sizes (N = 10),
the statistical power was limited, and the results should be interpreted descriptively. Thus,
effect sizes (Cohen’s d) are reported to complement p-values. The results imply a small
effect ~ 0.2, medium ~ 0.5, or large ~ 0.8.

Table 9. Normality and distribution comparison tests for Programming (PR2025, N = 10) and Markup
Language (ML2025, N = 10) projects in 2025 cohort.

Test Cohort p-Value Cohen’s d Interpretation
Shapiro-Wilk PR2025 0.001018 - Data not normally distributed
Shapiro-Wilk ML2025 0.1725 - Data normally distributed
Mann-Whitney U PR2025 vs. ML2025 0.2823 0.46 No significant difference in
project performance
Kolmogorov-Smirnov PR2025 vs. ML2025 0.5908 - Distributions are similar

For both distributions of grades, the Shapiro-Wilk normality test was carried out to
determine if the data were normally distributed. Since one of the two data sets did not

https://doi.org/10.3390 /computers15020082
195



Computers 2026, 15, 82

follow a normal distribution, the Mann-Whitney U test was used. Based on this test, it
suggests that there is no significant difference between the data sets. To determine whether
the data came from the same type of distribution, the Kolmogorov—Smirnov test was
applied. The result suggests that the data were governed by similar distributions.

These facts are very positive, since they suggest that similar results are obtained in
subjects of significantly different complexity. This rationale is expanded in Section 6.

5.3.2. Comparison with Other Groups and Years

In order to analyse the results obtained in greater detail, the marks obtained in the
practical projects carried out in the Programming and Markup Language subjects in 2024
and Markup Language in 2023 were taken into account. In Figure 6 the students’ distribu-
tions based on the grades obtained in the projects of 2024 in Programming (a) and Markup
Language (b) are shown, and in Figure 7 the distribution of 2023 for Markup Language.
The details of the data distributions are shown in Table 10.
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Figure 6. Distribution of students based on the grade obtained in the project for 2024 cohorts:
(a) Programming (N = 17); (b) Markup Language (N = 16).
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Figure 7. Distribution of students based on the grade obtained in the project for 2023 Markup
Language cohort (N = 16).

Table 10. Project grades details for Programming and Markup Language subjects: PR2024 (N = 17),
ML2024 (N = 16), and ML2023 (N = 16).

Cohort Min. Median Mean Std. Dev. Max.
PR2024 0.00 4.00 3.64 3.87 9.80
ML2024 0.00 2.00 3.35 2.89 9.50
ML2023 0.00 5.00 5.12 3.26 10.00

The analysis of the results was grouped on the basis of the subjects, comparing across
these courses the results of the Programming and Markup Language subjects separately.

In Table 11 the data analysis for the Markup Language subject across three courses is
described and compared. The Shapiro-Wilk normality test was carried out to determine if
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the data followed a normal distribution. In this case, the grades for 2025 and 2023 followed
a normal distribution, whereas the data for 2024 did not.

Initially, the courses were compared with each other. For 2025 and 2023, as both
followed a normal distribution, Student’s t-test could be used, the result of which indicates
that there were no significant differences between the two data sets. For comparing the
2025 and 2024 courses, as well comparing the 2024 and 2023 courses, since one of the
distributions did not follow a normal distribution, the Mann-Whitney U test was carried
out, showing in both cases that there was no significant difference in the performance. The
Kolmogorov-Smirnov test was also applied to these two latter cases, showing that in both
cases the distributions were similar. Finally, the three groups were compared using the
Krustal-Wallis test, to determine if there were significant differences among the data sets,
with the result showing that there was no significant difference in the data sets.

Table 11. Normality and distribution comparison tests for Markup Language projects across three
academic years: ML2023 (N = 16), ML2024 (N = 16), and ML2025 (N = 10).

Test Cohort p-Value Cohen’s d Interpretation
Shapiro-Wilk ML2025 0.1725 - Data normally distributed
Shapiro-Wilk ML2024 0.002134 - Data not normally distributed
Shapiro-Wilk ML2023 0.1881 - Data normally distributed
T-Student ML2025 vs. ML2023 0.6373  0.027 No significant difference in

project performance
No significant difference in

Mann-Whitney U ML2025 vs. ML2024 0.2972 0.132 .
project performance
Mann-Whitney U ML2024 vs. ML.2023 0.1831 0.187 No significant difference in
project performance
Kolmogorov-Smirnov ML2024 vs. ML2023 0.1184 - Distributions are similar
Kolmogorov-Smirnov ML2025 vs. ML2024 0.187 - Distributions are similar
Krustal-Wallis ML2023-ML2024-ML2025 0.3513 - No significant difference in data

Similarly, in Table 12 the data analysis for the Programming subject across two aca-
demic years (2024 and 2025) is described and compared. The Shapiro-Wilk normality test
showed that the data for both 2024 and 2025 did not follow a normal distribution. The
Mann-Whitney U test showed that there was no significant difference in the performance.
The Kolmogorov-Smirnov test is also applied, showing that the distributions are similar.
Finally, the groups were compared using the Krustal-Wallis test, to determine if there were
significant differences among the data sets, with the resulting that there were no significant
differences among the data sets. The negligible effect size (d = 0.15) combined with the
non-significant tests suggested similar grade distributions across years, though the small
sample sizes limited the statistical power for detecting modest differences if they existed.

Table 12. Normality and distribution comparison tests for Programming projects across two academic
years: PR2024 (N = 17) and PR2025 (N = 10).

Test Cohort p-Value Cohen’s d Interpretation
Shapiro-Wilk PR2025 0.001578 - Data not normally distributed
Shapiro-Wilk PR2024 0.004474 - Data not normally distributed

No significant difference in

Mann-Whitney U PR2025 vs. PR2024  0.3883 0.038 .

project performance
Kolmogorov-Smirnov PR2025 vs. PR2024 0.6335 - Distributions are similar
Krustal-Wallis PR2024-PR2025 0.3696 - No significant difference in data
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The results shown in Tables 11 and 12 suggest consistency. It is important to emphasise
once again that all these cohorts followed a project-oriented methodology in both subjects,
in which the students showed great commitment and dedication, as also registered in [14].
At the academic level, there was no significant difference in the grades for the Markup
Language and Programming projects. The Markup Language projects took half the time of
the Programming projects, and the Markup Language subject had four hours per week in
2023 and 2024 and three hours per week in 2025. The fact that the grades for the projects in
the different modules were comparable is positive because:

¢ Normally, Markup Language grades were better during the course, compared to
Programming, and the students tended to pass almost all the evaluations of Markup
Language.

* In contrast, the students typically experienced greater difficulty with Programming
assessments throughout the course, with higher failure rates on individual evaluations
compared to Markup Language.

Therefore, with respect to 2025, obtaining comparable results in the Programming
and Markup Language project is considered an important achievement in terms of: (a)
involvement in the classroom (the results assessed were the challenges set in the classroom)
and demonstrating that they were at least able to tackle them; (b) the results themselves,
because, although the students did not attain high marks, at least they managed to take
the right approach to each daily challenge. In addition, the fact that the Markup Language
project lasted two weeks less meant that it was not possible to carry out more ambitious
challenges in Markup Language than those that were carried out in the Programming
project. The custom-developed software application was important during the academic
course 2025, because they saw graphically and explicitly why they had made mistakes and
what path they should follow or correct. These results will be analysed in greater detail in
the next section, Section 6.

6. Discussion

The profiles of Vocational Education and Training students are very diverse, with
different backgrounds and motivations. Different levels of education and different personal
situations lead to high levels of absenteeism and dropout rates, which may impact on the
classroom environment [6].

This study examined the implementation of a gamified Project-Based Learning ap-
proach combined with a custom software tool for teaching Programming and graph theory
in first-year VET students. For the group studied, the students” attitude was positive and
the classroom atmosphere was good. Despite their previous lack of knowledge of the
contents of the subject, the students who participated in the project showed considerable
interest and autonomy. Similarly to what is indicated in [4,46], the students became in-
volved in the development of the project despite the complexity of many of the concepts,
maintaining regular and consistent attendance. However, some of them continued to have
difficulty with some of these concepts, similar to what is indicated in [54].

The findings provide valuable insights into both the potential and challenges of
applying active methodologies in vocational computer science education, particularly with
students presenting diverse academic backgrounds and varying levels of motivation. Next,
the results of the present research are discussed from different perspectives.

6.1. Interpretation of Academic Results, Student Engagement and Dropout Rates

The academic results obtained must be interpreted within the specific context of the
Programming subjects in VET. Although the results of the initial project evaluation may
appear concerning at first glance due to the low grades, several factors contextualise them
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positively. The complexity and scope of the project, which required knowledge about
graph theory, OOP, Markup Language, and algorithmic thinking, represented a substantial
challenge for first-year students with no prior Programming experience. Second, qual-
itative evidence (teacher observations, knowledge acquisition improvement comparing
exams and follow-ups, student perceptions as given in the questionnaires) and the pro-
gression from 4 students passing the first project evaluation to 8 students (80% of those
who remained in the subject) passing after the second evaluation suggests the effectiveness
of the iterative learning process and the importance of post-evaluation interviews and
feedback mechanisms.

The comparison with the Markup Language subject results also suggests the effec-
tiveness of the approach. The Markup Language subject was generally perceived as more
accessible by the students, and it required less complex abstract thinking than Program-
ming. Despite this, the statistical analysis suggested no significant differences between
the distributions of grades in both subjects. This is particularly meaningful considering
that the students usually had greater difficulty in passing Programming than in passing
Markup Language: the Programming project lasted two more weeks than the Markup
Language project and involved significantly greater complexity; and the Programming
project required the integration of multiple advanced concepts simultaneously. Thus, the
students achieved results in a traditionally difficult subject that were comparable to those
in a simpler and more accessible subject.

These results align with previous findings [3,13,14] that suggested that active method-
ologies can level subjects of varying difficulty by increasing participation and providing
practical contexts for applying theoretical concepts.

These results, combined with qualitative observations of sustained engagement, vol-
untary time extension beyond class hours, spontaneous peer collaboration, and student
interest, suggest patterns consistent with enhanced learning motivation. However, grades
alone cannot definitively establish motivation levels since successful performance could al-
ternatively reflect prior ability, external pressures, or other factors. The qualitative evidence
provides a stronger basis for claims about motivation than grades alone.

In this sense, the students showed great commitment to the project. In the documenta-
tion and public presentation of the project, they stated that it helped them to integrate the
knowledge taught throughout the course (OOP, arrays, files, databases, control structures,
collections, etc.). This is even more significant considering that there was a clear lack of
interest and commitment to studying at the beginning of the course. In a post-evaluation
questionnaire, the students unanimously stated that the task or work that most helped
them understand the complex concepts was the project. They also commented that during
its implementation they gained a better understanding of the use of collections, arrays and
files, and different algorithms. This supports the first research exploratory proposition
regarding enhanced motivation and interest.

The statistical comparisons across three academic years (2023, 2024, and 2025 for
Markup Language, and 2024 and 2025 for Programming) indicated no significant differ-
ences in project performance for either the Programming or Markup Language subjects.
Although this may initially suggest that the new software tool did not dramatically improve
outcomes, this interpretation would be oversimplified. All cohorts followed project-based
active methodologies [3,14], with the 2025 intervention specifically incorporating the gami-
fication element and software tool.

The consistency of the results across the years actually suggests that active, project-
based approaches yield reliable outcomes regardless of specific technological implementa-
tions. Moreover, the addition of gamification and the software tool maintained effectiveness
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while adding complexity to the learning experience; showing that the methodology seems
to be robust across different student cohorts with varying profiles and backgrounds.

In addition, the qualitative observations from the teacher’s diary documented higher
levels of classroom discussion, student-to-student knowledge sharing, and visible en-
gagement during the 2025 implementation. However, it is important to note that these
outcomes were not fully captured by grade distributions alone. The students were observed
discussing strategic approaches, debugging solutions, and exhibiting curiosity about alter-
native implementations. This deep involvement suggests that learning outcomes may have
been enhanced in ways not reflected purely in numerical grades.

This finding emphasises the importance of mixed-methods approaches in educational
research [59-61,64]. Quantitative data provide important benchmarks, but qualitative
observations of classroom dynamics, student interactions, and engagement patterns offer
essential complementary insights into pedagogical effectiveness.

6.2. Dropout Rates and Student Retention Challenges

The high dropout rate at the beginning of the course, passing from 24 initial students
to 10 remaining by the project phase, represents a significant concern that requires careful
consideration. Understanding the actual reasons for dropout, based on student perspectives
rather than speculation, is essential for improving future implementations.

This attrition rate, while consistent with rates in typical VET computer science
courses [4-7], may raise questions about whether the gamified PBL approach adequately
addressed retention issues as proposed.

It is important to remark that several factors may have contributed to the dropout,
some of them stated by the students themselves, such as that for a significant proportion of
students the initial course selection is often driven by external factors (job market adver-
tising, family pressure) rather than genuine interest; or that some students had negative
previous educational experiences in Compulsory Secondary Education. Furthermore, in the
past there was an entrance exam to be admitted in VET courses, but it has been eliminated
in recent years. This means that there is no minimum level of knowledge required to
access computer science VET courses, which can be an insurmountable barrier for some
first-year students.

Similarly, some of the students who dropped out had jobs, making it impossible for
them to combine their studies with their work at the beginning of the course. Others
students never provided any explanation.

All dropouts occurred at the beginning of the course, while the project was developed
in the last month. Thus, the above suggests that dropout had multiple causes, mainly
unrelated to the specific pedagogical approach:

¢  External constraints beyond pedagogical control, such as work-life conflicts, which no
pedagogical intervention alone can address. Institutional support (flexible scheduling,
financial aid, asynchronous or distance learning options) would be required.

e Early-stage course selection issues. These students departed during introductory Pro-
gramming content, not specifically due to the project. Better pre-enrolment orientation
might reduce this attrition source.

®  Pre-existing self-efficacy challenges due to prior negative schooling experiences. While
active methodologies might eventually build confidence, early withdrawal suggests
that these students needed more intensive scaffolding and encouragement during
initial struggles.

Notably, among the students who remained engaged through the project phase, re-
tention was notably higher, and none dropped out during the final month, when imple-
mentation of the intervention was carried out. This suggests that while the approach may
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not prevent early-stage attrition driven by fundamental course-fit issues, it does appear
to sustain engagement among students who remain. The daily follow-ups, requiring
demonstration of progress and understanding, may have actually worked as a retention
mechanism for committed students. However, careful analysis must be carried out in
future interventions to confirm that these daily follow-ups do not accelerate the departure
of those lacking sufficient motivation.

These findings partially support the first exploratory proposition, since the gamified
PBL approach enhanced motivation and engagement for the students who remained, but it
did not eliminate early-course absenteeism driven by deeper motivational or circumstantial
factors. The proposal does not seek to delve into those issues that fall outside the scope of
the methodology used. This suggests that interventions targeting initial course selection
and early orientation may be needed to complement pedagogical innovations to fully
address retention challenges.

6.3. The Role of the Software Tool

The custom-developed software tool emerged as a critical component of the learn-
ing ecosystem, functioning simultaneously as a pedagogical support and an assessment
instrument. The tool’s dual functionality, enabling students to validate their solutions
step-by-step while allowing the teacher to automate evaluation, addresses the common
challenge in Programming education of providing immediate, meaningful feedback with-
out overwhelming teacher workload.

Beyond its technical functionality described in Section 4, understanding how the
students actually used the custom-developed tool and whether usage patterns correlated
with project outcomes provided important insights into the tool’s pedagogical effectiveness.

Tool usage data were collected through several sources, among which the responses
to interviews, iterative project versions, and teacher observations stand out. During
post-evaluation informal interviews, the students were asked about when and how they
used the tool, which features they found most helpful, and whether they encountered
difficulties using it. The step-by-step execution was the most important and useful feature
for the students. Examining code provided by the students and comparing early vs.
final implementations revealed patterns of iterative refinement potentially guided by tool
feedback.

During the implementation of the project and the use of the tool, some common
errors were identified and solved. These common errors were mainly Dijkstra’s path
determination, and determining the appropriate route for the thief by choosing non-optimal
paths or calculating the shortest routes. These errors were quickly identified, thanks to
the graphical visualisation of the routes and step-by-step execution. The tool’s analysis of
the routes also made it possible to verify the proper handling of restrictions and obstacles.
Similarly, the complete execution made it possible to verify the implementation of the
police strategy. While correlation does not prove causation, qualitative evidence from
student interviews supports the interpretation that the tool provided genuine pedagogical
value by externalising algorithmic processes and enabling iterative refinement, suggesting
meaningful relationships between tool usage and outcomes.

As mentioned, the step-by-step execution feature proved to be particularly useful for
debugging and understanding algorithmic logic. The students could visualise how their
strategies worked compared to optimal and alternative solutions, identify specific failures or
errors, and iterate on their approaches. This immediate visual feedback mechanism aligns
with constructivist learning principles [31,32] by allowing students to build understanding
through experimentation and reflection. The graphical representation of routes, police
positions, and game outcomes transformed abstract algorithmic concepts into concrete,
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visible consequences of Programming decisions. These findings support the second research
exploratory proposition about the use of the software tool to facilitate the learning of
Programming concepts.

However, teacher observations and informal interviews revealed that the effective use
of the tool was initially difficult for the students. Some attempted to reverse-engineer solu-
tions by repeatedly testing variations rather than working with the underlying algorithmic
principles. This behaviour underscores an important limitation: technological tools alone
do not guarantee effective learning. Teacher guidance was essential for helping the stu-
dents interpret tool feedback effectively, especially initially. The post-evaluation interviews
proved to be essential for helping the students understand why certain approaches failed
and how to interpret the tool’s feedback constructively. This is in line with the literature
on educational software environments [22-25,29,30], which emphasises that pedagogical
support must accompany technological tools to maximise their learning potential.

6.4. Gamification as Game Development: Pedagogical Advantages, Challenges and Implications

The specific approach to gamification employed in this study required students to
develop the game itself rather than merely adding game elements or playing serious
games [15,18]. This approach presents both unique advantages and challenges by creating a
functional “cops and thieves” game based on graph theory, OOP, and visual interfaces, and
demanding the use and integration of multiple Programming skills simultaneously. More-
over, the narrative of the game can be easily adapted depending on the student’s interest.

This integration aligns well with the constructionist learning paradigm [32], where stu-
dents construct knowledge by creating meaningful products. The game development con-
text provided authentic motivation because the students were not solving abstract algorith-
mic problems but were implementing strategies for a concrete practical scenario. The nar-
rative element (fugitive versus police) added an intuitive and simple framework for under-
standing graph theory, pathfinding, and optimisation concepts that might otherwise seem
disconnected from real-world applications, supporting the first exploratory proposition.

However, this approach’s complexity may constitute both a strength and a limitation.
It successfully engaged students who remained in the course, but the steep learning curve
and multiple simultaneous technical demands may overwhelm some students. This latter
fact was reported by some students, who declared feeling overwhelmed by the scope,
particularly when combining OOP, graph theory concepts (which were new to them), file
I/0 operations, and interface design.

The personalised conditions assigned to each student (different obstacles, starting
points, constraints) emerged as a particularly effective design decision. This customisa-
tion prevented direct copying while encouraging the students to understand principles
deeply enough to adapt them to unique scenarios. This addressed a common challenge
in Programming education where students may rely excessively on shared or generated
code. This customisation of scenarios for each student was possible thanks to the use
of the developed software tool, allowing automatic evaluation and providing feedback
information, supporting the second research exploratory proposition.

According to the findings obtained, gamified PBL approaches can successfully
bridge the gap between theoretical computer science concepts (graph theory, algorithms)
and practical Programming skills, which has been a constant challenge in vocational
education [36,39-41]. The project-centred approach is in line with VET students’ preference
for practical and application-oriented learning.

In addition, the development of supporting technological tools, even relatively simple
applications, can substantially enhance both learning and teaching efficiency in VET. The
software tool developed does not require extensive infrastructure or specialised equipment;
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it operates on standard computers with Java installations. This accessibility is crucial for
VET institutions that may lack resources for educational technology.

Furthermore, most documented gamified Programming education employs visual,
block-based environments such as Scratch, Alice, or Blockly, which are designed for novices
and younger learners [22-30]. Although these environments serve important pedagogical
purposes, VET students require experience with text-based, professional development tools.
This work demonstrates that gamified Project-Based Learning can be extended beyond
introductory block-based environments to first-year VET courses using industry-standard
languages (Java) and professional development environments (Eclipse), maintaining en-
gagement while developing skills directly transferable to professional practice.

Despite the above, the results also highlight the necessity of robust support structures.
The daily follow-ups, availability for consultation, post-evaluation interviews, and the
second-chance evaluations were essential for the approach success. These support mech-
anisms require significant teacher time and commitment, and they may limit scalability
without adequate institutional support and appropriate teacher—student ratios.

6.5. Limitations and Methodological Considerations

Several limitations must be acknowledged when interpreting these findings and their
implications for VET Programming education.

The most significant limitation is the small sample size resulting from high early
course attrition, retaining only 10 students through the project phase. This substantially
limits the statistical significance and generalisability of quantitative analyses. Even robust
non-parametric tests lack sufficient power to detect moderate effects, and the risk of false
negative errors is considerable.

The statistical comparisons presented in Tables 9, 11 and 12 should therefore be
interpreted as descriptive observations of patterns rather than definitive hypothesis tests.
The finding of “no significant differences” between Programming and Markup Language
grades (p = 0.2823, Cohen’s d = 0.46) indicates a small-to-medium effect size. This does
not prove equivalence; rather, it suggests that within the constraints of the available data,
grade distributions followed similar patterns. Similarly, comparisons across academic years
(2023-2025) reveal Cohen’s d values representing negligible effects. While none reached
statistical significance, the pattern of effect sizes suggests potential practical evidences that
a larger sample might detect.

Therefore, the quantitative data reveal suggestive patterns consistent with the qualita-
tive observations, but do not constitute definitive statistical proof. Future research with
larger samples would be necessary to confirm these preliminary quantitative trends.

The qualitative component of this study provides richer evidence for understanding
student experiences and learning processes than grades alone can capture. These qualita-
tive data revealed patterns of increased classroom discussion, peer collaboration, strategic
problem-solving, and sustained engagement throughout the project phase among students
who remained in the course. However, the qualitative analysis also has limitations. The
primary observer was the course instructor, introducing potential confirmation bias despite
efforts at systematic documentation and triangulation. Interviews were conducted by the
same instructor who would grade the second chance evaluations, potentially influencing
student responses despite efforts to create a comfortable atmosphere. The absence of inde-
pendent observers or inter-rater reliability checks limits the generalisation of qualitative
interpretations. Future iterations of this research would benefit from involving external ob-
servers, student self-reports, or peer evaluations. Despite these limitations, the systematic
procedures employed, triangulation across multiple data sources, and explicit acknowl-
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edgment of constraints strengthen the trustworthiness of qualitative findings within the
bounds of action-research methodology [57,60].

The high early dropout rate (58% attrition) introduced substantial selection bias. The
students who completed the project likely possessed greater intrinsic motivation, stronger
foundational skills, or more favourable external circumstances than those who dropped out.
Consequently, the observed engagement and learning outcomes may reflect characteristics
of persistent students rather than effects of the pedagogical approach itself.

This self-selection process also limits the generalisation of findings. The approach may
work well for motivated students, but its effectiveness for at-risk students, precisely the
population where gamification theoretically offers greatest benefit, remains uncertain.

As an action-research study conducted within real educational practice, this work
lacked experimental controls. There was no control group receiving traditional instruction,
no random assignment to conditions, and no pre-/post-assessments of specific conceptual
knowledge or skills. The comparisons with previous academic years provided historical
context but did not control for cohort effects, evolving teacher expertise, or broader institu-
tional changes. These limitations are inherent to action-research designs, which prioritise
ecological validity and practical improvement over experimental rigour [57]. The trade-off
is appropriate for exploratory research in VET settings where experimental manipulation
would be impractical or ethically problematic. However, it means that causal claims must
be expressed cautiously, and findings should be viewed as preliminary evidence warranting
further investigation rather than definitive conclusions.

The dual role of teacher—researcher introduces additional methodological constraints
beyond those already discussed. The simultaneous position as instructor, evaluator, ob-
server, and analyst created potential for confirmation bias, investment bias, and evaluator
influence on student behaviour. Systematic documentation procedures, triangulation across
data sources, and deliberate attention to disconfirming evidence (e.g., student reports of
frustration, initial tool usage difficulties, feelings of being overwhelmed) provided partial
mitigation, but the absence of independent external observers limited confidence in qual-
itative interpretations. All classroom observations, interview analyses, and interpretive
conclusions reflected a single perspective. This positionality is appropriate for action-
research generating contextualised practitioner knowledge, which is valuable for informing
similar educational contexts rather than context-independent generalisable truths. The
teacher—researcher perspective enables insights into pedagogical decision-making and
implementation challenges difficult to access through external observation alone. However,
the findings should be interpreted with awareness of these inherent constraints. Future
iterations would benefit from incorporating external observers, student self-assessment
instruments independent of teacher evaluation, or collaborative analysis with educational
researchers not directly involved in instruction.

Despite these limitations, the convergence of multiple data sources strengthens con-
fidence in the core findings. The quantitative grade patterns, though not statistically
powerful, aligned with the qualitative observations. The student interviews corroborated
the teacher diary entries. The project evaluation demonstrated the application of graph
theory and OOP concepts. This triangulation, while imperfect, provided more robust evi-
dence than any single data source alone. This study offers promising preliminary evidence
that gamified PBL combined with automated tool support can engage VET Programming
students and support learning of complex concepts. The evidence is sufficient to warrant
continued development and more rigorous evaluation, but not sufficient to make strong
generalisable claims about effectiveness across diverse VET contexts.
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6.6. Generalisability, Transferability, and Scalability Considerations

The intervention described was highly contextualised within a specific educational
setting, i.e., a first-year VET Programming course with a small cohort (10 students) as an
end-of-year summative project. While these contextual factors do not invalidate findings
within action-research methodology [57,60,61], they necessarily limit claims about broader
applicability. The findings should be viewed as exploratory evidence of feasibility and
potential effectiveness rather than definitive proof of generalisable outcomes across all VET
Programming contexts.

Several core aspects appear potentially transferable. The pedagogical principles (gam-
ification through game development, personalised project conditions, and tool-supported
iterative validation) do not depend fundamentally on specific institutional characteristics.
The “cops and thieves” narrative is culturally accessible, though alternative scenarios
(delivery route optimisation, network pathfinding) could be equally effective. However,
successful transfer requires careful attention to prerequisite knowledge, curricular se-
quencing, and alignment with institutional realities regarding student profiles, curricular
structures, and available resources.

Scalability to larger cohorts presents pedagogical and technical considerations. With
10 students, individual daily follow-ups were manageable; with 30-40 students, this may
become impractical without modification. Potential adaptations include: (i) shifting to
small-group checkpoints (3—4 students) rather than individual reviews; (ii) implementing
structured peer review mechanisms; (iii) leveraging the software tool more extensively
for automated preliminary feedback, with teacher intervention reserved for complex con-
ceptual issues; and (iv) employing teaching assistants for technical troubleshooting while
instructors focus on conceptual guidance.

The software tool scales relatively well technically. Adding personalised conditions
for additional students requires minimal effort (primarily configuration file creation), and
the tool can evaluate projects from any number of students. However, deployment requires
moderate technical expertise. An instructor capable of teaching first-year VET Program-
ming subjects possesses sufficient knowledge to use the tool, modify configurations, and
perform basic troubleshooting. Meaningful adaptation (alternative game scenarios, modi-
fied algorithms) requires deeper competence in graph algorithms and software architecture.
Future work could address this barrier through more modular, configuration-driven archi-
tectures enabling common adaptations without code modification.

Thus, although the specific implementation is contextually bound, the underlying
approach appears transferable to diverse VET Programming contexts with appropriate
adaptation. Successful transfer requires the above-mentioned factors to be taken into
account. Claims about broader applicability should be tempered by acknowledgment of
these contextual dependencies, with findings viewed as promising preliminary evidence
warranting replication across varied settings rather than as prescriptive universal solutions.

6.7. Future Work

Longitudinal studies tracking the subsequent academic performance and professional
outcomes of students could assess whether gamified PBL experiences translate into longer-
term benefits beyond immediate course completion.

Experimental designs incorporating control groups or comparison conditions (tra-
ditional instruction, game-element gamification, serious games) could more definitively
isolate the specific contributions of game development approaches compared to other
active methodologies.

It may be possible to expand the capabilities of the software tool to support additional
game scenarios, algorithms, and Programming concepts. This way, the tool could broaden
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its applicability across different units within Programming courses. Its modular architecture
facilitates such extensions. In this sense, it will be important to investigate further the
specific features of the software tool that the students found most valuable. Tracking studies
or detailed usage analytics could provide insights into how students actually interact with
the tool during learning.

The exploration of hybrid approaches to introduce students more gradually into com-
plex game development projects may reduce early overwhelming feelings while preserving
engagement benefits. A progressive sequence from simpler gamified exercises to full game
development could optimise the challenge level throughout the learning process.

Finally, addressing the early dropout problem requires interventions beyond peda-
gogical methodology alone. Research examining pre-course orientation programs, realistic
course preview opportunities, and early-alert systems identifying students at risk could
complement pedagogical innovations to improve overall retention rates in VET.

7. Conclusions

This work presented the design, implementation, and evaluation of a gamified Project-
Based Learning approach for teaching Programming and graph theory to first-year VET
students, distinguished from the existing literature by three novel contributions. First, a
methodological framework employing gamified Project-Based Learning with systematic
personalisation: each student develops a complete game under unique conditions (distinct
obstacles, starting points, constraints), preventing superficial copying while requiring
adaptive algorithmic thinking and integration of multiple advanced concepts (graph theory,
OOP) using industry standard tools. Second, a custom-developed software tool with
dual functionality serving simultaneously as pedagogical scaffold (enabling students to
test solutions iteratively, visualise algorithmic decisions, and compare against optimal
strategies) and automated assessment platform (allowing teachers to evaluate personalised
projects efficiently despite varying conditions). Third, mixed-methods empirical evidence
from authentic VET implementation documenting both the approach’s promise, with
qualitative observations indicating sustained engagement and peer collaboration, and its
challenges, including high early dropout and methodological constraints limiting statistical
inference. These contributions extend the existing gamification and PBL literature.

The results suggest that gamified PBL can effectively engage VET students in complex
Programming tasks such as graph theory and OOP. Despite the project’s considerable
scope, 80% of the students, from those who remained engaged in the subject, success-
fully completed it by the second evaluation. The qualitative evidence (diary, follow-ups,
questionnaires) indicates there was an improvement in student learning and suggests a
correlation between motivation and results obtained. The statistical analysis, although
complementary and limited, potentially suggests no significant differences between stu-
dent performance in the Programming subject and the more accessible Markup Language
subject, diverging from typical patterns where Programming learning results are substan-
tially worse than those from Markup Language. This suggests that the gamified approach
successfully improves motivation and provides effective learning for difficult concepts,
although this should be confirmed by further studies with larger samples.

The custom software tool proved to be instrumental by enabling students to validate
solutions step-by-step and also by allowing the teacher to efficiently evaluate diverse
implementations under personalised constraints. The students could visualise algorithmic
decisions, compare strategies with optimal solutions, and iteratively refine their approaches.
However, the effectiveness of the tool depended critically on complementary support
structures including the daily follow-ups, post-evaluation feedback sessions, and teacher
guidance in interpreting results.
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Important limitations must be acknowledged. The high early-course dropout rate
indicates that pedagogical innovations alone cannot address fundamental issues of course
selection, prior educational experiences, and external pressures. However, engagement was
high among students who persisted. This suggests that comprehensive interventions target-
ing orientation and early student support should complement pedagogical improvements.

Preliminary evidence on the consistency of results across several academic years sug-
gests the robustness of project-based active methodologies. These results may indicate that
gamification and the software tool do not produce dramatically higher grades. However,
qualitative observations showed enhanced classroom dynamics and deeper engagement,
highlighting the importance of mixed-methods research capturing both quantitative and
qualitative outcomes.

Therefore, gamified Project-Based Learning, supported by appropriate technological
tools and pedagogical structures, offers a viable approach for teaching complex Program-
ming concepts in VET contexts. While these findings are contextually situated within a
specific VET Programming course with a small cohort, the underlying principles appear
transferable to similar educational settings with appropriate adaptation to local institu-
tional realities and resources. The findings, although preliminary due to the limited sample
size, contribute to the growing body of the literature on active methodologies in STEM
education generally and VET contexts specifically.
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CT Computational Thinking

DFD  Data Flow Diagram

DFS Depth First Search
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STEM  Science, Technology, Engineering, and Mathematics
VET Vocational Education and Training
WAD  Web Application Design

Appendix A. Tool Design and Implementation
Appendix A.1. Data Flow and Functioning

To briefly show the design carried out, a set of Data Flow Diagrams (DFDs) is shown,
which describes the main processes and actions that were taken into account before the
implementation of the software. In Figure Al the flow diagram with the main processes can
be seen. These processes start with the configuration of the application. Then the algorithms
must be applied and the thief’s routes are analysed. In parallel, the police strategy is also
defined. Finally, the game is run after having defined the conclusion conditions, and the
solutions are evaluated.

Input Data Diagram 0 Request Algorithms
L. App 2. Apply —l
Configuration l I Algorithms Possible Routes - Dijkstra
Configuration
b
'L Request Analysis
Request _ 3. Anal
Strat - Analyse
L ey 4. Define Routes Thief
Police Strategy
Routes - Thief

Request Evaluation

v |

6. Evaluate
Results

5. Define
Game Conclusion

Game Result

Request Game l Grades Report
Conclusion

Students Results
Figure A1. Main processes implemented in the tool and their inputs, outputs and relations.

Some of these processes can be seen in more detail in Figures A2-A4. In Figure A2
the computation of the thief’s routes is shown, where the obstacles are analysed, the
Dijkstra paths are computed and the possible thief’s routes defined. In Figure A3 the game
conclusion is established by checking the thief’s state, the conditions at which the thief
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reaches the final node and the determination of the winner, thief or police. Finally, in
Figure A4 the evaluation of the solutions proposed is described, where the solutions are
compared and evaluated, and a grade report is generated.

Diagram 3

Request Analysis

v v

Y

3.2 Compare

3.1 Analyse

—_— Nodes
Obstacles Routes Po&sl[l:))ilt_ekthc:;ltes - Possible Routes -
_yem Dijkstra
Configuration Analyse Obstacles Police Station Thief Routes
(0)

Request-Analysis = Request-Analysis-Obstacles / Request-Comparison

Figure A2. Inputs, outputs and actions to analyse the thief’s routes.

Thief State Diagram 5 Request Thief State Update

Police Station

v oy

5.2 Compute

5.1 Check

Thief Statistics

—> . Final
Thief State Speed-Time
Configuration
Request Game Results Thief -
Routes

A

Request
- Thief | Thief Request
Game Result I State Game = Request Conclusion

State Update | Result

Figure A3. Inputs, outputs and actions to conclude the game, set the winner and give the results.

Request Comparison Diagram 6

Request Report
- ¥

6.1 Compare Game Result 6.2 Create Grades Report

—_—

Solutions Grades Report

¥ ” Request Evaluation = Request Comparison / Request Report

Student Results
Figure A4. Inputs, outputs and actions to compare and evaluate the solutions.

Appendix A.2. Interface

The interface structure follows a simple pattern, allowing all the data and actions
needed during the game to be displayed on a single screen. The main sections, displayed in
Figure A5, are: (1) title, (2) initial configuration, (3) configuration actions, (4) step-by-step
execution, (5) complete execution, (6) solution evaluation, (7) graph used, and (8) results.
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Figure A5. User interface of the custom-developed software tool.

The design has been made to ensure that the application is flexible and easy to maintain

or update. Several actions are performed before starting the game (left side of Figure A5):

Define the initial configuration: When entering the application for the first time, it
must be defined where the thief starts the route and where he/she is headed; the
means of transport that determines the speed; specifying the characteristics of the
streets; recording the name of the police station and the number of police officers with
whom it will operate, as well as the nodes where cameras will be located, if any, to
inform about the thief’s position if he/she passes over any of these nodes.

Save and load game configuration data: The established configuration is saved in a
configuration file, which will allow the data to be loaded at any time.

Save and load the graph: Similarly, the main data of the graph is saved in a .json file,
which can be loaded later.

An objective of the application is to be interactive, providing information about each

action that is carried out. Therefore, on the right side of Figure A5, the application keeps

the user updated on what is happening, mainly at the step-by-step execution level. Among

the main important outputs, we can find:

Possible routes: All possible routes from the origin to the destination are shown. These
are determined using the DFS algorithm.

Dijkstra route: This is determined by applying Dijkstra’s algorithm and obtaining a
matrix with the shortest distance from one node to the rest.

Analysis of routes for the thief: The number of Dijkstra nodes (the nodes belonging to
the shortest route) that cross each possible path is analysed, as well as the obstacles
presented in each route. In this case, the obstacles are weighted and the cost of the
route is recalculated.

Recommended and alternative routes: The recommended route is calculated, taking
into account whether there are obstacles, and, if there are any, a specific coefficient is
applied and the size of the route is recalculated. It may happen that the next node
to which the thief must go has already been visited. In this case, an alternative route
is offered, which the system recommends to avoid loops in the route or unnecessary
encounters with a police officer.

The thief’s final route: Describes the nodes of the route, as well as the speed at which
the thief arrives at the destination. A message is also displayed with the winner of
the game.
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e Location of the police officers: Shows the final position of the police officers at the end
of the chase.

e Reports of the correct solutions for each student: Summarises the process used by the
students to arrive at the solution, according to the initial conditions of the game for

each one.
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Abstract: Teaching/learning programming is complex, and conventional classes often fail to arouse
students” motivation in this discipline. Therefore, teachers should look for alternative methods
for teaching programming. Information and communication technologies (ICTs) can be a valuable
alternative, especially virtual worlds. This study measures the students” motivation level when
using virtual worlds to learn introductory programming skills. Moreover, a comparison is conducted
regarding their motivation levels when students learn in a traditional teaching setting. In this study,
first-semester university students participated in a pedagogical experiment regarding the learning
of the programming subject employing virtual worlds. A pre-test-post-test design was carried
out. In the pre-test, 102 students participated, and the motivation level when a professor taught in
a traditional modality was measured. Then, a post-test was applied to 60 students learning in virtual
worlds. With this research, we have found that the activity conducted with virtual worlds presents
higher motivation levels than traditional learning with the teacher. Moreover, regarding gender,
women present higher confidence than men. We recommend that teachers try this innovation with
their students based on our findings. However, teachers must design a didactic model to integrate
virtual worlds into daily teaching activities.

Keywords: motivation;virtual worlds; programming; teaching—learning process; Minecraft education
edition

1. Introduction

Students generally enroll onto the Introduction to Programming (IP) course in the
first college semester because it is imperative in a curriculum of technology-related ca-
reers. For undergraduates, IP represents a fundamental pillar throughout their careers
since what is learned will be applied in later subjects such as advanced programming.
Programming is a complex subject for many students, with high failure and dropout rates.
In Mexico, there are high failure rates of more than 70% in most universities. Moreover,
the students who pass frequently do not obtain high grades, which coincides with what
Groher et al. [1] explained.

IP students face several difficulties that cause their low performance. The work by
Qian and Lehman [2] classifies the difficulties into three categories: (i) syntactic, (ii) con-
ceptual, and (iii) strategic knowledge. Syntactic knowledge refers to the programming
language rules, including poorly balanced parentheses, forgetting the semicolon at the end
of an instruction, or using undeclared or uninitialized variables. Conceptual knowledge
is associated with understanding the fundamental constructs of programming and how
the computer works as a means to program. Examples of difficulties are not understand-
ing variables, assignments, conditions, cycles, and sequential execution of code. Finally,
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strategic knowledge is related to applying syntactic and conceptual knowledge in prob-
lem solving. Difficulties in this category include the student not being clear about the
appropriate cycle for a particular problem or not knowing how to read or debug the code.
Another fundamental aspect that must be considered is motivation, because there is a close
relationship between motivation and academic performance [3,4]. Specifically, demotiva-
tion is associated with the poor performance of students in educational settings [5].

Researchers and teachers continuously search for new methods to motivate and
awaken interest in programming. For example, thanks to the advancement of Information
and Communication Technologies (ICTs), 3D environments are frequently used in educa-
tional settings. Three-dimensional environments are interactive and immersive and can
promote student motivation in teaching-learning processes because they use narrative
ludic immersion [6]. Immersive digital environments include Augmented Reality (AR),
Virtual Reality (VR), and Virtual Worlds (VWs). Due to the complexity of these three
technologies, this research uses the Three-Dimensional Immersive Digital Environments
(TDIDE) macro-concept proposed by [7] as a theoretical foundation. Particularly, the
TDIDE employed in this research is the virtual world because it represents an educational
innovation that, when properly implemented by the teacher, can significantly increase the
motivation and engagement of students in the learning process [8-10]. Moreover, game
elements can be used when designing VWs. The study of Pellas et al. used the “Learning
Mechanics-Game Mechanics” model [11] to identify the most used game mechanics in the
game prototypes designed in VWs. The game mechanics allow students to keep attention,
participation, and engagement. The most used game mechanics were story, realism, and
roleplay [12]. On the other hand, Pellas and Mistakidis identified many studies in which
the game system, the narrative, and aesthetics were applied [13].

Currently, intending to make programming more accessible and help students over-
come programming challenges, teachers and researchers have been working on two
main aspects: (i) pedagogical approaches and (ii) tools. Pedagogical approaches include
flipped classrooms, collaborative learning, feedback, game-based learning, metacogni-
tion, and problem-solving. The teachers can combine the approaches without losing
their individual effectiveness [14]. On the other hand, tools include visual, automated
assessment, programming environments, support tools, microworlds, and plagiarism
detection [15,16]. Modern visual programming tools are widely used, and Scratch is
especially effective [14,17]. It is important to note that developing tools requires effort
and time [18], and many of them are not used outside the institution where they were
developed [15]. This coincides with what was found in a study on three-dimensional
immersive digital environments applied to teaching programming [19]. Therefore, to fa-
cilitate the incorporation of technological tools in the teaching-learning process, the
proposal is not to develop tools but instead use the existing virtual worlds that are ready
to be used.

In the literature, there are records since 24 years ago about the use of VWs for teach-
ing programming [20,21]. The main reference in educational environments is “Second
Life” [22], which is mainly used by people averaging 48 years of age [23]. Second life would
be the benchmark for first-generation VWs that failed to maintain their popularity [24].
Consequently, an interesting research area is generated to learn more about the new genera-
tion of VWs, such as Minecraft and Roblox, that currently enjoy popularity and can also be
used in learning environments [25]. Also, it is essential to understand that today’s students
grew up using technologies such as the Internet, video games, and computers [26].

As far as we know, there are no clues in the literature about works related to teach-
ing/learning with virtual worlds of functions in programming courses. Therefore, the
novelty of this work lies in the use of MEE and its corresponding elements to design
a didactic activity for learning functions in an introductory programming course.

This study aims to measure the motivation level of students who used virtual worlds
for learning functions in IP and compare it with the motivation level regarding traditional
classroom learning. The main contributions of this paper are as follows:
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*  We explain the virtual world’s design and the activities to help students learn functions
in Minecraft Education Edition (MEE).

*  We analyze and assess the motivation level of Mexican undergraduates using the
virtual world MEE.

*  We present evidence that a didactic model based on virtual worlds for learning
programming is suitable for increasing students’ motivation.

The rest of the paper is organized as follows. Section 2 discusses related studies on
using virtual worlds, particularly MEE, for learning IP. Section 3 explains the research
design, the phases that comprise the practice of MEE, and the instruments applied. The
results are shown in Section 4. Finally, Section 5 presents the conclusions.

2. Literature Review

Many research studies have been published regarding teaching/learning program-
ming difficulties in educational settings (on-site and online) [14,27,28]. Particularly, we
analyzed the papers related to teaching/learning IP in virtual worlds and papers regarding
the assessment of students” motivation.

Esteves et al. used Second Life for teaching-learning programming following an action
research approach. The students were asked to develop a project within the VW using
Linden Scripting Language (LSL). The main outcome of the research is a practical frame-
work consisting of the following elements: (i) communication, (ii) project, (iii) methodology,
(iv) classroom, and (v) lessons. The author’s recommendations when using VWs include
using private and public communication channels for explanations, visual projects, and
project-based learning. The results showed that students were enthusiastic and motivated
when using LSL [20].

Rico et al. developed a platform called V-LeaF to teach the IP course. The proposed
approach used OpenSim as a virtual world engine. Secondary-level students and teachers
used LSL as the programming language. As general findings, the study reports that teachers
and students indicate that using VWs is a satisfactory experience, as it allows collaboration
and cooperation [29].

Hulsey et al. presented Curiosity Grid, a virtual world supported by OpenSim. The
VW was used to introduce programming concepts to high school girls in a summer course.
The students solved ten design, construction, and scripting challenges using LSL. Pre-camp
and post-camp surveys were administered to evaluate the effectiveness of the proposal. The
results showed a positive increase in the students’ attitudes towards programming [30].

Kao presented JavaStrike, a Java language runtime environment developed in Unity.
JavaStrike supports the visualization, execution, and debugging of Java language code. The
authors also presented CodeBreakers, a game incorporating JavaStrike as a code execution
engine. CodeBreakers can be used to teach programming at basic, intermediate, and
advanced levels. Twenty-seven participants evaluated the platform positively in terms of
competence, autonomy, immersion, and controls. The participants expressed a need to
incorporate more instructions or support for beginner Java programmers [31].

Kutay and Oner used Minecraft to teach programming to 20 high school students. The
design corresponds to a pre-test and post-test to investigate the changes in the knowledge
of computational concepts. For the pre-test, the knowledge was assessed using Scratch,
and the post-test using Minecraft. The results indicate that students performed better when
tested on computational concepts after using Minecraft [32].

Debugging and testing were the practices that students employed the most in Minecraft
activities because they are excellent visual feedback mechanisms. The student can see the
results of their code in real-time within the virtual world. However, in the study conducted
with high school students, no significant differences regarding motivation were obtained
when using Minecraft [33].

A teaching method to facilitate and motivate learning introductory programming
using Minecraft was proposed in [34]. The proposal comprises three abstraction levels:
(i) designing with building blocks, (ii) building with code blocks, and (iii) general pro-
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gramming and computational thinking. The study involved 16 university students with
little or no programming knowledge. The results indicate that the students consider
the proposed abstraction levels adequate and facilitate our understanding of program-
ming concepts. Unfortunately, students mentioned that the Minecraft coordinate system
is complicated.

In Bile’s study, MEE was used for a programming course involving 189 students aged
8-10. The didactic method allowed the students to concretize their knowledge through
practical experience. The positive results show that learning through MEE promotes the
fast and solid learning of complex concepts [35].

Sajjanhar and Faulkner used the “Second Life” virtual world to teach programming
using a constructivist approach. The study involved 12 undergraduate and master’s
students. Students used Scratch for Second Life to perform activities on variables, cycles,
and conditional structures. The findings indicated that the proposed approach effectively
teaches basic programming concepts [36].

The research by [37] conducted a Minecraft Hour of Code study involving 63 students
aged 10-12. Hour of Code consists of tutorials designed to introduce basic programming
skills. The results indicate that Hour of Code helped students understand the concept of
programming and fostered a positive disposition towards programming.

Alsaadi et al. used an educational tool called “Creative Programmer”, a Minecraft
“mod” for teaching basic programming concepts. The tool was used by seven children
aged 7-15 years. Three activities were performed: defining variable data types, writing
commands to create an algorithm, and understanding the concept of repetition (cycles).
The results revealed that the children improved their performance regardless of whether
they had previous programming knowledge [38].

Teaching programming with VW encompasses two paradigms: (i) the declarative and
(ii) the imperative. The declarative includes logic programming, and the imperative in-
cludes procedural programming. Vosinakis et al. presented MeLolSE for teaching-learning
programming in Prolog. The authors conducted two studies to evaluate performance,
collaboration, and user experience. The results revealed satisfactory student performance,
positive collaboration, and good user experience [39].

2.1. Assessing Motivation in Introduction to Programming

Motivation is a complex process and represents a state of energy that manifests itself
in goal-directed behaviors [40]. The attention, relevance, confidence, and satisfaction
(ARCS) model was chosen because it has been used worldwide and at different educational
levels [4], and also because it is based on the expectancy—value theory, which is one of the
contemporary motivation theories to learn [41]. The expectancy-value theory explains that
people are motivated to perform an activity if two conditions are met: (i) If they perceive
that the activity has utility or personal value and (ii) If they perceive themselves capable of
performing the activity successfully.

According to Keller, for a person to be motivated and stay motivated, four conditions
must be met: (i) attention, (ii) relevance, (iii) confidence, and (iv) satisfaction [42].

e  Attention. It is the first condition for motivation and also for learning. The main
challenge is to catch the student’s attention and keep it.

e  Relevance. It is related to whether the course is relevant to the students and meets
their needs.

e  Confidence. The expectation of success in a particular task is important, as it influences
the student’s persistence and achievement.

e  GSatisfaction. When any activity is performed successfully, it is necessary for the person
to feel good about it.

The study by Fang et al. analyzed the applications of the ARCS model. A total of
55 studies were part of their analysis. The most important findings indicate that ARCS
is most used at the higher level. Most studies (n = 47) applied learner-centered environ-
ments, including AR, VR, and VWs. The most commonly used pedagogical approach was
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multimedia learning [3]. According to Garzoén et al., in their classification of pedagogical
approaches, multimedia learning is defined as learning that allows students to construct
their knowledge when they have access to other media besides the text. Multimedia
learning was also used for the present study since MEE is a constructivist educational
tool that provides multiple media such as text, image, sound, 3D models, chat, and NPCs.
In addition, multimedia learning includes game-based learning [43].

Some examples of using the ARCS model in teaching programming are the following.

In the study by Bakar et al., Turtle Graphics was employed to maintain high moti-
vation levels when teaching the basics of Java programming. A total of 167 higher-level
students participated in the study. The ARCS model was used to assess the students’
motivation. The results revealed that the students demonstrated high motivation in all four
motivational aspects.

The ARCS model was also employed to assess motivation when using teaching
methodologies. Choi et al. present the effects of using the flipped classroom in a block-based
programming course. The results revealed that the experimental group that participated in
the flipped classroom obtained higher motivation levels than students in the control group
that employed traditional teaching techniques [44].

2.2. Pedagogical Foundations of Virtual Worlds

According to Girvan and Savage, VWs have several features such as (i) client-server
environment; (ii) construction tools; (iii) programming tools; (iv) communication tools;
(v) 3D environment; (vi) avatars, and (vii) multiple users. Teachers and researchers can
combine the features in various ways and apply them to the educational environment.
However, it is important to ground learning experiences developed in VWs pedagogi-
cally. Currently, immersive experiences using VWs are usually based on constructivism
(or some of its variants, e.g., social constructivism [36], communal constructivism [45],
or constructionism [46,47]). The present research is grounded in constructionism, whose
fundamental principle is the creation of meaningful and shareable objects that, during the
process, students actively explore, test, and improve their understanding [48,49].

Students learn through active participation, collaboration, problem-solving, and ex-
ploration, i.e., “learning by doing”. Due to the generally constructionist approach of
VWs, the common practices are (i) problem-based learning, (ii) collaborative learning, and
(iii) game-based learning [50,51]. VWs, compared to traditional 2D platforms, include
technological capabilities such as a sense of presence, different types of communication,
avatars, expressiveness, and real-time simulation [52]. The capabilities allow students to
experience-based learning [50].

2.3. Gender in E-Learning and VW

Studies regarding the gender variable indicate no significant differences in learning
outcomes concerning e-learning [53-55]. However, in the VWs, the opposite happens.
Women have more social activity, use learning opportunities and resources, participate in
construction activities, and appreciate the entertainment value of VWs [56]. Therefore, it is
advisable to study gender. According to Lin et al., learners” gender should be considered in
the design of VWs since women use and perceive the systems differently than men [57].
For example, in the work of Korlat et al., women value e-learning, the support of their
teachers, and the intrinsic value and engagement in their learning more than men [58].

3. Materials and Methods

After analyzing the research problem to be solved, the following two research ques-
tions were posed.

¢ RQ1. Could IP learners using MEE achieve higher motivation levels than traditional
learning?

e RQ2. Could men obtain higher motivation levels than women when learning IP
using MEE?
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The approach of this study is quantitative with an exploratory and descriptive scope.
The purpose is to determine whether there is a significant difference in the motivation
levels of students who use virtual worlds compared to traditional learning.

ARCS model was chosen because it has been used worldwide and at different educa-
tional levels [4], and also because it is based on the expectancy-value theory, which is one
of the contemporary motivation theories to learn [41].

3.1. Instruments

Keller developed the Instructional Materials Motivation Survey (IMMS) based on the
ARCS model to measure motivation [59]. IMMS is composed of 36 items on a 5-point Likert
scale. IMMS can be used to calculate the overall motivation level or for each ARCS model
subscale. There is evidence in the recent literature that different adaptations of IMMS
have been used [3]. For example, Loorbach et al. evaluated the instrument’s theoretical
and statistical aspects. Using structural equation modeling, they showed that the 36
items of the original IMMS could be reduced to 12. Loorbach et al. called it the Reduced
Instructional Materials Motivation Survey (RIMMS) [60]. RIMMS is based on the ARCS
model, which includes attention, relevance, confidence, and satisfaction. The instrument
contains 12 items and uses a Likert-type scale that ranges from 1 (not true) to 5 (very true).
RIMMS is valid and reliable since it reflects the conditions and principles of the ARCS
model [60] and has been applied in teaching using augmented reality [61]. Therefore, the
present study used RIMMS to measure student motivation.

RIMMS was used in the pre-test to measure motivation in the traditional modality
that corresponds to face-to-face classes taught by the teacher. Additionally, RIMMS was
employed in the post-test when students experimented with virtual worlds.

The proposed method comprises five stages: (i) analysis of virtual worlds; (ii) thematic
content; (iii) virtual world design; (iv) materials design; and (v) activity implementation.

3.2. Analysis of Virtual Worlds

In the first stage, we analyzed the technological tools for teaching programming.
The literature has many virtual worlds with different characteristics and computational
requirements. However, due to the costs, we decided to analyze those that do not require
a gamer-type computer, that is, those that do not need a dedicated Graphics Processing
Unit (GPU) to conduct fluid execution.

Therefore, the virtual worlds considered were Roblox, Minecraft Education Edition
(MEE), Mozilla Hubs, OpenSim, and Decentraland. After the analysis, MEE was selected
because it is a VW designed for educational purposes and based on constructionist the-
ory [62]. MEE integrates Scratch and supports programming languages, such as Javascript
and Python, which are widely used in software development. Minecraft is similar to
microworld because it is an incubator of knowledge [48]. Novel programmers can use
Minecraft to generate, experiment, debug, collaborate, and share the products created
through code. MEE offers the possibility of concretizing abstract concepts and facilitating
understanding by incorporating visual elements [63]. Minecraft is special because it is part
of the most recent 3D interactive platforms, such as Roblox and Fortnite, and has become
the model for the next development of the Metaverse [64]. Minecraft, unlike Roblox and
Fortnite, has a version for educational environments. In addition, MEE is suitable due to
its accessibility and availability compared to VR, which needs specialized equipment that
cannot be easily acquired [65].

3.3. Thematic Content

When students learn to program, they face several challenges, including creating
conditions, loops, and functions. However, when the conditions and cycles are mastered,
learning to break a program into more manageable pieces called functions is essential.
Therefore, the thematic content chosen for the activity of this paper corresponds to the topic
of making “functions” in Python. In introductory programming, students must understand
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functions and know how to use or create them. Functions are self-contained modules of
code that accomplish a specific task and can be reused in any part of a program.

In MEE, the students can use predefined functions to manipulate the virtual world,
and more importantly, new functions can be created. The activity requested from students
is similar to the study conducted by [66], where the Logo language was used to control
a turtle and draw different figures. In MEE, an “agent” helps students perform construction
tasks within the world using programming instructions. An example of a MEE agent
(robot) is shown in Figure 1.

JURMHG

Figure 1. Example of an agent in MEE.

Some of the functions that can be performed by the agent and used in practice with
MEE are summarized in Table 1.

Table 1. Functions to control the agent.

Function Description
agent.move(FORWARD, 1) Moves the agent one block forward
agent.move(BACK,1) Moves the agent one block backward
agent.move(LEFT,1) Moves the agent one block to the left
agent.move(RIGHT,1) Moves the agent one block to the right
agent.move(UP,1) Moves the agent one block up
agent.move(DOWN, 1) Moves the agent one block down
agent.turn_left() Turn the agent to the left
agent.turn_right() Turn the agent to the right

3.4. Virtual World Design

Virtual worlds in higher education have mainly been applied for virtual classrooms,
discussions, simulations, games, and field trips [6,67]. We selected the virtual classroom’s
didactic strategy for the virtual world’s design. The strategy consists of replicating or
simulating a classroom or space where the teaching—learning occurs. Elements incorporated
in MEE, such as blackboards, boards, and agents, were used to present information to
the students, as shown in Figure 2. Although MEE provides the teacher with many pre-
designed lessons created by other teachers or Minecraft administrators, many of these
activities target students aged 8-10 and 11-13 [68]. Therefore, the virtual world was
designed with university-level students in mind and uses textual programming, commonly
employed in programming courses.
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(H] Control

Figure 2. Elements used in MEE for learning functions.

The overall design of the virtual world can be seen in Figure 3. The design consists of
a main structure with an entrance, non-player characters (NPCs), and whiteboards with
directions that students must follow during the activity.

#

ﬂl Contral

Figure 3. View of the space built in MEE.

In the virtual world, the student can make changes using commands in Python
language. Moreover, the student can visualize the command execution or programming
activities in real-time. Figure 4 shows the MEE command editor with an example of
Python code.

ik Blocks

moverl():
agent.teleport(world(-9, 4, -18), SOUTH)

player.on_chat("m ", moverl)

Figure 4. The code editor in MEE.
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Generally, the experience consisted of presenting the student with information regard-
ing the use of functions within MEE. Students must understand that functions are used
to allow the execution of tasks within the virtual world. During the learning process, the
student was asked to perform a series of programming activities described in Table 2.

Table 2. Activities requested from students in MEE.

Activity Description
Al. Use Microsoft Make Code ~ Write code that will be executed within the virtual world to move the “agent” to a specific location.
A2. Create a function to be Use the commands in Table 1 to create a function to move the agent in the virtual world. The
executed in the chat function’s execution should be done on demand when the function name is typed in the chat.

Define a function for the agent to follow a route marked in yellow. The start and end of the route
are marked in red and green, respectively, as observed in Figure 5.

Place blocks on the marked area (see Figure 6), with a minimum height of one block. The student

A4. Bonus activity was asked to use conditional structures and cycles. Additionally, the design of a function that

allows the agent to place a block as it moves through the virtual world was requested.

A3. Final activity

Figure 5. The final activity in MEE.

our agent at the

. function ba PL

, 4.~ 182MEST?

Figure 6. The bonus activity in MEE.
3.5. Material Design

In this stage, PowerPoint presentations and PDF files were generated with information
on how the student could move around in MEE using a desktop computer or mobile device.
The documents also provided information on MEE concepts and some commands used
within the virtual world. An example of this information is shown in Figure 7.

222



Computers 2024, 13, 188

Pause \

Figure 7. MEE controls for mobile devices. The inventory uses a number for each slot.

Design of Didactic Materials in MEE

Figure 8 shows the phases for designing the didactic material used in the VW. Each

phase is explained below.

Minecraft Education Designing the
Edition Teacher ——>»  Material used —> VW Design

Academy in MEE

Figure 8. Phases for designing the didactic material used in MEE.

Phase 1—Minecraft Education Edition Teacher Academy: A face-to-face and online
Minecraft Education Edition Teacher Academy certification was conducted. The cer-
tification comprises three sections: (i) beginner, (ii) intermediate, and (iii) advanced.
In the beginner section, the designer starts playing in MEE, placing blocks, and
managing the materials inventory. In the intermediate, the classroom mode is used.
Topics include setting up the classroom and managing NPCs, whiteboards, and
posters. Finally, the advanced section focuses on programming with Microsoft
Make Code.

Phase 2—Designing the Material used in MEE: All the information concerning
functions and the description of each activity to be performed were stored in a plain
text file for later use in the MEE. The information was copied and pasted into the VW
in the design phase.

Phase 3—VW Design: The phase started with a paper design of the general structure of
the VW. Subsequently, construction proceeded using the following resources provided
by MEE:

e Board (3 x 3 blocks). Used to present information on functions and instructions.
e Poster (2 x 1 blocks). Used to provide information on activities.

e Slate (1 x 1block). Used for signaling within the VW.

*  NPC. Used for presenting information interactively.

e Agent. A programmable element that students use to execute commands within
the VW.
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*  Miscellaneous blocks. Blocks such as concrete, glass, and lights were used to
construct the building.

3.6. Activity Implementation

Figure 9 shows the activities conducted during the study. The workflow is explained
in the following subsubsections.

O O » Time
A A
Lesson with
Traditional Minecraft Evaluation MEE Paper Test
Lecture Education Activities P
Edition
pre-test post-test

Figure 9. Workflow of the study.

3.6.1. Traditional Lecture

Before using the virtual world in MEE, the teacher taught students the topic of pro-
gramming functions in the traditional modality.

The traditional approach is teacher-centered, dominated by lectures, in-class exercise
resolution, and homework [69,70]. Topics covered included variables, operators, control
structures, and functions. After the face-to-face classes, students were asked to answer the
instrument to evaluate their motivation level (pre-test). It is essential to mention that, when
students answered the survey, they did not know that the activity would be performed by
employing MEE in the future. This was decided to avoid bias.

3.6.2. Lesson with Minecraft Education Edition

Before starting the practice, the students were asked to install MEE on their computer
equipment or mobile devices because the institution does not have the infrastructure
to carry out the activity. Some students could not conduct the activity due to several
inconveniences, such as (i) their equipment did not meet the minimum requirements for
installing the tool, and (ii) in some devices, the code execution (essential for the activity
with MEE) did not work. After the installation, to familiarize the students with the game,
they were instructed to log in to MEE with their institutional account and play in the virtual
world called “Movement”. The movement virtual world is located in the Templates section
of MEE and was designed to be experienced using a keyboard or touch device.

The immersive activity was conducted online. Therefore, a session in Microsoft Teams
was scheduled to conduct the study. During the study, one professor was connected to
respond to the students’ queries. Microsoft Teams Chat was used to send evidence of the
activities performed.

During the session, the teacher shared the file Activity_ MEE_Intro_Prog.mcworld
with the group and provided the necessary indications to import the virtual world. Once
the world was correctly imported, the students could perform activities related to the
“functions” topic.

At the end of the MEE activity, the students sent evidence of the activities through
a private Microsoft Teams chat. In addition, students were asked to fill out the survey to
measure their motivation level using MEE (post-test).

3.6.3. MEE Activities Evaluation and Paper Test

After the activity with MEE, the teacher graded the activities performed by the
students. Finally, a paper test was administered.
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4. Results

Two groups of the Introduction to Programming course of the August-December
2022 semester participated in the study. One hundred and two students participated
in the traditional class, and only sixty students participated in the activity applying
the virtual world. Forty-two students did not carry out the activity with MEE because
they did not have the necessary computer equipment to install the tool or decided
not to participate. The sample is non-probabilistic because it is convenient since the
participants belong to assigned class groups. The paired sample of the experiment is
composed of 60 students.

4.1. Results with RIMMS

The results of the RIMMS instrument were analyzed for the materials offered by the
teacher and with MEE. The following subsections discuss the results for each dimension of
the ARCS model.

4.1.1. Results for Attention

Figure 10 shows that many students agree that the content quality, the information
organization, and the interaction used in MEE helped them maintain their attention. It
was observed that students were more participative during the activity with MEE. More-
over, some students share evidence screenshots of the exercises they performed in the
virtual world.

Attention (A)

A1. The quality of the

content caught my attention. 92%

A2. The way the information
(chalkboards, NPC guide,
instructions) was organized
helped keep my attention.

88%

A3.The interaction with MEE

helped keep my attention. 87%

0 25 50 75 100

Not true Slightly true Moderately true Mostly true . Very true

Figure 10. Attention in MEE.

The RIMMS results for the teacher’s material are shown in Figure 11. It is essential to
highlight that many students agree that the variety of readings, exercises, and illustrations
employed by the teacher helped maintain their attention in class. During the lectures, the
teacher indicates that the students paid attention to what was explained, but when asked
to solve an exercise, it becomes evident that attention is not synonymous with learning or
understanding the topic.
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Attention (A)

A1. The quality of the
materials used helped to hold
my attention.

75%

A2. The way the information
was organized helped keep my
attention.

64%

A3. The variety of readings,
exercises, and illustrations
helped keep my attention on
the explanations.

71%

. Not true Slightly true Moderately true Mostly true . Very true

Figure 11. Attention teacher’s material.

4.1.2. Results for Relevance

Using MEE in teaching programming promotes students’ attention, indicating that
the content shown in MEE is relevant (see Figure 12).

Relevance (R)

R1. Itis clear to me how the
content of MEE is related to
things | already know.

68%

R2. The content and style of
explanations used by MEE
convey the impression that

being able to work with
functions is worth it.

85%

R3. The content of MEE about
functions will be useful to
me.

87%

. Not true Shightly true Moderately true Mostly true . Very true

Figure 12. Relevance in MEE.

The results on the relevance of the lectures given by the professor are shown in
Figure 13. Students agree that it would be relevant to go deeper into the topic and that
employing the contents provided by the professor would be useful. In contrast, students
disagree or are undecided that the teacher’s material is related to topics they already knew.

Relevance (R)

R1. Itis clear to me how the
content of this lesson is
related to things | already
know.

R2. The content and style of
explanations convey the
impression that being able to
work with functions is worth
it.

33%

1%

R3. The content of this

o
lesson will be useful to me. 83%

. Not true Slightly true Moderately true Mostly true . Very true

Figure 13. Relevance of teacher’s material.
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4.1.3. Results for Confidence

Figure 14 shows that students agree that they could learn the content presented in
MEE and that this is due to the clarity of the concept explanations. On the other hand,
students do not agree that they could pass a test on the topic.

Confidence (C)

C1. As | worked with MEE, |
was confident that | could
learn how to use functions
well.

87%

C2. After working with MEE
for a while, | was confident

that | would be able to pass
a test about functions.

48%

C3. The good organization of
MEE helped me be confident
that | would learn about
functions.

78%

. Not true Slightly true Moderately true Mostly true . Very true

Figure 14. Confidence in MEE.

The results corresponding to the teacher’s material can be seen in Figure 15. It is
important to highlight that it does not matter whether the teacher’s material is used; most
students do not agree or are undecided about whether they will pass an exam on the
topic. However, students are also confident that the clarity of the explanations and work
in class would be conducive to learning and the correct application of the topics raised by
the teacher.

Confidence (C)

C1. As | worked with this
lesson, | was confident that
| could learn how to use
functions well.

C2. After working with this
lesson for a while, | was
confident that | would be
able to pass a test about
functions.

C3. The good organization of
the content helped me be
confident that | would learn
about functions.

57%

30%

73%

. Not true Slightly true Moderately true Mostly true . Very true

Figure 15. Confidence in the teacher’s material.

4.1.4. Results for Satisfaction

Finally, the Satisfaction dimension is presented. Most students experimented with
high satisfaction rates using MEE (Figure 16) and the material offered by the teacher
(Figure 17).
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Satisfaction (S)

S1. | enjoyed working with
MEE so much that | was
stimulated to keep on
working.

S2. | really enjoyed working
with MEE.

S3. It was a pleasure to work
with such a well-designed
lesson.

88%

78%

92%

Figure 16. Satisfaction in MEE.

S1. | enjoyed working with
this lesson so much that |
was stimulated to keep on

working.

S2. | really enjoyed working
with this functions lesson.

S3. It was a pleasure to work
with such a well-designed
lesson.

0 25 50 75 100
. Not true Slightly true Moderately true Mostly true . Very true
Satisfaction (S)
72%
70%
75%
0 25 50 75 100

Slightly true

o

Moderately true

ey [ v

Figure 17. Satisfaction with the teacher’s material.

The results were obtained by considering only a paired sample of 60 students, cor-
responding to the students participating in the MEE activity and the teacher’s classes.
From the total sample, 18 are women, and 42 are men. Women were observed to have
higher motivation levels than men when using MEE. Figure 18 shows that all the factors
(attention, relevance, confidence, and satisfaction) are higher for women.
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Figure 18. ARCS comparison by gender. The circles correspond to outliers.
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Finally, considering the complete sample (n = 60), the results obtained in each factor
show an increase in student motivation when using MEE, as seen in Figure 19. The figure
shows the pre-test corresponding to the material or class taught by the teacher in their
traditional lecture and the post-test in which the virtual world MEE was used.

Group
- Teacher’s material
Minecraft Education
Edition
° °
2 -
° °
Attehtion Rele\;ance Confiaence Satisflaction

ARCS
Figure 19. ARCS pre-test and post-test results. The circles correspond to outliers.

In addition to the results obtained with the RIMMS survey, it was possible to verify
that the students were very committed and understood the material since, among the
60 students, 73% (n = 44) sent evidence of the exercises carried out within MEE. In contrast,
in the traditional modality, when they were asked through an exam to solve a problem
using functions with the Python language, only 22% of the students solved it correctly, and
78% (n = 47) did not do it correctly or did not even try to solve it, leaving the answer blank.
On the other hand, some students commented that the activity was very fun. Some of the
messages sent by the students were the following:

e “The activity was fun. I easily realized the last activity, called bonus. I will send the
results as soon as possible.”

®  “Professor, I was able to do the activity. The instructions say to use an if, for, or while.
I only used an if and a while. I could not modify more things in the game because I
can not use other blocks, but it works.”

4.2. Evaluation in MEEE and Test

The students’ activities performed in MEE were sent to the teacher for evaluation.
In addition, the paper-based test was reviewed. The test contained an exercise about
functions. The results are shown in Table 3.

Table 3. Results of MEE and test.

Evaluation M SD Pass Fail
MEE evaluation 59.33 36.81 43 17
Paper test 31.08 36.40 13 47

As can be observed in Table 3, the mean for MEE was 59.33. The low mean is because
the 17 failed students were graded with zero since they did not send their evidence to the
professor for evaluation.
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4.3. T-Student Test Results

The normality test indicated that the data were normally distributed. Therefore, the
paired t-test with a 5% level of significance was conducted. The aim was to determine
whether a significant difference exists between the motivation levels in traditional modality
and employing MEE. On average, students who participated in MEE had a higher moti-
vation level (M = 4.18, SE = 0.080) than those who participated in the traditional modality
(M =3.91, SE = 0.071). Therefore, the difference —0.27, 95% CI [—-0.44,—0.09] is significant,
t(59) = —3.09, p-value = 0.003.

Table 4 summarizes the results for each ARCS dimension. As can be observed, all
show significant differences except satisfaction, which shows a p-value greater than 0.05.

Table 4. T-student results for the ARCS four dimensions.

Variable t p-Value CI Mean Difference
Attention —3.39 0.001 [—0.53, —0.14] —0.33
Relevance —-3.11 0.003 [—0.44, —0.10] —-0.27
Confidence —2.56 0.013 [—0.48, —0.06] —-0.27
Satisfaction —1.96 0.054 [—0.43, 0.004] —0.21

4.4. Discussion

Our research shows that, using VW, such as MEE, increases students” motivation
compared to the teacher’s material in obtaining the answer to RQ1. However, because the
proposed research design is not longitudinal, it does not allow us to rule out the novelty
effect of using MEE. However, it is important to mention that 78% of the students had
played video games in the paired sample. This could counteract the novelty effect caused
by immersive technologies such as MEE. The novelty effect may appear when students
are introduced to the new technology and even more so when 60% of the sample has not
used video games in educational settings. Another factor that should be considered is
that, in general, students respond positively to using ICTs in the learning process [71].
In addition, it should be considered that the age of the students in the present study affects
their sense of presence, interaction, and satisfaction in VWs [72].

The results presented in this paper agree with the findings of Wang et al. since their
serious VR game satisfies the elements of the ARCS model, as all items had means higher
than four [73].

In the traditional modality, it is alarming that 78% of students did not even try to
solve a written programming problem. However, with MEE, 73% were interested in
programming activities; this may be due to how fun these types of environments are
for students and that they allow them to understand the IP material better. Therefore,
teaching IP with virtual worlds is important because of the tool and the type of problems
that students can perform. In addition, it is advantageous to change classic problems in
programming teaching, such as “calculating the average of n grades”, to more visual and
interesting problems for students, such as building objects or moving their “agent” in the
virtual world. Moreover, when using MEE in IP, teachers have a ready environment where
students can create artifacts. MEE provides immediate visual feedback, and the student
can modify the code to obtain the desired results. Through trial and error, the student can
learn to debug the code [70]. Solomon and Papert used a similar approach with their Turtle
Graphics using Logo [66].

MEE is a tool that captures students’ attention, and the content shown or the things
that can be created make it a relevant virtual world to deepen and increase interest in
programming [74]. Regarding satisfaction, students indicate that working with MEE is
very satisfactory. When it was proposed to use MEE, many students were surprised and
took the proposal with great pleasure, which aligns with the comments mentioned in [75].
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It is important to highlight that confidence about the test presented the lowest levels in
using MEE and the professor’s material. This agrees with [76], as exams generally produce
moderate anxiety levels in students.

Regarding the results obtained concerning gender, high levels of motivation were
observed in women, which coincides with what is indicated by [77,78] and answers RQ2.
Women like games more when they are used for educational purposes. It is important to
highlight that women express having higher levels of confidence than men, contrary to
what was found in [79], where the authors indicate that men have greater self-efficiency
(confidence) than women. Therefore, virtual worlds could be an ideal alternative for
women to improve their IP performance.

In summary, based on the motivation results and students’ performance, we demon-
strated that teaching functions in virtual worlds could mitigate the high failure rates in
programming in the first semesters of higher education. Therefore, 72% (n = 43) of the stu-
dents had satisfactory results in MEE versus only 22% (n = 13) who passed the paper-based
exam. The virtual worlds offer professors an innovative way to motivate and involve the
students in a learning environment [37]. Furthermore, although there may be different
student-centered environments that foster motivation, such as Scratch [80] and App Inven-
tor [81], an evolution to immersive technologies is needed. MEE as an educational game
and new metaverse tool [64] will undoubtedly be part of the future trends in computer
programming education.

5. Conclusions

It would be important to highlight the need for a didactic model for using virtual
worlds in a teaching programming, allowing teachers to incorporate this innovation in
classrooms. The proposed teaching model could help teachers face possible problems or
difficulties when using virtual worlds in the PI teaching—learning process. According to [19],
few studies indicate virtual model implementation problems. However, issues are always
present. For example, in this study, a technical problem arose that prevented the execution
of code within the MEE on some of the students’ computers. The issue was resolved with
an MEE update. In addition, infrastructure problems related to the computing equipment
necessary for using the tool could be addressed with a multiplatform virtual world. The
tool can be used on a tablet, desktop, mobile phone, Chromebook, browser, or video game
console. In the case of the present study, many students did not participate in the activity
because their equipment did not meet the minimum MEE requirements.

The present study deals with the following limitations:

®  The sample was not random, as class groups assigned to the teacher were taken.

e  The study was conducted online, not in the institution’s computer lab.

e  The activity was not performed with MEE in collaborative mode. Each student
individually worked on their activities.

e  Students used personal computers, and participation was affected as many did not
have computers that could properly run MEE.

¢  From the teacher’s point of view, applying the VMs requires additional time and effort
compared to traditional teaching.

In future research, it would be important to determine the effects of virtual worlds in
other more advanced programming courses, higher-level subjects, and long-term studies.
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Abbreviations

The following abbreviations are used in this manuscript:

AR Augmented reality

ARCS The attention, relevance, confidence, and satisfaction model
GPU Graphics processing unit

ICTs Information and communication technologies

IMMS Instructional Materials Motivation Survey

1P Introductory programming

LSL Linden scripting language

MEE Minecraft education edition

NPC Non-player characters
RIMMS  Reduced Instructional Materials Motivation Survey
TDIDE  Three-dimensional immersive digital environments

VR Virtual reality
VW Virtual worlds
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Abstract: Modern advances in creating shared banks of learning problems and automatic question
and problem generation have led to the creation of large question banks in which human teachers
cannot view every question. These questions are classified according to the knowledge necessary
to solve them and the question difficulties. Constructing tests and assignments on the fly at the
teacher’s request eliminates the possibility of cheating by sharing solutions because each student
receives a unique set of questions. However, the random generation of predictable and effective
assignments from a set of problems is a non-trivial task. In this article, an algorithm for generating
assignments based on teachers’ requests for their content is proposed. The algorithm is evaluated
on a bank of expression-evaluation questions containing more than 5000 questions. The evaluation
shows that the proposed algorithm can guarantee the minimum expected number of target concepts
(rules) in an exercise with any settings. The available bank and exercise difficulty chiefly determine
the difficulty of the found questions. It almost does not depend on the number of target concepts per
item in the exercise: teaching more rules is achieved by rotating them among the exercise items on
lower difficulty settings. An ablation study show that all the principal components of the algorithm
contribute to its performance. The proposed algorithm can be used to reliably generate individual
exercises from large, automatically generated question banks according to teachers’ requests, which
is important in massive open online courses.

Keywords: exercise generation; question search; knowledge graphs; test-sheet generation; assign-
ment generation; question banks

1. Introduction

An increasing number of educational institutions working on different levels of educa-
tion have adopted e-learning and online learning technologies [1]. That trend was heavily
boosted by lockdowns during the COVID-19 pandemic when many institutions were forced
to rapidly employ e-learning technologies [2,3]. The transition to online learning is not
always smooth: when educational institutions are not ready for it, it often causes problems
and disadvantages [4]. One of the problems during the transition to online learning is
performing formative and summative assessments online, which is shown to be beneficial
for students but puts additional workload on the teaching staff [5,6]. This requires creating
and maintaining electronic banks of questions and learning problems. Online learning
allows and sometimes requires bigger problem banks than regular classroom learning
because of the following reasons:

e When tests and assignments are graded automatically, online learners can do a lot
more exercises than they can do in the classroom, especially if the learning system
provides feedback;

®  Online learning allows greater variety in the exercises performed; they can be chosen
either by students or using recommender systems to create personal learning trajecto-
ries, but the problem bank should provide enough variety so that all kinds of students
have exercises suited for them;
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®  Performing assessments without supervision from the teaching staff is more vulnera-
ble to cheating, especially with closed-answer or short-answer questions where the
number of possible correct answers is limited, so the institutions need more variety in
the learning tasks students must perform.

Developing questions and learning problems or gathering them from existing sources
takes significant time. Teachers are often overworked and need more time to spare on
the routine job of authoring many similar exercises. Developing and adopting Open
Educational Resources can help with that, but it has its own problems and concerns [7].

One of the ways to counter this problem is by using artificial intelligence techniques
to generate questions and learning problems automatically. Automatic generation saves
effort on creating question and problem banks and increases the size and consistency of
these banks [8]. Usage of automatically generated problem and question banks provides
the following benefits in the learning process [9]:

*  Preventing some types of cheating by supplying each learner with a unique set of
questions and learning problems;

e  Training until mastery because the learner is not limited by the size of the problem
bank, which is especially important when these problem banks are used in conjunc-
tion with intelligent tutoring systems that can provide automatic feedback on errors
and hints;

e  Better support adaptive learning in intelligent tutoring systems (ITS) because the bank
contains a lot of various learning problems so that the adaptive system can find a
learning problem for every educational situation.

However, these benefits come with a cost that impedes the adoption of generated
questions in the learning process [10]. While using an existing bank requires far less
effort than creating a teacher’s own bank, teachers’ trust in question and problem banks
received from external sources is significantly lower, especially when the bank is so large
that the teacher cannot read, solve, and/or evaluate all the learning problems or even a
significant portion of them. Teachers are naturally hesitant to use questions and learning
problems with which they are not acquainted. Also, large problem banks, often created
from different sources, raise the issue of problem homogeneity and consistent evaluation
of their difficulties. It is also important to avoid learning problems containing topics the
students have not yet learned. Even the concepts (or topics) that do not affect the answer
to the question (problem solution) should be taken into account because they can confuse
some students. Thus, a good filtering system is a must to deal with any large problem bank,
especially when solving the problems is required to complete the course. All these factors
restrict the widespread usage of automatically generated banks of learning problems.

Question (problem) banks are used to construct specific exercises (tests, assessments).
When the question banks were small, teachers combined questions (or problems) into an
exercise that all the students had to pass. When the number of questions increased, the
typical organization of a random test involved the teachers grouping similar questions into
categories and constructing tests by specifying the number of randomly selected questions
from each category. This allowed more diversity in the questions students received, which
lessened cheating and made attempting one test several times non-trivial but left the
test plan under the teacher’s control as categories usually contained similar questions
(learning problems). However, that method requires a teacher-defined classification of
questions in complex categories according to their purpose, which is not always available
for automatically generated questions and learning problems. The same requirements are
used in methods of automatic test generation (e.g., [11]).

The problem of automatic generation and the usage of large banks of questions and
learning problems is especially important in the field of computer programming education.
Learning to program requires learning a significant number of new concepts and mental
manipulation of abstract objects. This requires a lot of training by solving well-defined
tasks, which creates good conditions for developing and using automatic tutors with
explanatory feedback and formal, automatically graded exams [12]. A high failure rate in
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introductory programming courses [13] also signals that students need additional support
in learning the material.

However, training until mastery by using automatic tutors and the frequent usage of
exam tests requires big banks of questions and learning problems so that students do not
get the same questions several times, which requires developing techniques of generating
questions and generating balanced test sheets from them. This study is aimed at solving the
second problem, which has received significantly less attention than the actively developing
field of question generation.

Developing automatic question and learning-problem generation methods creates
problems for classic methods of building tests and exercises from questions and learning
problems. When the question bank becomes too big to be observable by a human teacher,
we need to develop new question search and retrieval methods according to the teachers’
needs. This is a significant and complex problem because in many subject domains, learning
problem features depend on the problem structure, not just the types of its elements. For
example, in introductory programming courses, when teaching control-flow statements
to assess the problem topic, it is often enough to take into account the statements that
are present in the problem formulation (even though they can be in dead code that is
never reached during the problem solving). However, the same principles do not work
for teaching expressions: rules of operator precedence and associativity influence the
answer under certain circumstances. For example, to teach (or verify knowledge of)
associativity, you need an expression where two operators with the same precedence stand
in a row without parentheses affecting their evaluation. That does not allow constraining
learning-problem generation simply by constraining the types of objects (e.g., statements or
operators) participating in the formal problem formulation, so we cannot reliably predict
classes of generated questions without a complex analysis of the problem formulation.

This study aims at developing an algorithm for constructing exercises from questions
and learning problems stored in large problem banks when the problems are labeled
according to the knowledge necessary to solve them and difficulty metrics in the absence of
significant statistics of the usage of these learning problems because they can be specifically
generated to avoid giving the same problem to different students.

The contribution of this study includes:

e A problem formulation for learning problem (question) retrieval from large banks of
automatically generated questions, including the required formalization of learning
problem metadata, problem request, and retrieval goals that does not require manually
assigning slots for questions and statistical data on question usage;

e Analgorithm for question search taking into account the subject-domain concepts and
rules required to solve them and question difficulties;

*  Anevaluation of the proposed algorithm on a knowledge bank consisting of thousands
of automatically generated questions on the order of expression evaluation.

The rest of the article is organized as follows. Section 2 discusses related work.
Section 3 describes the proposed algorithm. Section 4 describes the experimental evaluation
of that algorithm on a large problem bank for a particular topic. Section 5 discusses the
study’s findings. Section 6 contains conclusions and further work. The line between
complex questions and easy learning problems are not clearly established, so in the rest of
the article, the term “question” is used to describe both questions and learning problems
except in places where the distinction between them is important.

2. Related Work

There are two kinds of related work to review. Methods of question and learning
problem generation are essential because they determine what kinds of information we can
get about the generated questions. Methods of selecting and recommending questions are
used to construct exercises from banks.
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2.1. Methods of Question and Learning-Problem Generation

Different methods of generating questions and learning problems give different infor-
mation about their results. It determines the possible usage of the resulting questions and
the methods of their retrieval for constructing tests and exercises.

A significant part of the methods of question generation is concentrated on processing
natural-language texts and generating questions about the content of that text [8,14-17].
Some researchers add searching texts by keywords to leverage this to generate sets of
questions for the given keyword [18]; this approach has obvious drawbacks because the
teacher cannot control the content of these texts. Some recent works on Visual Question
Generation try to use an image as input for question generation instead of text, using
methods of solving the problem of image understanding and summarization [19-21].
These questions are aimed at solving the reading comprehension problem, i.e., verifying
that the learner has read and understood the given text or image. Thus, these questions are
not linked to studied topics (except the keyword-based generation [18]) but to particular
learning materials (textbook fragments, lecture notes, etc.). They can be used to generate
quizzes placed right after the learning materials and combined to generate summative
quizzes by specifying the number of questions about each material in the topic or course.
Chen et al. created a sophisticated dataset of teacher- and learner-created questions, with
a significant percentage of questions aimed at high-level thinking skills, and found that
modern methods performed poorly compared to humans exercising skills on medium and
high levels of Bloom’s taxonomy (comprehension, application, analysis) [22]. The chief
problem of questions generated by automatic methods, as it was noted by Kurdi et al. [8],
is that they have low cognitive levels and simply ask for the facts mentioned in the text
(image); they do not verify understanding of these facts, the ability to combine them with
other facts (from the same text or other texts) and use them in practical situations.

Ontologies (and similar representations of structured knowledge) are also a popu-
lar approach to generate questions, which has been used to generate questions to teach
medicine [23], programming [24], and general knowledge stored in commonsense knowl-
edge graphs [25]. These questions are generated using the graph representation of the
required knowledge. Therefore, they can be linked not to a particular textbook fragment but
to the subject-domain concepts they are about. This allows the generation of topic-based
question banks and requires efficient mechanisms of question retrieval according to the
teacher’s plans. The difficulty of these questions varies significantly.

More complex tasks are solved in the field of learning problem generation. The chief
approaches to generating learning problems are template-based generation [26,27], random
generation within subject-domain constraints [28,29], and problem mining [30].

Template-based generation practically means that the learning problems are planned
by teachers as templates. A set of problems is created from the same template by chang-
ing secondary parameters, which usually affect the correct answer but do not affect the
knowledge required to solve problems [31]. Examples of systems using template-based
generation are some of Problet tutors [32] (which generate programs and results of their
executions from teacher-written templates in pseudo-BNF notation) and Quiz]JET [33] (a
tutoring system aimed at teaching the Java programming language and object-oriented pro-
gramming which contains about 100 manually created problem templates). This approach
can also be used outside of teaching programming, e.g., for generating natural deduction
problems [34].

The used templates (and learning problems generated from them can be manually
classified; they can use regular methods of exercise generation by specifying the required
number of problems of each type. The downside of that method is its low scalability and
significant intellectual work from the author of the exercise, who still has to invent every
kind of exercise and code it according to the learning problem template. The generation
algorithm only multiplies existing learning problems without varying their structure.

The method of random generation within subject-domain constraints has entirely dif-
ferent features. It can generate genuinely new problems (i.e., problems whose structure and

239



Computers 2024, 13, 144

solutions are not planned by a human author), produce problems with different difficulties,
and require knowledge within a particular topic while maintaining the correctness of the
generated problems using constraints defined by the subject domain. The most popular
formalism in this area is Answer Set Programming (ASP), which can be used both to infer
solutions to problems and generate problems that can be solved by the same program [35].
It is a widely used approach to procedural generation for designing computer games [36,37].
O'Rourke et al. used ASP to generate algebra problems [29]. However, this approach is
limited to learning problems in relatively simple domains where all problem elements can
be combined in almost any way (e.g., arithmetic operators in algebraic expressions). When
the domain becomes more complex (e.g., algebraic expressions which are homogeneous by
data types with expressions in programming languages that are heterogeneous, with differ-
ent operators applicable to different data types), random generation can only guarantee
the basic correctness of the generated problems, but it cannot guarantee their readability
and sensibility. For example, Martin and Mitrovich used this approach to generate learning
problems for a constraint-based tutor for the SQL language; the generated problems were
not instantly applicable and required clarification and validation by a human [28]. Kumar
argues that in programming education, randomly generated problems are only helpful for
syntax-oriented exercises [38].

Problem mining also relies on subject-domain constraints to solve and classify gener-
ated problems [30], but instead of random generation, it uses real data created and verified
by humans (e.g., program code, banks of parsed sentences) or digital twins of real-world
objects. This allows the large-scale generation of complex, naturally looking learning
problems classified by their difficulties and required knowledge in the form of domain
concepts and rules required to solve them or possible semantic errors in their solutions [39].
These learning problems often can be used without human verification, which allows
scaling generation to problem banks containing many thousands of problems on the topic.
It is a promising approach in the fields when the necessary data can be obtained, but it
requires developing complex subject-domain models to solve and classify the generated
problems [12,34].

Both randomly generated and mined learning problems in complex domains cannot
be automatically assigned categories for exercise creation and require special methods
of learning problem search according to the particular learning situation. These learning
problems can be labeled by the concepts used in the problem definition and domain
rules and laws whose knowledge is necessary to solve them. However, the number of
combinations of these labels is high, so most of the time, these labels cannot be used
directly in exercise construction. For example, the automatically generated problem bank
of more than 20,000 learning problems described in [39] contains 613 different kinds of
problems (taking into account the concepts and rules whose knowledge is required to
solve the problem and the problem difficulty). In some domains, it can be even more
difficult: for example, when studying expressions, if we consider knowing the precedence
and associativity of each operator a separate kind of knowledge, we obtain more than 840
kinds of learning problems. This makes it impossible for a human teacher to look through
all the categories of learning problems in the problem bank and select the categories that
should be used in their assignments. Thus, we need to develop algorithms of learning
problem search and retrieval from large banks with a reasonable amount of information
provided by the teacher.

2.2. Methods of Selecting and Recommending Questions and Learning Problems

One of the most established models of estimating the difficulty of questions and
learning problems is Item Response Theory (IRT) [40]. This model is actively used in
intelligent tutoring systems for modeling the difficulty of exercise items for students [41].
However, this model relies on gathering statistical data for each item (i.e., a question) in
the bank and so cannot be used in large knowledge banks that individualize learning by
avoiding using the same question for different learners.
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Probabilistic models like Bayesian Knowledge Tracing (BKT) are often used to estimate
the students” mastery and choose the next learning problem in exercises. It considers the
probabilities of learning (transitioning to the mastery state), guessing (answering correctly
without knowledge), and slipping (answering incorrectly while knowing) depending on
the skill [42,43]. This theoretically can be used in large generated question banks because
students receive different questions but learn the same skills; however, it is impossible
to use it in learning-problem banks because one learning problem often requires several
skills to solve. Attempts to improve the original BKT model include individualization
(i.e., modeling the rate of learning or initial knowledge of each student) [44,45] and item
difficulty (i.e., the difficulty of a particular learning problem) [46,47]. While they improve
the performance of the original model, they also require significantly more data to train.
Pardos et al. found that the model that takes into account item difficulty (KT-IDEM) showed
better results over the original BKT model only when the number of solving data per
problem exceeded six. This will not work for large, automatically generated problem banks
aimed at providing unique learning problems for each student. Deep Knowledge Tracing, a
development of Bayesian Knowledge Tracing using Recurrent Neural Networks, also relies
on data from previous attempts of existing questions to teach the neural network [48].

Another field of research concerning selecting questions to solve for a student is
exercise recommendation systems. That field has been actively researched in the last
years [49-51]. Most of these systems use hybrid approaches and rely either on the data
concerning item completion by students or student proficiency data. However, their
evaluation is often based on prediction accuracy instead of pedagogical effect [52]. This
makes them unsuitable for use in the learning process where ideally, each learning item
is used only once. For now, the attempts to predict difficulty and necessary knowledge
of learning problems and digital course sessions are concentrated on labeling them by
difficulty [53] and/or used concepts [54], which does not solve the problem of retrieval of
appropriate exercises from a labeled bank.

The problem of generating tests and assignments with necessary characteristics has
been studied for many years. Hwang et al. proposed an algorithm of generating test sheets
from big question banks [55]. However, their algorithm was aimed at generating a single
test sheet with the optimized discrimination coefficient relevant to listed concepts; they did
not take into account the problem of generating multiple similar test sheets for different
students to avoid cheating. They also relied on question parameters that were measured
statistically during their usage and so were poorly suited to large banks of sparsely used
questions where the relevant information is not available. In [56], they improved their
algorithm to generate a set of test sheets with the requested characteristics, but they used a
hard constraint “no question should be identical in two tests”, which is impractical when
generating a large number of tests (e.g., for each student). They only generated at most
four parallel test sheets with the same specification.

Paul proposed generating a set of solution, but the goal of that algorithm was to
achieve satisfactory performance regarding several objectives [57], not variable tests for
different learners. Sud et al. considered the problem of generating alternative assessments
to avoid cheating by sharing information among students [11]. They managed to reduce
the standard deviation of questions’ difficulty to about half of its regular values. However,
their problem formulation required a pre-classification of questions into different slots,
which required manual work and could not be done in diverse automatically generated
question banks.

Thus, the problem of generating a large number of test sheets from diverse question
banks without previous manual question classification and gathering statistics on question
usage is not covered in previous works. This study is aimed at solving that problem.
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3. Proposed Algorithm

To discuss the algorithm of question retrieval, we must first consider the structure of
question metadata available in the question bank and question request to develop a formal
problem statement. Then, the algorithm for satisfying that request is proposed.

3.1. Question Metadata and Requests

In order to find questions satisfying tutors” needs (both for human and automatic
tutors), we need diverse information about questions and learning problems contained
in the bank. Let us consider a question bank Q consisting of questions g; € Q. We have
sets of studied concepts C and rules (domain laws) R for the given subject domain. Rules
define the application of concepts in particular situations. In practice, it is often useful
to consider possible semantic errors defined as constraints as domain rules because it
allows a more precise covering of the relevant knowledge than using rules that govern
answering questions and problem solving, i.e., one rule that determines if a particular
solution step or answer is possible can be violated in several different ways [12]. We also
need to estimate question difficulty, which is based not only on the concepts and rules
whose knowledge are necessary to answer the given question but also on the structure of
the question definition and the number of objects (concept individuals) in it, i.e., solving an
algorithm with more statements, statement nesting, or more trace steps is more difficult
than solving a simpler algorithm using the same statements (for example, in [39], it was
shown that for code-tracing problems, the optimal difficulty function included the number
of used concepts, number of trace steps and cyclomatic complexity of the algorithm.

Thus, the metadata for question g; can be defined as (1)

‘11' =< Ci/ Ri/di >, (1)

where C; C C is the set of concepts whose knowledge is necessary to answer the question,
R; C Ris the set of domain rules that are used to find the correct answer to the question,
and d; is the estimated difficulty of the question.

The non-adaptive exercise consists of groups of questions with defined requests
(i.e., one request can specify a series of questions). For each group of questions, the exercise
author should divide subject-domain concepts C and rules R into three categories:

e target concepts C' and rules R’ define the content that the teacher intends to teach
(or assess learning of) in this exercise (question);

e denied concepts C* and rules R? must not appear in the exercise (or a particular part
of it) because students are not expected to know them;

* allowed concepts C* and rules R” can appear in the exercise but are unnecessary (e.g.,
previous knowledge).

Every concept and rule must belong to one of these categories, i.e., for all groups of
questions in the exercise, C! U C? U C? = C and R! U R? U R? = C. This allows flexibility in
selecting relevant questions because the concepts and rules that do not belong to the goal
of this question (i.e., non-target concepts and rules) can be divided into those that must be
excluded and those that can appear in the exercise, thus broadening the range of possible
questions that can match the request. They key difference of a question request from a
regularly used question category is that the system does not have pre-made categories
fitting teachers’ requests but chooses the questions from the bank according to their features.

In real-world tutoring situations, concepts and especially rules that are shown in the
tutor’s interface and assigned to the target, denied, and allowed categories must not match
exactly the concepts and especially the rules that are stored in question metadata. For
example, when teaching the order of evaluation of programming-language expressions,
the situations of taking into account the precedence of the operator to the left and the
precedence of the operator to the right are different rules in the formal model, but nobody
teaches them separately—for teachers and students, they are represented as one rule.
Similarly, in many expression-related educational situations, it is not necessary to discern
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arithmetic operators because they are governed by the same rules and are taught together.
Sometimes, human problems of perception and understanding affect the formal model,
e.g., while handling two operators with right associativity in a row can be modeled as one
rule, for the human perception, it is different for unary (e.g., !'a) and binary (a = b = 0)
operators and should be taught and verified separately because visually, these situations
are too different.

Concepts can be connected by links like “requisite” and “parent—child”. For example,
when teaching control-flow statements, it is impossible to create a question with the “else”
concept without the “if” concept, so “if” is considered “requisite” for “else”. This allows
one to restrict the user interface to avoid requests that are impossible to satisfy (e.g., with
target “else” and denied “if”). “Parent—child” relationships allow exercise authors to select
several concepts (e.g., all kinds of loop statements) in one click.

Question request can be formalized as (2)

qrj =< Nug;, C},C{, R}, R?, d; >, ©)

where Ng is the desired number of questions, C t Cd R, RY are sets of target and allowed
concepts and rules, and d is the approximate desired difficulty.

The task of question retrieval can be formulated as follows. Given a question request
qrj, find a set of questions Q; C Q so that:
|Q;j| = Ng; (obtain the required number of questions);
Vq;; € Q;3C;;, Cij € C; A Cjj € Cj (each question contains at least one target concept);
Vqii € Qj3R;j, Rij € R]t« A Rjj € R; (each question contains at least one target rule);
Vqi; € jSﬂcij, Gij € C]‘-i A Cjj € C; (there are no denied concepts in the found questions);
Vqi; € Q]-ERZ']-, Rjj € R]’?l A Rjj € R; (there are no denied rules in the found questions);
The distributions of elements of C! and R across the found questions are as close to a
uniform distribution as possible (spend equal effort on all target concepts and rules);

7. The difference sum(d;)/ Ng — d is minimized (the questions are as close to the desired
difficulty as possible).

AN T e

3.2. Algorithm for the Retrieval of Relevant Questions

While filtering out questions with denied concepts is not hard, coming close to an even
distribution of target concepts and rules is a challenging goal. First, the question banks that
are generated automatically without using human-written templates can have an uneven
distribution of different kinds of questions: some concepts and rules can be present several
times and more often than others [9]. While this reflects real-world situations where some
subject-domain rules are used more often than others, it is bad for learning because learning
should prepare students for every situation they can encounter when solving problems
in their subject domain. Also, the connection between rules and concepts is not even:
one rule can involve many concepts while the other can involve only a few. For example,
many operators are left-associative, but in most of the programming languages, there are
few right-associative operators, so if we are teaching associativity, we cannot have even
coverage of left and right associativity (rules) and different operator groups (concepts).

Using a random selection of appropriate questions is not good for achieving an even
distribution of target concepts and rules because of their possible uneven distribution in the
question bank. Also, with a small sample size (many learning exercises consist of a small
number of questions), a random selection will often produce significant deviations from the
uniform distribution. To better achieve an even representation of different learning targets
in the exercise, we propose to adjust the selection of each question by rotating targets (i.e.,
prioritizing the targets that were used less in the previous questions of an exercise attempt
and marking the targets that have already been used often as undesirable).

Therefore, for generating each question, we must determine the specific question
request (SQR) based on the original questions request. The main goal of the specific
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question request is to find the least used target concepts or rules and make them targets for
the next question. Algorithm 1 shows how a specific question request sqr is found based
on the data from the general question request for this exercise part qgr and the data about
previous questions in exercise exc.

Algorithm 1 The algorithm for determining specific question request sqr based on the
question request qr and exercise data exc.

function SPECQR(qr, exc)

sqrng < 1 > Specific request is for the next question.

Sqrca < qred > Denied concepts and rules remain the same.

Sq;’Rd $— q;’Rd

sqrg < qrg x (1+RAND(—0.2,0.2)) > Change the question difficulty slightly to
broaden the range of available questions.

forall ¢! € grci do

cusagelct] < [UC;|, where UC; = {excy|ct € excy.} > ex, is a previous question

used in the attempt.

end for

sqret < {CHCE € gre, A cusage[ct] = MIN(cusage)} > Make the least-used concepts
targets for the next question.

sqrca < qrea U (qree Nsqrer) > All other target concepts become allowed for this
question.

forall 7! € grpe do > The same applies to building sets of target and allowed rules.

rusage(rt] < |UR;|, where UR; = {excy|r! € excyy}

end for

sqrre < {RYR! € grg, Arusage[rt] = MIN(rusage) }

SqrRa <— qrra U (qrge Nsqrgt)

return sqr
end function

The generated specific question request is then passed to the function that searches

relevant questions in the question bank. The algorithm of question search according to a
specific question request consists of the following steps:

1.

Prepare data for question search.

(a) Normalize the request’s difficulty from the range [0, 1] to the actual range of
question difficulties in the question bank.

(b) Create sets of undesirable concepts and rules: the concepts and rules which
were present in the previous Ny questions (with Ny, being a search hyper-
parameter).

Execute a search request in the question bank. The request searches for up to Ny,
best questions (according to the number of target concepts and rules per question),
taking into account the following restrictions:

(a) Question difficulty must be in range of £Dif f;,,% relative to the request

difficulty.
(b) No questions with at least one denied concept or rule are allowed.
() Questions are sorted according to the total number of target concepts and rules

in them (descending order), then for the number of their usage in the current
exercise (ascending order), so that the most used questions come last.

Rank the found questions by three ranking measures:

(a) The absolute value of the difference between the question difficulty and the
requested difficulty (the smaller the better).

(b) Question “suitability”: every target concept and rule adds 3 points of suitability
while every undesirable concept and rule subtracts 1 point of suitability (the
bigger, the better).
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(c) Question diversity: the number of different possible semantic errors while
answering the question (the bigger, the better).

4. Calculate the final question rank as a weighted sum of the three ranks discussed
above.
5. Return the desired number of best questions according to the final question rank.

That algorithm penalizes repeating the same concepts and rules in subsequent ques-
tions to allow the equal representation of all the target concepts and rules in the generated
set. It allows a varied range of question difficulties (controlled by hyperparameter Dif f,,)
and more variety in the found questions because of pooling the best-fitting questions and
random selection among them.

4. Evaluation

We used a bank of questions generated from program code (see [9] for the description
of the generation process) to evaluate the efficiency of the proposed algorithm. The bank
used the widely accepted RDF data storage format and had a high variability in the
questions because they were generated from randomly selected human-written production
program code, not specifically designed for learning purposes. As it can be seen in [9],
different concepts and rules (subject-domain laws) were not evenly represented in the bank,
so it was well-suited to measure the ability of the proposed algorithm to deal with large,
uneven banks of questions.

The bank contained questions about the order of expression evaluation and con-
sisted of 5648 questions with difficulties ranging from 0.54 to 1.0, 11 concept groups, and
seven rules.

4.1. Criteria of Evaluation

To evaluate the quality of the generated exercises, first of all, it was necessary to
estimate if all the target concepts were present enough times, i.e., if an exercise with N,
questions had N; target rules (concepts), each target had to appear at least N;/N; times.
It usually appeared more times because most of the questions contained more than one
concept, but N,/ N; was the required minimum that, ideally, should not be violated in any
generated exercise instance. To verify that, we calculated the relative frequency of target
concepts (rules) RE;, which was equal to the number of questions with the i-th target in the
attempt divided by the minimum expected number N/ N;; see (3).

RF; = |Qi] * Nt/ Ny, ®)

where Q; is the set of the questions with the i-th concept in the generated attempt.

In order to study how well the proposed algorithm adapted to different circumstances,
it was decided to study the average number of used rules in questions depending on the
number of target rules in the exercise: ideally, both the number of rules per question and
question difficulty should remain the same because they should be affected by the exercise
difficulty, not by the number of target rules, which should be distributed among different
questions in the exercise on lower difficulties. In contrast, average question difficulty,
number of rules per question, and number of solution steps per question ideally should
monotonically increase with the exercise difficulty, which can be negatively affected if the
bank is heavily unbalanced.

4.2. Evaluation of the Algorithm as a Whole

The question bank contained questions asking the student to determine the order
of evaluation of the given programming-language expression. The main source of the
information in that case was not just concepts but used subject-domain rules, because the
rules necessary to answer the questions are determined by the way the operators are placed
within the expression, i.e., questions with the same concepts can require knowledge of
different rules to solve. Tables 1 and 2 show the distribution of questions with different
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concepts and rules in the bank. The bank was diverse, with the number of questions
requiring knowing certain rules ranging from 5317 questions for operator precedence to
29 questions for right associativity for binary operators.

Table 1. Number of questions featuring different concepts in the expression bank.

Concept Number of Questions
Logical operators 4073
Pointer access operators 3749
Object access operators 3682
Comparison operators 3354
Arithmetic operators 1651
Array access operator 1492
Assignment operator 1250
Comma operator 1019
Bitwise operators 987
Increment and decrement operators 79
Assignments with arithmetic operators 67
Total 5648

Table 2. Number of questions requiring knowledge of different rules in the expression bank.

Rule Number of Questions
Operator precedence 5317

Binary operator with left associativity 3265
Operators with a strict order of evaluating 2807
operands

Operators enclosing other operators 1601

Unary operator with right associativity 287

Unary operator with left associativity 30

Binary operator with right associativity 29

Total 5648

Different rule sets were chosen as targets for that knowledge bank, as shown in
Table Al. Five rules most frequently learned were chosen, and 45 different kinds of
exercises were generated (unary-operator associativity can be understood as “the operator
closest to the operand is executed first”; it poses much fewer problems than binary-operator
associativity). Each exercise consisted of 10 questions and was generated 20 times. All
concepts were allowed to avoid getting into a situation where the system could not find
questions for some rules because all the relevant operators belonged to denied concepts.

During this experiment, 9000 questions were retrieved from the bank to create exercises.
Among them, there were 3362 unique questions. The mean of the number of times a
question was retrieved was 2.68. While the maximum number of retrievals of the same
question was 98, 75% of questions were retrieved two or fewer times, and more than 50%
of questions were retrieved only once. The most often used question (98 times) had a
combination of enclosing operators and binary operator sequences with both left and right
associativity affecting the answer, which is a very rare combination.

Figure 1 shows the distribution of relative frequencies of different target rules in
the generated exercises. It can be seen that this parameter never fell below the required
minimum of one, even for the rules concerning binary operators with the right associativity
and strict order of operands that had very few questions. Figure 2 shows the distributions
of the number of subject-domain rules in questions retrieved for exercises with the same
difficulty but different numbers of target concepts. The average was 2-3 rules per question;
uniform exercises (only one target rule) received slightly easier questions because the
proposed algorithm did not try to satisfy complex requests at first, while exercises with big
numbers of target concepts (N = 5) generated slightly more complex questions. Figure 3
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shows that the average question difficulty increased slightly when the number of target
subject-domain rules increased. The proposed algorithm performed relatively well even
with a small question bank, allowing the teacher to set question difficulty separately from
the number of target rules.
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Figure 2. Distribution of the number of subject-domain rules per questions for exercises with different
numbers of target rules and the same difficulty. The X axis is the number of target rules in the exercise;
the Y axis shows the number of rules in questions.

Figures 4-6 show the average question difficulties, numbers of rules per question, and
numbers of solution steps per question depending on the desired difficulty of exercises.
Table 3 shows the target rules in different rule groups. The algorithm did not behave ideally
for groups #1, #5, and #2, giving a slight decrease in the question difficulty, number of
rules per question, and solution steps when the exercise difficulty increased from 0.1 to 0.3.
This can be caused by the relatively small size of the question bank and requires further
improvement of the algorithm. However, in most situations, the difficulty of included
questions increased (or remained the same) when the requested exercise difficulty increased.
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The examples of exercises for low, medium, and high difficulty are shown in Appendix B.
It can be seen that the low difficulty setting made the algorithm choose the simplest expres-
sions still containing target concepts; medium difficulty settings produced more complex
questions and the high-difficulty exercise contained big expressions with a significant number
of distracting parentheses and operators.

Expression questions

1.00

L
0.65 - J_ 1 1

0.60 T T T .
N=1 N=2 N=3 N=4 N=5
targets in exercise

Figure 3. Distribution of the average question difficulty for exercises with different numbers of target
rules and the same difficulty. The X axis is the number of target rules in the exercise; the Y axis shows
the average difficulties of questions in generated exercises.
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4.3. Ablation Study

In order to verify that all the elements of the presented algorithm were necessary,
an ablation study was conducted by turning off essential parts of the algorithm. Three
essential components of the algorithm were identified:

1.  QR_ADJ—preprocessing of question requests to balance used rules (concepts);

2. SORT_BY_USAGE—taking into account how often a question was used in that exer-
cise before;

3.  POST_FILTER—sorting of the found questions by undesirable concepts (rules) and
difference to the target question difficulty.

We performed mass exercise generation for the baseline simple random choice among
the suitable questions (i.e., the questions of required difficulty without denied concepts and
with at least one target concept) which was labeled BASE, the proposed algorithm with all
key components turned off (ALL_OFF), the proposed algorithm with one of the components
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turned off, and the full version of the proposed algorithm (ALL_ON). Each time, exercises
using 9000 questions were generated with different settings. Table 4 shows the number of
unique questions in the generated exercises and the statistics on question usage. Figure 7
shows box plots for the relative frequencies of rule usage in different settings.

Table 4. Ablation study of the proposed algorithm: question usage.

Parameter BASE ALL_OFF OQR_ADJOff SORT_BY USAGEOff POST_FILTER Off ALL_ON
Number of used questions 1530 2964 778 2980 835 3362
Mean number of times a question was used 5.9 3.0 11.6 3.0 10.8 2.7
uMsaei(;mum number of times a question was 61 81 142 127 128 98
Maximum number of times a question was 4 1 5 1 4 1
used for 50% of questions

Maximum number of times a question was 6 3 14 3 11 5

used for 75% of questions

As it can be seen, the naive random question selection (BASE) produced exercises
with a relatively low variety of questions (1530 unique questions per 9000 questions in
the generated exercises; the median number of times a question was used was 4). Its box
plots showed the minimum relative frequency of four rules as zero (which means that there
were exercises where these rules were target, but no question on them was included in
the attempt, which is unacceptable in practice). For two of them, the lower quartile was
zero, and for the “right-associativity” rule even the median was zero (i.e., more than half of
exercises targeting the “right-associativity” rule did not have relevant questions).

Introducing the new algorithm significantly increased the number of used questions
(lowering question reuse), but the lower quartile for the “right-associativity” rule remained
zero. The QR_ADJ component of the algorithm played a chief part in satisfying the
condition “every target rule must appear at least once in each exercise”, as turning it off
brought the “right-associativity” rule to zero. Turning off either QR_ADJ or POST_FILTER
resulted in a sharp increase in question re-usage, as the algorithm tried to fulfill the
requirements using the same best-fitting questions, which significantly increased the risk
of cheating by sharing answers. SORT_BY_USAGE seemed to be the least important
component, but turning it on still increased the number of unique questions used from
2980 to 3362 and decreased the maximum usage of one question by almost 25%. Turning
SORT_BY_USAGE on also increased the median of occurrence of the less frequent rules,
making learners study them more thoroughly.

Thus, the ablation study showed that each component had its role in the performance
of the entire algorithm. The proposed algorithm significantly outperformed the baseline
random question selection; the baseline algorithm produced practically unacceptable
results with unbalanced question banks, totally omitting target rules with low frequency in
more than half of the generated exercises.
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Figure 7. Box plots for relative frequencies of rule usage during the ablation study.

5. Discussion

Large-scale automatic question and learning-problem generation allows us to over-
come traditional limitations of human-authored exercises and assignments: it creates a lot
of learning items that can be used for unlimited practice until mastery (many questions for
one student), avoiding cheating (different questions for different students), and adapting
to the needs of a particular student (many questions for different learning situations). Big
banks of questions and learning problems that are generated randomly (e.g., [28]) or mined
from real-world data (e.g., [39]) can solve that problem because they provide not only
vast numbers of generated questions but also significant variability, unlike template-based
generation that increases only the number of questions but not the coverage of different
topics (e.g., [32]). However, as these big banks come without any classification of questions
according to the learning goals and are too big to be observable by a human teacher, they
need special algorithms for constructing exercises depending on the teacher’s request.
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In this study, the teacher’s request was formalized in terms of determining the three
sets of concepts and subject-domain rules: target (which should be studied and verified),
denied (concepts and rules that students are not expected to know at this point), and
allowed (known, but not necessary for this exercise) and setting the desired difficulty. The
task of creating a balanced exercise based on the request was formalized, and the algorithm
for solving it was proposed.

According to the results of the computational experiment, the proposed algorithm
guarantees that in an exercise with N; target concepts and rules consisting of N; questions,
each target concept (rule) appears in questions at least N,/ N; times, which guarantees
the generation of a balanced exercise each time by spreading the learning targets between
different questions in the exercise. In practice, the number of target concepts and rules often
exceeds the required minimum because questions often concern more than one concept
(rule). The number of used rules in retrieved questions depends on the exercise difficulty
instead of the number of target concepts in the exercise. It shows that for easier exercises,
when it is useful to have fewer concepts per question, the proposed algorithm can rotate
target concepts, diversifying questions without increasing their difficulty if the relevant
questions are present in the question bank. This shows that the proposed algorithm discerns
between the exercise topic (defined by sets of allowed and denied concepts and rules) and
exercise difficulty and can find diverse and relevant questions in the given bank.

The algorithm has a good randomization of retrieved questions: even with many
exercises with similar settings and generating each exercise 20 times, the mean number of
times the same question was used stood below three, and it was mostly achieved by a high
usage of a small number of rare questions: 50% of questions were used only once, and 75%
of questions were used no more than 2-3 times. This was achieved by taking into account
question usage and active usage of questions that were not retrieved yet.

With smaller, less diverse banks, the algorithm sometimes was forced to choose
between requested difficulty and target concepts and rules. In that case, the algorithm
chose to keep the requested learning topic by deviating from the necessary difficulty. More
research may be necessary to make the results fully stable on smaller sets of questions.

The described features of the proposed algorithm allow us to recommend it for the
automatic construction of formative (designed for training) and summative (designed for
grading) assignments from big, automatically generated question banks. It can also be
used for the cold start in adaptive learning systems until enough data for training adaptive
algorithms can be collected and for searching diverse questions using requests generated
by adaptive systems.

The results of this study improve the results achieved by previous researchers devoted
to generating diverse test sheets. The proposed method allows us to replace the hard
constraint “no question should be identical in two tests” used by Hwang et al. [56] by
the soft constraint “repeat every question as little as possible”, which opens the way to
a large-scale sheet generation on diverse question banks that cannot support the hard
constraint. The algorithm described in this study generated 20 different sheets by re-
using rare questions while using more than half of the questions only once. Compared to
the results of Sud et al. [11] and Paul [57], the proposed algorithm does not use manual
planning of the test sheet and manual marking of the question in the question bank.
The proposed algorithm generates tests with flexible composition, which is aimed at a
balanced representation of the target concepts, so that the generated test can automatically
adapt to changes in difficulty by changing the number of different target concepts per
question according to the desired difficulty level. When using the proposed algorithm, the
teacher should only specify the requirements for the entire sheet, not the plan of particular
question slots as when using previously published algorithms. By only using an automatic
classification of questions by the subject-domain concepts and rules whose knowledge
is required to answer the questions, the proposed algorithm can be used on far larger
question banks consisting of thousands of automatically generated questions that cannot
be marked manually.
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The limitations of the proposed algorithm are that it does not use the statistics gathered
by question usage (e.g., by using the Item Response Theory) unlike, for example, the
algorithms proposed in [55,56]. That comes from the algorithm being aimed at large banks
of sparsely used questions in which it is impossible to reliably measure item discrimination
(and so on) because each item is used very rarely (ideally, only once) which works best for
preventing cheating. When such statistics are available, the algorithm should be improved
to use it, which can be a good direction of further research.

6. Conclusions

Currently, the methods of generating questions and learning problems are actively
researched. The effective usage of the generated questions has received far less attention.
This article was intended to close the gap by considering an algorithm of automatic search
and retrieval of questions from a large bank and constructing diverse exercises according
to teachers’ requests.

The article presented an algorithm that can be used to automatically construct complex
exercises with desired topics and difficulty. The required metadata for questions in the bank
were their estimated difficulty and concepts and subject-domain rules whose knowledge
was necessary to answer the question. A question request allowed the teacher to specify the
desired difficulty of the exercise, target concepts and rules (those that should be learned),
and denied concepts and rules (those that students are not expected to know when doing the
exercise). The presented algorithm relied on the metadata in the question bank generated
by the question generation engine and can be used in different areas of programming:
expression evaluation (see Appendix B), control-flow statements (see the example in the
Supplementary Materials), variable scope and lifetime, accessing objects stored in memory,
and other topics. The algorithm did not depend on the programming language in which
the questions were formulated; in practice, we used tag questions with the programming
language so that the questions with the appropriate language are selected according to
the teacher’s request. Question generation itself was not covered by this algorithm; we
used the automatic banks of programming questions generated by the methods described
in [9,39]. Those methods provide a good variability in generated questions and generate
questions containing natural-looking expressions and algorithms.

The proposed algorithm was based on generating specific question requests for each
question in the exercise, taking into account the previously found question, to solve the
problem of automatic exercise generation. The algorithm actively used the principle of
parameter rotation (keeping track of parameter usage and searching for the less used
values) both to rotate target concepts (rules) between the questions (learning problems)
in the exercise and to rotate similar questions in different instances of exercises. Rotation
helped to achieve more stable results than random selection.

A computational experiment showed that the algorithm satisfied most requirements,
including guaranteeing the minimal number of target concepts (rules) in the exercise (so
that each question had at least one target and the targets were distributed evenly among
them). It did not increase the question difficulty because of the increase in the number of
target concepts, increasing the question variety instead. Question difficulty, number of
concepts (rules) per question, and solution steps generally increased with exercise difficulty,
though the proposed algorithm was not perfect at that. An ablation study showed that all
the components of the algorithm improved performance; the most important component for
satisfying the strict conditions was the adjustments of question request each time (specific
question request generation algorithm).

The algorithm can be used for question retrieval and exercise construction in online
learning systems, replacing the traditional “categorization” approach, which is not viable
for large question banks with a large number of possible categories. It can also be used
in adaptive testing and intelligent tutoring systems because question requests can be
generated automatically based on the learner’s progress; in that case, the stage of generating
specific question requests can be omitted as the request from the adaptive system can
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already be treated as a specific request. That algorithm should increase the adoption of
large question and problem banks developed during large-scale question and learning
problem generation and fill the gap between theory (generating questions) and practice
(their usage in the learning process).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/computers13060144/s1, Data of the attempts generated during
the algorithm’s evaluation. Three examples of generated exercises for learning control-flow statements
with different difficulties. Source code of the described algorithm.
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Appendix A. Features of Exercises Generated during the Experiment

Table Al. Features of exercises that were generated for expression questions. A—allowed rule,
D—denied rule, T—target rule.

Binary

# D[I(f]ﬁail]ty Precedence Enclosing Bltj;asrgz)ieft Eight Strict Order
ssoc.
1 0.1 T A A A A
2 0.3 T A A A A
3 0.5 T A A A A
4 0.7 T A A A A
5 0.9 T A A A A
6 0.1 A T A A A
7 0.3 A T A A A
8 0.5 A T A A A
9 0.7 A T A A A
10 0.9 A T A A A
11 0.1 A A T A A
12 0.3 A A T A A
13 0.5 A A T A A
14 0.7 A A T A A
15 0.9 A A T A A
16 0.1 A A A T A
17 0.3 A A A T A
18 0.5 A A A T A
19 0.7 A A A T A
20 0.9 A A A T A
21 0.1 A A A A T
22 0.3 A A A A T
23 0.5 A A A A T
24 0.7 A A A A T
25 0.9 A A A A T
26 0.1 T T A A A
27 0.3 T T A A A
28 0.5 T T A A A
29 0.7 T T A A A
30 0.9 T T A A A
31 0.1 T T T A A
32 0.3 T T T A A

254



Computers 2024, 13, 144

Table A1. Cont.

s . Binary
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Appendix B. Examples of Exercises Generated during the Experiment Using Different
Difficulty Settings

The following exercises were generated to learn solving the question evaluation
order problem with the following target rules: operator precedence, binary left-associative
operators, binary right-associative operators, and enclosing operators. The question bank
contained questions for those rules with normalized difficulties from 0.53 to 1.0.

Appendix B.1. Low Difficulty

Determine the order of evaluation of the following expressions:

1. sqlite3Strlen30 (pStr2 ->u . zToken) — 1

2. i=j=0

3.  cachedRegex = rkl_lastCachedRegex = (0)

4. nMinKey = nMaxKey = info . nKey

5. pldx = pProbe = pProbe -> pNext

6. len =1i=sqlite3VdbeSerialTypeLen (serial_type)

7. flag_alternateform = flag_altform?2 = flag_zeropad =0
8. rc=db->errCode =p->rc

9.  *prNotFound = rMayHaveNull = ++ pParse -> nMem
10. pMem ->zMalloc = pMem ->z =1z

Appendix B.2. Medium Difficulty
Determine the order of evaluation of the following expressions:

1.  (memcpy (& uiwork, (acc + 6) + 34 — 4, 4) , uiwork) == 0 && (memcpy (& uiwork,
(acc+6) +34 — 8,4) ,uiwork) ==0

2. pTabList->a[0]. iCursor = iCur = pParse -> nTab ++

pPager -> sjfd = (pPtr += (((pVfs -> szOsFile) + 7) & 7))

flag_leftjustify = flag_plussign = flag_blanksign = flag_alternateform = flag_altform?2

= flag_zeropad =0

pMem -> zMalloc = pMem >z =z

u.ad . pMem = p -> pResultSet = & aMem [pOp -> p1]

addrBrk = pLevel -> addrBrk = pLevel -> addrNxt = sqlite3VdbeMakeLabel (v)

pPage -> cellOffset = cellOffset = hdr + 12 — 4 * pPage -> leaf

mxReadMark = pInfo -> aReadMark [i] = pWal -> hdr . mxFrame

iCur = pTabList -> a [0] . iCursor = pParse -> nTab ++

S

O XN U

—_
e

Appendix B.3. High Difficulty
Determine the order of evaluation of the following expressions:

1.  (as->src. alpnid == srcalpnid) && Curl_strcasecompare (as -> src . host , srchost)
&& (as -> src . port == srcport) && (versions & as -> dst . alpnid)
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2. lo==147483648 && hi == 2 && ((((& result) -> words [(16/4) — 1 — (0)]) & 2147483648)

1=0)

p->aOp =aOp =u. by . pProgram -> aOp

g_use_ansi | | ! isatty (fileno (fp)) | | (— 1) == (stdo = _get_osthandle (fileno (fp)))

p -> iLimit = iLimit = ++ pParse -> nMem

* prNotFound = rMayHaveNull = ++ pParse -> nMem

u.cb.ctx. pMem =u.cb.pMem = & aMem [pOp -> p3]

(h->flags [i» 4] » (1 & 15) « 1)) & 1) | | | ((h -> keys [i]) == (key))

g_use_ansi | | ! isatty (fileno (fp)) | | (— 1) == (stdo = _get_osthandle (fileno (fp))) | |

! GetConsoleScreenBufferInfo (stdo , & csbi )

10. ! ((((df) ->words [(8/4) — 1 — (0)]) & 2080374784) == 2080374784) && DECCOMBMSD
[sourhi » 26]
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Abstract: In this study, we present the DP Plugin for Intelli] IDEA, designed to extend the Drop
Project (DP) Automatic Assessment Tool (AAT) by making it more suitable for handling small
exercises in exercise-based learning environments. Our aim was to address the limitations of DP in
supporting small assignments while retaining its strengths in project-based learning. The plugin
leverages DP’s REST API to streamline the submission process, integrating assignment instructions
and feedback directly within the IDE. A student survey conducted during the 2022/23 academic
year revealed a positive reception, highlighting benefits such as time efficiency and ease of use.
Students also provided valuable feedback, leading to various improvements that have since been
integrated into the plugin. Despite these promising results, the study is limited by the relatively
small percentage of survey respondents. Our findings suggest that an IDE plugin can significantly
improve the usability of project-oriented AATs for small exercises, informing the development of
future educational tools suitable for mixed project-based and exercise-based learning environments.

Keywords: automated assessment; computer science education; programming education; hci;
Intelli] IDEA

1. Introduction

Automatic assessment tools (AATs) are software systems that automatically grade
programming assignments. These tools are common in computer science and engineering
courses, providing recognized benefits for students, as automatic feedback improves their
autonomy. Additionally, they are beneficial for educators, as they reduce assessment
time and promote grade consistency [1-4]. However, many of these tools are course-
or institution-specific and are not easily adaptable to other scenarios due to a lack of
documentation or unavailability of the tool’s binary or source code, among other issues [5,
6]. Furthermore, existing commercial tools (e.g., repl.it and HackerRank) are usually
web-based systems, which do not align well with real-world scenarios where integrated
development environments (IDEs), such as NetBeans and Intelli] IDEA, are prevalent [7,8].

Some courses use an exercise-based approach, requiring students to solve a number
of small assignments (e.g., weekly) [9,10], while others use a project-based methodology,
where students develop larger projects that can take multiple weeks or even months to
complete [10,11]. This duality is also observable in many AATs available in the market
or described in the literature. For example, most web-based AATs are better suited for
small exercises, since larger projects usually require multiple files. Although some web
editors support multiple files, we argue that this is not ideal from a usability and tool
perspective—not to mention their inadequacy in preparing students for the job market,
as they create artificial environments that do not compare with the software development
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workflows commonly found in professional settings. On the other hand, AATs designed
for project assessment often require impractical submission legwork for the grading of
small exercises.

In turn, several courses follow a mixed approach, using both small exercises and larger
projects as teaching and assessment methods [10,12,13]. This is the case for several courses
taught by the authors, where automatic assessment is performed with Drop Project (DP),
an AAT originally designed to support the development and grading of larger projects.
Furthermore, educators using this teaching approach sometimes have to use multiple
AATs within the same course [13], requiring both students and teachers to interact with
multiple systems.

DP supports submissions via web upload or using a Git repository, requiring the
inclusion of an AUTHORS.txt file with the name of the student or students. Additionally,
in the web upload method, code and supporting files must be submitted in a ZIP file.
Therefore, DP is not ideal from a usability perspective in scenarios involving smaller
exercises. For example, one of our courses employs a ‘mini-test’ in which students are
asked to implement several functions in one or—at most—two files. These ‘mini-tests” are
taken during laboratory classes, and students have up to one hour to solve them. Students
submit their solutions through the web upload method, since version control with Git is
yet to be introduced. Also, given the pressure of being assessed, students sometimes make
small, time-wasting mistakes, potentially resulting in grades that do not reflect their actual
level of knowledge. Examples of such mistakes include creating the AUTHORS . txt file with
an incorrect format or problems creating the ZIP file, which easily lead to precious minutes
being wasted.

To streamline this procedure and bridge the gap between a project-oriented AAT
and its exercise-oriented utilization, we propose the DP Plugin for the Intelli] IDEA IDE.
This plugin automates submission-related perfunctory tasks, such as creating the required
documentation files and compressing and uploading the solution, while displaying as-
signment instructions and submission reports directly within the IDE. The plugin reduces
the cost of context switching, allowing students to focus on the exercises without leaving
the IDE. The proposed plugin was developed using an agile methodology, with students
directly involved in the coding and testing process. This work aims to address whether it is
possible to improve the usability of a project-oriented AAT via an IDE plugin, enhancing
its capability in assisting students in solving small exercises.

This paper is organized as follows. In Section 2, we review existing literature, highlight-
ing how several popular AATs manage project- and exercise-based assessments. Section 3
describes the materials used in this work. Specifically, Section 3.1 examines the DP project-
oriented AAT and its limitations regarding small exercises, while Section 3.2 introduces
the DP Plugin for Intelli] IDEA, providing technical details and illustrating how it aims to
address the aforementioned issues with DP by keeping students engaged within the IDE
and minimizing cursory submission tasks. Section 4 describes the research methodology,
which consists of a student survey to assess the plugin’s impact on students” assignment
submission experiences. The results of this survey are presented in Section 5, while Section 6
offers a discussion of these results, considering their implications and potential limitations.
Finally, Section 7 summarizes our findings and offers directions for future research.

2. Related Work

Project-based (PB) learning describes a course structure in which students work to-
wards finding solutions to real-world problems [10,14]. These problems are represented as
projects that often span the entire course duration. On the other hand, in exercise-based
(EB) courses, students solve questions with predetermined answers (i.e., small coding ques-
tions) [10]. In EB courses, individual assignments have shorter durations and are typically
less creative than those used in PB learning [10]. PB learning is not a new idea, and re-
search has shown that engineering students tend to be more motivated when working with
real-life case studies and challenging open-ended questions [15,16], which are more easily
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implemented with projects rather than small exercises. A more recent study evaluated
PB learning practices in several engineering degrees and noted that while students who
participate in PB learning are generally motivated and demonstrate better teamwork and
communication skills, they also display a less rigorous understanding of engineering fun-
damentals [17]. The same study concluded that a mixed approach of traditionally lectured
courses with both PB and EB components might be the best way to satisfy industry needs
without sacrificing knowledge of engineering fundamentals.

The use of AATs is common in computer science courses for the automatic assessment
of PB and/or EB assignments [18], with a variety of available commercial and academic
systems. However, many of these are proprietary and/or not packaged in a production-
ready fashion, making their adoption costly or impractical. Previous research has shown
that some of these AATs were created as part of a thesis or are sufficiently developed
to study a specific research question or support the needs of a particular course but are
generally not suitable for widespread deployment [3,5]. However, the situation appears to
be improving, with some of the more recent developments being open-source [3], which
could lead to more widespread deployment of these tools.

Despite these issues, some relevant tools should be considered when adopting an AAT.
For instance, repl.it is an online tool where teachers can create assignments that students
solve directly in its web-based IDE [19]. HackerRank [20] is a similar platform, originally de-
veloped for competitive programming and programming interviews. While such services
might be practical for small exercises, they are not ideal for mid- to large-sized, multi-file
projects, as they offer environments far removed from common professional development
workflows [7]. Another relevant system is Mooshak [21,22], which supports programming
contests and allows submissions via the upload of a single file, making it more appropriate
for validating small exercises. However, Raccode, Mooshak’s companion plugin, allows
students to submit a code file directly from the NetBeans IDE [7]. Web-CAT [23] is an
AAT where solutions can be uploaded via a browser or submitted through a NetBeans IDE
plugin, making it apparently appropriate for handling both small exercises and projects.
However, Web-CAT’s code is spread over various repositories, and the most recent binary
was last updated in November 2008. Although Web-CAT’s documentation seems compre-
hensive, at the time of writing, multiple links on its GitHub-hosted website were broken,
making it hard to recommend. A more recent AAT, check50 [24], is a command-line tool
that uses a domain-specific language to write tests for student code and does not enforce
any specific structure (e.g., mandatory functions). This makes it inappropriate for large
projects, which need to be well-structured following software engineering best practices.
The Canary Framework (CF) AAT follows a continuous integration approach, mimicking
real professional settings [8], and allows for interaction via commits to a Git repository.
This approach is more suitable for PB assessments. However, the need to teach Git skills
might not be feasible in certain academic contexts, such as introductory-level courses.
Additionally, CF is not a single integrated piece of software but a set of six independent
tools that can be combined to achieve the intended goals, and the source code for several
of these tools does not seem to be available. Finally, DP is an AAT originally developed
to support the development of projects [2], offering submissions through ZIP file upload
or via a Git repository, making it less than ideal for smaller exercises, although the plugin
discussed in this paper aims to address that issue. DP is fully open-source and can be
readily deployed using a Docker image, for example [25].

The discussed tools and their main characteristics, including DP with the proposed
plugin, are summarized in Table 1.
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Table 1. Summary and main characteristics of the discussed AATs, including Drop Project featuring
the proposed plugin. “Open?” indicates whether the tool is open-source. “EB?” and “PB?” refer to
suitability for exercise-based and project-based approaches, respectively. The term “web-IDE” is used
as a shorthand for “online code editors”.

Tool Open? Installation EB? PB?  Beginner-Friendly?

repl.it No N/A Yes No Yes (web-IDE)

HackerRank No N/A Yes No Yes (web-IDE)

Mooshak Yes Pre-compiled JAR file Yes No Yes (submissions via upload)

Web-CAT Yes E;;‘;gg ggimﬁéﬁiiﬁ%ﬂ;ﬁ& iizl;ssource install requires Yes®  Yes  Yes (submissions via upload and IDE plugin)
check50 Yes Requires installation of multiple tools Yes No Yes

Canary framework ~ Partially®  Requires installation of multiple tools No Yes No (only Git submissions)

VPL Yes Must be installed by Moodle’s administrator Yes No Yes (submissions via upload and web-IDE)

Drop Project

WAR file compiled from latest sources/one-click deploy to

Yes Heroku (single tool)

2 With EB plugin for NetBeans IDE. P Since the code for half the repositories is not available. ¢ With the proposed
plugin for Intelli] IDEA.

From our investigation, the AAT that comes closest to being suitable for both small
exercises and projects is Web-CAT. However, it does not appear to be easy to install, deploy,
and/or use due to a lack of updated binaries and documentation. In summary, all of the
AATs discussed so far have one or more types of limitations, which can be summarized
as follows:

e They are difficult to install, deploy, and/or use;

¢  They are inappropriate for beginner students, e.g., by only allowing submissions
using Git;

e They are unsuitable for assessing and evaluating multi-file projects (i.e., PB learning);

¢ They are unsuitable for assessing and evaluating small exercises (i.e., EB learning).

DP suffers from the last of these issues, making it an imperfect choice for small
exercises. The proposed DP Plugin for Intelli] IDEA aims to solve this problem, fostering
the use of a single assessment tool in mixed courses (EB and PB), minimizing tool switching,
and allowing teachers and students to save time and avoid problems with cursory tasks.

3. Materials
3.1. Drop Project

DP is an open-source AAT designed and implemented to support the evaluation of
academic software projects [2]. It is a mature tool, used in multiple courses for over five
years. The following list, adapted from [2], highlights a subset of DP’s features.

e  Supports individual and group submissions;

*  JVM and Maven-based, supporting Java and Kotlin out of the box, with easy integra-
tion of other JVM-based languages such as Clojure and Scala;

*  Features a waiting time between submissions, termed “Cool-off period”, which can be
set to limit students’ trial-and-error attempts [26];

*  Optional assignment-specific access-control lists to ensure only authorized students
can access certain assignments;

e  Supports web upload and Git submissions, allowing teachers to adapt the submission
procedure to the students” experience level;

¢ Teachers can define assignments and tests using all strategies available in JUnit (e.g.,
unit tests, input/output matching, and so on). Tests can be public (students receive
feedback) or private/hidden (students receive no feedback);

®  Canrun and assess student-defined unit tests, as well as measure the respective coverage;
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*  Besides performing functional validations, DP can check the quality of students’ code
using teacher-defined style rules. It can also restrict keywords, like forbidding loops
in exercises requiring recursive implementations;

¢ Teachers can download students’ submissions in Maven format and easily import
them into an IDE, facilitating the debugging process;

e  Students’ results can be exported to a CSV file.

These and other functionalities make DP a good option when choosing an AAT for PB
learning. However, as mentioned earlier, it is not ideal for supporting students with small
exercises due to the legwork required by both submission types.

On a more technical note, DP also provides a REST API that can be used to integrate
external tools (https:/ /deisi.ulusofona.pt/drop-project/swagger-ui/, accessed on 26 June
2024). This API provides functionalities such as assignment listing, assignment presenta-
tion, and solution submission. The APl implements the same security and access control
measures as DP itself. For example, the ‘List of public assignments’ endpoint only returns
assignments to which all students have access. To access a private assignment, the student
must supply the respective assignment ID, and the API will check if the given student
has access to that assignment before returning its contents. If an assignment has a defined
“cool-off” period, the API will check if the time for a certain student has passed before
allowing that student to perform new submissions.

A video demonstration of DP’s workflow from both the teacher’s and the student’s
points of view is available [27].

3.2. DP Plugin for Intelli] IDEA

The DP Plugin for Intelli] IDEA presented in this paper leverages DP’s REST API,
providing an abstraction layer on top of DP’s web upload submission method, simplifying
parts of this process. Figure 1 presents an overview of how the various components
integrate and communicate with each other.

The plugin is integrated into Intelli] IDEA’s main window (Figure 2), allowing stu-
dents to simultaneously view their code, the assignment instructions (Figure 3), and the
assessment results of their latest submission (Figure 4). The plugin uses assignments cre-
ated for DP [2]. Therefore, there is no additional assignment creation overhead for teachers
already familiar with DP, while students can still use DP’s standard submission methods if
they so desire.

IntelliJ IDEA Drop Project
Request (POST/GET) ’

I > REST

¢ ) R

Response (JSON)

Figure 1. Overview of the solution’s data flow. The plugin integrates with Intelli] IDEA and connects
to DP via its REST APL

The plugin also comes with its own security measures. For instance, the feature that
updates the assignment list will only make an API request if a specific number of seconds
has passed since the last update request.

The plugin was developed during the 2022/23 academic year. In both semesters,
development versions of the plugin were deployed and distributed among students during
selected classes of specific courses to test and obtain feedback. These efforts yielded a
production-ready version of the plugin, which is available for download at Intelli]’s mar-
ketplace (https:/ /plugins.jetbrains.com/plugin/21870-drop-project, accessed on 26 June
2024). The tool’s source code is also available on GitHub (https:/ /github.com/drop-project-
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edu/Drop-Project-for-Intellij-Idea, accessed on 26 June 2024). A video demonstration of
the proposed plugin is available [28].

Main.java 3 Drop Project

Name Language Due Date Details
® DSA exercise 01  JAVA No due date Q Instructions

Ficha Lista Ligada JAVA 2024-05-12 07:30:00 = Q_ Instructions

Figure 2. The plugin integrated into Intelli] IDEA’s main window. The plugin lists the assignments
available to the student. The ‘Instructions’ button allows students to access the instructions for each
available assignment (see Figure 3).

Main java

Figure 3. The assignment instructions inform students of the tasks they need to perform. Students
can see their code and the assignment instructions in the same window, reducing the need for
context switching.

CurrentFile~ D

Drop Project

mentList @ Buid report #227345

Figure 4. The submission report informs students of their progress and presents them with any unit
test failures. Students can see their code and its issues in the same window.
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4. Research Methods

A student survey was conducted to evaluate the plugin in the context of a Data
Structures and Algorithms course during the second semester of the 2022/23 academic
year, i.e., during the final stages of the plugin’s development. The survey comprised both
qualitative and quantitative questions. The questions aimed to assess students’ perceptions
regarding various aspects of the plugin, including its impact on reducing submission time,
students’ confidence in the plugin, the value of having specific reporting functionalities
integrated into the IDE, and the psychological impact of using the plugin in an evaluation
environment. The research context is further detailed in Section 4.1, while the survey
questions are presented in Section 4.2.

4.1. Research Context

The Data Structures and Algorithms course follows a mixed approach, utilizing both
PB and EB learning methodologies, with DP used for automatic assessment. All students
in this course have interacted with DP, using its web interface, as DP is also used in the
previous programming course of the curriculum (i.e., Programming Fundamentals).

This course employs multiple evaluation mechanisms. One of them—weekly assign-
ments—aims to promote student participation and engagement, contributing 5% to the final
course grade. The course also includes ‘mini-tests’, which are one-hour assessments where
students implement various related data structures and functions under the supervision of
a teacher. Each ‘mini-test” has a weight of 6.75% in the final course grade.

4.2. Survey Questions

Students were divided into the following two main groups, with specific questions for
each group:

Adopters: Students who identified as regular plugin users;

Non-adopters: Students who reported not having used the plugin.

Students who self-identified as regular plugin users (i.e., adopters) were asked mul-
tiple plugin-specific questions, with answers given on a 5-level Likert scale, as shown in
Table 2. Considering that students who self-identified as regular plugin users may not have
actually used the plugin during the ‘mini-test” assessment, questions 7 and 8 in Table 2
were only available for students who did so.

Table 2. Survey questions for students who adopted the plugin. Questions 1-6 were answered by all
adopter students, while questions 7-8 were only answered by students who used the plugin during
the second ‘mini-test’. Questions were answered on a 5-level Likert scale.

S

Question

Rate the plugin’s effectiveness in simplifying the DP submission process.

Rate the plugin in terms of saving time and/or effort when compared to the traditional method (web upload).

Rate the relevance of the automatic creation of the AUTHORS.txt file and the automatic submission of the ZIP file with the
“/src’ folder and AUTHORS.txt.

Rate your confidence in submitting exercises through the plugin.

Rate the positive effects on your productivity from the ability to see assignment instructions directly in the IDE.

Rate the positive effects on your productivity from the ability to view a submission’s build report directly in the IDE.

Rate the contribution of using the Plugin in reducing anxiety and/or nervousness during the ‘mini-test’.

Rate the contribution of using the Plugin in improving your performance during the ‘mini-test’.

NN UTH W N

To gain additional insights into plugin usage (or lack thereof) during the semester,
three open-ended questions (OE1-OE3), as shown in Table 3, were posed to specific student
groups. First, to understand why some students who self-identified as plugin users (i.e.,
adopters) did not use the plugin during the ‘mini-test’, we asked for their reasons (open-
ended question OE1, Table 3). Second, all adopters answered a qualitative question to
leave any relevant comments (open-ended question OE2, Table 3). Finally, we asked the
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students who had not tried the plugin (i.e., non-adopters) for their reasons for not doing so
(open-ended question OE3, Table 3).

Table 3. Open-ended questions posed to students in the specified target groups.

ID Question Target Student Group
OE1 g(}};(l);r?tvi}g ot use the DP Student Plugin in the ‘mini-test” Adopters that did not use the plugin during the ‘mini-test’.
OE2 Leave any comment that you find relevant. Adopters.
OE3  If you do not use the plugin, explain why. Non-adopters.
5. Results

The survey was conducted during the last two weeks of the second semester of the
2022 /23 academic year. Out of a total of 154 students, 35 participated in the survey (22.7%).
Among these respondents, 20 were identified as adopters of the plugin, while the remaining
15 were non-adopters. Furthermore, of the 20 adopters, half (10 students) used the plugin
during the ‘mini-test’, whereas the other half did not. Figure 5 summarizes this breakdown.

Total Students: 154

[Survey Participants: 35}

e

Adopters: 20 Non-Adopters: 15

Used Plugin in Mini-Test: 10} [Did Not Use Plugin in Mini-Test: 10}

Figure 5. Hierarchical breakdown of student participation and plugin adoption based on the sur-
vey responses.

5.1. Impact of the Plugin on Adopters

Table 4 shows the distribution and summary statistics for the replies given by adopters
of the plugin. Replies to questions 1-6, which tend toward the highest possible evaluation,
indicate that students found the plugin useful. Questions 1-4 have mean scores of at least
4.5, all with modes equal to 5. However, questions 5 and 6—regarding the assignment
instructions and submission report displayed within the IDE—had slightly lower scores,
with averages of 3.8 (mode 4) and 4.1 (mode 5), respectively. Students do not seem to greatly
value having this information within the IDE, particularly the assignment instructions. We
believe this is due to the richer formatting of these instructions in the web environment,
which displays information such as required function prototypes in a colored format.

Question 7 asked if the plugin helps reduce students” anxiety and/or nervousness
during the ‘mini-test’. The mean score given by the participants was 3.6, indicating a
generally positive response towards the plugin’s efficacy. The standard deviation of 1.173
and the histogram distribution denote some variability in the participants’ experiences
and perceptions. Interestingly, the data were bimodal, with modes at both 3 and 5. This
indicates that while a significant number of participants felt the plugin had a moderate
effect (rating of 3), there was also a substantial group that found it highly effective (rating
of 5) in reducing anxiety and nervousness. As for question 8, which focused on the plugin’s
effect on the students’ performance, the mean response was 3.7, suggesting that many
participants felt the plugin had a positive impact. The longer-tailed distribution (standard
deviation of 1.159) indicates a moderate spread in the responses, meaning that while many
participants agreed with the statement, there was still some variability in opinions. Notably,
both options 4 and 5 were selected with the same frequency above all other options. This
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indicates that a significant number of participants either agreed or strongly agreed with the
statement, highlighting the perceived effectiveness of the plugin during the ‘mini-test’.

Table 4. Histogram and summary statistics for the questions posed to plugin adopters. Questions
1-6 were answered by the 20 students who reported using the plugin, while questions 7-8 were
only answered by the 10 students who reported using the plugin during the second ‘mini-test’. All
questions were answered using a 5-level Likert scale. Histograms are normalized to the maximum
count value for visualization purposes.

ID Histogram Count Mean Std. Devw. Mode
1 —T1 20 4.6 0.680 5
2 —T1 20 4.5 0.827 5
3 —— 20 43 0.978 5
4 —T1 20 4.6 0.598 5
5 —] 20 3.8 1.105 4
6 —1 20 41 1.160 5
7 T 10 3.6 1.173 3,5
8 1 10 3.7 1.159 4;5

5.2. Reasons for Not Using the Plugin during the ‘Mini-Test’

Nine out of ten adopter students who did not use the plugin during the ‘mini-test’
replied to question OE1 (Table 3). These replies were analyzed qualitatively to find common
reasons for not using the plugin during the assessment.

The predominant topic found in the responses centered around issues arising from
the compatibility between the version of Intelli] IDEA that certain students were using
and the plugin itself. This concern was raised by three students, leading them to opt
against utilizing the plugin during the assessment. The remaining six students reported
different issues that could not be grouped into any specific topic. For example, one student
mentioned, “I didn’t think it was necessary and I wanted to be confident that I had sent it correctly
and be able to see the results and errors immediately after the page loaded”. Another student
commented, “I had to log in, and the instructions in the IDE are not as optimized and easy to
read”, while another student indicated, “I changed computers and forgot to install it”. Notably,
one student commented on the instructions” readability, which is consistent with the lower
mean result of the respective qualitative question (i.e., question 5, mean = 3.8).

5.3. Open-Ended Comments about the Plugin

A total of 10 students (out of 20 adopters) answered question OE2 (Table 3). Again,
students’ responses were analyzed qualitatively to find common topics. The following
three recurring topics were found: (1) positive comments about the plugin (e.g., “useful”,
“simplifies”, “saves time”) (four students), (2) suggestions for improving the formatting
of the assignment instructions (two students), and (3) suggestions to avoid the need to
log in again when changing assignments and /or when re-opening the IDE (two students).
It should be noted that the suggestion about saving login data between uses has since

been implemented.

5.4. Reasons for Not Adopting the Plugin

Thirteen out of 15 students replied to question OE3 (Table 3). A qualitative analysis
highlighted the followin two main topics: (1) “I'm not interested in it’/“I don’t feel the
need” (six students) and (2) “I don’t know how to” (four students). An example reply that
falls under the first topic is, “I never thought it was necessary, although I give credit and
think it is useful”, while an example response for the second topic is, “I don’t understand
very well how to use it. I think a video explanation would be useful”.
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6. Discussion and Limitations

As the evaluation survey shows, the tool was well received by our students, who iden-
tified a number of positive effects, such as time savings. Students also provided interesting
suggestions, some of which have already been implemented, such as the plugin remember-
ing login details. Our findings suggest that an IDE plugin does improve the usability of a
project-oriented AAT for small exercises, thus informing the design of future AATs suitable
for mixed learning environments combining PB and EB assessment. The positive reception
of the plugin highlights its potential to enhance the learning experience by streamlining
workflows and reducing the time required for administrative tasks (e.g., ZIP file creation),
allowing students to focus more on learning the material.

Results also show that there are two main types of non-adopters, namely (1) students
who are happy and/or comfortable using DP’s web interface to the point that they are not
open to trying new interaction formats and (2) students who need some help in order to be
able to use the plugin. For the former, we believe they are acting out of habit, since their
initial exposure to DP was through the web interface. This will likely change in the future,
as students also have the plugin available in the preceding Programming Fundamentals
course. Regarding the latter group, who need more help, a video explaining the plugin’s
installation and usage has since been made available [28].

Moreover, the integration of student suggestions into the plugin development process
demonstrates the value of student feedback in creating more effective educational tools.
The implementation of simple features such as remembering login details shows how even
minor enhancements can improve the overall user experience, potentially leading to a more
user-friendly and efficient learning environment. Additionally, student feedback raises
awareness of the need for documentation (e.g., demonstration videos) to help learners use
these educational tools effectively.

Given these results, we believe the proposed IDE plugin effectively extends DP to be
a more practical AAT for small exercises, bridging the gap between its PB roots and its
EB usage. As discussed in Section 2, other AATs have proposed IDE plugins. However,
Mooshak’s IDE plugin—Raccode—simply enhances the existing EB capabilities of Mooshak,
itself an EB AAT. Web-CAT, a PB-oriented AAT, does provide an IDE plugin for improving
its EB capabilities. However, the issues with Web-CAT—poorly organized code, out-of-
date binaries, and missing documentation—make it a difficult choice as a modern and
versatile AAT.

Nonetheless, our work presents several limitations. First, while the survey indicates
that the majority of students find the plugin useful and believe it improves their workflows,
the number of students who answered the survey was relatively small, which presents
some threats to validity. Also, since participation was optional, there might have been some
self-selection bias, as students who opted to participate in the survey might have been the
ones more interested or motivated to discuss the plugin. However, we do not believe this
to be the case, since approximately 42.5% of the responses were from students who did not
use the plugin.

Furthermore, a student survey may not be sufficient to accurately measure the peda-
gogical impact of the proposed plugin. To gain a more comprehensive understanding and
increase confidence in the plugin’s pedagogical value, it would be beneficial to complement
the current survey data with other research methods, such as direct classroom observations
and analysis of students” academic results over time.

7. Conclusions

In this paper, we proposed the DP Plugin for Intelli] IDEA, a companion tool for
the DP AAT, with the goal of making it more apt to handle small exercises used in EB
learning. As the evaluation survey shows, the tool was well received by our students,
who identified a number of positive effects, such as time savings. Students also provided
interesting suggestions, some of which have already been implemented, such as the plugin
remembering login details. Our findings suggest that an IDE plugin does improve the
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usability of a project-oriented AAT for small exercises, thus informing the design of future
AATs suitable for mixed learning environments combining PB and EB assessment.

Despite the promising feedback on the plugin’s effectiveness, our study has some
limitations. The small number of survey participants raises concerns about validity, and the
optional nature of the survey could lead to self-selection bias. However, the significant
number of non-adopters among respondents helps mitigate this concern. Additionally,
a student survey alone may not fully capture the plugin’s educational impact. Future re-
search should include direct classroom observations and long-term academic performance
analysis to provide a more thorough assessment of the plugin’s pedagogical value.

We are currently integrating the plugin with OpenAl’s GPT [29] to allow students
to promptly get help with their assignments without leaving their IDE [30]. The plugin
will also collect usage interaction data, with student consent. We plan to harvest these
data with the goal of preparing, curating, and publishing a dataset that will allow the
computer science education community to study these interactions between students and
large language models.
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The following abbreviations are used in this manuscript:

AAT  Automatic Assessment Tool

API Application Programming Interface
CSV  Comma-separated Values

DP Drop Project

EB Exercise-based

IDE Integrated Development Environment
JVM  Java Virtual Machine

PB Project-based

REST  Representational State Transfer
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