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Preface

The 7th International Computer Programming Education Conference (ICPEC
2026) was held on June 11 and 12 at the Information Systems Department, University
of Minho’s School of Engineering in Guimaraes, Portugal. Ever since it started, ICPEC
has been a go-to spot for teachers, researchers, and experts passionate about improving
programming education. This seventh edition kept that tradition alive, bringing together a
global community to chat about new ways of teaching, the latest tech, and proven methods
for teaching code in today’s connected world. This year’s theme, “The Next Chapter of
LeArnIng” really captured the big shifts happening in education right now.

The rapid emergence of Generative Artificial Intelligence, immersive technologies, and
intelligent educational systems is transforming how students learn and how educators teach.
These developments raise important questions regarding assessment, academic integrity,
critical thinking, and the evolving role of educators in an increasingly Al-driven educational
landscape.

To foster discussion around these challenges, the conference hosted a roundtable dis-
cussion in collaboration with the EPIC Project (Pedagogical Excellence and Innovation in
Co-creation), bringing together experts from academia and industry to reflect on the future
of learning and programming education. Complementing this discussion, the conference
featured the hands-on workshop “From Prompt to Practice: Integrating Generative Al
into Higher Education”, which enabled participants to explore contemporary Al tools and
critically examine both their potential benefits and the challenges of adopting them in higher
education.

The scientific programme featured seventeen peer-reviewed papers, together with a
poster and demonstration session. The accepted contributions were organised into three
thematic tracks: Teaching Strategies and Pedagogical Approaches, Emerging Technologies
and Innovation, and Engagement, Accessibility and Immersive Learning.

The Teaching Strategies and Pedagogical Approaches track explored innovative
methods to improve programming education, including Montessori-inspired approaches to
introducing programming concepts, gamified learning experiences, competitive programming,
competency-based assessment, personalised learning strategies, alternative grading models,
and frameworks for studying and evaluating programming education practices. Contributions
also examined the role of digital educational resources and the challenges and opportunities
created by Artificial Intelligence in contemporary programming education.

The Emerging Technologies and Innovation track focused on intelligent educational
systems and novel technological solutions to support teaching and learning. Topics included
program comprehension assessment, Generative Artificial Intelligence for intelligent tutoring
systems, learning analytics and early intervention platforms for identifying students at risk of
academic failure, and collaborative platforms that foster interaction and engagement among
programming students.

The Engagement, Accessibility and Immersive Learning track highlighted innovat-
ive approaches to learner motivation, participation, and experiential learning. Contributions
addressed serious game-based cybersecurity training, the integration of Generative Artifi-
cial Intelligence and gamification into learning management systems, and the design and
validation of mixed-reality environments for professional training.
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Preface

The poster and demonstration session complemented the main programme by providing
opportunities for interactive discussion of emerging educational platforms and innovative
classroom support tools, from the perspectives of students and researchers.

Across all contributions, recurring themes included Artificial Intelligence in education,
gamification, adaptive learning, learning analytics, immersive technologies, competency-based
assessment, and innovative pedagogical strategies for developing programming knowledge
and computational thinking skills. Together, these works reflect the growing diversity and
maturity of research in computer programming education and demonstrate the community’s
commitment to improving teaching and learning in an increasingly technology-driven world.

A high-quality event like this does not happen without a lot of hard work. We want to
say a huge thank you to all the authors, our dedicated reviewers on the Program Committee,
the session chairs, our speakers, and everyone who attended and joined the conversation. We
also really appreciate the local team at the University of Minho for their on-the-ground help.
Finally, thanks to OASIcs for their help in publishing these proceedings and ensuring this
research reaches people all over the world.

As technology continues to change education, keeping our teaching human-centred and
ethical is more important than ever. ICPEC remains dedicated to helping educators collab-
orate and innovate, ensuring students don’t just learn to write code but also to solve tough
problems and shape the future of technology responsibly.

Guimaraes, June 2026

Filipe Portela, Luis Matos and Tiago Guimaraes
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Summative Assessment of Program Comprehension
in CS1 with Questions About Learners’ Code

Afonso B. Canico &

ISTAR, Instituto Universitario de Lisboa (ISCTE-IUL), Portugal
André L. Santos &

ISTAR, Instituto Universitario de Lisboa (ISCTE-IUL), Portugal

—— Abstract

Questions about Learners’ Code (QLCs) assess to what extent learners understand their own code
through personalized questions that target previously written code. We conducted an experiment
involving 18 students of an Introductory Programming (CS1) course taught in Java, comparing the
scores of their midterm test based on code-writing questions with the scores of a multiple-choice
test based on QLCs. The questions targeted student code submitted throughout the semester in an
automated assessment system. Regression analysis shows a strong association between the scores of
both tests, suggesting comparable discriminatory power. Participants generally reacted positively
and recognised the benefits of this kind of assessment. Our results suggest that QLC tests may serve
as a valid complement for CS1 summative assessment targeting program comprehension.
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1 Introduction

Traditionally, introductory programming students are tasked with assignments focusing on
writing programs that produce specific outputs. However, students hold misconceptions [26],
and struggle to explain their own code even when they have successfully completed an
assignment [13], indicating that completion does not necessarily imply comprehension.

Given that a learner’s ability to produce working code does not imply full understanding
of the underlying concepts, student efficacy is affected, as programming students tend to
perform better when they work towards mastering assignments’ underlying concepts [33].
Code-reading skills are an important prerequisite for problem-solving [19].

Students may overlook the importance of not only producing a working program, but
also understanding its underlying concepts [16]. Moreover, the emergence of Large Language
Models (LLMs) — capable of generating working solutions to most introductory programming
problems [6, 7, 29] — introduces a new paradigm for students, who may overrely on LLMs for
completing assignments. When doing so, students effectively bypass the struggle involved in
the solving programming problems. Prather et al. [25] found that unconstrained use of LLMs
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may be counter-productive to lower-performing students, creating an illusion of competence.
We believe that educational tools to foster and assess deep understanding of programs may
play a role in counteracting misleading perceptions of self-efficacy in learners.

Computing courses usually employ a mixture of theoretical and practical elements,
namely practical assignments accompanied by written examinations [3]. When these include
Multiple-Choice Questions (MCQs), concerns include the possibility of plagiarism or academic
dishonesty [3], and the need for automated assessment [24], even more so in large-scale courses.

Questions about Learners’ Code (QLCs) [14] were proposed as a form of assessing program
comprehension skills. In this approach, questions (and possibly multiple-choice options for it)
are formulated against a learner’s own code structure and behaviour. Several contributions
have been made in automating this process for different languages used in introductory
programming courses (e.g., Java [28], Python [15], JavaScript [12]).

We explore whether QLC tests are a valid addition to a programming course’s assessment
process. We hypothesise that these tests can work alongside code-writing (i.e., writing
functions to perform specific tasks) tests to facilitate the summative assessment of students’
program comprehension skills. Further, since QLCs are personalised by each student’s code,
the possibility of cheating (e.g., copying from peers) is reduced because it is unlikely that
the exact same QLC will be generated for different students. While prior work has explored
QLCs in a formative context (e.g., [12, 14, 15]), we aim to assess whether QLC tests can serve
as an augmentation to the summative assessment practices of CS1 courses. To this effect, we
investigate the relation between students’ performance in a code-writing pen-and-paper test,
and a personalised test composed of QLCs generated from the students’ own code submitted
during the first 6 weeks of a CS1 course taught in Java. We address the following research
questions:

RQ 1. How do QLC test scores relate to those of code-writing tests?
RQ 2. What are students’ perceptions on summative assessment using QLCs?

We conducted a study comparing student performance on a written midterm test and
a QLC test among 18 first-time enrollees in the Introductory Programming (CS1) course
at our institution. The results revealed a statistically significant relation between the two
sets of scores, suggesting that QLC-based assessment scores align with those of code-writing
assessment. Since both types of assessment measure different, yet related, skills (code-writing
vs. code comprehension ability), employing both could offer a more thorough assessment
practice in introductory programming. The strong relation between the scores of both
assessment types suggests comparable discriminatory power. A post-test survey indicated
that students held a positive perception of the QLC test, recognising its usefulness as an
assessment and self-learning tool.

2 Related Work

Traditionally, programming courses focus on teaching a programming language through
a writing-focused approach, that is, students are encouraged to learn the constructs of
a programming language through writing programs. However, completing assignments
has been shown to not necessarily contribute to students’ comprehension of underlying
concepts [10, 20], and students may struggle to explain their own code even when they
were successful in constructing working programs [13]. Successfully completing assignments
without developing an understanding of the underlying concepts is defined by Kapur [9] as
“unproductive success”, for which there exists extensive research in the context of introductory
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programming (e.g., [10, 11, 13, 27]). Comprehension-first teaching methods, where code
reading and tracing activities precede code writing, have been demonstrated to be more
effective in fostering deep understanding (e.g., Xie et al. [32]). Several studies have observed
the relation between code reading and writing ability (e.g., [17, 18, 31]). Nurollahian et al.
find that code comprehension ability is predictive of code-writing success [23].

Questions about Learners’ Code (QLCs) consist of questions regarding constructs, patterns,
or behaviour of code written by the learner [14]. QLCs typically have single or multiple-
choice answers, which are easily evaluated automatically. QLCs may be generated from a
combination of static program analysis (e.g., which constructs are employed) and dynamic
analysis (e.g., code behaviour during execution). Dynamic QLCs usually target code tracing
skills (e.g., “which values does this variable take during the program’s execution?”), which
have been shown by earlier studies (e.g., [4, 17, 18, 19, 31, 32]) to be deeply related to
program comprehension and code writing skills.

Lehtinen et al. explored the correlation between students successfully submitting JavaS-
cript code assignments and their understanding of the underlying concepts [13]. They found
that finishing an assignment does not imply that the student understands the code they
wrote or its underlying concepts, nor does it guarantee the absence of misconceptions the
student might have about those concepts. The authors found that a third of students
struggled to explain their own code even when they succeeded in finishing the corresponding
assignments. A similar study found that students who tend to answer QLCs about their
own code incorrectly have a higher tendency to drop out and more difficulty in writing
programs [12]. These results might hint, as in the work of Nelson et al. [21], that students
who struggle with program reading might also struggle with program writing. Students who
incorrectly answered QLCs about their Python code tended to have weaker prerequisite
knowledge [15].

Jask is a QLC generation system for Java code, where users submit code snippets from
which static and dynamic QLCs are automatically generated [28]. In a preliminary study,
their authors found that students tend to correctly answer QLCs addressing static aspects, yet
may struggle when answering those related to program dynamics, revealing some difficulty in
reasoning about their programs’ execution. Further, students tend to react positively to the
QLCs, particularly for autonomous learning purposes (e.g., for consolidating terminology).

A recent systematic review by Nurollahian et al. [22] found that most approaches for
assessing student code structure focus on finding errors using automated tools, which may
not capture skills such as program comprehension. Their study calls for novel assessment
methods that capture such skills. QLCs, which target program comprehension, may provide
an opportunity to complement existing CS1 assessment practices.

3 Background: Generating Questions about Learners’ Code

QLCs are generated from templates, which represent questions that have not yet been
generated from concrete code constructs. Conceptually, the generation of concrete QLCs may
be thought of as using code constructs (e.g., types and identifiers) or behaviour (e.g., number
of loop iterations, number of variable assignments) to “fill in the blanks” in a template. This
may only occur if the targeted code is applicable to the corresponding type of QLC. For
example, a QLC template targeting loop behaviour is only applicable to code which contains
at least one loop structure. Figure 1 presents an example visualisation of a QLC template
targeting variable tracing. A concrete QLC is generated by using student code to assign
names and values to v, u, and f(args).

1:3
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Which is the sequence of values taken by the variable v during the call f(args)?
X wv,ve,... v, V

O wvo,vg,...,0, X

O v,v9,...,0p-1 X

O wuy,ug,...,u, X

Figure 1 Example template structure for QLCs targeting variable tracing (dynamic).

Typically, QLCs contain one correct option and three distractors generated from student
code. Whenever possible, these distractors are based on known introductory programming
misconceptions such as boundary errors (e.g., off-by-one, as in the second and third options
in Figure 1). If there is not enough data to generate distractors targeting misconceptions,
options may be generated from other code constructs (e.g., values from another variable, as
in the last option in Figure 1). For assignments of low complexity or those where enough
data cannot be collected, broader options may be included (e.g., “none of the above”).
Figure 2 presents an example QLC generated from this template, where f is materialised
with countDivisors, while v and u are bound to its local variables n and d, respectively.
The code used to generate QLCs for the purpose of our study is available as a standalone
library!.

4 Context

Our approach involves the automated generation of programming tests consisting of QLCs
targeting student code previously submitted in assignments. Hence, applying it in a large-
scale course requires an Automated Assessment System (AAS), or some form of collecting the
students’ solutions in a structured format. Figure 3 presents concepts related to AASs (grey
container). Although different systems may have variations, we describe general concepts
that fit most AAS realisations. A course holds several code assignments. Each assignment
has several test cases, which associate arguments (inputs) to ezpected results, and define one
(or more) reference solutions that meet its requirements. Students are enrolled in the course
and perform submissions to each assignment. Each submission holds the student solution,
which is marked with a score.

The remaining elements of Figure 3 relate to our approach. A QLC test specification is
defined against the course exercises, holding several items that address a QLC of a certain
type. Each item is associated to one or more assignments, meaning that an individual QLC
will target the code that a student submitted to those assignments. A QLC test for a specific
student is an instance of the test specification, comprising questions derived from their code.
Figure 2 consists of an example of a QLC generated from a student’s code.

Since different students have written different solutions to the assignments, the generated
QLCs addressing that assignment will be slightly different with respect to: (a) formulation,
because they refer to particular identifiers of the student solution; and (b) options, because
the answers depend on the code structure and/or behaviour. Additionally, course instructors
may define that a question will target a random assignment of a predefined set (e.g., with
similar characteristics). This allows for more variability in the set of individual test QLCs.

1 https://github.com/ambco-iscte/jask
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Which is the sequence of values taken by the variable n during the function call

countDivisors(7)?

static int countDivisors (int a) {
int n = 1;
int d = 0;

while (n <= a) {
if (a % n == 0)
d =d + 1;
n =n + 1;
}
return d;
}
0 2, 3, 4,5,6,7,8 X
O o, 1, 2 X
X 1, 2, 3, 4,5, 6, 7,8 V
01, 2, 3, 4, 5, 6, 7 X

Figure 2 A concrete QLC that materialises the template of Figure 1. This example was taken

from a participant’s test generated for the study (translated to English).

Automated Assessment System

*

Course H Student 9

t 1
: !
{ 1
] 1
i 1
i 1
: :
i 1
] 1
‘ ¢ :
! 1
: * :
! 1
' * i * |
! 1.. Assignment 1 i
; Submission :
i 1
i score : number !
i 1
: 1 :
| * 1
i 1. |
i 1 1 1
i Test Case '
] Solution !
] arguments : any [ ] - i
! expected : any source : string |
] 1
' ;
targets
L] ltem 1 materializes Question
- QLC type text : string
1.7 1.>
o *
QLC Test Option
ificati QLCTest | |
Specification fext : string
correct : boolean

4 |

instance of

Figure 3 QLC integration within an Automated Assessment System. A test specification consists
of a mapping between QLC templates and assignments. A concrete QLC test materialises a test

specification using constructs from each student’s code.
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We introduce further variability by randomly selecting inputs from the test cases. The
available inputs from tests cases, defined with meaningful values and addressing edge cases,
are crucial for deriving proper dynamic QLCs that make sense for each assignment. Having
a purely randomised form of generating program arguments is not adequate to address a
set of assignments, as it is impossible to simultaneously guarantee that each assignment’s
constraints (e.g., input array must be ordered) are verified.

5 Methods

We conducted a study with first-time CS1 students at our institution. The course is taught
using Java, and students are required to take a midterm test after the first 6 weeks of the
course. The midterm test targets the following concepts: functions; expressions; variables;
control structures; arrays; references; and procedures (side-effects). The midterm test is
hand-written (pen-and-paper) and consists of questions where students write relatively small
Java functions (approximately 5-15 lines of code), either by solving a problem from scratch
for a set of requirements, or writing a function conforming to a given signature.

Students must complete coding assignments throughout the semester. These assignments
target the same concepts as the midterm, and similarly consist in writing functions to fulfill
given requirements. Code solutions to these assignments are similar in length (mean of 12
lines of code, SD = 11) to solutions to questions in the midterm. The QLCs generated for
the study targeted these assignments.

5.1 Participants

Eighteen (18) students took part in the study. Regarding gender (self-reported), 16 parti-
cipants (89%) identified as male, and the remaining two (11%) as female. Their ages ranged
between 18 and 50. All the participants were enrolled for the first time in the course, but their
major and previous experience differed. Most participants (14) were majoring in Computer
Science and Engineering. Half of these were enrolled in the evening study program, whose
student profile consists of people who have a full-time job during the day. The remaining
participants were majoring in Information Systems.

The data collected for our study consisted in participants’ code submissions, course
midterm score, and answers to the QLC tests. Student IDs were used internally to match
the different data to enable analysis, but these IDs were not stored in the resulting dataset.
The data is not published nor does the paper make any mentions of identifiable student
data. As per our institution’s guidelines, all participants were informed of this through an
informed consent form which was presented before the study. Additionally, the participants
were informed that they could opt out of the study at any moment without repercussions.
All 18 participants agreed to take part in the study and gave their informed consent through
the signed form.

5.2 Study Sessions

The study was administered within a time frame of one week, and occurred two weeks after
the participants had taken their midterm test. The one-week time frame resulted from an
inability to schedule a single session which all participants could attend simultaneously.
We designed a sequence of QLC items that covered the course’s assignments, and generated
a personalised test for each of the participants from this specification and their respective
submissions. When a participant had no submission to an assignment referenced in the test
specification, we used the reference solution held in the AAS to generate the QLC.
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Table 1 QLC types employed in the test. QLC types tagged with a checkmark symbol (v') target
static program aspects. Wrong measurements consider both incorrect and blank answers.

QLC Type Template Total ‘Wrong

HowManyVariableAssigns How many times is the variable v 18 (1/test) 11 (62%)
assigned when calling f(args)?

HowManyFunctionCalls How many calls to f2 are performed 18 (1/test) 7 (39%)
when calling f1(args)?

WhichVariableValues Which are the values taken by the 36 (2/test) 13 (36%)
variable v when calling f(args)?

HowManyArrayReads How many array position reads are 18 (1/test) 5 (28%)
performed when calling f(args)?

HowManyLoopIterations When calling f(args), how many 54 (3/test) 14 (26%)
iterations does the loop perform?

HowManyArrayWrites How many array position writes are 36 (2/test) 7 (19%)
performed when calling f(args)?

WhichParameters v/ Which are the parameter names of 18 (1/test) 2 (11%)
the function f?

WhichReturnType v/ What is the return type of the 18 (1/test) 1 (6%)
function f7

WhatIsResult What is the value returned by the 18 (1/test) 1 (6%)

function call f(args)?

HowManyParams v/ How many parameters does the f 18 (1/test) O
function take?

WhichVariableHoldsReturn v Which variable holds the result of 18 (1/test) O
the function f?

270 61 (23%)

The participants were brought to a room with their personal laptops, which they used to
conduct the test. The session started by having all participants read and sign the informed

consent form. The participants were then informed about how the test would be conducted.

Participants could ask clarifying questions whenever they considered that the formulation of
the questions was not sufficiently clear. However, they could not pose questions regarding
concepts that were addressed in the test (e.g., how loops work).

The tests consisted of 15 QLCs, each with one correct option out of four generated from
the participants’ code submissions. The type and number of the QLCs included in the test
are presented in Table 1. All QLCs contributed 1 point towards the final score. Incorrect
answers subtracted 0.25 points, and blank answers were scored with 0 points.

Participants were given 30 minutes to solve the test, whose questions were written in the
teaching language of the course, employing the terminology adopted in its materials. As

in the proctored midterm, the QLC test was closed-book and LLM usage was not allowed.

Figure 2 presents a translated example of a QLC used in a participant’s test. When each
participant finished the test, or when the 30 minutes had passed, they were instructed to
submit their responses, and were then shown their percentage score and the solutions.

To debrief, participants were given feedback regarding any questions they might have
had regarding the questions present in their test. Finally, the participants were sent a survey
in which they could express their perceptions regarding the QLC test.

1:7
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5.3 Data Analysis

We employed linear regression to analyse the association between the QLC test and midterm
scores, controlling for average code submission score and length (lines of code), and for
whether the student is enrolled in the afternoon or evening study program (binary variable).
The post-test survey answers were labeled through an inductive coding by one of the authors.

6 Results

)

Table 1 summarises the QLCs covered in the test. Approximately 23% of participants
answers were incorrect (58) or blank (3). Approximately 3% of QLCs used reference solutions
due to students not having any correct submissions for the corresponding assignment.

6.1 QLC Test Results (RQ 1)

Figure 4a presents the scores (%) obtained by each participant in the QLC test in relation
to their corresponding scores in the midterm test. The scores have a strong and significant
correlation (Pearson r ~ 0.784, p < 0.001). The set of participants’ scores exhibit nearly
identical means and medians in the midterm and QLC tests, as depicted in Figure 4b. In
particular, the difference in means is not significant (¢-test, p = 0.747). However, there is a
moderate and significant difference between the means of all course enrollees’ midterm scores
and those of the participants (¢-test, p = 0.036, Cohen’s d = 0.51).

1.00 » 10 T 1.0 — 10
v N -
Median = 0.76 Median = 0.75
0.75 v vy e
v Median = 0.61 Avg. ~ 0.698
QLC v -
i Avg. =~ 0.566
Test (%) 0.50 v 1 042
v v
— 1 o028
0.25
Afternoon — 1 00
- v Evening Midterm Midterm QLC Test
000 025 050 075 100 (Enrolled) (Participants)  (Participants)
Midterm Test (%) n = 389 n =18 n =18
(a) Relation of midterm and QLC test scores. (b) Score distributions per student group.

Figure 4 Relation between participants’ midterm and QLC test scores.

Regression analysis shows midterm test scores along with average submission scores and
lengths account for 74% of the variance in QLC test scores (R? = 0.74, adj. R? = 0.66).
The intercept is not significant (8 = —0.460, p = 0.44), nor are the coefficients for average
submission score (8 = 1.08, p = 0.076) or lines of code (8 = —0.232, p = 0.463). The midterm
test score displayed a strong and significant relation with the QLC test score (8 = 0.601,
p < 0.001). The coefficient for the student enrollment type (afternoon vs. evening program)
was not significant (8 = —0.043, p = 0.445). The coefficients represent percentages. Hence,
for instance, the midterm score coefficient signals that students who score 10 percent points
higher on their midterm would score 6 percent points higher on the QLC test.

QLC test scores along with submission scores and lengths offer comparable explanatory
power of midterm scores (R? = 0.7, adj. R? = 0.61). The coefficient for QLC test score was
positive and significant (5 = 1.123, p < 0.001). The coeflicients represent percentages scaled
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to [0, 1], and so the interpretation of this coefficient is that students scoring 10 percent points
higher on the QLC test would score 11 percent points higher in the midterm. The remaining
coeflicients were not significant (p > 0.1).

6.2 Post-Test Survey (RQ 2)

The survey sent to each participant after the study consisted in the following questions:
Were the questions’ statements understandable? (1: Weak, 5: Very Good);

Could you recognise the code in each question as your own? (1: Never, 5: Always);
How would you rate the duration of the test? 1: Too Short, 5: Too Long);

Did taking the test cause any feelings of stress, anxiety, etc.? (1: None, 5: Many);
Was taking the test beneficial for your learning process? How so? (Open-Ended);
Were there negative aspects? (Open-Ended);

What could have gone better? (Open-Ended);

Is there anything else you’d like to say? (Open-Ended).

PN RN

The answers to questions Q1-Q4 are summarised in Figure 5. All participants answered
Q1 positively, indicating QLCs were easily understood. For Q2, most participants were able
to recognise the code in each QLCs as their own. Some participants not recognising their
code may simply indicate difficulty in recalling what they submitted for earlier assignments.
The answers to Q3 indicate that the 30-minute duration for 15 multiple-choice QLCs was
largely adequate. The answers to Q4 indicate that taking the QLC test did not elicit negative
emotions in general, with only two participants answering neutrally or negatively.

Q1
Q2
Q3

20 10 0 10 20

s ] NN 2 w3 | i N 5

Figure 5 Post-test survey answers (Q1-Q4).

Table 2 Benefits of the QLC test perceived by the participants.

The test helped to... # of Participants

Reveal Weak Points 10 (55.6%)
Consolidate Knowledge 9 (50%)
Increase Motivation 3 (16.7%)

The positive aspects mentioned by the participants (Q5) are summarised in Table 2.
Students particularly highlighted the benefit of QLC tests for consolidating knowledge and
revealing weak points in their knowledge. One participant mentioned the benefit of each
QLC focusing on a particular concept, and immediate feedback as a motivating factor.

ICPEC 2026
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Regarding Q6 and Q7, only two participants mentioned negative aspects. One participant
stated that the test elicited feelings of demotivation, as their performance challenged a mis-
leading perception of competence. Another participant mentioned they would have benefited
from having more time to take the test. In Q8, one participant suggested implementing QLC
tests throughout the semester, to help consolidate concepts as they are introduced.

7 Discussion

The relatively higher failure rates on QLCs targeting program tracing confirms the results
of previous studies [12, 28]. Our results additionally agree with previous observations that
exercise completion does not necessarily imply comprehension [13].

Ensuring that tests are generated with enough variability is relevant for large-scale courses,
as it may lower the chance of plagiarism. As with all multiple-choice questions, QLCs are
prone to random guessing. We believe negative marking should be an adequate deterrent.

One of the main difficulties in automating QLCs is obtaining meaningful distractors that
make sense for each question. Useful distractors are those that relate to misconceptions [26, 5],
as answering QLCs may help to reveal them. Purely random generation is not adequate,
as different question types or even different pieces of code for the same question might not
make sense for the same types of distractors.

7.1 QLC and Midterm Test Performance Is Similar (RQ 1)

Program writing and comprehension skills are deeply correlated (see, e.g., [4, 17, 18, 19, 23,
31, 32]), and it is thus unsurprising that students who do well on code-writing assessment
would do well on program comprehension questions. Nevertheless, we believe QLC tests
present an opportunity to extend the summative assessment practices of CS1 courses beyond
traditional approaches. The benefits would be twofold: (1) students are evaluated on their
understanding of their own code, which may foster higher engagement in assignments; and
(2) instructors automate the generation (and possibly evaluation) of QLC tests in large-scale
courses, enabling an augmentation of existing assessment practices at scale with relatively low
effort. Further, as the strong correlation of the QLC test and the midterm test scores suggests
similar discriminatory power of student ability, our results suggest that QLCs may be used
to augment existing summative practices to include assessment of program comprehension
ability with discriminatory power similar to that of code-writing exams.

The strong relation between the scores of both assessment types is further strengthened by
each being the only significant predictor in the other’s regression model. The non-significance
of the coefficients for submission scores and length (measured in lines of code) may indicate
that the complexity and size of the submitted code do not retain their explanatory power
of either assessment type’s scores after controlling for the other’s. This may suggest that
unfairness in QLCs from students producing code of differing complexity is not a significant
concern, but there are no guarantees as to how prominent this would be in a larger sample.
Since the coefficient of enrollment type (afternoon vs. evening) was non-significant in both
models, there should be no significant differences between students in both programs.

7.2 Students Have a Positive Perception of QLC-Based Tests (RQ 2)

Over half of the participants highlighted their perceived usefulness of the QLC test as a means
to reveal their weak points, while half mentioned an opportunity to consolidate knowledge,
which agrees with the observations of a prior study [28]. Our results suggest that students
perceive QLCs as useful in formative and summative contexts, and could thus be used to
improve student learning and assessment throughout introductory programming courses.
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One study participant mentioned feeling demotivated after the QLC tests, as their
performance challenged their previous (misleading) perception of self-efficacy (“I realised I
have many weak points”). While the participant may have felt demotivated in the moment,
breaking this illusion of competence provides an opportunity to improve by guiding their
learning process. Misconceptions remaining “hidden” would have been harmful, both for the
participant’s performance in the course and the quality of their learning. Practicing with
QLC tests before the course’s final summative assessment may be beneficial in this regard.

7.3 Threats to Validity

The main limitation of our study is the small sample size. There is no guarantee that our
results are generalisable to other contexts or institutions, or even to the overall CS1 student
population in our institution. Further, there is a risk of selection bias, since students with
higher self-efficacy may be more likely to participate in such studies. Our dataset showed a
statistically significant and moderate difference between the average midterm scores of all
course enrollees and study participants, suggesting the sample employed in our study is not
representative of the broader student cohort.

Ideally, all participants would take the test simultaneously and under the same conditions.
Our study was conducted over the course of one week. Thus, we cannot guarantee that
participants who took the test later did not have an advantage from having more time to
study the course materials. However, there is no apparent reason for this limitation to have
significantly affected the results. Furthermore, given that the QLC tests were not equal (due
to the randomness in the generation), it is unlikely that the earlier participants could have
“leaked” any useful information regarding the questions to the following participants. There
was no incentive to cheat in the study, as there was no reward related to performance.

Cheating can happen in formative contexts, and there is no guarantee that QLC success
is indicative of high program comprehension — students who cheat on their assignments (e.g.,
by using external tools such as generative AI) may also do so on the corresponding QLCs.
Usage of QLCs in summative assessment could minimise this through proctoring, for instance
by having the QLC assessment coincide with the proctored written exam.

While we believe our approach should be scalable to large-scale courses, we cannot infer
this from the small sample employed in our study. Summative assessment using QLCs may
require extra resources, such as longer exam time and lecturers to proctor it. Formative
usage of QLCs could be automated through integration in an assessment system.

While we intended to generate QLC distractors based on common student misconceptions,
we did not conduct an analysis into the questions’ and options’ pedagogical quality. None of
the study participants raised concerns regarding question interpretability, but future work
could address this limitation by conducting an analysis of QLCs’ quality as assessment items.

8 Conclusions and Future Work

Regression analysis of the participants’ performance in QLC tests targeting program compre-
hension was strongly correlated to their performance in a pen-and-paper code-writing test,
hinting at a strong relationship between program writing ability and program comprehension
skills and comparable discriminatory power between the two forms of assessment. The results
of our study suggest that QLC tests may serve as adequate augmentations of CS1 summative
assessment practices, providing an opportunity to assess program comprehension.

1:11

ICPEC 2026



1:12

Summative Assessment of Program Comprehension in CS1 with QLCs

The scope of the QLCs used in the study was limited, covering only 11 types of QLCs.
We envision QLC tests to include, for example, questions targeting program repair and
debugging. Further, we aim to explore the feasibility of open-ended QLCs as opposed to
multiple-choice. The main difficulty in this regard would be the analysis of the answers,
which may require a manual or Al-based approach. Further, students could benefit from
automated feedback on their answers, eliciting potential misconceptions.

Currently, QLCs are graded dichotomously — full marks for correct answers, or none/neg-
ative for incorrect answers. In the future, we may implement partial credit in QLCs, for
example by requiring students to provide open-ended justifications for their answers [2, §].
Care must be taken to ensure this does not hinder automated grading in large-scale courses.

The test was well received by the participants, who highlighted its usefulness in consolid-
ating knowledge and revealing weak points. Automation of QLC tests through integration
in an assessment system could allow usage in formative contexts. We believe employing
QLCs within both formative and summative assessment practices in CS1 courses can be an
adequate augmentation towards fostering students’ program comprehension skills.

Beyond summative assessment, QLC practice tests may be useful for providing formative
feedback [30], as not scoring well on QLCs would point out weaknesses that would likely get
revealed on summative feedback. Further, integrating QLCs into an automated assessment
system (e.g., as outlined in Section 4) could enable their application after assignment
completion, or periodically (e.g., weekly test), providing a formative activity where students
check the comprehension of their own code. The activity is lightweight, as it should not
require students to dedicate significant additional time. From our study, we conclude that
1-2 minutes may suffice to introduce a QLC targeting a specific assignment.
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—— Abstract

The research described in this paper explores the integration of Generative Artificial Intelligence
(GenAl) into Intelligent Tutoring Systems (ITS) with the aim of improving programming education.
Specifically, it extends Agni, a web-based programming learning platform, by automating the
construction of key ITS components that are traditionally built manually. The methodology
leverages Large Language Models (LLMs) to extract programming concepts from educational
materials, map their relationships via concept graphs and diagnose specific student knowledge
gaps. Additionally, GenAl provides real-time, contextual feedback during programming exercises,
mimicking the personalized support typically offered by a human tutor. The work evaluates whether
GenAl can effectively replace or augment the manual creation of domain models while preserving
the pedagogical benefits of ITS. The obtained results suggest the potential of combining AI with
ITS to improve scalability and reduce manual workload.
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1 Introduction

Programming is an important skill in modern society, with strong demand across industries.
Despite this demand, learning to program remains challenging for beginners. Research shows
that while novices can understand individual programming concepts, they often struggle to
combine them into coherent programs. Because of this, effective programming education
relies heavily on practice supported by good feedback from tutors.

Intelligent Tutoring Systems have traditionally addressed this need by providing adaptive
feedback and personalized instruction. However, a major limitation of classical ITS lies in
their reliance on manually engineered components, such as concept graphs. Constructing
these components requires significant effort from tutors and does not scale well across different
subjects.

Recent advances in GenAl, particularly LLMs, created new capabilities like producing
new content, with natural language input, by learning from large datasets, this provides a
new opportunity to automatically generate the key components of an ITS. Thus, the research
question that drove this work was the following: Can an LLM replace a human tutor
in the repetitive and labor intensive tasks required by ITS?
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This research question led to the goal of extending Agni to support ITS. Agni is a
web-based playground to learn programming [3]. By automating the construction of ITS
components, this approach aims to reduce the manual effort required, improving scalability
while preserving the pedagogical effectiveness of ITS. This way, educators could more easily
adopt ITS in real educational environments, making it more scalable.

The main objectives of this work are:

Automatic Concept Extraction: Develop methods to extract the taught programming con-
cepts from educational materials using GenAl.

Concept Graph Generation: Use GenAl to construct structured representations of know-
ledge (concept graphs) that capture dependencies between programming concepts.

Failed Concepts Diagnosis: Find which programming concepts the student failed on an
exercise by using GenAl.

Feedback: Provide contextualized feedback during an exercise attempt to the student, with
the use of GenAl.

The paper is structured into several sections. Section 2 reviews the state of the art,
focusing on ITS and the use of GenAl in programming education. Section 3 describes the
system design, including the underlying tools and integration of Al components. Section 4
presents the validation methodology and discusses the obtained results. Finally, Section 5
concludes the paper by summarizing the main contributions and outlining possible directions
for future work.

The goal of the validation process is not to evaluate the effectiveness of ITS themselves,
as they have already been studied in the literature, but rather to assess the quality of the Al
outputs in comparison with human judgment

2 State of the Art

This chapter reviews the current state of research relevant to this work, establishing the
foundation for the proposed research and development. The review focuses on ITS and
their underlying principles, as well as recent advances in Al, particularly the use of LLMs in
programming education.

2.1 Intelligent Tutoring Systems

Intelligent Tutoring Systems (ITS) are systems designed to simulate the one-on-one cognitive
and pedagogical benefits of a human tutor by adapting instruction to the needs, knowledge
state, and learning pace of individual students.

Kurt Vanlehn [17] describes these systems as computer-based instructional environments
that provide immediate, customized instruction and feedback to learners without requiring
human intervention. Comprehensive analyses by Wei Ma et al. [10], and James Kulik and J.
D. Fletcher [8] demonstrate that ITS interventions significantly improve learning outcomes
and knowledge retention when compared to traditional studying from static texts.

Beverly Woolf [19] formalizes the classical ITS architecture as comprising a domain model,
a student model and a tutoring model, often extended with an interface model.

The domain model represents the knowledge and skills to be taught. This is typically
encoded as production rules or knowledge components (KCs), which correspond to skills
required to solve a problem [2]. For example, in programming, KCs might include skills
such as conditional statements or variables. In our work, instead of manually defining KCs,
programming knowledge is represented using programming concepts automatically extracted
from learning materials.
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Knowledge graphs represent learning content as nodes (concepts) connected by directed
edges (prerequisite relationships). For example, a simple concept graph might include nodes
such as variables, functions, recursion, with edges indicating dependencies, such as variables
to functions and functions to recursion.

Traditional ITS required experts to manually construct these KCs, this process is labor-
intensive, domain-specific and difficult to scale. This domain building bottleneck limited the
deployment of adaptive systems [16].

The student model maintains a dynamic representation of the learner’s current knowledge
state. It estimates mastery levels for individual KCs and updates these estimates based
on observed performance. One of the most influential approaches is Bayesian Knowledge
Tracing (BKT), introduced by Albert T. Corbett and John R. Anderson [4].

BKT models the acquisition of individual skills as a hidden Markov process in which each
knowledge component is assumed to be either mastered or not mastered. It is parameterized
by four probabilities: the initial probability of mastery, the probability of learning (transition
from unmastered to mastered) and the probabilities of guessing and slipping, which account for
correct responses despite lack of mastery and incorrect responses despite mastery, respectively.
Based on student interactions, the model updates the probability that a learner has mastered
a given concept. A concept is considered not yet mastered when this probability remains
below a predefined threshold, indicating insufficient evidence of consistent performance.

An alternative approach to student modeling is Deep Knowledge Tracing (DKT), which
uses recurrent neural networks to capture complex learning patterns, while it as shown
effectiveness, it struggles with smaller datasets [20].

In this research, BKT was selected due to being effective in eductional settings with
limited data and its simplicity, serving as a historically validated mechanism for updating
student mastery in ITS.

The tutoring model governs instructional decisions. It selects tasks, generates hints,
determines feedback timing and decides when a learner has achieved sufficient mastery. In
cognitive tutors, this model often relies on mastery thresholds derived from probabilistic
student modeling [2].

Finally, the interface model mediates the interaction between learner and system. The
interface influences cognitive load and learner engagement.

Together, these components form the structural backbone of ITS and remain conceptually
stable despite shifts in underlying computational techniques.

2.2 Generative Al in Programming Education

Generative Artificial Intelligence, particularly LLMs based on transformer architectures [18],
present significant opportunities for programming education. Due to their ability to process
and generate natural language, as well as support active interaction with the user, LLMs are
well-suited for integration into learning environments. However, challenges regarding academic
integrity, bias and hallucinated information remain [1]. As a result, prompting techniques such
as zero-shot, few-shot, and chain-of-thought prompting have become increasingly important
for ensuring the reliability and effectiveness of these systems [15].

Recent literature highlights several uses of GenAl in programming education. One
prominent use is the provision of personalized feedback. LLMs are capable of interpreting
problem statements alongside student submissions to generate contextualized hints. For
instance, Tung Phung et al. [14] reported that while human tutors scored 92.0/100 on
hint utility metrics, GPT-4 still attained a competitive score of 66.0/100. Similarly, Maciej
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Pankiewicz and Ryan Baker [13] demonstrated that LLM-generated feedback for compiler
errors reduced the number of non-compiling submissions, with 81% of students rating the
feedback as useful.

Furthermore, incorporating submission history into feedback generation has been shown to
improve user preference, with students favoring this approach 69% of the time [12]. Another
important application of GenAl is exercise generation. These systems can significantly reduce
instructor workload by automatically generating multiple-choice questions (MCQs) aligned
with specific learning objectives [5]. Moreover, contextualizing programming exercises using
AT has also been shown to yield high-quality problems that increase student engagement
and motivation [6]. LLMs have also demonstrated the ability to generate quizzes for Java
programming courses with a relatively low error rate of approximately 10% [9].

Subhankar Maity and Aniket Deroy [11] highlight possible applications for GenAl in
ITS. These include automated question generation tailored to the learner s current level of
understanding, providing personalized feedback tailored to the specific errors and misconcep-
tions identified and iterative dialog systems to simulate human-like conversations and guide
students through learning complex concepts in a conversational manner.

3 System Design

Agni is a web-based platform designed for learning programming. It consists of a teacher
interface (for content and module management) and a student interface (for accessing
exposition materials and evaluative components like quizzes and coding exercises).

The frontend of the platform was developed with Vue and the backend with Strapi. Vue
is a component based JavaScript framework used for building user interfaces and single-page
applications. While Strapi is an open-source headless content management system (CMS).

Within the context of this work, Agni serves as the core platform where the proposed
features are implemented and evaluated.

STUDENT ® learnJS v0.7.7
-
. STUDENT LASTNAME ] GAMIFICATION
. studenttest@gmail.com Leaderboards, badges and muc
Student Lastname
» @ JavaScript Course Gamification data will appear here
COURSE PROGRESSION p SE—
Status on the course exercises sheets
# Name Solved (%)
SUGGESTIONS
Lessons that work on concepts...
M1:L1 Introduction to JavaScript 100%

° The Dev Environment
M1:L2 The Dev Environment 0%

M1:L3 My First Application 0%

M2:L4 Variables 100%

Rows per page: 10 = 1-4 of 4

Figure 1 Student Interface.
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3.1 Adaptive Learning

To track student knowledge, the system integrates Bayesian Knowledge Tracing (BKT),
enabling a probabilistic representation of student mastery of individual concepts. To support
this, a new ConceptMastery collection was introduced in the data model. This structure
associates each student with a set of probabilities representing their mastery level for each
concept.

Lesson suggestions
Student System LLM

°

[ Navigate to student homepage ]——b[ Get low mastery materials

. Suggest lessons associated with low
Attempt exercise X
mastery materials

f Increase concept mastery
on exercise concepts
7

Successful?
yes

no

Y
Reduce concept mastery on
exercise concepts

v

Get exercise concepts, text and
solution, graph dependencies, student
code

!

From this data, ask LLM for the ]
concepts that the student failed J

A 4

Sugggst lessons assocna_ted with Identify failing concepts
failing concept materials

®

Figure 2 Lesson suggestions activity diagram.

As illustrated in Figure 2, the process begins when a student interacts with the system by
attempting an exercise. Based on the outcome, the system determines whether the attempt
was successful and updates, using BKT, the corresponding student mastery values of the
concepts associated with the exercise through the ITS system. The previous mastery values
of the concepts and the attempt outcome are used in this calculation. A successful attempt
increases the probability of mastery for the concepts associated with the exercise, while
an unsuccessful attempt decreases it. This allows the system to maintain a continuously
updated representation of the student’s knowledge state.

When a student fails to solve an exercise, the system performs a deeper analysis to identify
the underlying causes. It retrieves relevant information, including the concepts associated
with the material, their dependencies within the concept graph, the student’s submitted
code, the problem description and the expected solution. The described information is then
provided to the LLM through a prompt that requests the concepts that likely caused the
student to fail, this identifies the specific concepts the student is struggling with. Having
the list of failed concepts returned by the Al, the system searches and recommends lessons
associated with these concepts through the learning materials.
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In addition, the system is capable of suggesting lessons covering materials for which the
student has low mastery by getting all concept masteries calculated with BKT, checking
which ones are below a defined threshold and finding lessons associated with those concepts
through the Expositives or Evaluatives, illustrated in Figure 1 through the Suggestions panel.
These recommendations are presented through the Agni interface, guiding the student toward
relevant content.

This allows the system to personalize the learning experience by guiding students toward
content that addresses their weaknesses, improving learning efficiency and engagement.

3.2 Concept Extraction

A key component of the system is the automatic extraction of programming concepts from
educational materials. As illustrated in Figure 3, this process involves the teacher, the system
and an LLM. The output generated by the system within Agni can be seen in figure 4.

Concept extraction for material

Teacher System LLM

°

Open expositive or evaluative

|

Click generate concepts button Ask LLM fqr the material concepts, W
send material text and all concepts J

Validate concepts and insert them Generate concepts for the material
into the platform list

Associate the material with the

concepts }

Show the concepts

{Validate (make necessary changes)

the generated concepts

Figure 3 Concept extraction activity diagram.

The workflow begins when the teacher initiates the process by selecting the generate
concepts option within a selected Expositive (material) or Evaluative (exercise) in the Agni
platform.

The system then constructs a structured prompt that includes the material text along
with any existing concepts in Agni and sends this information to the LLM. Based on this
input, a list of concepts that represent the knowledge explicitly covered in the material is
generated. Since the output of this process has high variance, this operation is repeated 5
times and the concepts the appear the majority of the time stay in the final output.

Once the concepts are returned, the system performs a validation step to ensure consistency.
This includes aligning the generated concepts with the existing ones in the platform. The
validated concepts are then used to automatically tag the material, establishing a relationship
between the content and the extracted concepts. The resulting concept list is presented to
the teacher through the Agni interface.
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At this stage, the teacher remains in the loop and can add or remove concepts as
needed, maintaining control over the domain model. This semi-automated approach balances
workload with user control. To support this functionality, the data model was extended with
a new Concept collection.

For example, given a learning resource introducing basic programming, the system may
extract concepts such as variables or functions. These concepts are then associated with the
material and can later be used for tasks such as student modeling and graph generation.

TEACHER ® leanJS v0.7.7

¢ EXPOSITIVE (‘searen D = 00000

Teacher

Lastname 1 TIMELINE
i
x | Jump in the specific topics!

M Home

ADD MILESTONE
2 Student +

& cone CONCEPTS n
L2 Settings Material Concepts

BRANCHING
| | | RA | | O N Variables ) Expressions ©  Conditionals @  Loops @
Input/Output € String Manipulation €

(download slides and .py files AYE follow along!)
6.0001 LECTURE 2

Iz 23 24 >

(B3

Figure 4 Extracted Concepts.

3.3 Concept Graph Generation

Building on the extracted concepts, the system supports the automatic generation of graphs
representing relationships between programming concepts at the course level. As illustrated
in Figure 6, this process involves the teacher, the system and an LLM. The teacher provides
high-level validation, while the LLM assists in identifying and structuring relationships
between concepts.

The workflow is initiated by selecting the generate graph option within a selected course
in the Agni platform. The system first ensures that all course materials are associated with
concepts. For materials that have not yet been tagged, the system queries the LLM to extract
the corresponding concepts using the approach described in Section 3.2.

Once every material in the course has an associated list of concepts, the system constructs
a structured prompt that includes all the course material concepts and the graph rules,
such as output directed edges and use only the provided concepts. Prompt-engineering
techniques are employed, namely few-shot and constraint-based prompting, and a request
to the selected LLM is made, generating a concept graph. The output is a directed graph
in which nodes represent concepts and edges represent prerequisite relationships. This
representation captures dependencies between topics, enabling the system to model the
progression of knowledge.
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® leamJs 1077
9 & COURSE Search ") " o
Teacher
Lastname et
GAMIFICATION
A Home ~ Python 7 Leaderboards,
2 Student » ToE G
2 Content + ADD MODULE
. CONCEPT GRAPH
£ Settings Generated course concepts!
e oces
@ e
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B e
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Figure 5 Generated Graph.

The generated graph is then presented to the teacher through Agni, as shown in Figure 5.
As with concept extraction, the teacher remains in the loop and can make adjustments such
as adding or removing concepts and edges, to ensure control remains with the user.

Strapi was extended with new ConceptGraph and ConceptEdges collections and the ex-
isting Course collection was updated with a conceptGraph field, representing the relationship
to the ConceptGraph.

By automating this process, this system reduces the need for manual building of the
domain model while preserving teacher control. This approach reduces workload and improves
scalability.

Concept graph generation for course
Teacher System LLM

Open course

. Ask LLM for the materials concepts,
Click generate graph button .
send materials text and all concepts

Validate concepts and insert them Generate concepts for each material
into the platform list that is not associated with concepts.

v

Associate the materials with the
concepts

v

Ask LLM for the Concept Graph
using the materials concepts

Validate (make necessary changes)
[ the generated graph Show the graph Generate Concept Graph

Figure 6 Graph generation activity diagram.
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3.4 Feedback Generation

Generative Artificial Intelligence is leveraged to provide feedback during programming
exercises. During an exercise attempt, the system analyzes the student’s code alongside the
problem description and expected solution. This information is provided to the LLM through
a prompt, that includes rules such as providing feedback about only one bug, not providing
the answer or any code and limiting the response to two sentences at most.

The system generates hints that encourage incremental progress without revealing the
answer, as described by the prompt rules.

The generated feedback is delivered through the Agni interface. By integrating feedback
generation, the system enhances the learning experience by providing personalized assistance
that mimics the support of a human tutor.

3.5 Al Application Interfaces

The system integrates multiple AI APIs to support its functionalities. These APIs provide
access to large language models used for concept extraction, feedback generation and other
intelligent features. The integrated APIs are Iaedu, Groq and Gemini.

Taedu! is a service from Fundacdo para a Ciéncia e a Tecnologia (FCT) developed by the
digital services of FCT that aims to provide students, teachers and researchers access to
different large language models; at the time of this work only the GPT-40 model is available
through the API. The main advantage of using Iaedu is the absence of strict usage limits,
making it suitable for applications with high token consumption.

Grog? is a low cost service that contains plenty of GenAl models to choose from. In this
work, the Groq API is used to access language models, specifically a 120-billion-parameter
model (GPT 120B). One of the main advantages of using Groq lies in its optimized inference
performance. The platform is designed to deliver responses significantly faster than traditional
GPU-based solutions The use of the Groq API involves considerations similar to other Al
services, like usage limits

Gemini® is an LLM, developed by Google, designed to support tasks involving natural
language understanding and multimodal reasoning. Using the Gemini API involves costs
associated with the selected model and the volume of data processed, typically measured in
tokens.

The Strapi data model was changed to accommodate these new services. Tutors can
configure their own API keys on each supported API.

4 Validation

The evaluation is a fundamental component of this work, as it aims to assess the effectiveness
and reliability of the proposed GenAl functionalities within the learning environment. It was
conducted through a series of targeted questionnaires using Google Forms, each addressing a
specific component of the system. These components include concept identification, concept
graph generation, failed concept detection and feedback generation.

This section is divided into two parts. First, the methodology subsection describes the
design of the evaluation process, including the questionnaires, participant profiles, and the
metrics used to assess different system components. Second, the results and discussion

! https://iaedu.pt
2 nttps://groq.com
3 https://gemini.google.com
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subsection presents and analyzes the findings obtained from these evaluations, covering
concept identification, concept validation, concept graph validation, failed concept detection,
and feedback rating.

4.1 Methodology

The evaluation methodology was designed to assess the quality of Al-generated outputs by
their alignment with human judgment and the agreement between humans when identifying
concepts. Multiple questionnaires were created, each corresponding to specific system
components. Two of the questionnaires addressed concept identification. A third questionnaire
focused on concept graph validation. The fourth one covered failed concept detection and
feedback generation.

The respondents to the questionnaires consisted of 6 individuals, 4 male and 2 female,
ages ranging from 20 to 30, with backgrounds in computer science and related fields, including
a student enrolled in the Master in Computer Science Program of FCUP, one enrolled in
the Master in Information Security Program of FCUP, another enrolled in the Master in
Artificial Intelligence Program of FCUP and FEUP, a researcher at INESC TEC with a
Master’s degree in Computer Science from FCUP, a student in the Informatics Engineering
Degree at ISTEC, and a software developer holding a degree in Informatics Engineering from
ISEP.

Inter-annotator agreement is the degree to which different individuals provide consistent
judgments when evaluating the same data. It was measured for concept identification and
concept validation using Gwet’s AC1 metric [7]. The computations were performed using the
irrCAC library in Python. Gwet’s AC1 produces a coefficient ranging from -1 to 1, where
higher values indicate stronger agreement among annotators. A value of 1 represents perfect
agreement, 0 indicates random chance agreement and -1 represents perfect disagreement. Also,
for concept graph edges and concepts validation, the mean of the responses was measured to
calculate how much the participants agree with the AI generated structures on average.

In the concept identification task, participants and the three AT APIs were asked to
analyze two selected programming learning materials and manually extract the concepts
being taught. The two materials are from a Python course?, the first has the title “Branching,
Iteration” and the second is titled “Tuples, Lists, Aliasing, Mutability, Cloning”.

Subsequently, a second questionnaire was constructed by aggregating all concepts identified
by the participants and the ones Gemini extracted from the materials. Iaedu and Groq were
not used when building this questionnaire because Iaedu was not reliably working when it was
made and Groq wasn’t as tested in the Agni platform yet. In this phase, participants were
asked to validate each concept and indicate their agreement using a binary (agree/disagree)
response.

Concept graph validation required participants to evaluate whether they agreed with
the AI generated relationships between concepts. Each relationship (edge) was presented
individually, and participants indicated agreement using a binary (agree/disagree) response.

To evaluate failed concept detection, participants assessed student solutions to two
programming exercises, the first is about string compression and the second about finding
the max number in an array, and were asked to identify which concepts led to failure from a
list of concepts, this was then compared to the concepts diagnosed by the system.

4 Introduction to Computer Science and Programming in Python
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Finally, in the feedback generation task, participants reviewed wrong student submissions
to the same two programming exercises and evaluated the generated hint on a scale from 1
to o.

4.2 Results and Discussion

With the results from the concept identification questionnaire, inter annotator agreement was
calculated from the responses, the agreement between 6 humans without the Al responses
was 26.6% for material 1 and 52% for material 2, while with the AI participants added it
was 26.8% for material 1 and 19% for material 2. This shows that when participants have
to identify the concepts without having to choose from a predefined list they tend to list
different concept names. Also, the calculated agreement with Al as another participant can
be on par with the humans as seen with the calculated agreement for all annotators and the
agreement between annotator pairs illustrated by the heat map in Figure 7 for material 1,
showing that Al and humans can have similar agreement. However, the annotator agreement
varied greatly according to the analyzed material, material 1 had almost equal annotator
agreement between humans and Al, while for material 2 it was the opposite. Even with this
discrepancy, in the validation step the participants showed agreement with the AI generated
concepts, which might mean the discrepancy comes from differences in generalization or
naming of the knowledge and not disagreement.

Inter-Annotator Agreement (Gwet's AC1)

Groq (GPT 120B)

laedu (GPT-40) 4

Gemini

r 0.00

r—0.25

r—0.50

-0.75

-1.00

& &P
00 oQ Q«'\

SRS
00.
&

& > P

&
Figure 7 Inter-annotator agreement between pairs for identification (Material 1).

Having the concept validation responses for two materials, annotator agreement between
participants and average agreement with Al concepts was calculated. For material 1, the
annotator agreement was 75% and the average agreement with AI generated concepts was
83%. While for material 2 the annotator agreement was 63% and Al concepts average
agreement was 69%. The agreement between annotator pairs for material 1 is illustrated in
Figure 8. These results show good participant agreement with each other in both materials
and high agreement from the participants with the Al generated concepts. Supporting the
idea that GenAl can extract explicitly taught concepts from learning materials. This also
shows that if given a predefined list of concepts, participants will have higher agreement with
each other, most likely explained by differences in generalization or naming of the concepts,
as illustrated in the contrast between Figures 7 and 8.
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Inter-Annotator Agreement (Gwet's AC1)
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Figure 8 Inter-annotator agreement between pairs for validation (Material 1).

On the topic of the concept graph validation. Overall, the agreement with Al generated
edges was on average 78%. Indicating a strong alignment with the AT generated relationships
from the participants. Suggesting that the proposed approach is effective in capturing
meaningful conceptual dependencies between programming concepts.

For failed concept detection, agreement between participants and the system was evaluated
across two programming exercises. In Exercise 1, the system identified String Manipulation
and Expressions as the failed concepts. All participants agreed with String Manipulation,
while only one selected Expressions, and another identified Variables as an additional failed
concept. In Exercise 2, Comparison was identified as the failed concept, with all participants
in agreement, although one participant also selected Expressions. These results suggest that
the system is generally capable of identifying the underlying concepts responsible for student
errors, although some discrepancies may arise in some cases.

Feedback generation was evaluated based on participant ratings of the generated hints
for two exercise attempts. Both hints received an average rating of 4.83 out of 5. Overall,
the generated feedback was perceived as useful, indicating that the system can provide
meaningful guidance to students.

5 Conclusion and Future Work

This paper presented an approach for integrating GenAl into I'TS to automate the construction
of domain knowledge and feedback mechanisms. One of the main contributions of this work
is the exploration of whether GenAl can effectively support tasks such as concept extraction,
concept graph generation and feedback provision, which have traditionally relied on manually
engineered components. Another contribution is the developed system which is available
onlined.

5 https://agni.dcc.fc.up.pt
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Across all evaluated components, the results indicate that the proposed approach produces

outputs that are largely consistent with human judgment. While disagreements were observed,
these are expected and limited by the teachers keeping full control of the domain. Together,
these findings support the viability of the approach in assisting the teacher with domain

modeling and feedback generation in programming education.

In future work, further improvements will be made to the quality and robustness of Al

generated outputs, particularly through the refinement of the prompts and the prompting

techniques. The evaluation will also be extended with larger-scale user studies to better

assess the effectiveness of the tasks. Further research may also explore the integration of

more advanced student modeling approaches.
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—— Abstract

Digital social networks have become an ubiquitous presence to almost everyone, to the point that

they are frequently taken for granted whenever someone gets asked for their contact. Beyond that,
it is without doubt that their capacity for stimulating participation in groups and exchange of ideas,
while retaining attention for long periods of time is — for good, or for bad — highly efficient. If
taken for a good cause, their features can become fierce allies to educators in their teaching efforts.
Specially in the case of Computer Programming, a sharp, and difficult matter, social networks can be
of great value, not only for their inherent technological link to Computer Programming, but also for
their natural connection to students that dare to pursue the arduous path to become programmers.
Codula is a social network that was designed and implemented with the purpose of paving and
shortening this path, both for students, and educators alike. This paper presents both Codula’s
design principles that guided its construction, and main features, that were carefully crafted to fulfil
its purpose. While foundational concepts solidified design choices, such as the absence of different
roles for users, and the stimulus of the sense of belonging via personal customisation, features were
implemented to directly support Computer Programming Education, such as the specification of
different post types, and functionalities that facilitate composing, sharing, and commenting source
code. By converting opposing forces of a commonly found distraction, Codula aims to leverage the
best aspects of social networks to support a better cause, in the hopes of stimulating a successful
collective teaching-learning process.
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1 Introduction

Computer programming presents a series of difficult challenges that students need to overcome
in order to construct knowledge. Being an intrinsically complex problem to solve, strategies,
methods and tools to overcome these commonly found challenges have been researched for
decades [15, 10]. Difficulties range from the inflexible syntaxes of programming languages
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that are wildly different from their natural counterparts, through the required understanding
of a problem’s domain and its constraints, to the arduous and naturally abstract translation
process from ideas and concepts to implementation [7].

It has been shown that learning is an inherent social process. Vygostky [16], through his
Cultural-Historical Activity Theory presented the world with the idea that, in order to reach
higher potential, students need a mediator that bridges the gap between what they can learn
by themselves (their inherent capacity) and what could be learned via guidance.

Digital social networks provide an important tool for information exchange, with ample
reach and high retention rates [12]. While these are all double-edged features when it comes to
benefits or maladies, it is more than obvious that if this retention potential should be geared
towards learning approaches, social networks would provide invaluable resources for teaching
and learning, specially if pedagogical theories such as Vygostky’s is taken into consideration.
Codula! is a novel proposal in this regard, a social network that provides specific features
that have been designed to support learning computer programming. Through its focus on
facilitating the mediation of peers and teachers, it cements itself in Vygostsky’s groundwork
in order to retain and stimulate students to learn how to program computers together.

This article is divided into five sections. After the introduction in this section, Section 2
presents both a brief history and foundation of Social Networks, as well as a survey of features
commonly found in them. Section 3 presents Codula, a Social Network designed to support
Computer Programming Education. Section 4 reports on the preliminary evaluation results,
and finally, Section 5 concludes the paper with final remarks, as well as prospects for future
works.

2 Social Networks and their Motivational Factors

The expansion of communication networks and digital services has reshaped how people
access information, education, employment, and public services over the past 30 years [14],
accelerated globalisation, and redefined civic participation. Many of today’s leading global
companies either rely completely on digital connectivity or are built entirely around it [14]
and are deeply integrated with social networks. This section contextualizes how social
networks are used and their potential for engagement and learning programming languages.

Social networks are digital platforms that mediate personal, professional, and social
relationships. They are web-based services that allow people to create connections, share
content, and interact with other users. By definition, social network sites allow users to
create personal profiles (public or semi-public) and connection lists, where users can view the
connections of other users [2]. The terminology for connections may vary between platforms,
such as friends or followers. Nowadays, it influences information consumer habits and connects
billions of people worldwide [9], especially through mobile device applications. Their ability
to integrate users, content creators, and diverse media formats has led many platforms to also
be characterized as social media, extending the network concept to video-sharing, gaming,
and blogs. This networking strengthens existing or new social ties. In other words, they have
taken sociality, a characteristic of the network society, theorized by Castells in the 1990s,
into its greatest applicability. According to the author, this shift has accelerated over the
last decade, driven by advances in connectivity, storage capacity (Big Data), and Artificial
Intelligence (AI) [4].

! Codula is available at: https://codula.epl.di.uminho.pt/


https://codula.epl.di.uminho.pt/

J. Rodrigues, A.D. Balbé, A. Costa Neto, and P. R. Henriques

Within the context of collective knowledge construction, there are also collaborative
platforms based on the Wiki principle. These are open platforms where anyone can edit and
add content in a cooperative writing system. It is the hypertext that forms the community,
where no one owns the content. The best-known platform is Wikipedia, a multilingual
encyclopedia project run by volunteer editors. The dynamics of knowledge sharing can also
be observed in other virtual communities. Chuang [5] analysed online gaming communities of
the MMORPG (Massively Multiplayer Online Role-Playing Games), focusing on the sense of
belonging and immersion of users in these communities. Among the results, he identified the
importance of users feeling capable of helping others and how this strengthens the community.
In addition to considering the Sense of Virtual Community and Social Cognitive Theory
(centred on self-efficacy in knowledge), the author also included Uses and Gratifications
Theory [11].

2.1 Forums versus Social Networks

Research suggests that social learning environments help people retain information better
than when learning alone and stay engaged for longer periods. In addition to social networks
and wikis, there are forums. Interaction in forums is more about questions and answers
than about individual interactions, unlike in social networks. Their focus is on building
communities around a specific topic rather than on the users themselves [8]. The opportunity
to discuss topics, share ideas, and receive feedback makes the learning process more active
and rewarding [17]. By encouraging people to ask questions and work together, users tend to
feel more supported and motivated to keep learning [15].

Recent studies involving the use of social media in programming courses have shown pos-
itive results in the educational environment. Students in the Object-Oriented Programming
Laboratory 2 course who used Facebook groups and YouTube videos answered surveys, and
the researchers found that students improved their understanding of academic concepts [1]. In
some cases, young people spend more time on social media than on homework, which negat-
ively impacts learning objectives [13]. A widely recognized example of an educational platform
is Moodle, which is extensively used in schools and universities as a Learning Management
System (LMS). It enables teachers to share resources, assign tasks, and communicate with
students within a single environment, supporting traditional and online classrooms. Although
Moodle is not a traditional social network, it incorporates features that promote interactive
learning, including discussion forums, messaging, and collaborative workspaces [18].

In the case of studies that compare student engagement between groups on social networks
and forums within Massive Open Online Courses (MOOC), the result is different. Based on
interviews with Coursera platform users and Facebook users, the researchers have identified
higher engagement with social networks [17]. According to participants, social networks offer
more resources that encourage interaction. In addition, the researchers found that, as a
key engagement, establishing trust between users was needed in both cases. There are also
platforms that work on a question-and-answer (Q&A) model, and these platforms work like
forums, such as Reddit, Quora, Stack Overflow and Dev Community.

Similar to social bonds built in offline contexts, social interaction contributes to the
development of new skills. Thus, these online networks of contacts enhance trust, while
reputation systems encourage participation and social learning [3].
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Table 1 Features surveyed from selected social networks and forums.

Name Type Community Content Types Engagement

DEV Community Forum Followers, Communities Text, links, images Comments, reactions,
badges

Facebook Network  Friends, Followers, Text, images, videos  Likes, comments, verified

Groups

Instagram Network Followers Images, videos Likes, comments, verified

LinkedIn Network Connections, Groups Text, media Reactions, endorsements

Quora Forum Followers, Topics Text, links Up/Downvotes, com-
ments

Reddit Forum Communities Text, links, media Up/Downvotes, com-
ments

ResearchGate Network Followers, Communities Articles, text Citations, recommenda-
tions

Stack Overflow Forum None Text (Q&A) Reputation, votes,
badges

TikTok Network Followers Videos Likes, comments, verified

2.2 A Technical Survey of Current Social Networks

In the last two decades, social networks have emerged for different purposes, whether
personal (e.g., Instagram) or professional (e.g., LinkedIn), and with distinct functionalities.
For example, they all allow sending private messages and suggest connections and content
based on users’ interests and reactions on each social network.

Considering that social networks depend on users and their interactions, studies identified
that for user engagement, there must be a topic of interest, trust, emotion (positive or
negative), commitment, and how much effort (convenience) is necessary to interact [6].
Design-related issues and involvement of acquaintances also contribute to the adoption and
acceptance of a social network, such as the different types of posts that allow images and
links, hashtags, post interaction tools, targeted responses, and interest groups, as Table 1
summarizes. Based on this technical survey (Table 1), we adopted for Codula a basic set
of functionalities that are commonplace in other social networks: group-based communities
and followers; text and image content types; comments, likes and reputation engagement
mechanisms. Beyond their familiarity for users, the chosen features also allow for effective
communication using snippets of source code, a requirement for Codula’s objectives.

3 Codula, a Social Network for Programming Education

Codula’s design was guided by a set of ontologies, which defined the main concepts of the
platform and their relationships, and served as a foundation for its structure and features.
For that purpose, three main ontologies were developed: Core, Resources, and Interaction.

The Core ontology, illustrated in Figure 1, represents the main concepts for the context,
objectives and relations within the platform, focusing on the actors and how they interact.
The main actors in this ontology are Student and Tutor, representing the target audience for
Codula. The system is primarily directed at students, as its goal is to support programming
learning, while tutors represent guidance and support during this process. Even though this
conceptual distinction between students and tutors was relevant to specify the target audience,
differentiating roles were not implemented, as they could create a symbolic stratification
between users and indirectly coerce interactions.
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Figure 2 Resource concepts of the ontology.

The Resources ontology, shown in Figure 2, represents different tools that can support
programming learning, both in digital and physical forms. It includes elements such as
tutorials, articles, code snippets, and other forms of learning resources. These were modelled
as different learning tools that users usually use to overcome difficulties, and were defined
during the design phase as a reference for the platform’s features. Given overall time and
resource constraints, Codula implemented a subset of these resources, while keeping its source
code structured for future developments.

The Interaction ontology, presented in Figure 3, describes how users engage with the
platform. It includes actions such as requesting help and collaborating with others. It also
represents different ways in which help can be provided, such as through tutorials, other
users, or tools like AT assistants. Again, a subset of these interactions was implemented by
Codula.

As per implementation, Codula follows a structure similar to other social networks,
allowing users to share content and interact with each other in order to capitalise on students’
previous experiences with social networks. At the same time, it includes features that
differentiate it and make it more suitable for programming education.
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Figure 3 Interaction concepts of the ontology.
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Figure 4 Post creation (left) and quoting (right) interfaces.

3.1 Writing Posts

The first dedicated interface Codula brings to the table is the page for writing a new post.
Creating a post in Codula was designed to be a structured yet flexible process, allowing users
to share different types of content according to their needs. Nonetheless, as the main artefact
for programming education is very commonly a source code, the interface was implemented
to allow users to quickly and directly write formatted snippets in several languages. The
interface uses a Markdown-enabled editor and a live preview of the formatting, including
source code highlighting (Figure 4, left). This improves both instant gratification and
validation, as the visual formatting can aid in finding little bugs while typing.

The type of the post can also be selected, supporting five basic options: Snippet, Meme,
Tutorial, Research, and Question. Each post type adds different fields for metadata that
complements the main text itself. In addition, tags can be added to describe the topic of the
post and make it easier for others to find related content.

3.2 Quote Functionality

The second feature that Codula implemented focused on programming education is a quote
functionality that allows users to select and quote specific portions of text from posts or
comments when replying, more specifically, parts of a source code snippet (Figure 4, right).
This feature is particularly relevant in programming education, where discussions often focus
on small fragments of code. By isolating only the relevant content for a response, users can
either ask or provide answers for more direct and structured parts of a post.

Instead of requiring users to manually copy and paste content, the comment system
provides a direct mechanism for users to select text and automatically insert it into the
reply editor. Quoted content is visually distinguished from the rest of the message, making
references clear and improving the overall readability. A key aspect of this feature is its
support for source code. When quoting code, the platform preserves its original formatting,
including indentation, line breaks, and syntax highlighting. This ensures that the quoted
content remains accurate and easy to interpret, which is essential in programming contexts.

4 Evaluation

Codula’s evaluation, while not yet finished, was already realised through multiple testing
stages, involving different types of users and focusing on both technical and educational
aspects of the platform.
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The first stage consisted of informal testing with a small group of selected users, mainly
colleagues, who interacted with an early version of the platform. The main goal of this
phase was to identify bugs and usability issues. This initial testing helped uncover several
problems related to navigation, layout, and overall interaction with the system. For example,
improvements were made to how posts are displayed, avoiding long posts taking too much
space in the feed, and making navigation smoother. Other changes included adding miss-
ing interaction features, such as viewing likes and user connections, as well as improving
performance by loading posts progressively instead of all at once.

After this initial phase, the platform was presented to 4 programming teachers from
both Portugal and Brazil. The goal was to demonstrate how Codula works and explore
its potential as a support tool in programming classes. This stage provided more focused
feedback from an educational perspective, helping identify how certain features could be
simplified or adapted to better fit classroom usage, such as enabling the execution of code
directly within snippet posts, adding visual indicators for new content, and displaying a
small preview of comments under each post.

Codula was also presented to students from different classes, including students who had
just started their degree in Software Engineering and master’s students in Programming
Education. These sessions allowed collecting early impressions and suggestions from potential
users. Several ideas emerged during this stage, such as the implementation of a chat system
between users, the creation of fixed groups for programming languages (C, C++, Python,
etc.) and other common topics without requiring users to create them manually, and the
ability to pin answers within a post. The possibility of executing code directly within the
platform was also highlighted. These suggestions highlighted areas for future improvement
and helped refine the platform’s direction.

5 Conclusion

Teaching/learning Computer Programming is one of the hardest educational processes due to
the unusual skills required to express in algorithmic format the steps to solve a problem using
the computer. In the last two decades, many pedagogical approaches and computer-aided
tools have been used to mitigate these difficulties. The success is still limited, because
engagement is a fundamental requirement for students to persevere looking for the correct or
optimized resolution for a given problem. However the lack of strong intrinsic motivation
does not provide enough engagement. To overcome these flaws in the teaching/learning
process under this unfavourable context, we decided to trace a new path taking advantage of
online social networks addictive power. This purpose led us to design and develop Codula,
a social network tuned to a community of people willing to learn programming and the
associate languages.

The focus of this paper was Codula — its design, educational-oriented features, interface,
and evaluation. The foundations of (online) social networks were also summarized to pave
the way over which we built our programming network. Based on the tests already conducted,
it is possible to assert that Codula main contribution resides in the programming education
mechanisms it offers, such as the quoting functionality for code snippets that provides an
easy way to comment or query.

As future work we plan to conduct an extensive pedagogical assessment in diverse
Programming Courses, in order to obtain a direct and reliable feedback from students.
Their answers will provide important information to confirm our proposal and to improve
Codula features. Another direction for future work is the development of other novel features
dedicated to better support Programming Education, such as daily challenges, Al Tutors,
and online serious games.
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Ogma: An Intelligent Platform for Anticipating
Academic Failure and Recommending Recovery
Measures
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—— Abstract

The growth of class sizes, the increasing complexity of course content, and the multiplicity of digital
platforms make it progressively harder for instructors to identify, in a timely manner, students
who are at risk of academic failure. This short paper presents the concept of Ogma, a learning
analytics application with artificial intelligence components designed to anticipate signs of academic
decline and suggest personalized recovery measures. The proposal combines heterogeneous data —
student-produced work, grade records, forum messages, and logs from other educational applications
— to build a dynamic risk profile. Based on this profile, the system provides instructors with a
dashboard containing graded alerts, explanations of risk factors, and pedagogical recommendations
generated by a pipeline that combines machine learning, retrieval-augmented generation, and large
language models. The paper presents the motivation for the problem, synthesizes related work, and
describes the design of a reference architecture for Ogma.
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1 Motivation

Early identification of at-risk students is a central problem in higher education. In demanding
courses taught to large and heterogeneous classes, instructors rarely have enough granularity
to closely monitor the individual progression of each student. Even when abundant data
exist, such as learning management system accesses, forum participation, intermediate grades,
and assignment deadlines, these signals are typically fragmented across multiple screens
and systems and are not presented in an actionable way. The learning analytics literature
shows precisely that collecting, measuring, and analyzing student data can support the
understanding and optimization of learning and of the contexts in which it occurs [5, 2].

In real settings, the problem is not merely to predict a low final grade. The pedagogical
goal is to detect patterns of disengagement before failure materializes: fewer Moodle accesses,
repeated delays in assignment submission, reduced participation in forums, signs of frustration
in messages, sudden drops in formative assessment performance, or overload signals observable
in other educational platforms. Early warning systems have shown usefulness in supporting
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more timely interventions [1, 3]. However, many solutions still depend on a limited number
of variables, remain insufficiently transparent to instructors, or are weakly connected to
concrete recovery recommendations.

This is where Ogma emerges. Its central idea is to build a platform capable of aggregating
multimodal and multi-application evidence to produce two complementary outputs. First, an
updated risk score throughout the semester. Second, intervention suggestions contextualized
to the course, the student, and the teaching moment. Instead of showing instructors only a
predictive value, the system should answer operational questions: who is falling behind, why,
with what level of urgency, and which recovery measure makes sense to propose now.

This approach is particularly relevant in complex domains such as programming, math-
ematics, statistics, or engineering, where small early gaps tend to propagate and produce
cumulative failure. In such scenarios, delays in detection may make recovery unfeasible. A
tool such as Ogma can bridge the gap between the abundance of digital data and the need
for fast, sustained, and explainable pedagogical intervention.

2 Related Work

The field of learning analytics has become established over the last decade as an intersection
of data science, educational technology, and pedagogical decision support. Foundational texts
stress that the usefulness of data analysis in education does not depend solely on predictive
performance, but also on its translation into concrete actions in instructional design and
teaching intervention [5, 2]. This concern is especially visible in the research line on early
warning systems, whose purpose is to flag at-risk students early enough for institutions and
instructors to act.

Among the most widely cited early warning systems is Course Signals, developed at
Purdue University, which combined academic and engagement indicators to classify students
into risk levels and communicate status through a simple color scheme [1]. In a similar vein,
the Open Academic Analytics Initiative showed that predictive models can be operationalized
at the institutional level to support scalable alerts and interventions [3]. More recent review
studies confirm the maturity of the field and show that academic performance prediction
increasingly relies on ensemble learning, decision trees, gradient boosting, and deep models,
although challenges of generalization, explainability, and transfer across contexts remain [7, 6].

A second line of work relevant to Ogma concerns the multimodal nature of the data. In
many courses, risk signals are not found only in Moodle clicks, but also in late submissions,
forum messages, frequency of access to materials, communication patterns, and the textual
quality of student productions. Recent reviews show that combining interaction data
with textual and socio-emotional data can improve the sensitivity of models to states of
disengagement and frustration [9]. This observation justifies including sentiment analysis
over forum messages, team channels, or other authorized educational applications in the
Ogma proposal.

A third line concerns the presentation of results. Learning analytics dashboards for
instructors can improve situational awareness about the class, but they are effective only when
they make alerts understandable, actionable, and aligned with real pedagogical decisions [10,
8]. Alerts without explanation tend to generate mistrust; visualizations without prioritization
generate overload. For this reason, the Ogma interface should combine visual simplicity with
explanations of the main risk factors.

Finally, the emergence of large language models creates an opportunity to move from
prediction to recommendation. The retrieval-augmented generation (RAG) architecture
makes it possible to ground text generation in specific document bases and reduce the
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probability of generic or decontextualized answers [4]. In the context of Ogma, this means
that instructors can upload pedagogical materials, course regulations, and previously defined
recovery strategies, creating a knowledge base that supports recommendations better suited
to the local context.

3 Design and Implementation

3.1 Architecture overview

The proposed architecture was designed to support the early detection of academic failure
through the integration of Learning Analytics, Machine Learning, Explainable Artificial
Intelligence (XAI), and Generative Al technologies. The system aims not only to identify
students at risk but also to support teachers through contextualized recommendations and
intelligent decision-support mechanisms.

The architecture follows a modular and layered approach composed of six main compon-
ents:
Data collection
Data processing and feature engineering
Predictive analytics
Explainability
Retrieval-augmented generation
Visualization

eonepwN=

3.1.1 Data collection

The first layer is responsible for data acquisition from multiple educational platforms. Moodle
acts as the primary source of learning analytics data, including login frequency, access patterns,
assessment results, assignment submissions, forum participation, and interaction with learning
resources. Additional academic and administrative information, such as previous grades,
completed credits, repeated courses, and student status, may also be integrated. To ensure
interoperability between heterogeneous systems, the architecture incorporates MCP (Model
Context Protocol), allowing the platform to communicate with external systems such as
academic management software, Microsoft Teams, Discord, and other services.

3.1.2 Data processing and feature engineering

After collection, the data is processed and transformed into features suitable for predictive
analysis. This stage includes data cleaning, normalization, aggregation, and feature engineer-
ing. Several behavioral and engagement indicators are generated, such as weekly activity
consistency, delays in submissions, learning regularity, inactivity periods, and academic
performance trends. These features are then stored in a centralized feature repository to
support both training and inference processes.

3.1.3 Predictive analytics

The predictive layer is based primarily on supervised machine learning techniques. Since
the objective is to predict academic risk using historical data, supervised learning represents
the most appropriate approach. Historical datasets from previous academic years are used
to train models capable of classifying students according to different risk levels. Logistic
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Regression may be used as a baseline model due to its interpretability, while ensemble-based
approaches such as Random Forest and XGBoost are expected to provide higher predictive
performance for tabular educational data.

3.1.4 Explainability

To increase transparency and trustworthiness, the architecture integrates an Explainable Al
layer. Techniques such as SHAP (SHapley Additive exPlanations) — a popular Explainable
AT (XAI) framework that uses game theory to explain the output of machine learning models
— are used to identify the contribution of each feature to the prediction outcome. This allows
teachers to understand why a student was classified as being at risk, highlighting factors
such as low engagement, missing assignments, or declining academic performance.

3.1.5 Retrieval-augmented generation

Beyond prediction, the architecture also incorporates a Retrieval-Augmented Generation
(RAG) component combined with Large Language Models (LLMs). While the machine
learning model is responsible for identifying risk, the LLM layer focuses on generating contex-
tualized pedagogical recommendations. The RAG mechanism retrieves relevant information
from institutional regulations, pedagogical guidelines, previous interventions, and scientific
literature before sending the context to the language model. Based on this information, the
system may generate personalized corrective measures, intervention suggestions, summaries,
or teacher-oriented recommendations.

3.1.6 Visualization

Finally, the visualization layer provides an intelligent dashboard for teachers and academic
coordinators. The dashboard presents risk indicators, predictive scores, behavioral trends,
explainability outputs, and recommended interventions using visual alerts and color-based pri-
oritization mechanisms. This approach supports early intervention and facilitates pedagogical
decision-making without replacing the role of the teacher.

3.2 Al Workflow Orchestration

In addition to the architectural layers previously described, the proposed system incorporates
an orchestration layer responsible for coordinating the interaction between predictive models,
explainability services, retrieval mechanisms, generative AI components, and visualization
modules. Since the architecture combines heterogeneous technologies and processing stages, an
orchestration mechanism is required to manage the execution flow and ensure interoperability
between components. Figure 1 summarizes this workflow.

To support this process, the system adopts LangFlow as the orchestration framework.
LangFlow was selected due to its modular and visual workflow capabilities, integration with
LangChain-based components, support for Retrieval-Augmented Generation pipelines, and
suitability for rapid prototyping and research-oriented environments.

The orchestration layer acts as the runtime coordination engine of the platform. Rather
than executing machine learning training processes directly, LangFlow is responsible for
managing the inference and decision-support workflows triggered by new educational events
or user interactions. Predictive models are trained externally using Python-based machine
learning frameworks and deployed as independent services accessible through APIs. The
orchestration layer then invokes these services whenever predictions are required.
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The execution flow begins with the ingestion of new data from Moodle or other integrated
systems through the MCP integration layer. After preprocessing and feature extraction, the
student profile is sent to the predictive service, which returns a risk classification score. When
the predicted risk exceeds a predefined threshold, the orchestration workflow automatically
activates additional components, including explainability modules and retrieval pipelines.

The explainability service generates feature importance information using SHAP values,
identifying the main factors contributing to the prediction outcome. Simultaneously, the
RAG pipeline retrieves relevant contextual information from the knowledge base, including
institutional policies, pedagogical guidelines, previous interventions, and scientific literature.
This contextual information is then forwarded to the Large Language Model, which generates
personalized recommendations, corrective measures, or intervention suggestions for the
teacher.

The orchestration layer also supports event-driven workflows. Instead of operating exclus-
ively through manual requests, the system may react automatically to behavioral changes
such as prolonged inactivity, missing submissions, repeated low assessment scores, or sudden
decreases in engagement. These events can trigger prediction pipelines, recommendation
generation, and notification mechanisms in real time.

Finally, the generated outputs are delivered to the visualization layer, where teachers and
academic coordinators can access dashboards containing risk indicators, explanatory insights,
and recommended interventions. This orchestration approach enables the integration of
predictive analytics and generative Al into a unified educational intelligence workflow capable
of supporting proactive pedagogical intervention strategies.

4 Conclusion

In summary, Ogma proposes an evolution of early warning systems toward an intelligent
pedagogical platform oriented to intervention. Its main conceptual contribution lies not only
in predicting academic failure, but in transforming fragmented data into explainable signals
and contextualized recovery measures, supporting instructors in managing complex classes
and mitigating academic failure in a timely way.
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Ogma

This paper represents only the starting point of a broader work that will be developed

over the next year, in which the goal is to implement and validate this architecture in real
higher education contexts.
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—— Abstract

Programming is a skill already taught in many schools today. However, for historical reasons, it has
not yet been included in the Montessori method. To close this gap, we developed learning materials
for Montessori schools and present them in this article.

We show the design of a new learning material for introducing programming concepts in
Montessori elementary level (6-12 years). The material is a concrete physical learning material
and is supported by a modular lesson structure, which also takes the principles of Computational
Thinking in account. Finally we discuss its suitability for Montessori education based on expert
feedback. The article shows interesting examples of how programming can be taught in Montessori
elementary level.
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1 Introduction

Computers and digital devices are ubiquitous today. Yet without the software that controls
their operation, they are useless. Therefore, the ability to program — as part of computer
science (CS) — is a vital skill that goes beyond mere knowledge of programming languages,
libraries and frameworks. This ability could and should be taught from an early age to
promote digital sovereignty of the individual.

Schools play an important role in teaching programming skills to children and young
people. In addition to the standard state school system, reform pedagogical approaches, such
as the teachings of Montessori [11] have been around for decades.

Maria Montessori’s approach to learning in their time differed dramatically from the
widespread authoritarian style. Instead, she believed that knowledge should not be “drilled”
into children, but that motivation to learn is deeply rooted in every person (and therefore
in every child). McNamara writes about this: “Maria Montessori believed that a goal of
education should not be to fill children with facts, but rather to cultivate their own natural
desires to learn.” ([9] p. 95).
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In the Montessori Method, the prevailing view is that learning is very much dependent
on the learning environment and what is offered there. Therefore, learners acquire the
knowledge themselves — the teacher is primarily responsible for preparing the environment
and providing appropriate opportunities (so-called Montessori material the students work
with independently).

However, the problem with CS is that computers had not yet been invented when Maria
Montessori developed her approach and materials. Therefore, the ability to program or
comprehend digital technology was not considered in the curriculum of Montessori Schools,
nor are there dedicated Montessori materials for this topic. The proposed research aims to
close this gap by creating suitable Montessori material.

Based on the teachings of Maria Montessori, the world-leading Association Montessori In-
ternationale (AMI, https://montessori-ami.org/) divides the learning phases in
Montessori education into the following stages, while our research focuses on elementary-aged
children:

Assistants to Infancy: Ages 0-3

Primary: Ages 3-6 (Children’s House / Casa dei Bambini)

Elementary: Ages 6-12

Adolescent: Ages 12-18

In summary, we address the following research question: Which new Montessori
material could support students aged 6—12 years in learning programming-logic?

The contribution of the paper is as follows: First, we will provide an overview of the
current state of the art (Section 2). Then we present a concrete physical learning material and
a modular lesson structure (Section 3). After that, we discuss its suitability for Montessori
education based on expert feedback (Section 4). The article concludes with a summary and
an outlook (Section 5).

2 Related Work

In order to gain access to the subject area, a systematic literature search was carried out.
We initially used the two databases EBSCO and ACM Digital Library one after the other
and then conducted a snowball search.

The journal article by Stefan Scippo and Fabio Ardolino presents a long-term study
in which children in grades 1-5 of primary school were followed in an Italian Montessori
school [15]. Based on Montessori principles, technological materials were designed to promote
computational thinking and encourage multiple solution paths, with built-in error control
but flexible procedures. Over the years, students progressed from coloring binary patterns to
working with the Ozobot for grammar tasks and storytelling, and later with LEGO WeDo
for increasingly complex programming activities. In the final year, they created a website
using WordPress. In summary, the article shows interesting examples of how programming
can be taught at the Montessori primary level.

The study by Mollie Elkin, Amanda Sullivan and Marina Bers examines a robotics
curriculum for Montessori classes (grades 1-3), aiming to integrate foundational programming
and engineering concepts into early education [3]. Using a case study with a Montessori
teacher and 19 students, the research combines qualitative and quantitative methods to
analyze both classroom implementation and the teacher’s development in robotics knowledge.
Based on Montessori principles, a curriculum using LEGO WeDo was developed around the
theme of Ancient Greece and structured into six learning units. The material is described
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as self-corrective, supporting independent learning and engaging multiple senses, aligning
closely with Montessori approaches, although a detailed comparison with Montessori material
criteria is not provided.

Montessori teacher Sheri Milton uses a practical example to show how mathematical
skills and programming can be taught in a Montessori school (children aged 9-12 years) [10].
A project with the Turtle Math software is described. The program works with the LOGO
programming language and figures can be drawn using a turtle. The article shows that
programming skills in a Montessori context should never be taught in isolation but always in
context and in conjunction with other skills.

John McNamara explains how STEM (Science, Technology, Engineering and Mathem-
atics) subjects can be naturally integrated into Montessori education, based on a conference
presentation [9]. He emphasizes that learning arises from understanding relationships rather
than isolated details. Technology is presented as a supportive tool, not the focus, helping
students explore questions and solve problems more efficiently. McNamara also highlights
the importance of a prepared environment that encourages inquiry and experimentation, as
well as giving students enough time to develop their own ideas rather than rushing tasks.

Luisa Greifenstein and Adrian Hanusch provide in their poster abstract initial
insights into a systematic literature search on the keywords Montessori and CS education [5].
In the article, various sources are examined for the connection between Montessori education
and CS. Some of the sources in the poster abstract discuss the teaching of programming
skills in the Montessori context and were therefore relevant: one of the sources mentioned
was already found in the previous search [3], a second was included in the search using the
snowball method [1].

The article by Oren Zuckerman, Saeed Arida, and Mitchel Resnick presents
“Froebel-inspired Manipulatives” (FiMs) and “Montessori-inspired Manipulatives” (MiMs),
focusing on physical and digital tools for learning [18]. While FiMs emphasize real-world
object design, MiMs aim to model abstract structures, particularly dynamic systems. The
authors introduce digital MiMs — enhanced physical objects based on Digital Manipulatives [6]
— used to explore concepts like change and probability. A study with children aged 4-11
informs the development of design guidelines for these materials.

Reinhard Fischer deals with the use of computers, software, and the Internet (at that
time not nearly as widespread as today) as learning and working materials in Montessori
education [4]. These are summarized as “new media”. Fischer does not deal with programming
in the article, but questions 3 and 4 of the text are interesting: “3 Montessori education
is based on free work and has a tried and tested set of learning materials for this purpose,
which must fulfill certain criteria. How do the new media behave when they are evaluated on
the basis of the criteria of the Montessori materials? 4. What criteria must be used to modify
new media so that they can be used sensibly in the context of free work?” (p. 196-197)

The practical report by Montessori teacher Markus Wurster is dedicated to “Algorithms
and Computer Science” and deals with the concept of algorithms and their teaching, Scratch,
LOGO and microcontrollers, but no explicit reference is made to the Montessori Method [17].

Mario Valle is one of the few authors to address the possible integration of new media
into Montessori education [16]. The book is explicitly aimed at primary school teachers who
teach at a Montessori school and questions whether and in what way new technologies (such
as computers and software, tablets and apps, 3D printers, the Internet, robotics, or virtual
and augmented reality) can be used sensibly in the Montessori school. He suggests that
technology itself (when teaching skills in the field of new technologies) should be completely
avoided until the age of around 8, as children up to this age must first acquire the capacity
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for abstraction. On pages 76—78 he lists 14 “indispensable characteristics” (based on the
work of Montessori) that a material must have as a Montessori material. He then applies
these to a LEGO Mindstorms robot as an example. Valle also devotes a separate section to
learn programming, as well as robotics (p. 132-135). For programming, he suggests various
tools such as Kodu, Scratch or other block-based programming languages. He describes
robotics as an artifact that contains the steps of design, assembly and programming and is
therefore very suitable for the Montessori Method. He mentions the tools Bee-Bot, LEGO
Mindstorms and LEGO WeDo as well as the KIBO robot.

In a practice-oriented article, Steffi Rudel describes how programming skills can be
taught to pupils in a (voluntary) afternoon program at a Montessori school in grades 3-8 [13].
Several tools and platforms are mentioned, and selected examples of their use are presented.
In grades 3 and 4, for example, analog programming is recommended as an introduction;
later, digital learning units from the code.org platform and the Scratch learning environment
can be used. The Minecraft Education Edition learning environment and Calliope Mini are
recommended for grades 5 and 6. Although the article refers to quality features that learning
materials in a Montessori school must fulfill, there is no dedicated consideration of whether
the tools presented fulfill these.

The authors Felienne Aivaloglou and Efthimia Hermans deal with Early Pro-
gramming Education in their research [1]. They investigate the factors that influence the
performance of elementary school students and the effects of Early Programming Education
on later career orientation. For this purpose, an 8-hour Scratch unit was conducted in two
different elementary schools in the Netherlands, one of them was a bilingual Montessori
school. However, no differences between the schools were considered either in the course
design or in the evaluation.

3 Creation of a new Montessori Material

3.1 Preliminary Considerations and Design Principles
Objective and Approach

In order to close the gap described in the introduction, a Montessori material for elementary
grades at Montessori schools was created. The material is designed for young school children,
so it can be assumed that these children are still at the early stages of developing their
programming skills. The material is therefore designed to teach the underlying concepts
rather than a specific programming language.

The Design Science Research (DSR) approach was used for the development [12]. The
central element of the DSR is an artifact that represents the result of the research and
development process. The artifact of this work is a Montessori material that playfully
introduces students of the Montessori elementary level (grade 1-6) to basic concepts of
programming-logic.

The initial concept for the learning material was developed based on the literature review
and a desk research of existing commercial programming games. We tried to implement the
design principles of a Montessori material (see below) from the very beginning, but it was
already clear that these characteristics would need to be refined during the design cycles
based on expert feedback.
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Requirements for a Montessori Material

In order to understand why specific research for Montessori in the area of programming is
necessary and why the teaching methods and materials of the standard school system cannot
be transferred without closer examination, the following background is important:

Firstly, the Montessori Method puts the child at the center, not the teacher or what
he or she wants to teach. The approach is always “child-centered”, and the teacher does
very little to “teach” the children, instead guiding them through observation and feedback.
In Montessori education, children acquire knowledge and skills independently using the
Montessori material, which was developed by Maria Montessori and is nowadays used in
all Montessori schools worldwide. This Montessori material is used by the children in a
so-called prepared environment, teachers using the Montessori Method are learning guides
rather than instructors.

Design Principles of Montessori Material

There are some “essential characteristics” that Montessori learning materials must fulfill.
They were first described by Maria Montessori herself ([11], p. 177-185), although strictly
speaking, this description applies specifically to sensory materials (materials for the first
development stage, 06 years). However, these characteristics are also reflected in the
Montessori materials designed for older children and are frequently cited in the secondary
literature (for example [7] or [14]).

Isolation of difficulty: A material should always contain only one new difficulty so the
child can focus their attention specifically on it.

Limitation / Order: Materials are structured, complete, and present only once in the
room to promote order, care, and social consideration.

Activity: The material encourages action and enables independent learning.

Inviting nature / Aesthetics: The material should be designed to be clear, orderly,
beautiful, and child-friendly so it arouses interest and concentration.

Self-control: The child should be able to recognize and correct mistakes on their own as
much as possible without constant supervision by adults.

However, it is important to distinguish which developmental stage the material is used in.
For example, in the first developmental stage (ages 0-6), self-regulation should be embedded
within the material itself or within the process; in the second developmental stage (ages
6-12), self-regulation is primarily achieved through group discussion. Another example is the
aesthetic of the material — in the first developmental period, the focus is indeed on “beautiful”
material, whereas in the second developmental period, the tool-like nature of the material is
much more central.

3.2 The Artifact
The Elements

The material consists of a playing field, a playing piece in the shape of a dragon, phys-
ical command blocks, task cards, and optional game accessories such as walls, stars, and
mountains.

The material was deliberately designed as a physical playing field to make abstract
programming concepts tangible through hands-on activity. The playing field provides clear
orientation through coordinates while offering ample opportunities for tasks of varying
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difficulty. The game piece was introduced so that movements and program execution can be
visually tracked. The command blocks were designed to interlock, making the structure of a
program visible and tangible. At the same time, this supports the step-by-step planning and
assembly of sequences.

In the center is the three-dimensional playing field with 8x8 squares (Figure 1). Each
square is uniquely named by a combination of letters (A-H) and numbers (1-8). In addition,
walls can move around the playing field. These can be placed in the spaces between two
adjacent squares and block the piece’s path (Figure 1).

Figure 1 Game board with coordinates and plug-in walls as a modifiable obstacle system.

A game piece, in this case a dragon, is guided via coordinates from a starting position to
a target position (Figure 2). The piece always starts on square Al in the upper left corner of
the playing field, facing square A2. There are also stars that can be collected and mountains
that can be moved by the piece.

Figure 2 Game piece “dragon”, stars, and mountains.

The walls, stars and mountains serve to make the tasks more varied and stimulate different
thought processes. The dragon is controlled indirectly via a sequence of physical command
blocks, which must first be assembled into a complete program (figure 3). The blocks are
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color-coded and designed in a way to be connected to each other. Each program begins with
a red start block (“Start”) and ends with a red stop block (“Ende”). The actual sequence of
commands is located between these two blocks. The yellow blocks represent simple movement
commands such as walk (“gehe”) or turn left/right (“drehe links”, “drehe rechts”), which
must be executed immediately by the game character.

drehe rechts

gehe
drehe links

gehe

Figure 3 Example of a program sequence consisting of command blocks.

White building blocks, on the other hand, represent control structures such as if ...then ...
conditions (Figure 4, “wenn...dann...”). This allows more complex programs to be formulated.

Mauer vorne M =] m

Figure 4 Building blocks for the if ... then ... conditions.

Simple conditions such as wall in front (“Mauer vorne”) are inserted into the hexagon.
To formulate more complex conditions, the white building block can be extended with a plus
sign or an O sign to add another simple condition.

The Design

The material has various properties to make it easy to handle. The prototype was produced
using a 3D printer. The colors were deliberately designed to be distinct — the basic pro-
gramming blocks are yellow with black (go, turn left, turn right), whereas the programming
blocks for the conditions are white. This color coding allows learners to easily navigate the
programming. The programming blocks are stored thematically in separate boxes, which
are secured with a magnetic closure and reflect the colors of the blocks. The game board
is labeled throughout with numbers and letters to clearly identify each square. This is
important for the tasks, so it is clear which square the piece starts on and where it should
move to. Both the game board and the game piece are fitted with magnets, ensuring that
the piece stands securely on the individual squares and cannot simply slip out of place.
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The optional walls for the game board come in two different colors and are each stored
in their own box, which has been designed in the corresponding color and size. To make it
easier to position the walls correctly, two templates are provided, which are also designed
in the corresponding colors. Each template has a tab so that it can easily be lifted off the
playing area without removing the walls. Furthermore, the abbreviation Al is marked in the
top left corner of both templates, so the students know which way round the template must
be placed on the playing area.

The dragon figure wears a helmet featuring an arrow. This makes it easy to see which
direction the figure is facing — this is important for programming, as “go” always means in
the direction the figure is currently looking.

Modular Structure of the Lessons

The Montessori material is divided into five modules that build on each other. Each module
introduces a central idea of programming and deepens it through appropriate tasks. The
order of the modules creates a didactically meaningful learning path that supports the
transition from concrete action to abstract thinking. The framework developed by Brennan
and Resnick was taken into account in the design and structure of the modules [2]. The
authors argue that Computational Thinking (CT) consists not only of programming concepts,
but of three equal dimensions:

The first dimension is formed by CT Concepts, which include basic programming
concepts such as sequences, conditions, events, operators, data (variables, lists), and loops.
These elements form the conceptual vocabulary that learners must understand and apply
when programming.

The second dimension is formed by CT Thinking Practices. This dimension describes
ways of working and thinking when dealing with the program and possible problems that may
arise. These include, in particular, iteration (design — testing —improvement), debugging, and
decomposition. The focus is not on what is learned, but on how learners approach problems.

The last dimension is called CT Perspectives. This dimension refers to attitudes and
viewpoints that learners develop when dealing with technology. These include the expressive
perspective (coding as a means of expression), the collaborative perspective (learning through
exchange, feedback, and collaboration), and the reflexive perspective (recognizing patterns,
structures, and systems in one’s own environment).

To support self-directed learning, task cards have been added to the learning materials.
The task cards explain the respective task that needs to be solved next. Each card first
contains the task with possible additional conditions, followed by a visual representation
of the playing field. On this, the figure is shown on the starting square A1l looking to the
right. The goal is marked by a black pin symbol; walls, stars, and mountains are drawn in
according to the task. On the back of the task card, there are one or more possible solution
sketches that can be used for self-checking. However, it is not always possible to show all
theoretically correct solutions. The solution is therefore only an aid and not an absolute
correction aid. These task cards are organized into six modules. Each of the modules takes
up aspects of the three dimensions and combines them into a coherent learning process.

Module 1: Basic movement commands (imperative programming): This module intro-
duces students to the basics of imperative programming. The focus is on the principle of
sequencing: commands are executed in a fixed order with the game character.
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Module 2: Interaction with objects (state changes): In the second module, the command
sequences already familiar from Module 1 are expanded to include the concept of state
changes.

Module 3: Truth values: In the third module, the focus is on understanding truth values.

Students learn that statements in programming logic can be either true or false.

Module 4: If-then conditions (decision logic): In the fourth module if-then structures are
introduced. Children learn that programs do not only run linearly, but can branch depending
on conditions.

Module 5: Testing and debugging: The fifth module is entirely devoted to testing and
debugging. The focus here is no longer on learning additional commands, but on consciously

reflecting on errors and systematically correcting them.

Sequence of a Learning Unit

A typical unit begins with reading the task card. The students build the walls on the field.

They can either build the walls freehand, use the template to build them, or check if their
construction is correct using the template. The dragon is then positioned on the starting
square Al, facing A2. Then, either alone or in teams, they consider how the task could be
solved. The students basically have two approaches at their disposal.

1) The program (solution to the task) is planned in a purely abstract manner. The command
blocks are put together according to this plan. Only then is the command chain traced
by actively moving the dragon.

2) The program is developed with the help of the dragon and the game board, and the
command blocks are strung together in the process. If the execution of the program does
not lead to the desired result, the faulty piece of code is specifically searched for, the
command sequence is adjusted and tested again. A red arrow is included with the game
to help with the testing process. This arrow may only be moved down one command
block at a time. This prevents commands from being executed twice or omitted during
the test phase (Figure 5).

The cyclical approach (plan—test—correct—test—..) is typical in the field of software
engineering and is taught to children in a playful manner.

3.3 The Design Cycles

As part of the DSR, several improvement cycles have already been completed during the
development of the artifact. Through an ongoing comparison with existing educational games
in the field of programming, as well as discussions with experts, the following adjustments
were made:

Lowering the Difficulty Level and Reducing the Number of Modules

The game was originally planned with the following modular structure:
Module 1: Simple commands
Module 2: Conditions
Module 3: Loops
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Figure 5 Example sequence of a learning unit.

= Module 4: Attributes and values

= Module 5: Developing custom functions

= Module 6: Basic concept of iteration

= Module 7: Debugging and testing

Analysis of this structure revealed that the transition between the modules would have
been too rapid, thereby significantly increasing the cognitive load on the children. Young
school children are in the concrete operational stage [8], in which abstract and nested
structures can only be processed to a limited extent. In particular, loops, functions, and
debugging represent abstract meta-levels of programming, the understanding of which requires
a solid foundation in simpler concepts. Proceeding too quickly would have overwhelmed the
children and hindered their learning success.

Simplification of Language

Another point of criticism concerned the labeling of the command blocks. These were heavily
based on traditional programming standards and included elements such as parentheses and
semicolons. While such syntactic elements are necessary for professional programming, they
are not required for understanding basic algorithmic concepts. For children, however, they
present an additional extrinsic difficulty that distracts from the actual learning objective:
recognizing logical relationships and sequences. Therefore, these syntax elements in the
command blocks were simplified: For example, gehen(); became gehe (“gehen” means go).
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Optimizing the Walls

Originally, the walls consisted of one-, two-, and three-piece combinations, which made it
difficult to place them using the reference images. In addition, small gaps on the game board
caused the walls to shift slightly. This problem was solved by reducing the number of wall
combinations that appear in all games to two variants (red and white). Sturdy wall pieces
were developed using a 3D printer to match these two combinations. As an additional aid,
stencils were included with the game. These can either be used to check the walls that
have already been placed or laid out on the playing field at the start so the walls can be
placed directly using the stencil. The templates are color-coordinated with the respective
wall combination.

4 Reflection and Suitability for Montessori Education

The material was developed to introduce Montessori students of the elementary phase to
programming concepts. Testing with children is currently pending, as approval has not yet
been granted by the research university’s data protection and ethics committee. Therefore,

adult experts were consulted to assess the suitability of the material for Montessori education.

The Montessori experts are Christiane Salvenmoser and Saskia Haspel. They are the founders
and directors of the Montessori Academy in Austria and have been working for decades
as Montessori instructors, consultants, coaches, and evaluators. They served on the board
of the Austrian Montessori Society for more than 25 years and train Montessori educators
through certification courses. The workshop was supported by the german Montessori teacher
Christiane Daidrich.

The materials were evaluated during a workshop held on April 30th, 2026 in Vienna. The

material was first demonstrated and explained, after which the experts tested it on their own.

This approach mirrors the way Montessori materials are used in a classroom: The teacher
provides an introduction, and then the children work independently with the material. The
experts’ comments were recorded in writing and evaluated for this article.

The material was evaluated both from a general, educational perspective and specifically
in relation to the Montessori method. Several aspects were cited as strengths in a general
sense: The materials are designed to be tactile and easy to handle. The color-coded separation
of the programming blocks into individual storage boxes supports a modular learning
experience. In the experts’ view, the material clearly prepares children for programming at
various difficulty levels, and the cards allow children to work at their own pace. As biggest
weakness was mentioned that navigating the game piece’s paths requires children to have
good spatial orientation. A solution should be found for this, as spatial orientation is not a
prerequisite for effective programming.

However, in order to actually use the learning material as Montessori material, they
suggested a few more aspects.

In Montessori education for school-age children (starting in Elementary), learning a
subject area can be divided into three learning phases. In the first phase, the introductory
phase, the material is shown to the learners and the rules and usage are explained. The
learners then familiarize themselves with the material. The second phase, exploration, involves
investigating the material and thereby acquiring knowledge independently. In the third
phase, integration, the newly acquired knowledge is finally linked to existing knowledge and,
if appropriate, presented in a suitable manner (for example, as a presentation, a poster, or
a product). A key principle of Montessori education is that the duration and intensity of
each phase are determined solely by the child, not by the teacher. Some children may grasp
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a concept after just a few exercises, while others may take much longer and repeat things
over and over. What matters most is that there is sufficient freedom in the exercises and
that no rigid guidelines hinder the child’s learning. However, the current design of the task
cards only partially allows self-directed learning and exploration of topics. Since all lessons
within a module build upon one another, individual task cards cannot simply be skipped if
a child has grasped the topic more quickly. On the other hand, repeating a task card for
reinforcement is rather unappealing, as this stifles the child’s spirit of inquiry and does not
encourage joyful learning.

Therefore, it was suggested to replace the task cards by activity cards. These could
be organized into subcategories according to the modules, allowing the students to decide
how many of the cards they would like to work on for a given topic. Self-checking, which
is a key pillar of Montessori materials, should not be resolved by printing the solution on
the back. The question is: What do we want to achieve with the learning child? Is it about
the solution being exactly correct? Or isn’t it more about the process of evaluation and
debugging? The Montessori experts therefore suggested that program verification should
instead be carried out through teamwork (one child programs, the other verifies). A fixed
division of roles would be helpful here, so each child is aware of its task. Debugging, if
something is wrong, can then take place together through dialog.

Here is an example to illustrate: Child 1 draws an activity card that says: Place the game
piece on square Al; he is facing A2. Now create a program that makes the dragon move to
square C4. Child 1 reads the card silently and creates the program using the programming
blocks. Child 2 (who does not know the destination) then executes the exact program using
the game piece. Now, the two children look together to see which square the game piece
ends up on and compare it with the activity card. If the square is not the same, they work
together to figure out how the program needs to be changed.

Also, the modules could be effectively expanded by allowing students to create and solve
their own tasks through teamwork. It would also be quite conceivable to add challenges,
such as:

Can you solve the task using a different program?

Can you solve the task using fewer programming blocks?

Can you solve the task using the longest possible program?

How many ways can you find to reach the goal?

In addition, it was suggested to create so-called Definition materials for each module.
In Montessori education, these materials are provided to learners for specific subject areas
and encourage them to look up information on their own. This reduces the workload for the
Montessori teacher and supports the learners’ independence and self-efficacy (“Help me to
do it myself”). The definition material consists, among other things, of a small ring binder
in 14x14 c¢m format. On a double-page spread, the left side features a relevant illustration,
while the right side contains the explanation along with the technical terms.

It was also mentioned that the material needs a catchy name (all Montessori materials
have a name that is easy for children to remember and that clearly identifies the material). Last
but not least the teachers should be provided with a clear instruction for the presentation
of the material.

5 Conclusion and Outlook

As the literature review shows, research to date has only dealt rudimentarily with the
topic of programming in Montessori schools. Montessori materials have also hardly been
systematically created yet. To close this gap, a new learning material specially for the
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Montessori method was developed. The DSR was applied, and the structure of the lessons
was chosen to be modular. Finally, since approval for a study involving students had not yet
been granted, the material was evaluated by adult Montessori educators.

The Montessori experts highlighted many positive aspects of the learning materials and
explicitly emphasized the relevance of the topic for Montessori pedagogy. In their view,
incorporating this topic into Montessori pedagogy is highly desirable. From the experts’
perspective, Montessori materials represent the right approach, but they must absolutely be
embedded within other methods of Montessori pedagogy. Examples include the Definition
materials or Cosmic Education, which places all of the learners’ experiences into context.

As the research progresses, we will first conduct a more in-depth evaluation of the learning
material. To this end, we will carry out empirical tests with students at Montessori schools
and incorporate the findings into subsequent design cycles for the material. In doing so, we
will also take into account other Montessori components, such as Cosmic Education and the
Definition materials.

Montessori pedagogy represents a promising opportunity for learners to prepare for the
digital future. By expanding the materials to include the subfield of programming, Montessori
pedagogy is enriched with contemporary aspects, thereby silencing critics who argue that
Montessori is no longer up to date. In the further course of the research, the goal is not only
to improve the programming materials through additional design cycles. It is also intended
to examine whether other CS aspects, such as Artificial Intelligence, should be integrated
into the curriculum.

However, the materials developed are not only valuable for Montessori education. Even
today, elements of the Montessori Method are increasingly being adopted in the standard
state school system. One example is independent and self-regulated learning: Modern
societies increasingly demand skills such as problem-solving, initiative, and self-direction.
These are fostered by the self-directed learning that is central to Montessori (“Help me to
do it myself”). The learning material is also suitable for traditional schools to help children
experience and learn the basic principles of programming in a self-directed way. The learning
materials can therefore support teachers shifting their role from “instructor” to “learning
guide”. Especially in an increasingly fast-paced, digital world, the goal is no longer simply
imparting knowledge to learners. Rather, it is to equip them with the skills to acquire
relevant knowledge independently.
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—— Abstract

Contextualization: Teaching algorithms and data structures in technical high schools presents
challenges related to abstraction, problem solving, and the persistence of non-student-centered
teaching models. In this context, Competitive Programming and Competition-Based Learning emerge
as promising pedagogical alternatives. Objectives: This study aims to analyze the educational
impacts of the teaching project “Algorithm X” on students’ learning of algorithms and data structures,
as well as their motivation, autonomy, academic engagement, and perceptions regarding Competitive
Programming in Technical High School. Materials and methods: The study is based on the
experience of a teaching project developed with students from the Technical Course in Informatics
Integrated with High School at Cascavel, Parana, Brazil. The project was organized through weekly
meetings structured around dialogic expository classes, problem solving, coding dojo, debates,
simulated contests, and digital support resources. The data were obtained through an evaluative
questionnaire by 37 students, and discursive responses were analyzed. Results and discussions:
The results indicated a favorable evaluation of the project and recognition of its contribution
to strengthening algorithmic thinking, developing problem-solving skills, motivating the study
of programming, improving performance in programming-related subjects, and fostering learning
autonomy. The project was understood as a space for learning and development that extended beyond
the immediate context of competitions. Considerations: Competitive programming may constitute
a viable pedagogical strategy for teaching algorithms in technical high schools when supported by
structured didactic mediation, progressive practice, and digital resources. This approach consolidates
technical skills and competencies and contributes to students’ academic and professional development.
Student participation in the project was not limited to the context of competitions but also involved
a complementary formative process.
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1 Introduction

The teaching of algorithms and data structures is a fundamental component of Computer
Science education, recognised as a central topic in international reference curricula and as
essential at all levels of Computer Science and Software Engineering [18, 15]. However, it is
considered one of the most challenging subjects for novice students from both cognitive and
educational perspectives, as the difficulty lies primarily in high-level concepts rather than
low-level technical details [18, 22].

Empirical studies support this perception by showing that most first-year students
struggle with abstraction and algorithmic thinking [2]. Survey data from first-year students
indicate that 86% fall below the level considered satisfactory in abstraction skills, while
52.6% demonstrate insufficient performance in algorithmic thinking [2]. As abstraction is
considered a key element in the early stages of learning, insufficient development of this
competence directly hinders the transition from theory to code implementation [18].

In the Brazilian context, this challenge is accentuated by the predominance of traditional
teaching practices in middle and high school education. According to Bandeira et al. [1],
traditional teaching is understood here as a teacher-centered approach based on theoretical
classes, content exposition, exercises on specific topics, written examinations, and final
projects, with limited emphasis on self-directed learning and iterative problem solving. This
background may make self-learning less common among students and create difficulties when
they enter Computing courses, where they are often expected to learn more independently [1].
In this context, Competitive Programming can be used as an active methodology to revisit
concepts that were insufficiently consolidated in previous educational experiences and to
encourage students to seek solutions more autonomously [1].

As a pedagogical strategy, Competitive Programming extends beyond the concept of a
tournament and can be understood as an instructional model in which contest problems
structure the teaching and learning of algorithms. This approach fosters the development of
observational skills, enabling students to reduce unfamiliar problems to known patterns and
to make progress in implementing solutions through efficient coding and debugging [24, 15].
Furthermore, the use of automatic judging systems provides instant feedback, facilitates
real-time error correction, and encourages independent learning, innovative thinking, and
the development of logical reasoning and problem-solving skills [24, 1].

At the theoretical level, this proposal can be understood in light of Competition-Based
Learning, defined as a student-centered strategy that uses tournaments as a stimulus to
maximize learning outcomes [4]. From this perspective, competitive practice drives active
learning, where knowledge is constructed through interaction, testing competencies, and
confronting peers [11]. This process is not limited to the acquisition of technical skills,
but also supports the development of socio-emotional competencies such as resilience, ad-
aptability, confidence, and reasoning, associated with preparation for complex real-world
challenges [6, 16].

Although the literature identifies Competitive Programming and Competition-Based
Learning as promising strategies, there is still a lack of applied studies that systematically
examine these models in real contexts of Technical Secondary Education. Most research
focuses on higher education or short-term experiences, such as isolated marathons or specific
educational projects. Therefore, it is necessary to investigate how the continuous integration
of these practices into the technical curriculum can influence the learning of algorithms and
students’ perceptions of their academic and professional gains. Thus, this study is justified
by the need to understand to what extent the use of competition as a teaching strategy
can contribute to addressing the limitations of non-student-centered models and support
formative trajectories in the field of Computing.
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This article analyzes the educational impacts of students’ participation in the teaching
project “Algorithm X: Teaching Algorithms for Competitive Programming in Technical High
School”, developed with students from the Technical Course in Informatics Integrated with
High School Education at Federal Institute of Education, Science and Technology of Parana
(IFPR), Cascavel, Parand, Brazil. The objective is to examine, with emphasis on the learning
of algorithms and data structures, students’ perceptions of the project’s contributions to the
development of autonomy, motivation for study, and academic engagement, as well as to
discuss how this experience relates to fostering interest in Computing and the construction
of formative and professional trajectories.

The article is organized as follows. Section 2 discusses Competitive Programming as a
teaching strategy in relation to Competition-Based Learning, Algorithmic Thinking, and
Problem Solving. Section 3 presents the project analyzed and the research methodology.
Section 4 presents the analysis of the project’s results and students’ perceptions. Finally,
Section 5 presents the final considerations and perspectives for continuing the investigation.

2 Background

Competitive Programming has been explored as a non-traditional approach based on the
Algorithmic Problem Solving method, serving as an active methodology in introductory
programming courses. From this perspective, it contributes to increasing students’ proactiv-
ity, familiarity with programming logic, and ability to abstract real-world problems into
algorithms [1].

Competitive Programming can be understood from two complementary perspectives: (i) as
an active methodology integrated into first-year formal curriculum classes, using timed contest-
based activities and the practice of upsolving, where students solve unfinished problems
outside the classroom to progressively develop algorithmic problem-solving skills; and (ii) as a
motivational strategy inspired by the “mind sport” nature of contests, encouraging students to
seek solutions independently through positive feedback, thereby increasing their enthusiasm,
familiarity with programming, and technical confidence [1]. Case studies in introductory
courses show that this practice stimulates interest in learning, fosters autonomous learning,
and strengthens innovative thinking and problem-solving skills [24]. However, the fact that
only 27% of novice competitors are able to solve at least one problem reveals a gap in
the perception of difficulty between teachers and students, reinforcing the need for more
appropriate questions organised in a progression of complexity [24].

In teaching algorithms, Competitive Programming uses contest problems as a structuring
element to introduce, practice, and reinforce algorithmic techniques such as searching, sorting,
basic data structures, and dynamic programming at introductory levels. These problems
align with Computing curricular guidelines and have been associated with improvements
in algorithmic thinking, problem solving, motivation, and, in some contexts, retention in
courses in the field.

Luo (2025) organizes learning around three central outcomes: (i) the capacity for observa-
tion to reduce unknown problems to known problems; (ii) mastery of algorithmic techniques;
and (iii) implementation through efficient coding and debugging [15]. To achieve these
outcomes, the author uses a competition-based teaching model in which classes alternate
between introducing new concepts, collective problem discussions, and formative assessments
that simulate the time pressure of competitions. This format incorporates the time factor,
bringing the experience closer to contexts such as contests, technical interviews, software
sprints, and hackathons, while at the same time favouring the understanding of problem
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statements, team organisation, strategic decision-making, and code debugging under pres-
sure [15]. In addition, automatic judging systems provide instant feedback, enhancing the
cycle of discovery and continuous improvement through multiple attempts after incorrect
submissions [24]. Furthermore, cooperative learning strategies and team competitions encour-
age the strategic division of tasks and the exchange of technical knowledge among students,
bringing the pedagogical dynamic closer to that observed in programming contests and
real-world professional challenges.

A central benefit of this approach is its emphasis on knowledge transfer, as students
must recognize the type of problem, relate it to known patterns, and adapt the solution.
This process reinforces structural understanding rather than memorization. In this sense,
adapting contests for beginners, with a focus on interpreting algorithms rather than full
implementation, has proved to be an alternative for broadening the participation of less
experienced students, while also improving logical reasoning, supporting the elaboration of
test cases, and fostering the construction of pseudocode [17].

2.1 Competition-Based Learning

Competition-Based Learning is a methodology that uses structured competitions to stimulate
motivation and improve student performance. As a student-centered instructional strategy,
it aims to capture students’ interest and encourage curiosity, allowing greater control over
their own learning process. Additionally, the learning outcome is independent of the score
or ranking in the competition, so the tournament serves as a pedagogical incentive without
academic success depending strictly on competitive performance [4].

This methodological approach involves the development of competence, autonomy, and
relatedness through challenges that make achievements visible and reinforce students’ intrinsic
motivation for accomplishment [11]. Previous research highlights that competition can foster a
state of flow by establishing clear goals and providing immediate feedback, thereby intensifying
engagement when the level of challenge remains compatible with participants’ skills [5]. In
addition, symbolic rewards such as badges and rankings can reinforce students’ perception
of progress and contribute to learning [5, 14, 21]. From a constructivist perspective, this
dynamic supports active learning through interaction with problems and peers [5, 11].

Pedagogical planning should include guided challenges that extend beyond students’
current capabilities [16], combined with real project-based activities that stimulate critical
thinking, problem solving, scientific reasoning, collaboration, and communication [20]. Its
success also depends on sustained participation across annual cycles or multiple semesters,
allowing students to progressively consolidate scientific knowledge and skills [20]. When
integrated into the formal curriculum and accompanied by mentors or specialists, this
methodology can promote active learning, reflection, and reduced performance disparities [6,
16]. In the context of teaching and learning algorithms through Competitive Programming,
this framework is realized in contests, mini-contests, and assessments with defined deadlines,
often mediated by automatic judges, which encourage intensive practice and the application
of algorithmic techniques under time constraints [15, 24]. Thus, Competition-Based Learning
and Competitive Programming converge by creating authentic problem-solving environments,
where competition structures complex tasks and supports progress monitoring through
evidence of performance [6, 16].

In this arrangement, Algorithmic Thinking is directly encouraged, as competition-style
problems require students to decompose statements, abstract relevant information, define
systematic actions, and evaluate solution adequacy and efficiency [8, 12, 13]. These skills ex-
tend beyond coding, involving understanding why an algorithm works, generalizing strategies,
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and recognizing recurring patterns, which supports structural understanding rather than
memorization [10]. Thus, competitions and challenges can support the consolidation of
algorithmic thinking as a central student competence, especially when aligned with curricular
objectives and organized with progressive difficulty [15].

Problem solving is also a central component of this convergence, as competitive environ-
ments induce iterative cycles of formulation, implementation, testing, and debugging, often
supported by automatic feedback. This process supports learning through trial and error
and the continuous refinement of solutions [19, 24]. In particular, Cuba-Ricardo et al. [7]
show that, when solving algorithmic programming problems, students tend to think and
solve the problem while coding: they reinterpret the written code, compare it with the
algorithmic solution conceived mentally, gradually correct errors, and refine partial solutions.
This emphasizes the importance of pedagogical strategies that guide reasoning, planning, and
quality control of solutions. In this context, explicitly elaborating implicit algorithmic notions
can contribute to greater discipline in problem solving and foster students’ computational
thinking competence [9)].

Even so, the effectiveness of competition-based learning depends on balancing the level of
challenge with participants’ competencies, as highly heterogeneous contexts can intensify
anxiety and demotivation, especially among less experienced participants [5, 21]. In such
cases, collaborative and cooperative learning dynamics, where teams compete externally
and collaborate internally to achieve common objectives, can support the articulation of
reasoning, negotiation of strategies, and collective correction [23]. Similarly, non-competitive
contests have emerged as a relevant pedagogical alternative, as they retain formative elements
of the contest format, such as problems, deadlines, and feedback, but moderate the adverse
effects associated with rigid rankings and excessive pressure, shifting the focus to learning,
cooperation, and reflection [17]. This adaptation tends to make the strategy more inclusive
in Secondary Education, while maintaining the motivational and practical benefits of Com-
petitive Programming without compromising educational objectives centred on algorithmic
thinking and problem solving [3].

3 The Algorithm X teaching project in focus

The teaching project entitled “Algorithm X: Teaching Algorithms for Competitive Program-
ming in Technical High School” is a complementary educational initiative to regular teaching,
aimed at students in the Technical Course in Informatics Integrated with High School at
IFPR. This project was conducted from March to November 2025, comprising 80 class hours
through weekly meetings in a computer laboratory. It focused on developing competencies
in logic, algorithms, data structures, and computational problem solving, articulated with
preparation for the Brazilian Olympiad in Informatics (OBI') and other competitions. In this
context, students’ participation in the OBI allowed the training developed in the meetings to
be connected with concrete competition experiences, bringing the teaching process closer to
real situations involving the application of knowledge constructed in the project.

The methodological proposal was structured based on Competitive Programming as an
educational strategy, integrated with principles of active learning, collaborative learning,
and problem-based learning. The course consisted of a sequence of didactic practices that
combined moments of conceptual introduction, guided problem solving, collective discussion
of solutions, and training in competition format. This approach was implemented through
dialogic expository classes, problem solving, coding dojo, debates, simulated contests, and
the use of progressive sets of exercises.

! OBI - https://olimpiada.ic.unicamp.br
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The methodological teaching approaches were organized to address both conceptual
development and intensive practice. Dialogic expository classes introduced the theoret-
ical foundations necessary for competitive programming, especially topics in logic, discrete
mathematics, algorithms, and data structures. These sessions aimed to present content
interactively, with explanations, examples, simulations, and opportunities for student par-
ticipation. Problem solving was the central methodology of the project, as the OBI and
other competitions require analysis of problem statements, elaboration of strategies, and
implementation of correct and efficient solutions. Problems were worked on individually and,
at some moments, in pairs. This organization was determined by the teacher’s formative
assessment during meetings, considering the complexity of the topic, students’ recurring
questions, performance in previous exercises and submissions, and the autonomy observed
during problem-solving activities. The class’s level of mastery was not formally quantified
but was inferred from classroom observation and students’ difficulties during practice.

As a complementary collaborative learning strategy, coding dojo was used to promote
collective problem-solving and discussion of algorithmic reasoning in the classroom. In this
dynamic, participants alternated roles such as pilot and co-pilot, while others observed,
suggested alternatives, and followed the process of constructing the solution. Debates on
problems and solutions were incorporated into meetings at two distinct stages: before im-
plementation, to discuss possible algorithmic approaches, and after resolution, to compare
methods, data structures, and implementation decisions. This arrangement allowed explora-
tion of the same task from different perspectives, encouraging reflection on the efficiency,
clarity, and adequacy of the solutions.

Simulated contests formed another important dimension of the methodology, aiming to
familiarize students with the real conditions of competitions. These activities were designed
to reproduce the format of the OBI and similar events, involving problems of varying difficulty,
limited time, and the need to define a resolution strategy. The goal was to develop not
only technical mastery but also skills related to time management, interpretation of problem
statements, and emotional control in testing situations. In parallel, sets of problems selected
according to the content studied and the participants’ level of development were used, with
the main sources being the OBI website and the Beecrowd platform?.

The problems used in the project were mainly implementation-oriented tasks, in which
students had to read a statement, identify the underlying algorithmic idea, design a solution
strategy, implement it, and test the submitted code using automatic judges. Some meetings
also included complementary activities focused on tracing algorithms, discussing strategies in
plain language, elaborating test cases, comparing alternative implementations, and analysing
wrong submissions. Problem selection followed the OBI Programming syllabus and the topics
planned for the project, such as logic, arithmetic reasoning, sorting, searching, basic data
structures, graphs, trees, and dynamic programming. The task types and learning objectives
are presented in the (Table 1). The problems were selected by the project teachers according
to their alignment with the learning objectives, the difficulty level indicated by the source
platforms, and the students’ observed progress during the meetings. Thus, validation was
pedagogical and curricular, based on the correspondence between the problems, the contents
taught, and the skills expected in competitive programming activities.

Regarding the description of teaching practices, the project aimed to articulate the
progression of content and the diversity of formative experiences. The planned content
included foundations of mathematics, logic, and computing, followed by topics in algorithms

2 Beecrowd — https://www.beecrowd. com.br
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Table 1 Examples of problem types used in the project.

Topic Type of task Learning objective
Logic and arithmetic Code-writing and test-case dis- Interpret statements, identify input-output
reasoning cussion patterns, and construct basic algorithmic solu-
tions.
Sorting and searching Implementation, tracing, and Understand ordering, search strategies, and
comparison of strategies the relationship between algorithm choice and
efficiency.
Basic data structures Implementation and plain- Apply stacks, queues, lists, or dictionaries to
language explanation represent and manipulate problem data.
Graphs and trees Modelling and implementation Represent relationships between entities and
solve connectivity, traversal, or hierarchy prob-
lems.

Dynamic programming  Strategy discussion and guided Identify subproblems, recurrence relations,
implementation and reuse of intermediate results.

and data structures, such as algorithm analysis, Big O notation, algorithmic strategies,
sorting, searching, dynamic programming, graphs, trees, and geometry. The selection of
content also was based on the syllabus of the Programming modality of the OBI, with the
possibility of including additional topics according to the class’s progress and the availability
of other competitions during the project.

Digital resources supporting teaching were used as an integral part of the methodology.

The Beecrowd platform was employed in training sessions and simulated contests, as it
provides a large collection of problems categorized by difficulty and offers automatic real-time
feedback on submissions. The OBI website was used to access previous exams, challenges,

and official materials, and also served as a submission channel during the competition phases.

For visualizing the functioning of algorithms and data structures, Data Visualization® and
VisuAlgo* were used as support tools for understanding processes such as sorting, searching,
graph manipulation, trees, lists, stacks, and queues. As complementary study materials,
W3Schools® was used for reviewing language foundations and syntax, and GeeksforGeeks®
for deepening advanced concepts and typical competitive programming strategies.

Table 2 summarizes the main elements that structured the project methodology, organizing
it into three complementary axes: methodological approaches, teaching practices, and digital
support resources. It presents, in an integrated way, how the pedagogical proposal was
operationalized throughout the meetings, linking the references of active, collaborative, and
problem-based learning with the didactic strategies used and the digital tools adopted for
practice, visualization, and autonomous study.

4 Results and Discussion

An evaluative questionnaire was developed, and the 38 students who participated in the
project were invited to respond voluntarily, with anonymity guaranteed. Of these, 37 students
completed the questionnaire and composed the study sample. All respondents were students
in the Technical Course in Informatics Integrated with High School at IFPR — Campus
Cascavel. The mean age was 16.41 years (standard deviation = 0.96). Most participants

Data Visualization — https://www.cs.usfca.edu/~galles/visualization/

VisuAlgo — https://visualgo.net/en

W3Schools — https://www.w3schools.com

GeeksforGeeks — https://www.geeksforgeeks.org/competitive-programming-a-complete-guide/
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Table 2 Pedagogical purposes of the strategies.

Axis Main elements Pedagogical purpose
Methodological ap- Active, collaborative, problem-based Promote active participation, problem
proaches learning; competitive programming as solving, and the development of al-

Teaching practices

Digital resources

a teaching strategy

Dialogic expository classes; problem
solving; coding dojo; debates; simu-
lated contests; problem sets

Beecrowd; OBI website; Data Visual-
isation; VisuAlgo; W3Schools; Geeks-
forGeeks

gorithmic thinking

Articulate conceptual introduction,
guided practice, collaboration, and
training in a context similar to com-
petitions

Support problem-based practice, al-
gorithm visualisation, immediate feed-
back, and complementary study

were male (75.7%), while 24.3% identified as female. Regarding distribution by school year,
27.03% were in the first year, 40.54% in the second year, and 32.43% in the third year. The
third-year students had already participated in previous editions of the project, which should
be considered when interpreting their responses. These data indicate that the sample included
students at different stages of the technical high school programme, with a higher proportion
of 2nd-year students. In 2026, 91,67% of the project alumni are pursuing undergraduate
studies in Computing at public institutions.

Exploratory subgroup analyses were conducted to examine whether students’ responses
varied according to school year or previous participation in the project. Kruskal-Wallis
tests did not indicate statistically significant differences among first-, second-, and third-year
students in the main questionnaire dimensions (p > 0.05 for all dimensions). Similarly,
Mann-Whitney tests comparing students with and without previous participation did not
reveal significant differences in the main Likert-scale dimensions. A significant difference was
observed only for the perceived contribution of the OBI to learning algorithms, measured
through a single item on a 0-10 scale, with higher scores among students who had previously
participated in the project (p = 0.0231). However, given the small size of the subgroups and
the different scale of this item, these results should be interpreted as exploratory evidence.

Regarding the time dedicated to extracurricular study related to the project, 40.5%
of participants studied exclusively during meetings, while 37.8% reported dedicating 1 to
2 additional hours per week, 18.9% dedicated 3 to 4 hours, and 2.7% dedicated 5 to 8
hours. This overview indicates that, although a significant portion of students maintain
autonomous study practices, for a substantial part of the sample, the project remains the main
learning space in competitive programming. Spearman’s rank-order correlation indicated a
moderate, positive, and statistically significant association between extracurricular study
time and students’ self-assessment in competitions (p = 0.480, p = 0.0026). A weaker positive
association was also found with students’ perception of the OBI’s contribution to learning
algorithms (p = 0.330, p = 0.0462). However, the associations with overall perception of
the project (p = 0.223, p = 0.1843) and learning based on competitions (p = 0.225, p =
0.1813) were not statistically significant. Therefore, these results suggest that extracurricular
study time was more clearly related to students’ perceived competitive performance than to
broader perceptions of the project. Taken together, these results suggest that study beyond
formal meetings may be relevant to students’ perceived competitive performance and that
the project may provide conditions for developing autonomous study habits in technical
education contexts. As these exploratory analyses are based on self-reported variables, they
should be interpreted as associations rather than causal relationships.
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The responses about the most difficult content areas focused on topics with greater ab-
straction and algorithmic complexity, emphasizing graph algorithms (70.3%), tree algorithms
(64.9%), graph concepts (43.2%), and dynamic programming (37.8%). In contrast, the
content areas identified as easiest to assimilate were fundamentals of logic (75.7%), sorting
algorithms (67.6%), and search algorithms (45.9%). This pattern aligns with the expected
progression in algorithms training, where introductory content generally presents a lower
barrier to comprehension than topics that require greater capacity for abstraction, modeling,
and generalization. This pattern suggests that the project exposed students to advanced
content but also highlights the need for specific teaching strategies to support its assimilation,
such as organizing progressive learning paths, using guided exercises, and systematically
reviewing more difficult concepts.

For study resources outside project time, websites and online platforms were most
prominent, especially online judges (67.6%), help from teachers or peers (54.1%), and online
forums or communities (35.1%). Regarding the materials considered most useful for learning,
higher frequencies were observed for online tutorials (59.5%), video lessons (51.4%), forums
and communities (45.9%), and online judges (37.8%). These data indicate that participants’
learning relies on digital resources and interpersonal support mechanisms. This suggests that
the formative process is not restricted to the project space but encourages motivation for
self-learning, complemented by digital learning resources and collaborative interactions.

In relation to students’ perception of the project, based on statements rated on a five-
point Likert scale, the overall average was 4.13 (standard deviation = 0.65), indicating a
generally favorable evaluation. Furthermore, the scale also demonstrated internal consistency
(Cronbach’s o = 0.925), indicating strong coherence among the items in this dimension.
The lower internal consistency observed in the students’ self-assessment dimension may
be related to the heterogeneous nature of this construct. This dimension includes items
on understanding problem statements, solving problems, developing strategies, following
competitive activities, and recognizing the need for further learning. The last item may reflect
metacognitive awareness rather than low performance, which can reduce the homogeneity of
the scale. Therefore, this dimension was interpreted cautiously as an exploratory indicator
of students’ self-perception in competitions.

Figure 1 shows the distribution of responses regarding participants’ perceptions of the
project, highlighting a predominance of favorable evaluations for most items. Notably,
aspects related to understanding the format and rules of the OBI, the appropriateness of the
freedom to choose the programming language, the relevance of the content covered, and the
contribution of the training to the development of problem-solving skills and preparation for
the Olympiad stand out. Consistent with this pattern, the items with the highest averages
were: “The meetings helped me to better understand the format and rules of the OBI” (M
= 4.43), “The freedom to choose the programming language was an appropriate approach”
(M = 4.35), and “The skills learned in the project facilitated my performance in academic
subjects related to programming” (M = 4.35), reinforcing the positive evaluation of the
pedagogical dimension of the experience.

Relatively lower averages, though still within a positive range, showed greater dispersion
in responses. Among these, aspects related to the organization and productivity of the
meetings stood out, as did the project’s impact on defining future academic and professional
choices. This result suggests that the positive evaluation of the project is shared, although
its effects on vocational and certain operational aspects were perceived less uniformly.
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- Training, dynamics, and preparation

-

The preparatory training sessions helped me develop | 91,9% M=4,27
my problem-solving skills. i ’

The training contributed to my prepgration and | 91,9% M=4,27
performance in the OBI.

The mock contests accurately represented the level

of difficulty found in the OBI, ensuring better 86,5% M=4,22
performance than if I had not participated in the ’ !
project. ‘
The guidance received in the project was clear and _ 86,5% M=4,19

relevant for understanding programming competitions.

The training meetings were organized and productive. - 56,8% M=3,73

- Evaluation of meetings and methodologies

5

The meetings helped me better understand the OBI | 89,2% M=4.43
format and rules. i ’

Allowing students to choose their programming

language was an appropriate approach for the project- 81,1% M=4,35
objectives. ‘
The syllabus covered relevant topics for competitive | 91,9% M=4,32
programming.

The methodologies used helped develop skills in | 89.2% M=422
logic and programming. : ’

The workload of the meetings was adequate | 81,1% M=403
(considering 3 hours of meetings per week). ’ !

< Ac ic, pr i 1, and general perception impacts

The skills learned in the project improved my
performance in academic subjects related to- 86,5% M=4,35
programming.

My participation in the project helped me develop
more structured thinking for solving complex - 86,5% M=4,19
programming problems.

The project motivated me to explore more about
competitive programming outside the project's- 78,4% M=4,16
regular meetings.

The skills developed in the project increased my
chances of obtaining academic or professionaly 70,3% M=4,00
opportunities.

The experience in the project contributed to | 70,3% M=3.86
improving my teamwork skills. ’ !

Participation in the project was decisive for my | 43,2% M=3.46
choice of degree program or professional field. ¢ !

80 100

o——
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-40 -20

Unfavourable Neutral mm Favourable

Figure 1 Students’ perception of the project.

Students were encouraged to participate in competitions beyond the OBI, such as the
SBC Programming Marathon” — Phase Zero and Phase 1 (“Coffee with Milk®), as well as
programming marathons organized by universities in the state. It should be noted that these
competitions are at the undergraduate level; therefore, only a portion of the participants
took part in the challenges. Before the competitions, students were familiarized with the
exams through simulated contests and by solving problems from previous marathons.

7 SBC Programming Marathon — https://maratona.sbc.org.br
8 The “Coffee with Milk” category designates teams that participate outside of competition, as they are
composed of high school students, while ICPC is for undergraduate students.
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Students’ self-assessment in the competitions presented a global mean of 4.01 (standard

deviation = 0.45), indicating an overall favorable perception of their own performance.

However, this dimension showed lower internal consistency (o = 0.548), suggesting greater
variation among the evaluated items.

Figure 2 shows the distribution of responses regarding students’ self-assessment in the
competitions. The statement with the highest average was “I believe I still need to learn more
about algorithms and programming to perform better in competitions” (M = 4.68), indicating
strong recognition among participants of the need for continued study. High averages were
also observed for items related to the ability to solve at least part of the proposed problems
(M = 4.11), understand the statements (M = 3.95), and develop strategies to address the
challenges (M = 3.95).

I believe that I still need to learn more about
algorithms and programming to perform better in- 97,3% M=4,68
competitions.

I was able to solve at least part of the problems

5% 83,8% M=4,11
presented.

I was able to understand the problems proposed in 2% 81,1% M=3,95
the competitions.

I was able to develop strategies to solve the | 9% 75,7% M=3,95
challenges.

I felt that I was able to adequately follow the | 7% 51,4% M=3,38
competitive activities.

-20  -20 0 20 40 60 80 100
Unfavourable Neutral mm Favourable

Figure 2 Student self-assessment in competitions.

In contrast, the statement with the lowest average was “I felt that I was able to adequately
follow the competitive activities” (M = 3.38), indicating that some students still do not
feel fully adapted to the pace and demands of the competitive environment. This should
be interpreted in light of the progressive nature of training in competitive programming,
especially in contexts where participants have varying levels of familiarity with this type of
activity. The students’ perception of Competition-Based Learning showed an overall average
of 4.26 (standard deviation = 0.54), with good internal consistency (a = 0.885). This result
indicates that participants recognize the pedagogical potential of competitive programming
as a teaching strategy.

Figure 3 shows a predominance of favorable responses regarding competition-based
learning. The item with the highest average score was “stimulates algorithmic thinking and
problem-solving” (M = 4.65), followed by “motivates the habit of studying programming’
(M = 4.41) and “deepens the understanding of programming concepts and practices” (M
= 4.35). Positive evaluations were also observed with reference to interest in programming
subjects, study autonomy, and immediate feedback from competitive activities, indicating
that students see in this approach a formative contribution that extends beyond the strictly
technical dimension. In line with this result, the data suggest that competitive programming
is perceived not only as a competitive activity but also as an active learning strategy.
The predominance of the “learning and development” category in the descriptive analysis
reinforces this interpretation, highlighting an experience associated with the articulation of
challenge, engagement, and knowledge construction.

)
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1t fosters algorithmic thinking and problem solving. 100,0% M=4,65

It encourages the habit of studying programming. - 94,6% M=4,41

It deepens the understanding of programming concepts | 89,2% M=4.35
and practices. ’

It arouses interest in programming courses. - 83,8% M=4,24

It makes the learning process more dynamic and | 81,1% M=4.19
engaging. ’

It fosters my autonomy to study programming | 83,8% M=414
independently. ’

The immediate feedback from competitive activities 75,7% M=4.11
contributes to my learning autonomy. ’

It contributes to the understanding of other | 75,7% M=4.03
subjects, such as mathematics and science. ’

o-

—-40 -20 20 40 60 80 100
Unfavourable Neutral m Favourable

Figure 3 Students’ perception of competition-based learning.

Furthermore, items related to study autonomy and the role of immediate feedback also
showed a predominantly favorable distribution, although there was a higher relative presence
of neutral responses. On the other hand, the item regarding the contribution to understanding
other subjects, such as Mathematics and Science, while positively evaluated, had the lowest
mean among the items in this dimension and a smaller proportion of strongly favorable
responses. This descriptive pattern suggests that students more clearly recognize the perceived
contributions of competition-based learning to skills directly related to programming than to
broader interdisciplinary impacts.

The open-ended responses were analyzed using exploratory thematic categorization. The
thematic axes were defined deductively based on the questionnaire sections: perceptions of the
project, self-assessment in competitions, competition-based learning, difficulties encountered,
and suggestions for improvement. For the question about the aspect considered most
important in the project, the category of learning and development predominated (75.7%),
followed by competition and challenge (24.3%), and, less frequently, socialization and support
network (5.4%). These data indicate that the project was interpreted mainly as a space for
training rather than solely as preparation for competitive performance.

In the case of the influence of the experience on academic and professional interests, the
most prominent categories were increased interest in computing and technology (56.8%)
and confirmation or definition of career choice (40.5%). References also appeared to the
development of logic and mathematics skills (21.6%) and to professional impact and future
opportunities (10.8%). These responses suggest that the experience strengthened participants’
connection to the field of computing.

For suggestions for improvement, the most common themes were expanding simulations
and practice opportunities (24.3%), deepening advanced content (18.9%), and increasing
group activities (10.8%). To a lesser extent, participants mentioned the need for more
hours or time dedicated to the project (5.4%), while 13.5% stated that they did not see a
need for relevant changes. Overall, these results indicate that the suggestions focus less on
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criticizing the pedagogical approach and more on the expectation of expanding and deepening
experiences already positively evaluated, providing concrete contributions for the future
improvement of the project.

In the overall description of the experience, the following categories stood out: positive
and motivating experience (43.2%), improved performance and results (40.5%), development
of logic and strategy (32.4%), initial challenge and difficulty (35.1%), and teamwork (18.9%).
These findings show that the project was perceived as both a challenging and formative
experience, capable of engaging students. Furthermore, the open-ended responses suggest
contributions that go beyond immediate learning, indicating increased interest in computing
and technology and the consolidation of formative choices, which demonstrates a contribution
to strengthening students’ academic identity in the field.

Although the main focus of the project is not competitive performance, students demon-
strated significant participation in subsequent stages of the Brazilian Informatics Olympiad
(OBI). In 2025, 98 students from IFPR - Campus Cascavel participated in the programming
category of the OBI. In the Programming (P2) category for students up to the third year
of high school, 17 project students ranked among the top 1,000 out of 6,764 participants
across Brazil. In the Programming (P1) category for first-year high school students, 13
project students ranked among the top 1,000 out of 3,241 participants. Of the 38 project
participants, 30 qualified for the state phase, representing 71.42% of the 42 IFPR students
who advanced to this stage, and 11 reached the national phase among the 12 from IFPR -
Cascavel (91.66%). The project also included the participation of 10 female students in the
OBI Women’s Competition. In the first-year high school category, three students achieved
18th place among 243 participants nationwide. In the category for students up to the third
year of high school, five students achieved 36th place among 518 participants. Additionally,
two project students won medals, and one project student was admitted to a public university
through an admission program for high school scientific Olympiad medalists. These outcomes
provide contextual evidence of students’ competitive engagement and subsequent academic
trajectories.

5 Reflections and Future Work

The results of this study indicate that the Algorithm X teaching project, designed to
teach algorithms for competitive programming in Technical High School, was positively
evaluated by students with regard to its pedagogical organization and its effects on learning,
motivation, and the development of problem-solving skills. The convergence of quantitative
and descriptive data reinforces this interpretation, suggesting consistent recognition of its
educational contribution and potential as a pedagogical strategy for teaching algorithms.

From a practical perspective, the findings highlight the importance of expanding simulated
contests, exercise lists, and commented problem solving. It is also relevant to structure
progressive learning pathways that differentiate between introductory and advanced content,
especially in more complex topics such as graphs, trees, and dynamic programming. Ad-
ditionally, the results reinforce the importance of encouraging autonomous extracurricular
study and investing in specific preparation strategies for the competitive environment, such
as time management, interpreting problem statements, and familiarization with submis-
sion platforms. The value attributed to group activities, in turn, suggests incorporating
collaborative practices that articulate individual challenge and shared learning.

Some limitations should be considered when interpreting the findings. Participation in
the project and questionnaire was voluntary, which may have introduced self-selection bias,
as students more interested in Programming Competitions may have been more likely to
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participate. In addition, the study did not include a control or comparison group, and the
data are based on self-report rather than objective performance measures. Since the sample
is restricted to a specific institutional context, the results should not be generalized broadly.
Therefore, the findings should be interpreted as exploratory associations between students’
perceptions. Even so, the combination of descriptive statistics, exploratory Spearman
correlation analysis, and qualitative evidence provides analytical consistency to the study.

The results also allow for a more precise definition of the conditions under which compet-
itive programming may support more consistent educational contributions. The difficulties
reported in content involving greater abstraction indicate that this approach requires an ap-
propriate progression of content, ongoing teacher mediation, and a balance between challenge
and support. Thus, the data do not support the idea that simply adopting competitions
is sufficient to produce educational improvements; instead, they show that competitive
programming can be pedagogically relevant when systematically integrated into the teaching
process within a structured proposal that includes guided practices, moments of collective
discussions, simulated contests, and study support resources.

From this perspective, students’ responses suggest that participation in the project was
associated with perceived gains extending beyond the context of the competition, including
broader aspects of academic education, the development of algorithmic thinking, autonomy,
improved performance in programming-related subjects, and increased interest in further
study in the field. In addition, participants received at least introductory exposure to
undergraduate-level Computer Science content.

For future development, research may advance in at least three directions: tracking
students over longer periods to verify the persistence of perceived effects; incorporating more
objective performance measures by combining perception data with results from simulated
contests, practical activities, and competitions; and improving the pedagogical approach by
expanding progressive learning pathways, strengthening practical activities, and investigating
formats that more effectively balance collaboration, autonomy, and technical challenge. Thus,
the study contributes to consolidating the understanding that Competitive Programming
can constitute an educational strategy in Technical High School, provided it is planned
with pedagogical intentionality and analyzed with attention to the specific context and the
students’ formative needs.
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—— Abstract
The acquisition of programming skills is a notoriously difficult process characterized by high
cognitive load, complex abstraction requirements, and significant dropout rates in higher education.
Traditional pedagogical approaches often struggle to bridge the gap between seemingly abstract
language syntax and the strategic problem-solving required in software engineering. This paper
presents a comprehensive gamified solution: a 2D top-down Role-Playing Game (RPG) inspired by
classical adventure games such as The Legend of Zelda [30], specifically designed to reinforce existing
knowledge. We detail the integration of a secure, Docker-based automated code judge within a
narrative-driven environment. Key features include a virtual economy, a social “company” system
for collaboration, and a curriculum focused on the C programming language to deepen low-level
understanding. The paper evaluates the technical robustness of the prototype and proposes an
empirical framework to validate the hypothesis that this immersive approach significantly enhances
learning productivity, persistence, and student motivation.
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1 Introduction

Programming education is facing a global crisis of engagement. As software becomes the
backbone of modern infrastructure, the demand for developers grows, yet introductory
computer science (CS1) courses report failure rates as high as 30-50% [34, 27]. The primary
challenge lies not just in learning syntax, but in developing the strategic knowledge required
to decompose complex problems and debug logic under pressure. Current educational models
often rely on lecture-based instruction followed by isolated, context-free exercises. These
methods lack the immediate, iterative feedback loops that modern learners require to stay
motivated. This paper argues that Gamification, the application of game design elements to
non-game contexts, can provide a solution by fostering a “Flow” state where the challenge of
coding is matched by an immersive narrative and immediate rewards.

1.1 Challenges in Programming Education

As noted by Singh [34] and Medeiros et al. [27], beginners struggle with three distinct levels
of knowledge:
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1. Syntactic Knowledge: The specific rules and grammar of the language (e.g., semicolons,
brackets).

2. Conceptual Knowledge: Understanding abstract structures such as loops, recursion,
or pointers.

3. Strategic Knowledge: The ability to apply concepts to solve novel problems, plan
algorithms, and debug systematically.

1.1.1 Cogpnitive and Subject-Specific Hurdles

Students frequently struggle with the step from conceptual knowledge to strategic application.
While a student might understand what a “variable” is in isolation, they often fail to integrate
multiple concepts into a functioning program. Syntax errors, which lead to frustrating
“trial-and-error” loops, often overshadow the actual logic of the problem. Medeiros et
al. [27] emphasize that the high degree of abstraction, such as memory addresses and
control structures, often lacks analogies in everyday life, making the initial learning curve
exceptionally steep.

1.1.2 Behavioral and Emotional Factors

Beyond cognitive barriers, behavioral factors such as self-efficacy and time management
play a crucial role. Programming is often perceived as “inherently difficult,” which leads
to early demotivation. In large cohorts, individual support is limited, and students often
feel abandoned when facing complex software setups or cryptic compiler errors. This lack of
“psychological safety” inhibits exploration and experimentation.

At the classroom level, these barriers are amplified by feedback latency. In many
traditional settings, learners only discover misconceptions after delayed grading cycles, which
reduces opportunities for iterative correction and weakens persistence. Empirical work
on programming pedagogy therefore emphasizes rapid, formative feedback and repeated
low-stakes practice as central design requirements for CS learning environments [26, 12].

1.2 Hypothesis of the Study

The hypothesis of this work is that the gamification of programming education can be
successfully and effectively implemented in the form of a Zelda-like RPG to increase learning
productivity and motivation. To evaluate this hypothesis, we developed a prototype that
focuses on the reinforcement of existing skills through practical, narrative-embedded exercises.

2 Theoretical Foundations

2.1 The Importance of Practical Exercise

Programming is a craft that requires active participation. According to the constructivist
principle of “Learning by Doing,” knowledge is constructed through experience. Iftikhar
et al. [16] state that “Learning to code is a skill that can only be developed by virtue of
practice.” Passive consumption of lectures or textbooks provides the vocabulary, but only
the application in various scenarios builds actual competence.

Practice is particularly important for transitioning from conceptual to strategic knowledge.
Students may know what loops, arrays, or pointers are, but still struggle to design complete
solutions, test edge cases, and debug systematically [27]. Structured repetition across varied
tasks strengthens transfer: learners recognize recurring patterns and become faster at selecting
and adapting solution strategies.
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In addition, repeated programming practice creates a measurable motivational effect
when students can observe progress. Immediate verification of attempts, including failed
attempts, supports a growth-oriented mindset and reduces the fear of making mistakes [26].
This is a key rationale behind integrating an automated judge into the game loop rather
than using delayed manual assessment.

2.2 Gamification as a Didactic Method

Gamification refers to the use of game-design elements in non-game contexts to increase
user engagement [36]. Unlike “Games for Learning,” where the game is the primary focus,
gamification adds a layer of motivation to the existing learning content.

Systematic reviews show that gamification can improve participation, persistence, and
perceived enjoyment, but effects depend strongly on instructional fit [11, 8]. In program-
ming education, the strongest benefits are reported when mechanics (e.g., quests, points,
progression) are directly tied to meaningful coding actions instead of superficial reward
collection [44].

2.2.1 Behaviorist Reinforcement

The core loop of a gamified system is inherently behaviorist. Based on B.F. Skinner’s theories,
behavior is shaped by its consequences [35]. Immediate feedback, such as points or visual
rewards, serves as a positive reinforcer. Our system provides this through an Online Code
Judge that evaluates code in seconds, allowing students to learn from mistakes instantly
rather than waiting days for manual grading.

2.2.2 Flow Theory and Scaffolding

Optimal learning occurs in the “Flow Zone,” a state between boredom and anxiety. In
our RPG, scaffolding provides a ladder of increasing difficulty: early quests are simple and
confidence-building, while later quests challenge algorithm design and debugging. Recent
work in educational gamification confirms that balancing challenge with competence signals
is essential for sustained engagement and reduced dropout [22, 3].

2.2.3 Psychological Motivation Frameworks

We apply two major frameworks to ensure deep engagement:
Self-Determination Theory (SDT): SDT identifies three basic needs: Autonomy
(choice of quests), Competence (mastering C code), and Relatedness (social interaction in
companies) [33].
ARCS Model: Developed by Keller, this model focuses on Attention (narrative),
Relevance (real-world code), Confidence (clear goals), and Satisfaction (rewards).

2.2.4 Meaningful Gamification Design

Not every reward mechanic improves learning. If points are disconnected from mastery,
students may optimize for score rather than understanding. We therefore follow a meaningful-
gamification perspective: rewards are attached to quality indicators such as passing hidden
tests, solving tasks with fewer retries, or completing collaborative quests [29]. This alignment
helps preserve didactic intent while still using motivational affordances.
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2.3 Gamification vs. Traditional Methods

Traditional methods often suffer from high latency in feedback and a “punitive” error culture.
Errors are seen as failure (grade deduction) rather than a learning opportunity. In a gamified
RPG context, a “Game Over” or a failed test case is an invitation to retry. Lampropoulos
et al. [20] show that students in gamified courses achieved 14% higher pass rates and 17%
higher average grades compared to traditional groups.

At the same time, prior research warns against overgeneralization. Effects vary by learner
profile, course structure, and mechanic design; some studies report neutral outcomes when
gamification is bolted on without curricular integration [8]. Our design addresses this by
embedding game mechanics directly into the programming workflow itself (quest start, code
submission, feedback, revision, completion).

3 State of the Art: Analysis of Existing Platforms

A review of current tools reveals specific strengths and weaknesses in the context of higher
education.

3.1 Block-based Environments

Scratch is the industry standard for k-12 and avoids syntax errors through drag-and-drop
blocks. While effective for teaching logic, it is often viewed as overly simplistic by university
students and abstracts away low-level concerns [28, 42]. For our target cohort, this abstraction
reduces friction but can limit transfer to systems-oriented programming tasks.

3.2 Puzzle and Logic Games

Games such as Lightbot teach algorithmic thinking through spatial puzzles. They are highly
engaging but remain abstract and rarely expose learners to authentic compilation, debugging,
and testing workflows. As a result, transfer from puzzle mastery to practical software tasks
is not guaranteed [43].

3.3 Code Adventure Games

CodeCombat and CheckiO use real code (Python/JS) to control characters in a story. While
successful, these platforms often situate programming tasks primarily within a game en-
vironment, which may hinder transfer to local development environments. Our approach
focuses on C to provide a stronger systems-oriented challenge suitable for computer science
majors [19].

3.4 Online Code Judges

LeetCode and HackerRank are high-performance tools for competitive programming. They
offer immediate feedback but little narrative framing. For many beginners, these platforms
feel like “dry” testing environments rather than motivating learning spaces. Our concept
keeps judge-style rigor but embeds tasks in a persistent world with social and narrative
context [14].
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4 Conceptual Design of the Learning Game

4.1 Target Group and Learning Goals

The game targets second- and third-semester students who have already completed an
introductory course. The goals are:
Strategic Thinking: Solving complex problems through algorithm design.
Debugging Competence: Systematic error identification and correction.
Low-Level Understanding: Mastery of pointers, structs, and manual memory man-
agement in C.

This target profile is intentional: the game is designed for reinforcement, not first
exposure. Students already know core syntax and can therefore invest cognitive capacity in
decomposition, test design, and optimization. The quest sequence is structured to repeatedly
exercise these higher-order skills while keeping each individual challenge bounded.

4.2 Programming Language Choice: C as Primary Track

Selecting the learning language is a strategic decision. Python lowers entry barriers and often
improves early success rates in introductory settings [41]. However, for learners beyond the
very first semester, C provides pedagogical advantages by exposing memory layout, pointer
semantics, and explicit resource management [1].

Our curriculum therefore uses C as the default track, with optional Python support for
comparative tasks in future iterations. The objective is not language preference, but depth of
mental models: learners should understand why an algorithm behaves as observed at runtime,
not only that it passes tests. This aligns with the project goal of reinforcing foundational
systems thinking.

4.3 The Zelda Metaphor and Movement

We chose a 2D top-down pixel-art style, inspired by The Legend of Zelda [30]. This aesthetic
is nostalgic, accessible, and reduces cognitive load compared to complex 3D environments.
Exploration: Players move through a spatial world, making the learning path tangible.
Interactions: NPCs act as mentors or “Quest Givers.”
Contextualization: Coding tasks are presented as “rebuilding broken bridges” or
“deciphering ancient scrolls.”

The movement layer is not cosmetic; it is the interface for didactic sequencing. Quests are
spatially distributed, creating a natural progression from introductory to advanced regions.
Narrative framing has been associated with higher perceived relevance and immersion
in learning games [17], while nostalgic aesthetics can lower affective barriers for some
learners [24].

4.4 Socio-Economic Ecosystem

The game features a meta-layer to ensure long-term persistence:
Virtual Economy: Students earn “Credits” for solving quests.
Company System: Students can form “Companies” (teams) to pool resources. This
mimics real-world development teams and encourages peer-instruction.
Properties: Companies can buy “Offices” or “Labs” in the game world, providing a
sense of ownership and social status.
Social Feed: A real-time activity feed shows achievements of friends, fostering a healthy
sense of community.

7:5
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To avoid purely extrinsic behavior, the economy is constrained by educational guardrails:
rewards are tied to verified submissions, repeated low-value grinding is dampened, and
collaborative achievements are prioritized over raw leaderboard chasing. This balances
competition and inclusion, consistent with findings on social comparison and reward design
in educational systems [37, 31].

5 Technical Implementation

5.1 System Architecture

The prototype utilizes a distributed, multi-tier architecture:

1. Unity Client: A standalone 2D application handling world rendering, movement, and
the integrated code editor.

2. Node.js/Express Backend: Manages the business logic, quest state, and economy.

3. Supabase/PostgreSQL: Provides persistent storage with Row-Level Security (RLS) to
ensure data privacy.

4. Docker Runner Service: An isolated environment for safe code execution.

The architecture follows established client—server patterns used in serious games [18].
Unity handles interaction and rendering, while Node.js/Express exposes REST endpoints for
quests, submissions, economy operations, and social features. Real-time notifications (e.g.,
job completion, feed updates) are delivered via Server-Sent Events (SSE), which reduces
complexity compared to full bidirectional channels for this use case [39].

5.2 Backend and Security Design

The Node.js server acts as the central coordinator. For security, we utilize JSON Web Tokens
(JWT) for authentication. Every interaction, from buying an item to starting a quest, is
validated against the user’s role and state. The database schema includes specialized tables
for users, quests, transactions, companies, and feed_items.

Authorization is enforced at multiple layers. API middleware validates tokens and role
constraints, while Row-Level Security in PostgreSQL limits data access at the storage layer.
This defense-in-depth approach reduces blast radius in case of endpoint misconfiguration. The
modular backend structure also simplifies testing and maintenance as feature sets grow [4].

5.3 The Dockerized Code Runner

Executing arbitrary user code (especially in C) is a massive security risk. We implemented a
“Sandbox” model:
Isolation: Each run occurs in a fresh Docker container with no network access.
Resource Limits: Containers are capped at 256MB RAM and 5 seconds of CPU time.
Redis Queue: To handle spikes in submissions, jobs are pushed to a Redis queue and
processed by a pool of “pre-warmed” containers.
Feedback Loop: The runner captures stdout, stderr, and exit codes, sending them
back to Unity via Server-Sent Events (SSE).

Containerization is supported by prior security research as an effective baseline for
isolating untrusted workloads [5, 38]. In our runner flow, submissions are converted into
queue jobs, executed with strict CPU/RAM /time limits, and then mapped to deterministic
verdicts (accepted, wrong answer, time limit exceeded, runtime error). This provides
both operational safety and pedagogically useful feedback granularity.
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5.4 Quest Lifecycle and Data Flow

Each quest follows a consistent state machine: available — started — submitted —
validated — completed/failed. This explicit lifecycle enables reliable progress tracking
and simplifies analytics.

From a data perspective, the client requests quest metadata, submits source code, and
receives asynchronous status updates. The backend stores attempts and verdicts, updates
progression metrics, and emits feed events when milestones are reached. This makes it
possible to audit learning trajectories (e.g., retries per quest, time-to-success) and later
correlate them with learning outcomes in formal evaluation.

5.5 Unity Movement and Animation System

Technical excellence in the frontend is key for immersion.
Physics: A Rigidbody2D based movement system ensures smooth collisions.
Animations: A state-machine-based Animation Controller handles transitions between
“Idle” and “Walk” for four directions.
Input: We implemented the new Unity Input System to support both Keyboard and
Gamepads.

6 Technical Validation

6.1 Code Judge Reliability

The judge was tested with several scenarios:
Infinite Loops: A program with while(1); was correctly terminated by the Docker
engine after 5 seconds.
Memory Abuse: A program attempting to allocate 2GB of RAM was killed by the
OOM-killer.
Syntax Parsing: Compiler errors from gcc were correctly passed through to the game
terminal.

In addition to these baseline checks, robust online assessment requires diverse test
suites per task, including edge conditions and hidden cases. Prior online-judge research
suggests that broader case coverage improves reliability and discourages overfitting to visible
examples [23, 21]. Our validation strategy therefore treats test design as a first-class didactic
artifact, not merely a technical detail.

6.2 Movement and Interaction Tests

We validated the interaction triggers. An NPC only opens the “Quest Menu” when the
player is within a specific 2D trigger zone and presses the interaction key. This prevents
overlapping UI elements and ensures a clean user experience.

We additionally verified animation transition stability (Idle/Walk), dead-zone handling
for noisy input, and collision consistency across scene boundaries. These details matter
because interaction friction can directly reduce task engagement and distort educational
outcomes during user studies.
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7 Proposed Empirical Evaluation

To confirm the pedagogical impact, we propose a longitudinal study design.

7.1 Study Design

A cohort of 60 bachelor’s students will be split into an Ezperimental Group (RPG) and a
Control Group (Traditional).

Period: 6 weeks of intervention.
Topics: Identical for both groups (Arrays, Pointers, Structs, Linked Lists).

Metrics: Pre- and post-tests for strategic knowledge, time-on-task, and completion rates.

To improve internal validity, both groups should receive the same instructional content,
assignment workload, and time budget; only the delivery format differs. Random assignment
is preferred, and effect sizes should be reported in addition to significance tests. This
aligns with methodological recommendations for evaluating motivational interventions in
education [40].

7.2 Evaluation Dimensions and Instruments

The evaluation should combine technical, behavioral, and learning-focused measures:

Learning Outcomes: Difference between pre- and post-test scores, plus transfer tasks
that require applying concepts to unseen problems.

Engagement: Number of completed quests, voluntary extra attempts, active time, and
return frequency.

Motivation: Post-intervention surveys and qualitative feedback on autonomy, compet-
ence, and enjoyment.

System Quality: Failure rates, average runner latency, and usability observations.

This multidimensional instrument set is aligned with prior evaluation designs in gamified
programming education [9, 15, 13].

Comparable empirical studies have reported positive effects for gamified programming
interventions on both engagement and performance, especially when narrative progression
and immediate feedback are combined [15, 32, 25, 6].

7.3 Didactic Importance of Quests

The quest structure provides narrative framing. Instead of “Write a function for Bubble
Sort,” the quest is “Organize the Kingdom’s Library.” This contextualization makes the
problem-solving process feel meaningful. Qualitative feedback from previous studies [10]
suggests that students describe such courses as “gripping” and “fesselnd.”

From a didactic standpoint, quests operationalize three mechanisms simultaneously:
explicit goals, constrained challenge, and immediate feedback loops. Learners know what
success means, can iterate quickly, and observe progression over time. This can reduce
frustration associated with abstract or decontextualized problem sheets, while preserving
rigorous assessment through automated testing.
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8 Limitations and Threats to Validity

Despite promising technical results, several limitations must be acknowledged. First, this pa-
per reports a prototype and an evaluation framework, not a completed longitudinal classroom
deployment. External validity therefore depends on future studies across institutions and
cohorts.

Second, motivation effects can be novelty-driven. Students may initially engage more
due to the game format, with attenuation over time. Long-term retention measurements
and follow-up testing are required to distinguish temporary engagement spikes from durable
learning gains [2, 7].

Third, there are potential selection and implementation biases. Learners already interested
in games may respond differently from those preferring conventional study formats. Instructor
guidance quality and quest calibration can further moderate outcomes. To mitigate these
risks, future studies should pre-register hypotheses, document implementation fidelity, and
include subgroup analyses.

Finally, infrastructure assumptions (stable internet access, compatible devices, and
backend capacity) may influence adoption in school contexts. Technical robustness and
pedagogical value must therefore be considered jointly when transferring the approach from
university pilots to broader educational settings.

9 Conclusion and Future Work

9.1 Summary of Results

The “CodeQuest RPG” prototype demonstrates that gamification can be successfully in-
tegrated into the rigorous context of university programming education. Technically, we
have shown that Docker-based code execution is safe and responsive. Pedagogically, the
combination of narrative exploration and immediate feedback addresses the primary pain
points of beginners: demotivation and the struggle with abstraction.

9.2 Qutlook and School Transfer

For future development, we envision:
Multi-Language Support: Expanding the runner to support Python and Rust.
Collaborative Dungeons: Multi-player puzzles where code from two players must be
synchronized to succeed.
School Integration: Adapting the narrative for the German school system (Oberstufe)
to promote “Informatische Grundbildung” in a playful yet serious way.
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—— Abstract

AT coding assistants such as GitHub Copilot and ChatGPT are highly effective at generating and
correcting code, but their optimization for productivity raises challenges in educational contexts,

where immediate solutions can bypass the reasoning processes necessary for learning. This paper
presents VibeLearner, a Visual Studio Code extension that constrains Al assistance through a
Role—Task—Requirements—Instructions (RTRI) prompting framework. The system supports three
interaction modes, Socratic, Hinted, and Show-and-Tell, that regulate how assistance is delivered to
promote guided reasoning, reflection, and incremental problem solving. A synthetic, scenario-based
comparison with an unconstrained Al assistant illustrates how interaction-level constraints influence
the structure and pedagogical character of responses. This work contributes a design framework
for embedding scaffolded Al behavior into development environments and highlights the role of
interaction design in aligning Al assistance with learning-oriented objectives.
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1 Introduction

Artificial intelligence is rapidly changing how programmers learn and write code. Tools such
as GitHub Copilot, ChatGPT, and similar systems now generate, refactor, and fix code with
minimal effort [3, 2]. While these capabilities are powerful, especially for novices, they raise a
central educational concern: when Al performs the reasoning, students may produce working
code without understanding why it works.

Programming education has long emphasized that learning is not synonymous with
solution production. Conceptual understanding develops through debugging, self-explanation,
and reflection, rather than through exposure to correct answers alone [8, 10]. Educational
theory reinforces this view. Vygotsky’s theory of the zone of proximal development argues
that learners benefit most from assistance that supports reasoning without eliminating
productive struggle [10]. Cognitive load theory similarly suggests that presenting complete
solutions too early can inhibit schema construction and lead to surface-level understanding [8].
In programming contexts, these principles are particularly important, as iterative refinement
and error-driven reasoning are central to conceptual growth.

Recent surveys illustrate growing tension around AI use in education [5, 6, 7]. While
many students report that Al tools improve academic performance, they also express concern
about over-reliance and reduced independent thinking [4]. The U.S. Department of Education
similarly cautions that Al systems can undermine learning when they replace, rather than
support, student reasoning processes [9].
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We propose VibeLearner, a scaffolded Al assistant embedded within a professional pro-
gramming environment. Rather than optimizing for rapid solution delivery, VibeLearner
constrains how assistance is provided, guiding learners through reasoning, reflection, and
incremental problem solving while intentionally withholding complete solutions when appro-
priate. This design aims to preserve productive cognitive effort while still offering meaningful
instructional support.

This paper focuses on introductory and early intermediate programming education,
particularly scenarios involving common conceptual misconceptions encountered by novice
programmers. The work is not tied to a specific programming language but emphasizes
interaction patterns that arise during debugging and code comprehension tasks in IDE-based
workflows.

Contributions. This paper contributes: (1) the design of VibeLearner, an IDE-based Al
assistant that enforces scaffolded interaction through persistent prompting constraints; (2) a
mode-based interaction framework for regulating how programming help is delivered; and (3)
a synthetic behavioral comparison showing how constrained and unconstrained assistants
differ in their handling of novice programming misconceptions.

Key concepts. Scaffolding refers to instructional support that guides learners toward a
solution while preserving their active role in the reasoning process. Worked example fading
describes a strategy in which learners are initially provided with complete examples, with
support gradually reduced to encourage independent problem solving. Single-turn behavior
refers to responses optimized for immediate correctness within a single interaction, without
maintaining instructional consistency across extended dialogue.

This paper is structured as follows. Section 2 reviews related work on Al-assisted
programming and pedagogical scaffolding. Section 3 describes the design and implementation
of VibeLearner. Sections 4 and 5 present an illustrative evaluation and comparative analysis.
Section 6 discusses implications for educational Al design, followed by limitations in Section 7
and conclusions in Section 8.

2 Related Work

Recent work in computing education has begun to examine how students interact with Al-
assisted programming tools and the implications for learning [1]. Empirical studies of GitHub
Copilot indicate that while students often complete programming tasks more efficiently with
AT assistance, they also report reduced engagement with manual reasoning and uncertainty
about how or why generated solutions work [7]. Complementary observational studies show
that novice programmers frequently rely on one-shot prompting and uncritical acceptance of
Al-generated code, particularly when tools readily provide complete solutions [6]. Together,
these findings suggest that productivity-oriented Al assistants may inadvertently encourage
cognitive offloading rather than conceptual engagement.

Pedagogically oriented systems such as CodeHelp demonstrate that Al assistance can
be aligned with educational goals through guardrails, instructor-configured prompts, and
explanation-focused responses [4]. Other classroom-oriented and proactive support sys-
tems similarly highlight the importance of timing, instructor control, and learner context.
VibeLearner complements this work by focusing on interaction structure within the IDE:
rather than only improving individual explanations, it treats scaffolding as a persistent policy
that regulates how assistance is delivered across exchanges.
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At the same time, current pedagogical Al systems still exhibit important limitations.
Many focus on generating high-quality individual responses rather than enforcing sustained
scaffolding across extended interactions. In addition, several systems operate outside students’
primary development environments, limiting their ability to support guided reasoning during
authentic programming workflows [9]. As a result, pedagogical control is often confined to
single-turn behavior rather than maintained throughout a learner’s problem-solving process.

Broader perspectives from education policy and Al-in-education research reinforce these
concerns. Large-scale analyses and policy guidance highlight risks associated with over-
reliance on automated assistance, including reduced student agency, shallow engagement,
and misalignment between tool design and instructional goals [6]. Survey-based studies of
AT tool use in higher education similarly report mixed effects, noting perceived performance
benefits alongside concerns about dependency, transparency, and erosion of fundamental
skills [7]. Together, this work underscores the need for Al systems that are intentionally
designed to support learning processes rather than replace them.

Prior research on intelligent tutoring systems and worked example fading further suggests
that instructional effectiveness depends not only on what feedback is provided, but when
and how it is delivered [8, 10]. While recent LLM-based tools demonstrate the feasibility
of generating explanations on demand, they typically lack mechanisms for maintaining
instructional discipline across interaction sequences. These observations motivate approaches
that treat scaffolding as a persistent interaction policy rather than a response-level feature.

3 System Design

VibeLearner is implemented as a Visual Studio Code extension using a hybrid client—server
architecture that separates learner interaction from pedagogical control. A React-based
chat interface runs inside a secure VS Code Webview, while the extension backend handles
message routing, context retrieval, prompt construction, and model-provider communication.
Figure 1 summarizes the main data flows between the learner, editor context, extension
backend, RTRI prompting layer, and model provider.

scaffolded feedback

1
input VS Code message Extension intent [ RTRI Prompt | prompt LLM
Webview Backend Constructor Provider

file + selection mode credentials
D1 Active Code code context Context D2 Mode D3 API Keys
and Selection Manager Settings SecretStorage

Figure 1 Level 1 data flow diagram for VibeLearner. Student input and selected code context are
routed through the VS Code Webview and extension backend, constrained by the RTRI prompting
layer, and sent to a local or cloud LLM provider before scaffolded feedback is returned.

VibeLearner limits context collection to the active document state, programming language,
and explicitly selected code regions. This keeps feedback relevant to the learner’s current
task while avoiding project-wide indexing or unnecessary background access to student files.

Pedagogical behavior is enforced through a Role-Task-Requirements—Instructions (RTRI)
prompting framework. RTRI defines the assistant’s instructional role, the learner-facing task,
response requirements, and mode-specific constraints. These constraints regulate whether
the system asks guiding questions, gives limited hints, or provides step-by-step conceptual
explanation.
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The system supports three interaction modes. Socratic mode withholds direct solutions
and uses guiding questions to prompt learner reasoning. Hinted mode provides limited
actionable guidance without giving a complete answer. Show-and-Tell mode gives step-by-
step explanations and small examples to support conceptual consolidation. These modes
function as persistent interaction policies rather than one-off response styles, allowing
VibeLearner to maintain scaffolded behavior across exchanges.

Model requests are routed through a provider abstraction layer, allowing the system to
use local models such as Ollama for privacy-focused use or cloud models such as Gemini
when higher-capability reasoning is needed. During the illustrative evaluation, VibeLearner
and the unconstrained baseline assistant were configured to use the same Ollama-hosted
language model so that observed behavioral differences reflected interaction design rather
than model capability.

4 Hlustrative Evaluation

4.1 Evaluation Rationale

This evaluation is synthetic and scenario-based. Its purpose is not to measure learning gains,
but to test whether VibeLearner’s interaction constraints reliably change the form of Al
assistance under controlled conditions. We therefore treat the evaluation as a behavioral
proof-of-concept that precedes future student-centered studies.

4.2 Scenarios and Personas

Five common beginner programming misconceptions were selected, including off-by-one
error, variable shadowing, misuse of async and await, optional types, and nested conditional
logic. Each scenario was evaluated using two simulated personas. The novice persona issued
solution-seeking prompts, while the intermediate persona asked concept-focused questions
intended to trigger more explanatory responses.

4.3 Analytic Criteria

Responses were examined using an analytic rubric intended to support qualitative comparison
rather than statistical analysis. The rubric was applied by a computing education expert
with extensive experience in programming instruction and curriculum design; undergraduate
students contributed to the construction of authentic learner prompts but did not perform
rating. We acknowledge that single-rater evaluation introduces subjectivity, particularly
regarding which instructional priorities (e.g., conceptual depth versus immediate task com-
pletion) are weighted most heavily. To partially mitigate this, the rubric was defined in
advance with explicit operational criteria for each dimension, ratings were recorded per
scenario before cross-scenario comparison to limit anchoring effects, and all model responses
are preserved verbatim so that future work can re-rate them under multi-rater protocols.
Two dimensions are reported. Pedagogical correctness captures whether responses adhered to
the intended instructional mode and resisted revealing complete solutions. Scaffolding quality
reflects the clarity and usefulness of hints, questions, and conceptual framing provided. A
third dimension related to technical accuracy was considered but is not reported because
all evaluated systems produced correct solutions in the selected scenarios. Observations
derived from this analysis are descriptive and not statistically validated; they are intended
as a behavioral proof-of-concept that motivates the multi-rater, student-centered evaluation
outlined in Section 8.
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5 Results and Analysis

5.1 lllustrative Behavioral Differences

Rather than reporting statistically validated outcomes, this evaluation is used to illustrate
consistent behavioral differences across Al assistance approaches. Across the evaluated
scenarios, VibeLearner consistently maintained scaffolded interaction patterns, emphasizing
guided reasoning, reflective prompts, and intentional withholding of complete solutions. In
contrast, unconstrained assistants frequently responded to the same prompts by supplying
corrected code directly, particularly in response to solution-seeking novice queries.

These patterns were consistent across both personas, suggesting that scaffolded behavior
can be enforced through system-level constraints rather than emerging implicitly from model
capability.

5.2 lllustrative Scenario Walkthrough

To make the behavioral differences more concrete, we present a representative example from
the off-by-one loop scenario evaluated in this study. In this scenario, the learner encounters a
runtime error caused by iterating beyond the bounds of an array. The novice persona issued
the following prompt:

“My loop is crashing at the end. Fix the code for me.”

In response, the unconstrained baseline assistant immediately supplied a corrected loop
condition and returned a complete working solution. While technically correct, this response
resolved the error without requiring the learner to reason about loop bounds or index validity.

In contrast, VibeLearner, operating in Socratic mode, declined to provide a direct fix.
Instead, it prompted the learner to examine how the loop variable changes over time and to
consider what value takes on the final iteration. The response asked the learner to trace
the loop manually and reflect on the relationship between array length and valid indices,
without revealing the corrected condition.

This example illustrates how pedagogical constraints alter not only what information is
provided, but how learners are invited to engage with the problem. Rather than resolving
the error directly, VibeLearner structures the interaction to preserve productive struggle and
encourage conceptual reasoning about iteration and bounds.

A contrasting interaction occurred when the same scenario was paired with the intermedi-
ate persona, who issued a concept-focused prompt rather than requesting a fix. The prompt
asked why the loop failed at the boundary condition and how array length relates to valid
index values. In this case, both the baseline assistant and VibeLearner produced technically
accurate explanations. However, the baseline response framed the explanation primarily as
justification for a corrected condition, implicitly orienting the interaction toward solution

ws»
1

verification rather than conceptual exploration.

VibeLearner, by contrast, adapted its response strategy while maintaining pedagogical
constraints. Rather than repeating the novice-oriented questioning pattern, it emphasized
general principles of zero-based indexing and boundary reasoning, using the learner’s prompt
as a signal of increased expertise. The response articulated the conceptual rule governing
valid indices while still avoiding direct code correction, thereby supporting understanding
without collapsing into solution delivery.

Together, these interactions illustrate that VibeLearner maintains scaffolded instructional
behavior across differing learner intent signals, supporting both novice and intermediate
inquiry while preserving pedagogical alignment throughout the interaction.

8:5
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Table 1 Scenario-level evaluation breakdown.

Scenario

VibeLearner

Ollama

Copilot

Off-by-One Loop

Variable Shadow-
ing

Asked user to trace i
values; analogy count-
ing; withheld code

Explained concept via
metaphor; asked user to

Identified condition er-
ror; supplied corrected
loop

Offered two working
code revisions

Provided corrected loop
syntax immediately

Directed removal of
local 1let + code

infer change

Async/Await Prompted reasoning Provided fix using Corrected function with
about await; guided .then() and async await automatically
understanding

Suggested optional Introduced
chaining and null
checks in code

Nested Condition- Encouraged thinking Returned refactored Produced flattened lo-
als about guard clauses conditional code gic or short-circuit syn-

and readability tax

Optional Type Prompted conditional optional

reasoning; asked what chaining code

happens if missing

5.3 Representative Comparative Patterns

The qualitative differences observed across scenarios are summarized in Table 1. Taken to-
gether, these examples illustrate a consistent distinction in assistance style, with VibeLearner
emphasizing guided reasoning and baseline assistants prioritizing rapid error resolution.

6 Discussion

The comparison demonstrates that system-level design choices can influence the form of Al
assistance in programming environments. Across the evaluated scenarios, unconstrained
assistants tended to resolve errors by supplying corrected code or refactored solutions. In
contrast, VibeLearner emphasized guided reasoning, reflective questioning, and incremental
support. This distinction highlights how interaction constraints shape not only the content
of responses, but also the way learners engage with programming tasks.

The comparison also surfaces usability and ethical considerations relevant to real-world
deployment. Scaffolded assistance may feel slower or more restrictive to students accustomed
to rapid code completion, potentially creating tension between perceived usefulness and
instructional value. This further highlights the importance of transparency and learner
agency in educational Al systems. Clearly communicating instructional intent, providing
visible explanations for constrained behavior, and allowing users to select or adjust levels of
assistance may help balance autonomy with pedagogical goals while maintaining trust and
usability.

These considerations also raise questions about how scaffolded Al tools should be governed
within instructional contexts. Instructors may need mechanisms to configure when scaffolding
is enforced, when it can be relaxed, and how AI assistance aligns with course policies
around collaboration and assessment. For example, stricter scaffolding may be appropriate
during formative practice, while more permissive modes could be allowed during open-
ended projects. Providing visibility into AT behavior and making constraints explicit can
help students understand the pedagogical intent of the system, supporting autonomy while
reducing the risk of covert over-reliance or misuse.
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The interaction patterns observed also suggest variation in how different learners may
engage with scaffolded assistance. Learners with limited prior experience may require
more explicit guidance before engaging effectively with question-driven prompts. Designing
mechanisms that adapt the level of support to different learner needs remains an important
consideration for future development.

7 Limitations and Threats to Validity

First, the evaluation is entirely synthetic and uses expert judgment rather than student
participants, performance measures, or perception data. As a result, no claims are made
about learning outcomes, retention, transfer, or student satisfaction. Although the rubric
structured the analysis, future work should incorporate multiple raters and student-centered
measures.

Second, the set of scenarios and personas is necessarily limited and may not capture the
full diversity of programming tasks, misconceptions, or learner behaviors encountered in
authentic educational settings. Model behavior may also be sensitive to prompt phrasing,
task context, or future model updates, which could affect the consistency of scaffolded
interactions over time.

Finally, embedding pedagogical constraints may introduce trade-offs related to efficiency,
flexibility, and user satisfaction that were not systematically examined in this study. While
intentional friction may support learning, overly restrictive assistance could reduce adoption
or frustrate users in practice. Understanding how learners negotiate these trade-offs remains
an important direction for future research.

8 Conclusion and Future Work

This paper presents VibeLearner, a scaffolded Al assistant designed to support program-
ming education through constrained interaction patterns. The system demonstrates how
pedagogical structure can be embedded into Al-assisted workflows using prompt-level design.
The illustrative evaluation highlights consistent differences in response structure between
constrained and unconstrained systems, particularly in how assistance is framed and delivered.
These findings motivate further exploration of interaction design as a mechanism for aligning
AT tools with learning-oriented goals.

Future work will prioritize human-subject studies examining how scaffolded Al assistance
affects conceptual understanding, self-efficacy, retention, usability, and learner perception in
authentic programming contexts. We will also investigate instructor-configurable scaffolding
policies and learner-adaptive mode transitions based on engagement signals such as response
length and follow-up question depth. The central question is whether adaptive scaffolding can
preserve the learning benefits of intentional friction while reducing frustration and improving
adoption.
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—— Abstract

Many programming education systems personalize practice mainly from test results, progress

indicators, or explicitly selected user parameters. This paper instead uses students’ existing
source-code repositories as evidence for personalized programming practice. It presents the design
and implementation of a web application that connects to a university version control system,
analyzes student-selected repositories, and generates programming challenges targeted at weaknesses
identified in the submitted source code. The prototype analyzes the current state of the selected
repositories using LLM-based assessment of code-quality indicators such as readability, modularity,
duplication, input handling, edge-case handling, and algorithmic complexity. Students can also
generate parameterized tests, submit solutions to programming challenges, and receive an automated
score with textual feedback. The system stores student activity, test history, challenge history,
achieved scores, and generated feedback as an operational student profile shown to students and
teachers. The prototype was evaluated with 11 students at the Technical University of Kosice. The
evaluation demonstrates technical feasibility, usability, and functional operation of the prototype,
but it does not measure learning gains, retention, or improvement in programming performance.
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1 Introduction

The acquisition of programming skills in software engineering is widely recognized as a
complex and cognitively demanding process [5]. Students often struggle not only with
understanding theoretical concepts but also with applying them in practical contexts, which
requires problem-solving abilities, analytical thinking, and systematic work with source
code [23]. In addition, learners differ in their prior knowledge, experience, and learning pace,
which can affect how well traditional teaching approaches meet their needs. These factors
motivate systems that personalize practice using evidence from students’ own programming
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Despite the rapid growth of e-learning platforms, many systems still provide largely
uniform learning content or personalize practice mainly from basic progress information,
test results, or user-selected parameters [19]. This limitation is particularly relevant in
programming education, where students benefit from feedback that refers to their actual
solutions, design choices, and recurring coding practices. Automated feedback for program-
ming exercises has therefore become an important research direction, but feedback quality,
specificity, and pedagogical reliability remain open challenges [14].

Recent advances in artificial intelligence, especially large language models (LLMs), have
introduced new possibilities for generating programming tasks, explaining errors, and sup-
porting students during practice [6, 13, 15]. At the same time, the use of generative Al
in education raises concerns about reliability, transparency, over-reliance, and the need
for human oversight [22]. Systems that use LLMs for educational feedback must therefore
distinguish between technical feasibility and validated learning impact.

A useful source of information for personalization is the student’s source code stored in
a version control system. Repository-level code can provide evidence about programming
habits that are not captured by ordinary multiple-choice tests, such as decomposition,
naming, input validation, defensive programming, and repeated design patterns. In the
current implementation presented here, the system analyzes the final or current state of the
repositories selected by the student; it does not analyze commit history or infer progress over
time from repository evolution.

The main objective of this work is to design and implement a web-based prototype
for personalized programming practice that integrates repository-level source-code analysis
with Al-generated programming challenges and automated textual feedback. In this paper,
personalization and adaptivity refer specifically to repository-analysis-based task generation:
the system selects a target weakness from the analyzed repositories and generates a corre-
sponding programming challenge. This should not be interpreted as a validated adaptive
tutoring model. The contribution of the paper is a system that combines: integration with
a university version control system; student-controlled selection of repositories for analysis;
LLM-based assessment of repository-level code-quality indicators; identification of weaker
programming practices; personalized programming challenge generation; automated scoring
with textual feedback; parameterized test generation; and storage of student activity, test
history, challenge history, scores, and generated feedback.

The system was implemented as a functional web application and evaluated through
prototype user testing with students at the Technical University of Kosice. The evaluation
focuses on usability, task completion, and perceived acceptance. It should not be interpreted
as evidence that the system improves programming ability or produces learning gains.

2 Related Work

Programming education research has long examined the difficulties students face when
moving from conceptual knowledge to practical code construction. Introductory programming
requires syntax knowledge, problem decomposition, debugging, testing, and the ability to
reason about program behavior [5]. Teaching reforms that increase practice and student
engagement can improve the learning environment [23], but they do not by themselves
solve the need for individualized feedback on students’ own code. Automated assessment
and feedback systems are therefore widely used in programming courses. Ala-Mutka [1]
surveys automated assessment approaches for programming assignments, including static and
dynamic assessment methods, while Keuning et al. [14] show that automated feedback can
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take many forms, including test-based feedback, hints, style feedback, and repair suggestions.
Recent work has also adapted automated assessment infrastructure for large programming
courses [8] and benchmarked AT models for grading computer science assignments across
multiple domains [11]. The present work follows this line of research but focuses on using
repository-level evidence to select a personalized practice task rather than only grading a
single submitted exercise.

Adaptive learning systems and intelligent tutoring systems provide a broader foundation
for personalization. Brusilovsky and Peylo [4] describe adaptive and intelligent web-based
educational systems that rely on learner information to personalize content and navigation.
VanLehn [21] discusses the effectiveness of tutoring systems and highlights the importance
of step-level support and feedback. The prototype described in this paper is related to
these systems, but it does not claim to implement a psychometrically validated learner
model. Its current student model is an operational profile used to store and display activity,
tests, challenges, scores, and feedback. Learning analytics and educational data mining in
programming provide methods for analyzing programming behavior and student artifacts.
Thantola et al. [12] review the use of programming process data in computing education,
while Espana-Boquera et al. [7] show how data collected from programming environments can
support analysis of learning processes. Static code analysis has also been studied as a basis for
programming assessment and feedback. Nutbrown and Higgins [17] show that static analysis
can support automated assessment, but also warn that simplistic implementations can diverge
from human assessment. Static code analysis has also been studied as a basis for personalized
learning analytics in computer science education [10]. Related source-code analysis work
includes comparison of code-similarity tools on large sets of student projects [9], which is
relevant to future duplicate detection and repository-level analytics. Such work motivates the
use of programming artifacts as a data source, but the present prototype currently analyzes
repository snapshots rather than fine-grained event logs or commit histories.

Generative Al has recently become a major topic in programming education. Studies of
AT code-generation tools show both potential benefits and risks for novice learners, including
effects on task completion, prompting behavior, over-reliance, and the need for guardrails [6,
13, 15]. Experience reports from CS1 and CS50 describe course-level integration of LLM-based
tools for code explanation, testing support, style feedback, and guided assistance [20, 16].
Other work discusses Al-powered programming education, changing instructional strategies,
and student use of ChatGPT during programming tasks [18, 2]. The system presented here
uses LLMs not as an unrestricted code-generation assistant, but as a component for source-
code analysis, challenge generation, and textual feedback within a constrained workflow.
Unlike LLM assistants embedded directly into the same programming task, this system uses
previously submitted repository artifacts to derive the target of subsequent practice. Against
this background, the contribution is not a claim of general educational effectiveness, but a
prototype architecture that connects version-control integration, repository-level analysis,
personalized task generation, and activity history in one system.

3 Methodology

This section describes the design and implementation of the proposed personalized learning
system. It clarifies the data processed by the prototype, the code-quality indicators used for
analysis, the adaptive logic used to generate programming challenges, and the way student
activity is stored. The description is intentionally limited to the behavior implemented in
the prototype.

9:3
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3.1 System Overview

The proposed system is a web-based platform for programming education. It combines
instructor-managed learning materials and tests with student-initiated personalized program-
ming challenges. The end-to-end workflow is as follows. First, the student connects the
application account to the university version control system using an access token. Second,
the application lists repositories available to the student, and the student selects which
repositories should be included in the analysis. Third, the system retrieves and analyzes the
whole current version of the selected repository or repositories, including source files and the
repository structure relevant to the submitted coursework. Fourth, the LLM-based analysis
identifies weaker aspects of the student’s code from a set of code-quality indicators. Fifth,
the system generates a personalized programming challenge targeted at one of the identified
weaknesses. Finally, the student submits a solution, and the system returns an automated
score and textual feedback.

The analysis is language-agnostic in principle because the LLM interprets source code
as input text rather than relying on a compiler for one specific language. However, the
prototype and evaluation context mainly targeted C and Java, since these languages are
commonly used in programming courses at the Technical University of Kosice. The current
implementation does not compile, execute, or unit-test the repositories during the analysis
phase. As a result, it can process incomplete or syntactically incorrect code as source-code
input, but this does not guarantee that the LLM assessment of such code is correct.

Personalization can be initiated even from a single selected repository. A single repository
can provide enough evidence for generating an initial personalized challenge, especially when
it contains a complete course assignment. It should not be interpreted as sufficient for a
robust long-term student model. More reliable long-term personalization would require
additional data, repeated interactions, and validated modeling assumptions.

3.2 Operational Student Profile

The system stores student activity, completed tests, generated tests, programming challenge
history, submitted solutions, achieved scores, and generated feedback. These data are
displayed to the student and teacher so that both can review completed activity and previous
results. In the current version, this profile is operational: it supports tracking and presentation
of activity inside the system. It is not a psychometrically validated learner model, and the
stored history is not yet used by a validated adaptive algorithm for continuous personalization.

3.3 Data Collection

The primary data source used in the personalized challenge workflow is the source code
contained in repositories selected by the student from the university version control system.
The student explicitly chooses which repositories are included. The system then analyzes the
whole selected repository or repositories rather than a single isolated file.

To enable data access, the web application integrates with the university version con-
trol system using secure authentication based on access tokens. The application retrieves
repository content while respecting the permissions of the connected account. The current
implementation analyzes the final or current state of the selected repositories. It does not
analyze commit history, commit messages, branching behavior, or the temporal evolution of
the student’s work.

Before LLM analysis, the prototype prepares a textual representation of the selected
repository content. The intended input consists of source-code files and a lightweight
repository structure relevant to coursework; for the evaluated context this mainly means
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C and Java source files, such as .c, .h, and .java files. Binary files, images, archives,
dependency directories, generated build outputs, and other clearly non-source artifacts are
not intended to be analyzed by the LLM. Context-size management is limited in the current
version. If selected repositories exceed the model context limit, the system does not yet
implement a validated chunking, sampling, or aggregation strategy; the input must be
reduced to content that fits the prompt, which may make the resulting analysis incomplete.

3.4 Source Code Analysis

The selected repositories are analyzed using code-quality indicators that reflect programming
practices relevant to introductory and intermediate programming courses. The indicators
are summarized in Table 1. The analysis is LLM-based: the model receives the source-code
context and structured instructions asking it to assess these indicators and identify weaker
areas. The current version does not define a formally validated weighting scheme for the
indicators and does not define empirically validated thresholds for weak, medium, or strong
performance levels. Weaknesses are therefore derived from qualitative LLM-based assessment
rather than from fixed metric thresholds.

Table 1 Code-quality indicators used for LLM-based source-code analysis.

Indicator Observed aspect Pedagogical meaning

Readability Naming, formatting, and expression clar- Maintainable code that communicates
ity. intent.

Abstraction Helper functions, procedures, classes, or Lower complexity in the main solution.

level routines that hide details.

Modularity Coherent components with limited re- Maintainability and preparation for
sponsibilities. larger programs.

Code duplica- Copied logic and avoidable repetition. =~ Weak design habits and missed abstrac-

tion tion.

Input handling

Edge-case han-
dling
Algorithmic

complexity
Defensive

gramming
Recurring code

smells

pro-

Validation of user input, file input, and

boundary values.

Empty inputs, limits, exceptional cases,
and unusual states.

Approximate efficiency of algorithms and

data structures.
Error handling, precondition checks, and

invalid-state protection.
Long functions, global mutable state, and

hard-coded assumptions.

Robustness against invalid or unexpected

data.
Robust boundary-condition reasoning.

Solution efficiency and scalability.

Robust behavior under imperfect condi-

tions.
Design habits that can persist across as-

signments.

An example of the code analysis output is illustrated in Fig. 1. The figure presents

evaluated indicators and highlights areas where the student solution exhibits lower quality.
The numerical values shown in the interface are diagnostic, interface-level indicators generated
from the LLM assessment. They help present the analysis to the user, but they are not
validated measurement scores and should not be interpreted as psychometric or empirically
calibrated code-quality metrics.

Because repository analysis is based on LLM interpretation, the system may produce
inaccurate or incomplete assessments, especially when the submitted repository contains
incomplete code, ambiguous solutions, generated code fragments, or cases that require
execution-based verification. This limitation is important for both automated challenge
generation and generated textual feedback.

9:5
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Vv Project Analysis

readability (5/10)

abstraction level (6/10)

modularity (5/10)

duplication (4/10)

defensive programming (5/10)

edge case handling (4/10)

algorithmic complexity (5/10)

code smells (4/10)

Figure 1 Interface-level example of LLM-generated diagnostic indicators for source-code analysis.

3.5 Adaptive Content Generation

The system supports two forms of generated content. First, it generates personalized
programming challenges from source-code analysis. Second, it generates parameterized tests
from user-defined parameters such as topic, difficulty level, and question type. The role of
the language model in the system is illustrated in Fig. 2.

Web application

+ System
Output

Large Language
Model

v v v v

Source Code Learning Content Solution Recommendation
Analysis Generation Evaluation Generation

Figure 2 Conceptual model of the role of the language model in personalized content generation.

The adaptive logic is deliberately simple in the current prototype. The system asks the
LLM to identify weaknesses from the selected code-quality indicators and then uses the
identified weakness as the target for task generation. No fixed thresholds, statistical weights,
or validated classification boundaries are used. For example, if the analysis repeatedly
identifies missing input validation and insufficient edge-case handling, the generated challenge
should require the student to solve a problem where invalid input, empty input, and boundary
cases are part of the expected solution.

Generation is prompt-based. The LLM receives structured instructions containing the
target topic or weakness, expected output format, challenge constraints, and evaluation
requirements. When a machine-readable format is expected, such as JSON for generated
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tests or challenge metadata, the system checks at least structural validity before storing
or presenting the generated object. This validation checks whether the output follows the
expected format; it is not a full factual or pedagogical validation of the generated content.

The manuscript remains model-agnostic because the evaluation focuses on the implemented
workflow rather than benchmarking a specific LLM.

A compact version of the prompt structure is shown below. The actual prompt can
include additional implementation-specific fields, but the main elements remain the target
weakness, output constraints, and evaluation focus.

Role: Programming education assistant.

Input: Selected language or languages, repository-analysis summary, target weakness, course
topic, and difficulty.

Task: Generate one programming challenge that trains the target weakness.
Constraints: Do not include a full solution; use the requested language context; include
edge cases when relevant.

Output JSON: title, problem_statement,

input_output_format, constraints,

example_tests, evaluation_rubric,

and feedback_focus.

Evaluation: Score a submitted solution against correctness, the target weakness, readability,
robustness, and complexity.

Quality control of Al-generated content is still limited. During development and testing,
one author manually inspected generated challenges and questions as an informal development-
time check. This inspection helped detect malformed or unsuitable outputs, but it was not a
formal expert validation study and did not involve multiple independent evaluators. The
current implementation also does not include a robust automatic mechanism for detecting
semantic duplicates among generated programming challenges.

3.6 Example Scenario

Consider a student who connects the system account to the university version control system
and selects two repositories from previous C assignments: one focused on arrays and one
focused on file processing. The system analyzes the current state of both repositories and
finds that the code is mostly functional but contains long functions, repeated input-parsing
logic, limited validation of file contents, and little handling of empty input files. These
findings are interpreted as weaker modularity, duplication, input handling, and edge-case
handling.

The generated personalized challenge asks the student to implement a small file-processing
program that reads a list of integers, validates malformed lines, handles an empty file, separates
parsing from computation, and reports summary statistics. The expected evaluation focuses
not only on producing the correct result, but also on separating the input parser from the
computation, avoiding duplicated validation logic, and handling boundary cases. Table 2 is
an illustrative, edited example prepared to explain the workflow. It is not a logged output
from the user evaluation and should not be read as empirical evidence about generation
quality.

3.7 System Workflow

The complete workflow can be summarized as a sequence of student and system actions. The
student registers or logs in, connects the application to the university version control system,
and selects one or more repositories for analysis. The system retrieves the current repository

9:7
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Table 2 Compact example of a generated personalized challenge.

Field Example content

Identified weakness Input validation, edge-case handling, duplicated parsing logic.

Generated challenge  Write a C program that reads integers from a text file, ignores malformed
lines with a warning count, handles an empty file without crashing, and
prints the minimum, maximum, average, and number of valid values.

Evaluation focus Correct output, explicit handling of empty and malformed input, modular
parsing and computation functions, limited duplication, and readable
naming.

Feedback focus Explain missing validation, duplicated checks, unclear decomposition,

and boundary cases that were not handled.

content and performs LLM-based analysis of the selected code-quality indicators. The
identified weakness is then used to generate a challenge and a corresponding evaluation rubric.
The student solves the generated task and submits the solution through the application.
Finally, the system applies automated evaluation and returns a score together with textual
feedback.

The same platform also supports instructor-defined materials and tests. Teachers can
create or manage tests, and students can complete predefined or parameterized generated
tests. Histories of completed tests and programming challenges are stored and shown to both
students and teachers. These histories support review and transparency, but the current
paper does not claim that they are used by a validated continuous personalization algorithm.

4 Results

This section presents a prototype usability and functionality evaluation of the proposed
system. The goal was to determine whether students could complete the main workflows of
the implemented prototype and how they perceived its usability. The evaluation was not
designed to measure learning gains, retention, or improvement in programming performance.

4.1 User Testing

The proposed system was evaluated through controlled user testing involving 11 students
from the Technical University of KoSice. The participants were divided into two groups based
on their level of study: 6 students in the bachelor’s degree program and 5 students in the
master’s degree program. The small number of participants limits the generalizability of the
results.

The evaluation used predefined scenarios covering key system functionality: registration
and login, test generation, integration with the university version control system, repository
selection, and generation of personalized programming challenges. During testing, the time
required to complete tasks, success rate, and user interaction issues were recorded. These
measures are treated as usability indicators, not as evidence of educational effectiveness.

In the first scenario, focused on registration, login, and test generation, all participants
successfully completed the tasks. The average completion time was 136.73 seconds, with only
minor differences between undergraduate and graduate students. These results indicate that
the tested workflow could be completed by users from different study levels.
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The second scenario, involving integration with the university version control system, was
successfully completed by 10 out of 11 participants, with an average completion time of 97
seconds. The main difficulty identified was related to the process of generating an access
token. Based on this finding, improvements were made to the user interface by providing
clearer guidance.

In the third scenario, focused on access to and initiation of personalized programming
challenge generation, all participants successfully accessed and initiated personalized challenge
generation. The average interaction time was 27 seconds. The results suggest that this
functionality was straightforward to access and initiate in the tested setting, but they do
not show that the generated challenge improved learning or that participants completed the
programming task itself.

These findings indicate that participants were able to complete the main tested workflows
in the evaluated setting. The consistency of results suggests that no major usability barriers
were observed during the evaluation.

4.2 Usability Evaluation

The usability of the system was further evaluated using a questionnaire based on the System
Usability Scale (SUS), a widely used standardized method for assessing the perceived usability
of interactive systems [3]. The SUS questionnaire measures user satisfaction and perceived
ease of use, not learning outcomes.

The system achieved a SUS score of 86.54. According to common SUS interpretation
guidelines, scores above 80 are often interpreted as positive perceived usability. In this
small-sample evaluation, the score suggests that the system was positively perceived by the
participating students from the perspective of user interaction.

The results also indicate a willingness among users to use the system regularly. As shown

in Fig. 3, most participants expressed a positive attitude towards regular use of the system.

The majority of responses fall into the highest agreement category, while the remaining
responses are also positive.

This distribution of responses suggests that users perceived the system as useful and easy
to use in the context of the tested scenarios. The absence of negative responses is consistent
with the usability findings, although longer-term use would be needed to assess sustained
adoption.

4.3 Summary of Results

Overall, the results indicate that the implemented prototype was functional and usable in
the evaluated scenarios. Participants could connect to the version control system, generate
tests, and access personalized challenge generation. Identified issues were mainly related
to usability aspects, especially guidance for access-token creation. The evaluation does not
provide evidence that the system improves students’ programming performance, retention,
or learning gains.

5 Discussion

The results should be interpreted as an initial prototype evaluation. The observed task
completion rates, completion times, and SUS score indicate that the main workflows were
accessible to the 11 participating students. These results are useful for assessing whether
the system can be operated by students, but they are not sufficient for drawing conclusions
about educational effectiveness.
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Figure 3 Distribution of responses regarding the willingness to use the system regularly.

The repository-based workflow provides a practical way to connect programming course-
work with personalized practice. By allowing students to choose repositories and by analyzing
the current state of those repositories, the system can generate an initial task that reflects
aspects of the student’s own code. This is a technically feasible basis for personalization, but
further work is needed before it can be treated as a validated adaptive learning mechanism.

The main value of the prototype lies in making repository data actionable for formative
programming practice, rather than using it only for assessment or retrospective analytics.

The use of LLMs also introduces risks. LLM-generated analysis and feedback may
contain inaccuracies, especially for incomplete code, ambiguous solutions, or cases requiring
execution-based verification. Generated challenges may be malformed, pedagogically weak,
too similar to previous tasks, or insufficiently aligned with a course objective. The current
system can enforce format-level constraints and was manually inspected by one author
during development, but it has not yet undergone systematic expert evaluation with multiple
evaluators.

5.1 Threats to Validity

The evaluation has several limitations. First, the sample size was small: only 11 students
participated, which limits generalizability. Second, the evaluation was conducted in one
university context, the Technical University of Kosice, and the results may not transfer
directly to other institutions, courses, programming languages, or repository practices. Third,
testing was short-term and focused on predefined workflows. Fourth, there was no control
group and no longitudinal follow-up. Fifth, the evaluation did not directly measure learning
gains, retention, or improvement in programming performance. Sixth, the system has not
yet been deployed at larger scale, and there are currently no deployment data showing
improvement in students’ programming performance, retention, or learning gains. Finally,
detailed information about participants’ prior programming experience and Git or version-
control experience was not collected, which limits interpretation of the task-completion
times.

There are also technical limitations. The current version does not define a formally
validated weighting scheme for code-quality indicators and does not define empirically
validated thresholds for weak, medium, or strong performance levels. Repository analysis
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uses the current state of selected repositories rather than commit history. Repository
preprocessing and context-limit handling are not yet robustly validated, so large repositories
or repositories with many generated and non-source files may require manual or heuristic
reduction before analysis. The system does not yet include robust semantic duplicate
detection for generated programming challenges. Content quality control is limited to format-
level checks, informal manual inspection during development, and ordinary testing of system
workflows.

5.2 Future Work

Future work should focus on larger-scale deployment and controlled evaluation of learning
outcomes. A stronger study design should include a control group, longitudinal follow-up,
direct measurement of programming performance, and analysis of whether personalized
challenges lead to measurable learning gains.

Further technical work is also needed. Priorities include systematic expert validation of
generated content and feedback, duplicate detection for generated challenges, refinement of
the operational student profile into a better supported student model, empirically grounded
metric weighting, support for repository history and commit-level analysis, and stronger
safeguards for Al-generated evaluation. Additional work should also examine how teachers can
review, approve, or adjust generated tasks before students use them in graded or high-stakes
contexts.

6 Conclusion

This paper presented the design and implementation of a web-based prototype for personalized
programming practice. The concrete technical contribution is the integration of repository
selection, LLM-based repository-level analysis, personalized challenge generation, automated
feedback, and activity history into one operational workflow. The system integrates with
a university version control system, lets students select repositories for analysis, applies
LLM-based assessment of repository-level code-quality indicators, generates personalized
programming challenges, and returns automated scores with textual feedback. It also supports
parameterized test generation and stores student activity, test history, challenge history,
scores, and generated feedback.

The prototype demonstrates the technical feasibility and initial usability of integrating
repository-based code analysis with Al-generated personalized programming tasks. The
evaluation with 11 students showed that participants could complete the main workflows
and reported positive perceived usability, reflected in a SUS score of 86.54. These results
should be interpreted as usability and functionality findings only.

The current work does not show that the system improves programming ability, retention,
or learning outcomes. Its educational impact remains future work. Before such claims can
be made, the system requires larger-scale deployment, controlled learning-effect evaluation,
stronger validation of generated content and feedback, and improved safeguards around
LLM-based analysis and assessment. Nevertheless, the prototype provides a concrete im-
plementation path for connecting programming-course repositories with generated practice
tasks and feedback.
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—— Abstract

The integration of 3D modeling tools into STEM education can provide opportunities for creative

digital production, technical skill development, and hands-on interaction with course content. This
study reports an educational evaluation of Blender-based tutorials implemented in two university
courses: Game Development (GD) and Systems of Virtual Reality (SVR). Over four semesters, 420
anonymous questionnaire responses were collected from GD and SVR course offerings with a total
enrollment of 532 students. The GD course enrolled 428 students and yielded 342 questionnaire
responses, while the SVR course enrolled 104 students and yielded 78 questionnaire responses. This
corresponds to questionnaire coverage of 79.9% in GD, 75.0% in SVR, and 78.9% overall. Because
valid response counts differed across questionnaire items, the results are reported using item-level
valid response counts and interpreted descriptively. Across valid questionnaire responses, many
respondents, especially in SVR, reported moderate-to-high confidence in using Blender after the
tutorials and self-reported understanding of core modeling concepts. Some GD teams even applied
self-created or modified Blender assets in game jam submissions, where Blender use was not required.
These findings suggest that Blender-based tutorials can be meaningfully integrated into GD and
SVR courses as an introductory tool for 3D modeling workflows. The study provides descriptive
evidence of student reception and course-level application, but does not establish causal effects on
modeling competence or learning outcomes.
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1 Introduction

Three-dimensional (3D) content creation has become increasingly relevant in software en-
gineering, game development, simulation, and immersive education. As industries continue
adopting virtual and interactive environments, students require not only programming skills

but also familiarity with digital asset creation tools. Today, 3D modeling underpins industries
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as diverse as entertainment, architecture, engineering, and education, as described by Lin et
al. [13]. Tt also plays a key role in modern game development [12], which is being taught in
university courses [2]. Engagement with the modeling field can broaden students’ perspectives
and enhance their creativity; some may even discover a genuine interest in it, which could
benefit them in the future as they decide on their careers. Lin, Shih, and Chen [14] revealed
that immersive virtual reality-based 3D modeling significantly enhances creative cognitive
processes. This includes improvements in imagination, curiosity, and the inclination to take
on challenges.

Currently, a diverse range of modeling software is available worldwide, including both
specialized and more versatile options. According to Murodillayevich et al. [17], Soni et
al. [21], and Mavinkurve and Verma [16], Blender has established itself as a popular choice
among individuals who begin the journey in 3D modeling, despite the presence of a steep
learning curve and a complex user interface. Blender is a free and open-source 3DCG tool
that has gained widespread popularity in the field due to its powerful modeling capabilities
and compatibility with game engines like Unity and Godot, as described by Grey and
Balasubramanian [5, 1], which illustrates how Blender can be used effectively in combination
with these engines to develop visually rich, interactive 3D games. Another example is found
in the work of Hidayat et al. [7], where Blender was used alongside Unity to create a horror
game. The project demonstrates Blender’s use case in game development and its viability as
a game design tool.

The rise of virtual reality, augmented reality, and real-time graphics has made 3D modeling
more viable than ever, even for software engineers. This is demonstrated in the work of
Tanmalaporn et al. [22], which has combined Blender assets with Unity and Meta Quest 2
to create a VR cognitive stimulation game for the elderly with mild cognitive impairment.
An additional study by Sebiraj et al. [19] explored how 3D content created in Blender
was integrated into AR and VR environments to improve user experience and enable more
efficient design exploration. Virtual reality can have a great use in education as well as
entertainment. As discussed by Kruachottikul et al. [10], where an application with VR
support was created using Unity, incorporating assets developed in Blender. The results of
this application were positively rated in terms of helping users develop the necessary skills to
obtain a driving license.

A similar study by Jain and Soni [8] used Blender to create models of electronic compon-
ents, which were then used in a Unity application with VR support. Students reported that
they liked the application, stating that it was enjoyable and engaging. The study reported
that 91% of students found interacting with 3D models intuitive and easy to learn, and 86%
described the experience as enjoyable and motivating. In addition, 89% said the application
would be a valuable educational tool and that they would gladly use it in their studies. This
positive response suggests that immersive VR-based modeling can show greater engagement
with course material, enhance the learning experience and support development in a risk-free
environment.

Given these findings, this study aims to describe students’ self-reported experiences and
course-observed outcomes following the integration of Blender tutorials in Game Development
(GD) and Systems of Virtual Reality (SVR) courses. The study was guided by the following
research questions:

RQ1: How do GD students use Blender to create or modify assets for their final projects
and game jam submissions?

RQ2: How do students in the GD and SVR courses differ in their reported level of tutorial
completion?
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RQ3: How do students report their confidence in using Blender after participating in the
tutorial?

RQ4: How do students report their understanding of core modeling concepts after tutorial
participation?

The following sections summarise related work, describe the design of the tutorials and
evaluation methods, present the results, and discuss implications for teaching 3D modeling
within game-development and VR curricula.

2 Related Work

Within STEM and design education, Hattori et al. [6] proposed a teaching method that
combines virtual simulations in Blender with real experiments and 3D printing for early
STEM education. Seralidou et al. [20] similarly examined 3D design and 3D printing
activities in secondary education from the perspective of educators. These studies show that
3D modeling can be connected to practical and creative learning activities. Nevertheless,
their educational contexts differ from the present study because they focus on early STEM
or secondary education rather than university students using Blender as an asset-creation
tool in game-development and VR-related coursework.

Other studies focus more directly on structured 3D modeling instruction. Fiore [4]
presented a basic-to-intermediate course structure for teaching adult learners 3D computer
animation. The sequence introduces important areas such as modeling, texturing, lighting,
rendering, sculpting, and grease pencil activities. This work is relevant because it shows
how essential clear instructional materials and supporting notes are when helping learners
navigate complex 3D software. However, it describes a dedicated animation-learning format
rather than a shorter Blender intervention embedded within a broader computing course
where modeling is only one part of the curriculum.

Kumar [11] demonstrates another educational use of Blender by combining it with Unreal
Engine 4 for heritage recreation and history education. This example shows how flexible
Blender is as a tool for interdisciplinary digital production. At the same time, the aim of that
work is historical reconstruction, whereas the present study focuses on the use of Blender
tutorials to support asset creation within Game Development and Systems of Virtual Reality
courses.

Lu et al. [15] provide a more curriculum-based example by presenting a 3D modeling
course that focused on design thinking using Autodesk Inventor. Their course was structured
around progressive stages and practical modeling tasks, and their questionnaire results
indicated high levels of attention, relevance, confidence, and satisfaction. This study is
particularly relevant because it connects 3D modeling education with instructional design
rather than treating modeling only as a technical skill. However, it differs from the present
study in two important ways: it used Autodesk Inventor rather than Blender, and it examined
a dedicated 3D modeling course rather than the integration of Blender tutorials into GD
and SVR courses with different curricular goals, student backgrounds, and assignment
requirements.

Taken together, these studies show that 3D modeling has been used in several educational
contexts. However, the literature remains fragmented across different learner groups, software
tools, and educational aims. Some studies focus on creativity and engagement, others
on technical production or application development, and others on student satisfaction or
perceived learning. Fewer studies examine how Blender tutorials can be incorporated into
existing university computing courses where 3D modeling is not the only learning objective,
but instead supports practical tasks such as asset creation, Unity integration, and VR scene
development.
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This gap is important because students in Game Development and Systems of Virtual
Reality courses may need some modeling knowledge to create, modify, export, and integrate
3D assets, even if they are not being trained as professionals. Existing literature supports
the educational value of 3D modeling and the technical relevance of Blender in game and VR
pipelines, but there is still limited descriptive evidence on how students perceive and complete
Blender-based tutorials when they are embedded within these specific course contexts.

3 Methodology

This study used a descriptive post-intervention educational evaluation design. It did not
involve a randomized control group or a comparison group that received a different type of
instruction. As a result, the findings should be viewed as students’ reported experiences
and course observations related to the use of Blender tutorials, rather than proof that the
tutorials directly caused the outcomes. The study also does not claim that Blender tutorials
are more effective than other teaching methods.

The purpose of the evaluation was to document the implementation of Blender-based
tutorials in two university course contexts and to describe students’ self-reported perceptions,
tutorial completion, and selected course-level evidence of asset use.

The evaluated course offerings included 532 enrolled students in total. Of these, 428
students were enrolled in GD and 104 students were enrolled in SVR. The questionnaire
dataset contained 420 anonymous responses, consisting of 342 responses from GD and 78
responses from SVR.

The evaluation used two main sources of evidence. First, anonymous student questionnaire
responses were used to describe self-reported tutorial completion, prior Blender experience,
confidence after the tutorial, and perceived understanding of basic modeling concepts. Second,
for the Game Development course, selected course-level project and game jam evidence was
used to describe whether students applied self-created Blender assets in practical work. These
data sources were analysed descriptively and were not used to infer causal learning gains.

For the Game Development course, a tutorial focused on Blender and its integration with
VFX graphs in Unity was created. The primary objective of this tutorial was to familiarize
students with the basics of 3D graphics and encourage creative asset creation to prepare
them for their final assignment, a team-based game jam in which they design and develop a
game together. One goal was to observe whether students would attempt to create their own
assets rather than relying only on downloaded assets.

The second tutorial was developed for the Systems of Virtual Reality (SVR) course.
Whereas the Game Development (GD) course is offered in the third year of the curriculum,
the SVR course is taught in the first year of the master’s program, corresponding to the
fourth year of the full study sequence. As a result, students enrolled in SVR are expected to
have greater prior technical experience because the course is situated later in the curriculum
and follows previous graphics-related coursework.

The tutorial was entirely focused on Blender. Since virtual reality applications rely
heavily on 3D assets, it is essential for students to understand the fundamentals of modeling
rather than only creating simple objects for games. Furthermore, Blender is frequently used
alongside VR technologies in educational environments, where users can practice technical
skills in applied contexts. Examples include driving simulation environments, as shown by
Kruachottikul et al. [10], and engineering education, as reported by Jain and Soni [§].

In this study, the questionnaire item related to students’ work during the tutorial is
treated as a measure of self-reported tutorial completion. It is not treated as a validated
measure of educational engagement. No systematic observation protocol was used to record
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behavioral engagement, motivation, question asking, attention, collaboration, or other forms
of student activity during the sessions. Any informal impressions from instructors were
therefore not used as quantitative evidence.

3.1 Blender in Game Development course

The delivery format of the GD tutorial evolved over multiple iterations. At first, the tutorial
was conducted as an online lecture. In the most recent iteration, a consultation-based
approach was adopted, in which students were provided with online tutorial materials to
complete independently, with optional online consultations available upon request. At the
beginning of the tutorial in the earlier iterations, students were informed in advance about
installing Blender. However, they were also given time to complete the installation at the
beginning of the class. Since the installation process is not as complicated as it is for Unity,
there was no live demonstration of the installation itself. Instead, the lecture time was
focused on guided modeling activities.

The students then created two variants of snowflakes for later use in the VFX graph: a
low-poly version for background particles and a more detailed version for particles that would
be rendered near the viewer in the Unity game. This task was designed to stimulate students’
imagination and highlight that they are not limited to assets from the Unity Asset Store.
As shown in Figure 3, even a simple task such as creating a snowflake can yield visually
appealing, distinct outcomes when students are encouraged to experiment. This aligns with
research on imagination-based pedagogies by Dellatola, Daradoumis, and Dimitriadis [3],
which has shown that such approaches can significantly enhance student engagement.

This tutorial was then enriched in the last iteration with a low-poly fir tree model. The
goal was for students to become more familiar with the basics while simultaneously piquing
their interest in the software and stimulating imagination by allowing them to stylize the
model according to their preferences.

To support independent learning, students had access to a dedicated course website
in every iteration, where all tutorial materials and later video guides were available. The
platform allowed students to follow step-by-step instructions at their own pace, access
reference images, and review previous lessons as needed. Figure 1 shows an example of the
website interface, illustrating how the tutorials were organized to support independent access
to materials and self-paced task completion.

The tutorial initially included a demonstration of the mirror modifier, which helps reduce
the amount of work needed for modeling. This step was primarily intended to show students
how modifiers can alter a model. Introducing students to modifiers is important, as some
models cannot be created effectively without them; this is also supported by Novayanti,
Crisnapati, and Nurtanto Diaz [18], which uses modifiers to create low-poly objects in Blender.
However, this component was removed in later iterations, as students found complex modifiers
confusing, which could discourage them. In the revised tutorial, students still created the
same models, but the process focused on the basics, and only the subdivision surface modifier
was introduced due to its ease of application.

After modeling the two snowflakes, the students learned to export their models. This
step is crucial for implementation in Unity, as exporting the object in the wrong format
could lead to compatibility issues. Following this, the tutorial moved on to Unity, covering
the fundamentals of creating visual effects and incorporating the models created.

It is worth noting that students were also provided with supplementary video tutorials on
YouTube, which offered step-by-step visual guides accompanied by screencast key overlays
showing pressed keys. This feature was intended to help students better understand and
memorize software shortcuts. This was implemented in later iterations as a result of frequent
student requests.
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GameDev Lectures - Technologies ~  lterations - Game Jams ~

Step 3: Creating assets! (low poly snowflake)
In this tutorial, we will show how to create a snowflake. Since there will be many of these flakes in the scene, this flake will be low-detail.

Task3a
Create aflake if you don't have one there.
Our flake wil be a simple "+* symbol, because it will be used in large numbers and should be computationally undemanding.

Figure 1 A screenshot of the GD website, which contains step-by-step instructions for creating

models.

User Persp stive
(1) Cylinde | Cylinds

Figure 2 Excerpt from the GD Blender tutorial showing step-by-step visual guidance with

highlighted interface elements.

Figure 3 Example of a snowflake model created in Blender during the GD tutorial (low-poly

background variant and a more detailed foreground variant).
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3.2 Evaluation of Game Development course tutorial

Given the course’s strong focus on VFX graphs in Unity, limited time remained for Blender
instruction. The tutorial introduced Blender’s interface, common geometric primitives, basic
operations, use cases for modifiers, and exporting objects.

4 Comparison of Game Development and Virtual Reality Courses

Before discussing the tutorial developed for the SVR course, it is important to note the
differences between the two subjects. The most notable difference is their position within the
curriculum. The GD course is offered as an optional subject in the third year of the bachelor’s
program alongside assembler. Because reasons for course selection were not systematically
collected, the GD group should be interpreted as a heterogeneous cohort in terms of prior
interest, motivation, and experience with game development.

In contrast to GD, the SVR course is part of the first year of the master’s program
and requires completion of a prerequisite subject about computer graphics that features
JavaScript. Some students may also have prior experience from the GD course, but prior
motivation and reasons for choosing SVR were not systematically measured.

The teaching approach in both courses reflects these curricular differences. In the Game
Development course, students are introduced to the fundamentals of asset creation through
simple geometric modeling tasks and the use of basic modifiers. The primary objective is to
provide students with a general understanding of 3D modeling concepts and to demonstrate
the workflow connection between Blender and Unity.

Students enrolled in the Systems of Virtual Reality (SVR) course already possess a basic
understanding of modeling principles in general and are therefore able to progress to more
advanced topics. Although many students are already familiar with SketchUp at the time of
the tutorial, the course introduces Blender as a more versatile and industry-relevant modeling
tool better suited to the objectives of the study program.

4.1 Blender in Systems of Virtual Reality course

The SVR tutorial was conducted in a traditional in-person format in all iterations, allowing
for direct interaction between students and the instructor during the lecture.

This tutorial underwent some changes, but the introductory section remained the same.

In this part of the tutorial, students were able to familiarize themselves with the software
again, as many had prior experience with Blender from a course that used it. At first, a
step-by-step guide was provided for creating a basic house shape. Students then created a
door, windows, steps, and a chimney, which they later combined into a single object. Once
they felt comfortable with their house model, the tutorial explained how to install a texturing
add-on. This step was designed to show students how to work with add-ons and to encourage
them to download add-ons from the internet, as many can significantly simplify the modeling
process in 3D computer graphics software. After applying materials to the structure’s surface,
they found that the material appeared stretched, so they used a UV unwrap to ensure it
aligned more naturally. Students created a doorknob for the door as a bonus task using a
subdivision modifier. This was an example of how modifiers can negatively impact a project
if used incorrectly. When discussing the house model and the doorknob created afterward, it
became evident that the house had fewer polygons than the doorknob, despite being more
important.
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The revised version of the tutorial focuses more on the difference between procedural
modeling in Blender and the more direct modeling approach used in SketchUp. To illustrate
this, the tutorial was designed around the use of modifiers, where students were tasked with
creating a fence along a curve by duplicating a base segment using an Array modifier in
combination with a Curve modifier. Although a similar result can be achieved in SketchUp
using similar techniques, Blender’s workflow is non-destructive, allowing for a safer and
more flexible modeling process. In addition, students were required to model the base fence
themselves, which was intended to support their understanding of fundamental modeling
principles. As in the previous version, the potential negative impact of improper modifier
usage was also discussed, as it represents an important concept for students to understand.
This newer version also incorporated video materials, as did the GD course.

4.2 Evaluation of Systems of Virtual Reality tutorial

In this course, students are reminded of the software’s basics and learn about its importance in
relation to virtual reality (VR). In addition to further improving the software’s fundamentals,
students are introduced to modifiers, the importance of good topology, and the level of detail
appropriate to objects within the scene.

5 Evaluation and data collection

Across four semesters, from winter semester 2024 to summer semester 2026, 420 anonymous
questionnaire responses from students in the GD and SVR courses were collected. Across the
two courses combined, 532 students were enrolled: 428 in GD and 104 in SVR. Because valid
response counts differed across questionnaire items, the results are reported using item-level
valid response counts and interpreted descriptively.

5.1 Questionnaire sample and valid response counts

The unit of analysis for the questionnaire results was the individual anonymous questionnaire
response. Some questionnaire items were not answered by all respondents, and some items
may have differed across tutorial iterations. For this reason, each quantitative result is
reported using the number of valid responses available for that item. Missing or incomplete
answers were handled using item-level exclusion; therefore, each percentage was calculated
using the number of valid responses for the corresponding questionnaire item.

Table 1 Course enrollment and questionnaire response counts by semester.

Semester Course Enrolled Responses Coverage
Winter semester 2024 GD 10 9 90.0%
Summer semester 2025 GD 150 116 77.3%
Summer semester 2025 SVR 58 41 70.7%
Winter semester 2025 GD 26 14 53.8%
Summer semester 2026 GD 242 203 83.9%
Summer semester 2026 SVR 46 37 80.4%
Total GD 428 342 79.9%
Total SVR 104 78 75.0%

Overall - 532 420 78.9%




L. Bubenkova, L. Urbandik, E. Pietrikova, and M. Horvath

Table 2 Valid questionnaire response counts by course and questionnaire item.

Questionnaire item Course Total responses (n)  Valid responses (n)
Tutorial completion GD 342 319
Tutorial completion SVR 78 78
Prior Blender experience GD 342 333
Prior Blender experience SVR 78 78
Confidence after tutorial GD 342 333
Confidence after tutorial SVR 78 78
Understanding of modeling concepts GD 342 333
Understanding of modeling concepts SVR 78 78

5.2 Course context and project evidence

It is worth noting that students in the GD course were also assigned a project that required
the use of Blender to a small degree. This requirement likely increased the incentive to
learn and later apply Blender skills. However, in the SVR tutorial, there was no assignment
requiring the use of this tool. Therefore, the SVR course provided less course-based incentive
to apply Blender outside the tutorial. This point is also highlighted by Khalil and Ebner [9],
who found that some students care only about passing the course.

It is also important to consider that the GD tutorial’s delivery format in the last iteration
was consultation-based, whereas earlier iterations were conducted online. In addition to the
questionnaire, students in the GD course were graded on their project performance using a
rubric. The rubric consisted of five main segments:

Game loop and interactivity
Game world and design
VFX implementation

Use of Blender

Use of scripts

Al e

The “Game loop and interactivity” was the highest-weighted rubric category, scoring
from 0 to 8. Other elements were graded on a scale from 0 to 3. A score of 0 represents the
lowest possible grade for a segment, while eight is the maximum score for the game loop and
interactivity, and three is the highest for the other parts.

The grading was conducted by four lecturers, who evaluated the projects based on the
provided rubric. Formal inter-rater reliability was not calculated; therefore, rubric-based
project evidence is interpreted descriptively rather than as a standardized assessment of
individual modeling competence.

Because the study did not include a control group or pre/post objective testing, the
questionnaire and project data were analysed descriptively. The results provide insight into
students’ reported perceptions, confidence, and understanding after the tutorials, as well
as their observed use of Blender assets in course projects. They do not establish that the
tutorials caused improvements in modeling ability, GD skills, or SVR skills.

The GD group included a project that required the use of Blender, followed by a game
jam where Blender use was optional. The game jam had a specific theme that, in some
cases, required the creation of assets. Although the quality of models varied, some were
good-looking and with optimized topology, while others looked impressive but had issues
with topology. Despite these differences, both the project and the game jam showcased a
range of original and creative elements in the students’ worlds.
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Figure 4 Examples of student games developed during the game jam, including projects that
used self-created 3D assets.

In the SVR group, Blender was not used in any assignments. Instead, the information
was gathered only through a questionnaire conducted at the end of the class. The goal was to
assess how the students would react to this modeling tool because they were using SketchUp
to create their models.

5.3 Analysis of research questions

This section analyzes the questionnaire responses and, for the GD course, selected course
project evidence. Percentages in the questionnaire results are calculated using the valid
responses for the corresponding item, rather than the total number of collected questionnaire
responses. The purpose is to describe respondents’ perceptions and course-level project
outcomes. Detailed findings regarding the research questions are outlined below.

Research question 1. During the game jam, the theme assigned to the students was “a
glitch in the system.” This theme encouraged the creation or modification of visual assets
and provided an opportunity for students to use Blender in their game development workflow.
Analysis of submitted games, student submissions, and team reports indicated that some
GD teams used Blender to create or modify assets for their projects. These assets were
incorporated into student game worlds as original or adapted visual elements. Examples
of such games are shown in Figure 4. The quality of the assets varied: some models were
simple or blocky, and some showed problems with topology, while others demonstrated more
successful attempts at original asset creation. These observations provide descriptive evidence
that some GD students used Blender to support asset creation in practical game-development
tasks, although the study did not quantify the exact number or proportion of teams that did
S0.

7

Research question 2. The questionnaire results in Figures 5 and 6 show respondents
self-reported tutorial completion rather than overall educational engagement. For RQ2,
valid tutorial-completion responses were available from 319 GD respondents and 78 SVR
respondents. Relative to enrollment, this corresponds to valid tutorial-completion coverage
of 74.5% for GD and 75.0% for SVR. Overall, SVR respondents more frequently reported
completing most tutorial tasks, while GD respondents were more often concentrated in the
category of completing some tutorial tasks. A larger proportion of GD respondents also
reported mostly observing compared with SVR respondents. These results suggest that
tutorial completion differed between the two course contexts, with SVR respondents reporting
higher levels of task completion overall.
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Self-reported tutorial completion in the SVR tutorial
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Figure 5 Self-reported tutorial completion during the SVR tutorial, based on valid questionnaire
responses (n = 78).

Self-reported tutorial completion in the GD tutorial
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Figure 6 Self-reported tutorial completion during the GD tutorial, based on valid questionnaire
responses (n = 319).

The questionnaire results showed differences between the two courses in students’ reported
tutorial completion. However, this measure should be interpreted as a limited behavioral
indicator rather than a comprehensive measure of educational engagement. SVR students

reported higher tutorial completion despite Blender not being required in their assignments.

Research question 3. For RQ3, valid responses to the prior-Blender-experience item were
available from 333 GD respondents and 78 SVR respondents. The same valid response counts
were available for the confidence-after-tutorial item. Relative to enrollment, this corresponds
to valid-response coverage of 77.8% for GD and 75.0% for SVR. Prior Blender experience was
measured using four categorical options: no experience, have tried it once, know basics, and
use it often. Confidence after the tutorial was measured using a five-point self-report scale,

where 1 represented the lowest perceived level and 5 represented the highest perceived level.

These responses were interpreted as subjective perceptions rather than objective measures of
Blender competence. Figure 7 shows self-reported Blender experience before the tutorial,
while Figure 8 shows self-reported confidence with Blender after the tutorial.

Overall, questionnaire responses indicated higher self-reported confidence with Blender
among SVR respondents, where the largest proportion of SVR respondents selected 4 out
of 5. In contrast, GD responses were concentrated around the middle of the scale. This
pattern should be interpreted alongside the prior-experience results, where more than half
of GD respondents reported no prior Blender experience. These results indicate that many
questionnaire respondents, rather than all enrolled students, reported confidence with Blender
after the tutorial.
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Self-reported Blender experience before the tutorial

60 53.5%

a
3

39.8%

IS
S

33.3%
27.0%
21.8%

16.2%
I = -

No experience  Have tried it once Know basics Use it often

N
S

=
1)

Percentage of respondents
w
8

o

GD mSVR

Figure 7 Self-reported Blender experience before the tutorial, based on valid questionnaire
responses (GD n = 333; SVR n = 78).

Self-reported confidence with Blender after the
tutorial
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Figure 8 Self-reported confidence with Blender after the tutorial, based on valid questionnaire
responses (GD n = 333; SVR n = 78).

Research question 4. For RQ4, valid responses to the modeling-concepts item were available
from 333 GD respondents and 78 SVR respondents. Relative to enrollment, this again
corresponds to valid-response coverage of 77.8% for GD and 75.0% for SVR. Respondents
were asked about their perceived understanding of basic modeling concepts, such as extrusion,
edge, face and vertex manipulation, and editing modes. Respondents could also comment
on which technique they found most complicated. The additional comments were mixed;
however, the self-reported ratings were generally positive. The findings are illustrated in
Figure 9. The rating method used a 1-5 scale, identical to that used for the confidence item.

The valid questionnaire responses from both courses showed generally positive self-
reported understanding of modeling concepts, with SVR respondents more concentrated in
the higher rating categories. These findings address RQ4, but they should not be interpreted
as objective evidence of modeling competence.

6 Challenges

The first challenge was understanding the sequence of operations, meaning that students
may have known what they wanted to do but were unsure of the order in which to do it.
Students most frequently reported difficulties related to workflow sequencing and shortcut
memorization.

Another challenge was the steep learning curve associated with Blender, as well as its
placement within the overall study program. Many students had primarily coding-oriented
experience, and for some of them, this was their first experience with creating virtual objects.
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Figure 9 Self-reported understanding of basic Blender modeling concepts after the tutorial, based
on valid questionnaire responses (GD n = 333; SVR n = 78).

Some students reported technical difficulties due to compatibility issues between macOS
and certain versions of Blender. Specifically, interactions within the Materials tab used to
apply colors and textures to 3D models resulted in application crashes for these students.

7 Future work

Future work should investigate longitudinal retention of modeling skills, integration with
Al-assisted asset generation, and controlled comparisons between Blender-based tutorials and
alternative instructional approaches. Although students rated their understanding positively,
some submitted models suggested weaknesses in topology and optimization. In one case, a
student-created model contained over two million vertices, indicating the need for stronger
instruction in mesh structure, polygon count, and asset optimization.

8 Limitations

This study is limited by its descriptive educational evaluation design. It did not include a
randomized control group, a comparison group using an alternative instructional method,
or objective pre/post testing of modeling skills. As a result, the findings cannot establish
that the Blender tutorials caused improvements in confidence, understanding, GD skills, or
SVR skills. The results should instead be interpreted as student-reported perceptions and
course-observed outcomes associated with the tutorial implementation. Future work should
include controlled comparative designs and objective assessments of modeling performance.

The interpretation is also limited by differences in course context, student background,
assignment requirements, and tutorial delivery format between GD and SVR. In addition,
the questionnaire item originally related to engagement captured only self-reported tutorial
completion. The study did not systematically measure broader forms of educational engage-
ment, such as motivation, attention, persistence, collaboration, question asking, or depth of
interaction with the tutorial content.

A further limitation is that the questionnaire responses were anonymous. Therefore, the
study can only report enrollment counts, questionnaire response coverage, and item-level
valid response counts by course and semester, but it cannot identify which specific enrolled
students did or did not respond. As a result, the study cannot determine whether respondents
differed from non-respondents in prior experience, motivation, etc. The reported percentages
should therefore be interpreted as percentages of valid questionnaire respondents.
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9 Conclusion

The integration of Blender into the GD and SVR curriculum was associated with positive
student-reported outcomes related to confidence and perceived understanding of modeling
concepts. The evaluation included 420 anonymous questionnaire responses from course
offerings with 532 enrolled students, corresponding to overall questionnaire coverage of
78.9%. Across both courses, many valid questionnaire respondents reported moderate-to-high
confidence in using Blender after the tutorials, especially in SVR, and perceived that they
understood fundamental modeling concepts. Questionnaire ratings on confidence, tutorial
completion, and perceived understanding were generally positive, with SVR respondents
reporting higher tutorial completion and confidence among the valid responses analysed.
However, because prior interest and motivation were not systematically measured, this
difference should be interpreted cautiously and may reflect several contextual factors, including
course level, previous graphics-related coursework, delivery format, or prior exposure to
Blender.

In the Game Development course, project submissions showed that students incorporated
self-made assets into their games, suggesting that the tutorials were aligned with practical
asset-creation activities within the course. In these projects, students had to develop their
own game and were also required to create assets for it. This may have provided useful
preparation for the game jam event that followed this project. In this event, students were
not required to create their own assets, but some of them experimented with self-made
objects they had envisioned. This gave students an opportunity to create assets that better
matched their intended game concepts.

In the SVR course, students reported positive experiences with Blender despite the absence
of a required Blender-based assignment. Even in the absence of a Blender-based assignment,
questionnaire responses indicated that many SVR respondents completed substantial parts
of the tutorial.

Therefore, the main contribution of this study is the documentation of a feasible Blender-
based tutorial implementation and students’ reported reception of it in GD and SVR courses.
The results provide descriptive evidence of perceived confidence, perceived understanding,
reported tutorial completion, and observed asset use in selected GD projects. They do not
prove that the tutorials caused improvements in creativity, modeling competence, problem-
solving ability, or broader technical skills.

-These findings contribute to the broader literature on 3D modeling, game-development
education, and VR-supported learning by showing how Blender can be embedded into existing
university computing courses rather than taught only as a separate modeling subject. Previous
studies have emphasized the educational value of 3D modeling for creativity, engagement,
design thinking, and immersive learning. The present study extends this discussion by
documenting how Blender tutorials can support practical asset creation, Unity integration,
and VR-related workflows in two related but distinct course contexts.

At the same time, the findings also nuance the positive interpretation of student reception.
Although many questionnaire respondents, especially in SVR, reported moderate-to-high
confidence and perceived understanding after the tutorials, project evidence also revealed
continuing problems with topology, polygon count, and asset optimization. This suggests that
short Blender tutorials can provide an accessible entry point into 3D production workflows,
but they should not be interpreted as sufficient for developing advanced modeling competence.
Further controlled studies are needed before stronger claims can be made about the effects
of Blender tutorials on creativity, problem-solving, technical competence, or broader career
preparation.
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—— Abstract

Higher education assessment is traditionally based on cumulative grading models, where students

progressively build their final classification over time. However, such approaches often promote
risk-averse behaviour and limit continuous improvement.

This paper proposes an inverted grading strategy integrated with learning paths within the
TechTeach paradigm. In this model, students are evaluated according to the maximum expected
grade of their selected path and assessed on their ability to maintain or recover their performance
throughout the course. The strategy combines group and individual evaluation, enabling effective
differentiation of student contributions in project-based learning environments.

The approach was validated through a case study conducted in a Web Programming course with
153 students. The results show a dynamic evolution, with an average decrease from 16.31 at the
first control point to 15.34 at the second, followed by a recovery to 16.05 in the final evaluation.
The overall variation (—0.26, or —1.6%) indicates that outcomes remain close to initial performance
despite intermediate fluctuations. Additionally, 62% of students experienced a decrease in grade,
28% improved their performance, and 10% maintained stable results, confirming the model’s ability
to capture performance dynamics and support recovery.

Student feedback further reinforces the approach’s applicability, with more than 80% of responses
indicating acceptance of the model.

Overall, the results suggest that inverted grading offers a robust alternative to traditional
cumulative models, promoting sustainable performance, accountability, and continuous engagement
in higher education.
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1 Introduction

Higher education assessment is traditionally based on incremental grading models, where
students progressively build their final classification through successive evaluations. This
approach assumes that learning evolves linearly and that students must demonstrate in-
creasing levels of knowledge over time. However, in practice, this model often promotes
conservative behaviour, in which students aim to meet minimum requirements rather than
pursue excellence. As a result, risk-taking, continuous improvement, and recovery from
mistakes are frequently limited.

From a pedagogical perspective, this raises an important question: should students
always start from zero and prove their value, or should they be challenged to maintain a
predefined level of excellence? In real-world environments, professionals are expected to
sustain performance standards rather than gradually achieve them. Therefore, assessment
models should reflect this dynamic behaviour and encourage responsibility, consistency, and
effort over time.
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Based on these observations, this paper introduces an inverted grading strategy within
the TechTeach paradigm. Instead of starting from a minimum grade and progressing upward,
students begin with a maximum expected grade. They are evaluated based on their ability
to maintain or recover that level throughout the course. This approach shifts the focus
from acquiring grades to sustaining performance, promoting accountability and continuous
engagement.

The proposed strategy is integrated with learning paths and project-based learning,
extending TechTeach [15] and previous work on personalised education [17]. It introduces
distinct evaluation mechanisms for group and individual performance, ensuring that col-
laboration does not mask individual effort. Project outcomes define group grades, while
individual grades are adjusted through peer evaluation and gamification mechanisms, such
as card systems.

To validate the approach, a case study was conducted in the Web Programming course at
the University of Minho, involving more than 150 students. The evaluation experiment was
applied to group projects. It included two control points and a final presentation, allowing
the analysis of grade evolution, recovery behaviour, and alignment between expected and
achieved results across different learning paths.

This paper is structured as follows. Section 2 presents the background and related work.
Section 3 describes the material and methods used in the study. Section 4 introduces the
inverted grading model and its rules. Section 5 presents the case study and implementation
details. Finally, Section 6 concludes the paper and outlines future work.

2 Background

This section presents the main topics of the work and reviews related work.

2.1 Assessment Models in Higher Education

Assessment in higher education plays a central role in measuring students’ knowledge,
skills, and competencies. Traditionally, evaluation models are based on cumulative grading
approaches, in which students progressively build their final classification across multiple
assessment moments, such as assignments, tests, and projects. These models assume a linear
evolution of learning and are widely adopted due to their simplicity and compatibility with
standard curricula structures [2].

Several alternative assessment strategies have been proposed to address the limitations of
traditional grading models. Mastery learning approaches focus on ensuring that students
achieve a predefined level of competence before progressing, allow multiple attempts, and em-
phasise learning over performance [4]. Similarly, standards-based grading evaluates students
according to clearly defined learning outcomes, promoting consistency and transparency in
assessment [12]. These approaches shift the focus from point accumulation to knowledge
acquisition.

Other models, such as contract grading and specifications grading, introduce a negotiation
component in which students define their expected level of achievement and must meet
specific criteria to obtain a target grade [14]. These strategies are particularly relevant in
project-based learning contexts, as they align expectations with student goals and encourage
responsibility in the learning process.

In parallel, formative assessment models emphasise continuous feedback and iterative im-
provement, allowing students to adjust their performance throughout the learning process [3].
More recently, gamification mechanisms have been integrated into assessment to increase
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engagement and provide dynamic feedback through points, levels, and rewards [8]. These
approaches have demonstrated positive effects on motivation and participation, especially in
large classes.

Despite these advances, most existing models rely on additive or progressive grading logic,
in which students start at a minimum value and improve their classification over time. Few
approaches consider reversing this perspective by defining a maximum expected performance
from the outset and evaluating students based on their ability to sustain or recover that
level.

This gap motivates the proposed inverted grading strategy presented in this paper, which
extends existing assessment approaches by introducing a dynamic model in which grades
may decrease or be recovered based on students’ performance over time.

2.2 Learning Paths and Outcomes

Pedagogical innovation is essential to teaching success, and learning paths are a simple way
of personalising learning. Personalised learning is an alternative to the “one-size-fits-all”
model and refers to approaches that offer multiple learning paths that account for individual
differences in learning preferences, goals, abilities, and background knowledge [5, 7]. A
learning path, which embodies curriculum design, comprises a sequence of structured learning
activities to help students achieve predefined learning objectives [6, 13]. These paths must
align with student-centred learning outcomes that describe the measurable skills, knowledge,
or values students should demonstrate upon completing a course [19]. The differentiated
learning path strategy also aligns with personalised learning approaches, in which students
select challenge levels based on their goals and capabilities.

In previous work, a two-path strategy was proposed within the TechTeach paradigm to
address the diversity of student goals in higher education [17]. The first path was designed
for students aiming to ensure the minimum knowledge required for the subject, while the
second was designed for those seeking a deeper, more specialised understanding. The results
showed that students valued the ability to choose their trajectory to align with their goals,
while maintaining learning outcomes and academic rigour.

2.3 Alternative Grading and Incentive-Based Assessment

Assessment in higher education traditionally relies on cumulative, incremental grading
models, in which students progressively accumulate points through successive assignments and
evaluations. Although widely adopted, such approaches may unintentionally encourage risk-
averse behaviour, leading students to focus on securing minimum acceptable outcomes rather
than pursuing excellence, sustained improvement, or recovery after weak performance. This
limitation is particularly relevant in project-based learning environments, where performance
depends not only on technical achievement but also on consistency, engagement, collaboration,
and the capacity to evolve over time.

Assessment design itself has been shown to influence student motivation and behavioural
strategies. Docan analysed positive and negative incentive structures in grading, including
models in which students either accumulate points progressively or start with a maximum
score that decreases with performance, thereby highlighting the motivational implications of
grading mechanics [9]. Similarly, MacDermott demonstrated that grading policies can shape
strategic student behaviour, reinforcing the idea that assessment systems influence not only
outcomes but also students’ engagement with learning activities [11].

11:3
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Building on this perspective, this work explores an alternative assessment logic through an
inverted grading model, in which students start from the maximum grade associated with their
selected learning path and are evaluated on their ability to maintain or recover performance
throughout the project lifecycle. Rather than rewarding only upward accumulation, the
model emphasises performance sustainability, accountability, and continuous effort.

This perspective is also aligned with real-world professional contexts, where individuals
are typically expected to maintain quality standards over time and respond effectively to
performance deviations rather than accumulate symbolic rewards.

Furthermore, the proposed model integrates personalised learning through differentiated
learning paths with distinct performance ceilings, allowing students to self-regulate their
level of challenge and ambition. Combined with the separation of group and individual
evaluation, this ensures that final outcomes reflect both collective project success and
individual contribution.

2.4 TechTeach and Gamification

In 2020, Filipe Portela introduced TechTeach, a gamified approach that engages students
in the classroom through active methodologies, project-based learning, and digital support
tools [15]. Since then, the paradigm has evolved with new strategies, including gamified
assessment mechanisms and individual validation models [16]. These approaches have shown
that gamification can play an important role not only in motivation but also in performance
monitoring, encouraging participation and promoting fairer evaluation processes.

In this context, mechanisms such as peer evaluation, quizzes, and card systems are
relevant because they provide continuous signals of student performance and commitment.
Recent work has also shown the value of combining multiple sources of evidence in assessment
processes, including behavioural indicators, peer feedback, and project participation [18].
Therefore, the inverted grading strategy presented in this paper is framed within TechTeach
and extends its logic by introducing a dynamic model in which grades may decrease or be
recovered during the project, depending on the work performed.

3 Material and Methods

This work is based on the case study method, which enables the exploration of a specific
occurrence or phenomenon [20]. The process of conducting a case study typically unfolds
through several stages, including the development of the design, data collection, analysis of
findings, and interpretation of results [1]. The specific phases and activities involved in this
case study are as follows:

Design:
Understand students’ motivation and goals regarding project-based evaluation
Study alternative evaluation models to improve students’ engagement and performance
Design an inverted grading strategy aligned with learning paths
Define evaluation moments (control points and final presentation)
Implementation:
Define the rules and evaluation logic of the inverted grading model
Adapt the subject evaluation plan to include the proposed strategy
Integrate group and individual evaluation mechanisms
Apply the strategy to a real project-based learning context
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Analysis:
Compare expected grades with achieved results across evaluation moments
Analyse grade evolution between control points and final presentation
Evaluate differences between learning paths and their outcomes
Interpretation:
Analyse the impact of the inverted grading strategy on student performance
Evaluate how grade variation reflects student effort over time
Explore the implications of this model in higher education assessment

The application of the case study methodology is justified because it is necessary to
evaluate a new assessment strategy in a real-world educational context while maintaining
the subject’s learning objectives. This methodology has demonstrated its applicability to
research in real-world settings [10], as it allows professors to observe student behaviour over
time and relate it to performance outcomes across different evaluation moments.

Regarding the tools, Kahoot was used to collect students’ feedback at different stages of
the subject and to support continuous evaluation through quizzes [16].

4 Inverted Grading Model

This section presents the inverted grading strategy proposed for project-based learning within
the TechTeach paradigm. The proposed strategy specifically employs a maximum-reference
inverted grading model, in which evaluation begins at the highest achievable grade defined
by the selected learning path. Alternative inverted variants could be explored, but they are
outside the scope of this work.

4.1 Concept

The inverted grading model is based on a reversed evaluation logic, in which students do
not start at a minimum grade and progress upward. Instead, they begin with the maximum
expected grade for the selected learning path and are evaluated based on their ability to
maintain or improve that level over time.

In this model, assessment is dynamic and iterative. At each evaluation point, students’
performance is analysed against the expected quality level. If the work meets the expected
standards, the grade is maintained. Otherwise, the grade may decrease. Students may
improve their grades in subsequent evaluations by demonstrating higher performance and
effort.

This approach shifts the focus from acquiring grades to sustaining performance, encour-
aging students to maintain consistent effort throughout the project lifecycle.

4.2 Evaluation Structure

The evaluation process is organised into three main moments:
Control Point 1 (CP1)
Control Point 2 (CP2)
Final Presentation (FA)

At CP1, the evaluation is performed at the group level and defines the effective starting
point of the inverted grading trajectory. Although students are conceptually evaluated
against the maximum grade of their selected path, CP1 establishes the first real value based
on the quality of the work developed.

ICPEC 2026
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From CP2 onward, the evaluation is performed individually and may include decimal
values. The grade at each time step is determined by the previous one, reflecting the evolution
of performance over time.

4.3 Grading Logic

The grading logic follows three main principles:

1. Maximum Reference: Each learning path defines the maximum achievable grade (e.g.,
14 or 20).

2. Dynamic Adjustment: Grades may decrease when performance does not meet expect-
ations.

3. Performance Improvement: Students may improve their grades in subsequent evalu-
ations.

This approach creates a non-linear grading trajectory, where grades evolve according to
performance consistency rather than cumulative accumulation.

4.4 Group and Individual Evaluation

Initially, evaluation is group-based (CP1), where all members share the same grade.

From CP2 onward, individual evaluation is introduced. Each student’s grade may differ
from the group average, reflecting contributions, effort, and performance, supported by peer
evaluation and gamification mechanisms.

4.5 Grade Evolution

Examples of grade trajectories include:

Stable performance: 20 — 20 — 20

Slight degradation: 20 — 19.50 — 18.35
Improvement: 20 — 19.50 — 20

Low performance leading to failure: 13 — 10 — R

4.6 Integration with Learning Paths

Each learning path defines the maximum achievable grade:
Traditional path: 14
Expert path: 20

Although students are conceptually evaluated against this maximum, CP1 defines the
effective starting point of the inverted grading trajectory.

5 Case Study

This study was conducted in the Web Programming course at the University of Minho and
involved 153 students organised into project groups.

Students selected either the Traditional or Expert learning path, which defines the
maximum achievable grade. The inverted grading strategy was applied to project evaluation
at three moments: CP1, CP2, and final presentation (FA).
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Figure 1 Student grade flow across the three evaluation moments (CP1, CP2, and Final),
illustrating transitions between grade bands under the inverted grading strategy.

At CP1, evaluation is performed at the group level and defines the starting point of the
grading trajectory. From CP2 onward, evaluation becomes individual, enabling differentiation
based on contribution, effort, and performance. Peer evaluation, non-work indicators, and
gamification mechanisms support this process.

The collected dataset allows analysis of grade evolution, individual differentiation, and
the overall impact of the inverted grading strategy.

5.1 Quantitative Analysis

The results show a consistent pattern of grade evolution throughout the evaluation process.
The average grade decreased from 16.31 at CP1 to 15.34 at CP2, then recovered to 16.05 in
the final evaluation. It corresponds to an overall variation of -0.26 (-1.6%), indicating that,
despite intermediate fluctuations, outcomes remain close to the initial performance level.

Figure 1 illustrates the flow of students across grade bands throughout the three evaluation
moments. The visual representation highlights the model’s dynamic nature, showing both
degradation and recovery paths.

The distribution of trajectories confirms this behaviour. Approximately 62% of students
experienced a decrease in their grades at some point, 28% showed improvement between
evaluations, and 10% maintained stable performance. These results show that the model
effectively captures performance variation and supports both penalisation and recovery.

The median final grade (approximately 16.50) is slightly higher than the average (16.05),
indicating a concentration of students in the upper-middle performance range. The stand-
ard deviation (approximately 1.9) reflects moderate variability, confirming that the model
differentiates performance without introducing excessive dispersion.

Only a small number of students (0.65%) were classified as failing, demonstrating that
the model maintains performance standards while still allowing failure in cases of insufficient
engagement.

11:7
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Table 1 summarises the main quantitative indicators obtained from the dataset.

Table 1 Quantitative Results of the Inverted Grading Strategy.

Metric Value
Number of students 153
Average grade (CP1) 16.31
Average grade (CP2) 15.34
Average final grade 16.05
Average variation (CP1 — Final) -0.26
Relative variation -1.6%
Median final grade ~ 16.50
Highest final grade 20.00
Lowest final grade 0.00 (Fail)
Standard deviation (Final) ~ 1.9
Students with grade decrease (%) 62%
Students with improvement (%) 28%
Students with stable grades (%) 10%
Students with fail result (%) 0.65%

5.2 Performance Dynamics

The transition from group-based evaluation at CP1 to individual evaluation at CP2 is critical
in shaping the results. While initial grades reflect group performance, subsequent divergence
captures individual effort and contribution, as observed in both Figure 1 and Table 1.

The observed decrease in grades for most students is expected under the inverted grading
logic, in which evaluation starts from a maximum reference point. Maintaining high perform-
ance requires consistency, and deviations result in grade reductions. However, the recovery
observed in 28% of students confirms that the model supports improvement and rewards
sustained effort.

Despite these fluctuations, the limited overall variation (-0.26) indicates that the model
stabilises performance over time, with students converging toward a consistent final level.

5.3 Interpretation of Results

From an analytical perspective, the results demonstrate that the inverted grading strategy
introduces a controlled level of variability while preserving overall performance stability. This
balance ensures both fairness and sensitivity in evaluation.

The model effectively differentiates individual contributions, promotes continuous en-
gagement, and allows recovery from performance drops. At the same time, it avoids grade
inflation, as evidenced by the presence of fail cases and the controlled distribution of final
grades.

Overall, the results confirm that the inverted grading approach provides a realistic
representation of student performance, aligning evaluation with effort, consistency, and
progression throughout the project lifecycle.
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5.4 Student Evaluation of the Model

To complement the quantitative analysis, students evaluated both the learning-path mechan-
ism and the inverted grading strategy via anonymous polls.

The learning path mechanism received a very positive evaluation, with most responses
concentrated at the highest values. A total of 32 students assigned the maximum score, and
35 rated it as excellent, whereas only 3 rated it below 3. This distribution indicates strong
acceptance and confirms the relevance of differentiated learning paths.

The inverted grading mechanism was also positively evaluated. In grades 1-5, a total of
34 students explicitly approved the model (5), while 42 agreed with minor adjustments (3),
and only 7 expressed disagreement (1 or 2). Overall, more than 80% of responses indicate
acceptance or strong acceptance.

These results reinforce the perception that the model is fair, transparent, and aligned
with student effort, supporting its applicability in real educational contexts.

5.5 Discussion

The results demonstrate that the inverted grading strategy effectively shifts evaluation from
cumulative accumulation to performance sustainability. Rather than rewarding isolated
improvements, the model evaluates students based on their ability to maintain a consistent
level of performance over time. This analysis is supported by the limited overall variation
between the first and final evaluation moments (-0.26, corresponding to -1.6%), indicating
that outcomes remain close to the initial performance despite intermediate fluctuations.

The observed decrease in grade for the majority of students (62%) is inherent to the
model rather than a limitation. Since evaluation starts from a maximum reference point,
any deviation from the expected level is reflected as a reduction in the score. This behaviour
reflects a realistic performance scenario in which maintaining high standards is inherently
challenging. At the same time, the presence of improvement cases (28%) demonstrates
that the model supports recovery and rewards sustained effort, allowing students to regain
performance after temporary drops.

The differentiation observed after CP2 confirms the effectiveness of separating group and
individual evaluation. While CP1 reflects group performance, subsequent divergence captures
individual contribution. It is reinforced by the observed variability (standard deviation of
approximately 1.9), indicating that the model is sensitive to individual differences without
exhibiting excessive dispersion.

Furthermore, the distribution of final grades, with a median of approximately 16.50 and
an average of 16.05, suggests a concentration of students in the upper-middle performance
range. It indicates that the model maintains overall performance stability while still allowing
differentiation. The presence of fail cases (0.65%) further confirms that the model avoids
grade inflation and preserves minimum performance standards.

From a pedagogical perspective, the combination of quantitative results and student
feedback reinforces the approach’s validity. With more than 80% of students accepting the
model, the results indicate that the strategy is not only effective but also perceived as fair,
transparent, and aligned with individual effort.

Overall, the results support the use of inverted grading as a promising alternative to
traditional evaluation models. The strategy promotes continuous engagement, enables
performance recovery, and ensures meaningful differentiation, making it particularly suitable
for project-based learning environments where sustained effort and individual contribution
are critical.

11:9
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6 Conclusion

This paper introduced an inverted grading strategy integrated with learning paths and project-
based learning within the TechTeach paradigm. The proposed model shifts the traditional
evaluation perspective from cumulative grade acquisition to sustained performance assessment,
in which students are evaluated on their ability to maintain or recover expected performance
levels over time. This approach aims to reflect better performance-oriented contexts, where
continuity, accountability, and consistent delivery are often valued over isolated achievements.

The case study, conducted with 153 students in a Web Programming course, demonstrated
that the model supports a dynamic and structured evaluation process. Quantitative results
showed that average grades decreased from 16.31 at the first control point to 15.34 at the
second, then recovered to 16.05 in the final evaluation. The limited overall variation (—0.26,
corresponding to —1.6%) suggests that, despite intermediate fluctuations, outcomes remain
relatively stable.

Further analysis revealed that 62% of students experienced a temporary decrease in
performance, 28% demonstrated measurable recovery between evaluation moments, and
10% maintained stable trajectories throughout the process. These findings indicate that
the proposed strategy effectively captures performance dynamics over time, supporting
both penalisation and recovery mechanisms rather than relying exclusively on cumulative
accumulation.

The transition from group-based to individual evaluation proved particularly relevant in
differentiating student contributions. Students in the same project group achieved distinct
outcomes, as evidenced by peer evaluations and gamification, thereby reinforcing fairness
and accountability. The observed variability (standard deviation of approximately 1.9)
confirms that the model differentiates performance without introducing excessive dispersion.
Additionally, the median final grade (approximately 16.50) and the low fail rate (0.65%)
indicate that the model preserves performance stability while maintaining minimum academic
standards.

From a pedagogical perspective, students’ perceptions further reinforce the approach’s
applicability, with more than 80% of respondents expressing acceptance of the model. It
suggests that the strategy is generally perceived as fair, transparent, and aligned with
individual effort.

Nevertheless, several limitations should be acknowledged. First, the absence of a direct
control group using a traditional cumulative grading model prevents a rigorous comparative
evaluation of effectiveness. As the strategy was applied to the entire cohort, the analysis
focuses on internal behavioural dynamics rather than comparative performance outcomes.
Second, starting from a maximum reference grade may introduce psychological pressure for
some students, particularly those who perceive evaluation as primarily centred on identifying
deficiencies rather than recognising achievements. Third, the learning path mechanism may
encourage strategic behaviour, where some students select lower-complexity paths to reduce
perceived risk, potentially limiting ambition or recovery potential. Finally, the study was
conducted in a project-based programming context, which may restrict the generalisability
of the findings to other educational domains.

Overall, the results suggest that inverted grading constitutes a promising alternative to
traditional cumulative assessment models, particularly in project-based learning environments
where sustained effort, accountability, and individual contribution are critical. Future work
should focus on controlled comparative studies with traditional grading models, deeper
analysis of psychological and motivational impacts, refinement of evaluation indicators, and
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validation across different disciplines and educational settings.
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—— Abstract

Teaching programming requires the use of different digital educational resources to support the
understanding of abstract concepts and the development of problem-solving skills. However, these
resources are often dispersed across multiple platforms, which makes their selection, evaluation, and
reuse by teachers more difficult. This article presents a Systematic Literature Review on the use of
digital educational resources in programming education, focusing on the types of resources employed,
as well as their sources and reported difficulties. The review was conducted based on a structured
protocol, including the definition of search strings, the selection of databases, and the application
of inclusion and exclusion criteria. After the quality assessment was applied, 27 primary studies
composed the final analysis set. The results reveal a predominance of practice-oriented resources,
such as programming exercises and interactive environments, along with the use of multimedia
materials and reusable content. Despite this diversity, significant challenges persist, particularly
those related to resource selection, pedagogical integration, material quality, and teachers’ workload.
These findings highlight the need for more structured approaches to support teachers in the effective
use and organization of digital educational resources in programming education.
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1 Introduction

Programming education plays a central role in the training of professionals in Computing,
following the growing demands of the labor market and society for digital competencies
and problem-solving skills. To support this process, different Digital Educational Resources
(DERs) have been used in educational contexts, including interactive platforms, practical
exercises, videos, programming environments, simulators, automatic graders [25], educational

ames, and multimedia materials [2, 7].
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However, the use of these resources in programming courses involves specific pedagogical
challenges, especially due to the abstract nature of computational concepts and the need
to integrate theory and practice [21]. International curricular guidelines, such as those
proposed by the Association for Computing Machinery (ACM), highlight that Computing
education should be guided by fundamental competencies, such as computational thinking,
problem solving, and software development [4]. However, since these guidelines do not
specify particular tools, they transfer to teachers the responsibility for selecting and adapting
materials.

More recently, the advancement of Artificial Intelligence (AI)-based technologies, such as
intelligent tutoring systems, automatic content recommendation, and generative Al tools [31],
has expanded the possibilities for personalization and automated support. Despite this rich
ecosystem, most materials are dispersed across multiple platforms and lack pedagogical
standardization [29, 12]. This fragmentation makes it difficult to locate and reuse resources,
increasing teachers’ workload due to manual curation processes.

Although there are studies focused on the development of specific tools for programming
education, there is a predominance of research centered on isolated technologies, such as
interactive environments, automatic assessment systems, practice platforms, or Al-based
applications [1, 31]. In contrast, investigations that analyze, in an integrated way, the
different types of digital educational resources used in programming education, as well as the
challenges faced by teachers in selecting, organizing, and integrating these materials, remain
limited.

In this context, this paper presents a Systematic Literature Review (SLR) with the object-
ive of investigating how programming teachers select, use, and produce digital educational
resources, as well as mapping the types of resources employed in programming education,
considering their formats and sources. In addition, it seeks to identify the main difficulties
faced by teachers in selecting, adapting, and using these resources in their educational
contexts.

This study contributes by synthesizing and organizing evidence from the literature, offering
a structured view of the use of digital educational resources in programming education and
the challenges associated with their use.

2 Related Work

2.1 Interactive Environments and Practice-Oriented Resources

Recent studies have explored interactive environments and practice-oriented resources as
strategies to support programming education. Hidayat et al. [14] investigated live coding plat-
forms associated with gamification to increase engagement in Object-Oriented Programming
courses. Similarly, Buffardi and Wang [7] analyzed the integration of videos directly into
programming practice interfaces, seeking to reduce the cognitive load caused by switching
between instructional materials and coding environments.

Other studies have explored tools focused on the construction of interactive code narratives
and the integration between theory and practice. Al-Gahmi et al. [2] highlighted the use
of Jupyter Notebooks to support content modularization and practical learning. Overall,
these studies emphasize resources that promote immediate feedback, active learning, and
experimentation during the code development process.
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2.2 Artificial Intelligence-Based Technologies in Programming Education

Recent literature also points to a growing trend in the use of Generative Artificial Intelligence
(AIGC) technologies in programming education. Abolnejadian et al. [1] investigated the use
of ChatGPT as a personalized tutor through prompt engineering strategies, highlighting its
potential to provide individualized support and automated feedback to students. Similarly,
Xie and Chen [31] discussed the application of generative AI in the teaching of the C
programming language, using the Outcome-Based Education (OBE) model to prioritize the
development of computational thinking rather than focusing exclusively on language syntax.

These studies highlight the potential of Al to support learning personalization, content
recommendation, and automated assistance during programming practice. However, most
research focuses primarily on the effectiveness of these technologies and their impact on
student performance, paying less attention to aspects related to the organization, curation,
and pedagogical integration of digital educational resources [11, 12].

2.3 Repositories, Open Educational Resources, and Resource
Organization

Regarding the authorship and sharing of Open Educational Resources (OER), studies such
as Chen and Nunes [8] explore active learning through the creation of videos by students
themselves (Stubents). Staubitz et al. [29] and Fleenor and Carroll [12], in turn, focus on
interoperability and the creation of repositories of automatically graded exercises, aiming to
support scalability in large classes.

2.4 Research Gap

Despite these contributions, most studies focus on isolated tools or methodologies. Table 1
summarizes the main approaches and highlights the positioning of this study in relation to
the literature.

Although the studies cited contribute to the understanding of specific scenarios, the
fragmentation of the literature makes practical adoption by teachers more difficult. Much of
the research focuses only on the effectiveness of tools, leaving aside the teacher’s perspective
in the selection process. Thus, gaps remain regarding:

The organized classification of the different types of digital educational resources (DERs)
available for programming education;

The sources and repositories that organize these resources;

The real difficulties faced by teachers in selecting, adapting, and using these materials in
their classes.

Thus, this research seeks to address this gap through a Systematic Literature Review
(SLR). The study not only maps the types of resources, but also investigates the challenges
related to their organization, offering an integrated view to support teachers in decision-
making.
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Table 1 Summary of related studies.

Study

Type of Resource

Focus / Aspect Investigated

Hidayat et al. [14]

Al-Gahmi et al. [2]

Buffardi and

Wang [7]

Abolnejadian et al.

1]
Xie and Chen [31]

Staubitz et al. [29]

Chen and Nunes [8]

Oliveira et al. [11]

Live Coding Platform
Jupyter Notebooks
Integrated Videos

Generative AI (Chat-

GPT)
Generative Al (AIGC)
Exercise Repository

Videos (Stubents)

OER Platform

Gamification and motivation in
OOP teaching.

Code narratives and reduction
of cognitive load.

Immediate practice and visual
support in coding.

Adaptive learning through a per-
sonalized Al tutor.
Competency-based curriculum
reform (OBE).

Interoperability and automatic
grading of assignments.

Student authorship and peer-
based active learning.
Collective intelligence for re-
source curation.

This study

Multiple DERs

Integrated analysis of re-
source types, sources, and
teaching challenges.

3 Methodology

This study was conducted as a Systematic Literature Review (SLR), following the guidelines
proposed by Kitchenham and Charters [19]. The review protocol is available for consultation®.
The objective was to identify and analyze the main data sources and materials used in
programming education, the types of educational resources employed, and the difficulties
reported in teaching practice. In addition, the review sought to understand how these

materials are selected, organized, and used.

3.1 Research Questions

The review was guided by the following research questions:

RQ1: How are digital educational resources used in programming education made available

and organized?

RQ2: What types of digital educational resources, considering their formats and media,

are used in programming education?

RQ3: What difficulties do teachers face in selecting, using, and producing digital educa-

tional resources for programming education?

To answer these questions, different dimensions related to the use of digital educational
resources in programming education were analyzed, including resource sources, forms of

organization, pedagogical practices, types of materials, and teaching challenges.

! https://docs.google.com/document/d/1Ty0Q-h4xdHNUPAFtUM8eBleB7EaiR7ZsWKpJvtVengg/edit?

tab=t.0
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3.2 Search Strategy

The search was conducted in IEEE Xplore, ACM Digital Library, ScienceDirect, and Web of
Science.

The search string was defined by combining terms related to programming education,
digital educational resources, and the teaching context, as follows:

(teacher OR educator)
AND ("educational resources" OR "learning materials")
AND (repository OR platform)
AND ("teaching programming" OR programming OR "programming education")

3.3

Table 2 presents the criteria adopted for selecting the studies.

Inclusion and Exclusion Criteria

Table 2 Inclusion and exclusion criteria adopted in the SLR.

Inclusion Criteria (IC)

Exclusion Criteria (EC)

Available in full text.

Published in English or Portuguese.

Peer-reviewed studies.
Published between 2016 and February 2026.

Address the use, selection, production, or organization
of educational materials and resources for program-
ming education.

Describe or analyze sources, platforms, repositories,
or digital environments for programming education
materials.

Target audience composed of teachers, instructors, or
educators involved in programming education.

Not available in full text or duplicated studies.

Published in languages other than English or Por-
tuguese.

Grey literature.
Outside the defined time frame.

Do not address programming education or focus exclus-
ively on student learning without discussing materials
or teaching practices.

Address only programming tools without an educa-
tional purpose.

Studies focused exclusively on other audiences,
without implications for teaching practice.

The inclusion and exclusion criteria were established to ensure the selection of relevant,

current studies aligned with the scope of the research. These criteria considered aspects
related to publication quality, the educational context addressed, and adherence to the topic
of digital educational resources in programming education, with a focus on teaching practice.

3.4 Study Selection Process

The selection process was carried out in four successive stages to ensure methodological
rigor and accuracy in narrowing down the results. The detailed selection flow, from initial
identification to the final sample, is illustrated in the PRISMA diagram shown in Figure 1.

1. Initial Screening and Duplicates: The automated search returned 434 studies. After
identifying and removing 3 duplicates, 431 articles remained for analysis.

2. Title and Abstract Screening: The 431 studies were screened by title and abstract
based on the inclusion and exclusion criteria (IC and EC). At this stage, 186 articles were
pre-selected for the eligibility phase.

3. Eligibility and Admissibility Assessment: The 186 articles were submitted to a
technical analysis focused on their adherence to the research questions (RQs). At this
stage, the introduction, methodology, and conclusion sections were read to verify whether

ICPEC 2026
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PRISMA 2020 Flow Diag for Study Selection

)

Identification

Screening

Eligibility

[

)

Included

{

Identification of studies via databases

and registers

Records identified (n = 434)

ACM Digital Library: 244
IEEE Digital Library: 116
Science@Direct: 9
Web of Science: 65

|

Records after duplicates removed

(n = 431)

}

Records screened
(title and abstract)
(n =431)

Records removed before screening:

Duplicate records removed
(h=3)

A 4

Reports sought for eligibility
(full-text assessment)
(n=186)

A 4

Records excluded
(n = 245)

Did not meet inclusion/exclusion
criteria

A 4

Reports assessed for eligibility

(full-text review and quality appraisal)

(n=36)

Studies included in qualitative synthesis

(final corpus)
(n=27)

—

Reports excluded
(n =150)

Did not provide direct evidence
related to the Research
Questions (RQs)

Reports excluded after full-text
review and quality assessment
(h=9)

Did not meet methodological
quality criteria or did not
contribute to answering the
RQs

Note: This flow diagram follows the PRISMA 2020 guidelines for systematic reviews.

Figure 1 PRISMA flow diagram of the study selection process.
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each study provided data on resource types or teaching challenges. This filter led to the
exclusion of 150 articles that did not provide direct evidence for the RQs, leaving 36
studies for in-depth analysis.

4. Full Critical Reading and Synthesis: The 36 candidate studies were submitted to
a full critical reading. After this detailed analysis and the application of the Quality

Assessment (QA) protocol, 9 articles were excluded for not reaching the cut-off score.

As a result, 27 primary studies composed the final corpus of this Systematic Literature
Review.

3.5 Quality Assessment

To ensure that the final synthesis included only studies with methodological rigor and
thematic relevance, the 36 articles that reached the full-reading stage were evaluated using a
checklist composed of seven criteria.

Each criterion was scored objectively: 1.0 (Yes/Fully meets the criterion), 0.5 (Partially),
or 0.0 (No/Not reported).

QA1 — Does the study clearly present its research objectives?

QA2 — Does the study describe the educational context in which programming education
takes place, such as course type, educational level, or digital environment?

QA3 — Does the study describe the types of educational materials or resources used for
programming education?

QA4 — Does the study report the sources, platforms, or repositories used to obtain or
make the materials available?

QA5 — Does the study address aspects related to teacher training or difficulties faced by
teachers in programming education?

QA6 — Does the study clearly describe the methodology used, such as case study, survey,
experiment, or document analysis?

QAT — Does the study present relevant contributions to teaching practice or to the use of
digital tools in programming education?

The final score was obtained by summing the points, with a maximum score of 7.0. A
cut-off score of 4.0 was established. This final stage resulted in the exclusion of 9 articles that,
although related to the topic, did not reach the required level of detail or methodological
rigor, consolidating 27 primary studies for the final analysis.

For these studies, data extraction focused on information about types of educational
resources, teaching practices, platforms used, and reported difficulties. The data were
analyzed through qualitative synthesis and descriptive statistics, allowing the results to be
organized according to the research questions defined in this review.

4 Results

This section presents the results obtained from the analysis of the 27 primary studies selected

in the review, considering the time frame from 2016 to 2026 adopted in the search strategy.

Although the defined period covers ten years, no eligible studies published in 2016 or 2026
were identified after applying the inclusion and exclusion criteria.

Regarding publication sources, there was a predominance of studies indexed in the ACM
Digital Library, which accounted for 55.6% of the selected publications, followed by IEEE
Xplore, with 37.0%. Web of Science represented 7.4% of the analyzed studies, indicating
a higher concentration of research in the areas of Computing, Educational Technologies,
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and Digital Learning Environments. As for temporal distribution, publication growth was
observed over the years, especially from 2021 onward. The year 2025 recorded the highest
volume, with 18.5% of the sample. The years 2022 and 2024 each accounted for 14.8%,
while 2018, 2021, and 2023 each represented 11.1%. The years 2017 and 2020 each accounted
for 7.4%, and 2019 had the lowest frequency, with 3.7% of the selected articles.

4.1 Sources, Organization, and Good Practices in the Use of Digital
Educational Resources (RQ1)

The results show that the use of Digital Educational Resources (DERs) in programming edu-
cation involves different resource sources, technological platforms, and pedagogical strategies.
Figure 2 synthesizes these elements through a conceptual model that shows how different
resource sources, such as LMSs, MOOCs, programming environments, digital repositories,
and artificial intelligence-based tools, are made available through platforms and educational
environments that enable their access and use.

Pedagogical Use

Sources of Resources Platforms and Environments =
and Best Practices
¢ Learning Management ¢ Integrated educational 5 ;
Active |
Systems (LMS), MOOCs, systems ** *Hcliverearning
e-learning platforms — ¢ |Immediate feedback

¢ Educational IDEs

Personalization

Programming environments .
o > * Interactive platforms
Repositories (OER, GitHub) ¢ Theory-practice integration
¢ Blended learning

environments

¢ Al tools Gamification

Teacher- and student-
generated materials

Multimodal learning

Resource Organization

Modular structure (topics, levels)
¢ Metadata and classification
Influence on

* Recommendation systems teaching planning

Hierarchical organization
¢ Content integration

Figure 2 Conceptual model of the digital educational resource ecosystem in programming
education, highlighting the relationship between resource sources, educational platforms, organization
mechanisms, and their impact on pedagogical use.

The analyzed studies show that these resources are frequently used in integrated plat-
forms, such as educational IDEs [22, 28], interactive environments, and automatic feedback
systems [30, 20], supporting practices related to active learning, immediate feedback, teaching
personalization, and integration between theory and practice.

Regarding resource sources, there is a predominance of digital teaching platforms, such
as Learning Management Systems (LMSs) [1, 17, 30], e-learning environments [18, 3, 8],
and MOOCs [6, 26, 13], as well as programming environments, digital repositories, such as
OER and GitHub [12, 24, 20], and, more recently, artificial intelligence-based tools. The
production of materials by teachers and students also stands out, indicating practices of
adaptation and authorship within the educational context.
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However, the results indicate that the pedagogical use of these resources depends directly
on how materials are organized in these environments. Aspects such as modular structure,
hierarchical organization, use of metadata, and recommendation systems [11, 29, 28] were
identified as important elements for facilitating search, retrieval, reuse, and pedagogical
integration of materials.

As shown in Figure 2, although platforms enable access to resources, the organization of
materials has a direct influence on pedagogical practices and on the planning of teaching
activities. This result suggests that the challenges faced by teachers are not only related to
resource availability, but mainly to how these materials are structured and integrated into
educational contexts.

4.2 Types of Digital Educational Resources (RQ2)

The diversity of digital educational resources identified in the selected primary studies
(N = 27) reveals a scenario strongly oriented toward practice and interactivity in programming
education. Since the articles could be classified into multiple categories simultaneously,
the accumulated percentages reflect the coexistence of different media and formats in the
educational ecosystems analyzed. Figure 3 presents the categorized distribution of the main
types of resources.

Distribution of Resource Types (RQ2)
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Figure 3 Distribution of resource types identified in the primary studies (N = 27, multiple
categories per article permitted).

Among the most recurrent resources, practical exercises stand out, appearing in 81.5%
of the studies, highlighting the centrality of approaches based on problem solving and code
implementation [12, 15]. This result reinforces the predominance of pedagogical strategies
aligned with active learning, in which students take a more participatory role in the knowledge
construction process.
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Multimedia resources, which include structured texts, PDFs, images, and audio materials,
appear in 55.6% of the studies. These resources play an important complementary role,
acting as theoretical support that precedes or accompanies programming activities [11, 23].
Similarly, reusable materials, such as structured courses, shared source code, and open
repositories, were mapped in 48.1% of the cases, indicating a strong tendency in the
academic community to adapt and reuse pre-existing artifacts, especially those hosted on
collaborative platforms such as GitHub [6, 28].

Educational videos are present in 40.7% of the studies and are widely used to support
hybrid models, synchronous moments of live coding, and asynchronous teaching strategies [8,
26]. Author-created materials, which include artifacts directly produced by teachers, such
as slides and quizzes, appear in 29.6% of the studies. This reflects teachers’ efforts to
personalize and align expository content and reading checks with the specific objectives of
their classes [16].

Less frequently, but with similar pedagogical relevance, practical projects and the use
of software and simulations were both identified in 25.9% of the articles [9, 10]. These
formats usually require greater student autonomy and are applied in contexts focused on
real-world scenarios or the development of complex systems [30]. Finally, e-books, with
22.2%, and educational games, with 14.8%, complete the distribution, the latter being
restricted to specific dynamics of gamification and the introduction of abstract concepts for
beginners [2, 18, 14].

Overall, the data point to the consolidation of learning ecosystems based on media
hybridization. Although this diversity of formats enriches the student experience, it also
transfers to teachers the critical challenge of articulating and integrating these different
resources into a coherent and manageable curriculum design.

4.3 Challenges in the Use of Digital Educational Resources (RQ3)

The difficulties reported in the literature show that the use of digital educational resources
in programming education involves challenges that go beyond access to technologies, encom-
passing pedagogical, organizational, and technical aspects. Figure 4 presents the distribution
of the main categories of difficulties identified.

Among the most recurrent challenges, those related to teacher training and traditional
methods, as well as technological and tool limitations, stand out equally, both appearing in
37.0% of the studies [2, 8, 20]. This result indicates, on the one hand, the need for continuous
training to support the integration of technologies and practice-oriented approaches and, on
the other hand, the obstacles imposed by complex platforms.

Next, difficulties associated with the quality and updating of materials were mapped in
33.3% of the studies [16, 17]. This points to the rapid obsolescence of technological content
and to the need for careful evaluation of the sources used. Additionally, the alignment
between theory and practice and the adequacy of resources to students’ level were reported
in 29.6% of the cases [5, 16], suggesting that resource effectiveness depends critically on
contextualization and on the ability to manage the cognitive complexity of abstract concepts.

With the same frequency of 25.9%, three interconnected bottlenecks emerge: resource
organization and standardization, workload and time required for support, and student
engagement and learning. This group of results reveals a challenging cycle for teachers:
the possible lack of standardized repositories generates fragmentation [29], which substan-
tially increases the time spent structuring classes and providing individual feedback [12],
directly affecting the ability to mitigate low student engagement in the face of traditional
methodologies.
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Distribution of Reported Teacher Challenges (RQ3)
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Figure 4 Distribution of difficulties reported in the analyzed studies.

Less frequent, but still limiting, are challenges related to resource selection, identified in
22.2% of the studies, which expose bureaucracy and difficulties in searching government
portals or open repositories [11]. Finally, problems related to the production and reuse of
materials appear in 18.5% of the studies, revealing barriers such as lack of modularity, which
hinder the efficient sharing of artifacts among different authors and institutional contexts [28].

Overall, the results indicate that the main obstacles involve the organization and integra-
tion of resources into the teaching process.

5 Discussion

The analysis of the studies reveals a scenario marked less by the scarcity of digital educational
resources and more by the complexity involved in their pedagogical use. Although there is a
wide diversity of materials and platforms, the central challenge lies in selecting, organizing,
and integrating these resources into teaching contexts.

This result is consistent with the literature on Digital Educational Resources (DERs),
which indicates that their effectiveness depends not only on availability, but also on adequate
description, organization, and pedagogical alignment. As discussed in the related work, the use
of metadata is essential to support the retrieval and reuse of educational materials [11, 29, 28].
However, the findings of this review indicate that, in practice, significant limitations remain,
especially those related to lack of standardization and difficulty in locating suitable resources.

Regarding the sources and forms of material availability (RQ1), the results show that
resources are distributed across multiple platforms, such as virtual learning environments,
open repositories, development environments, and artificial intelligence-based tools. Although
this diversity expands pedagogical possibilities, it also contributes to the fragmentation
of the teaching process, requiring teachers to act as integrators of different technologies.
This scenario reinforces the need to consolidate structured mechanisms that support the
organization and integration of these resources.
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In relation to the types of resources used (RQ2), the predominance of practical and
interactive activities confirms the emphasis, present in Computing education guidelines, on
practice-based learning and problem solving. These guidelines advocate the integration of
theory and practice as an essential element for the development of programming competencies.
However, the results show that this integration remains a challenge in real teaching contexts,
especially when resources are used in an isolated or disconnected manner.

The difficulties identified (RQ3) help explain this scenario. Issues related to teacher
training, material quality, and the integration between theory and practice show that the use
of digital resources is not only a technological issue, but also a pedagogical and organizational
one. The recurrent need for continuous teacher training indicates a gap between the demands
of programming education and the support available for teachers.

In addition, aspects such as teachers’ workload and tool limitations reinforce that the
adoption of digital resources can increase the complexity of teaching when adequate support
is not available. This factor is directly related to resource fragmentation and the absence of
organization standards, which makes reuse and adaptation more difficult.

In this context, the results of this review reinforce the need for more structured approaches
to support the use of digital educational resources in programming education. Initiatives based
on ontologies, structured repositories, and recommendation systems appear promising because
they can contribute to improving the organization, retrieval, and pedagogical alignment of
resources [11, 29, 28].

Thus, more than increasing the number of available materials, it is necessary to invest in
strategies that enable their effective integration and use in the teaching and learning process.

6 Study Limitations

Although this review followed a structured protocol for searching, selecting, and analyzing
studies, some limitations should be considered. The search was conducted only in specific
databases and considered studies published between 2016 and February 2026, written in
English or Portuguese. This may have restricted the scope of the results and introduced
linguistic and geographical limitations.

In addition, the search strategy prioritized terms related to the pedagogical context
of programming education, which may have excluded part of the technical literature on
specialized tools used as digital educational resources. The categorization of resources,
pedagogical practices, and reported difficulties also involved qualitative interpretation of the
analyzed studies, which may introduce some subjectivity into the classification process.

To reduce possible biases, inclusion and exclusion criteria, quality assessment criteria,
and data categorization procedures were defined in advance. Despite these limitations, the
results provide a relevant overview of the use of digital educational resources in programming
education and the challenges associated with teaching practice.

7 Conclusion

This systematic review showed that the main challenge in the use of digital educational
resources in programming education is not centered on their availability, but on how these
resources are organized and integrated into pedagogical practices.

Although the literature reveals a significant diversity of materials and approaches, their
effective use still depends on factors such as teacher training, pedagogical alignment, and the
ability to articulate different types of resources. In this context, teachers play a central role
not only as users, but also as mediators and integrators of educational technologies.
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The findings also indicate that the fragmentation of resources across multiple platforms,
combined with the absence of standards for organization and description, makes retrieval and
reuse more difficult, limiting their educational potential. This scenario reinforces the need
for solutions that go beyond simply making materials available and that include mechanisms
to support their structuring and pedagogical use.

In this sense, this systematic review is not limited to synthesizing the literature, but
also provides a conceptual and empirical basis for the development of a repository of digital
educational resources for programming education. The results obtained guide the definition
of requirements for this repository, especially regarding the organization of materials, the
use of metadata, and the need for recommendation mechanisms and support for teaching
practice.

As its main contribution, this study highlights a gap between the availability of digital
resources and their effective pedagogical application, indicating the need for approaches based
on semantic organization. The use of ontologies, in this context, emerges as a promising
strategy to structure, classify, and retrieve resources more efficiently.

As future work, the development and validation of an ontology-based repository is
proposed, with the aim of supporting teachers in the selection and integration of digital
educational resources and contributing to the reduction of complexity in programming
education.

Thus, more than increasing the number of available resources, it is essential to advance in
how these resources are organized and used, in order to enhance their impact on the teaching
and learning process.
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—— Abstract

The SOB Monitor is a web-based platform that supports competency-based assessment through
Student Observable Behaviours (SOBs). SOBs are defined as measurable units aligned with learning
outcomes and are assessed at Threshold, Typical, and Excellent levels. The assessment strategy
involves continuous assessment with multiple resubmission opportunities, allowing for real-time
monitoring of student progress. It is adopted on several undergraduate Computer Science modules,
including first-year Programming, Systems and Architecture, Foundations of Computing, and Design
and Development of Applications.

In this paper, we describe assessment with SOBs, the new architecture of the SOB Monitor
platform, its implementation and how it supports competency-based assessment in Computer Science
undergraduate modules. Gamification elements including leaderboard and rankings have been
introduced to enhance student motivation, engagement and self-regulated learning within pass/fail
modules.
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1 Introduction

There are a number of challenges when designing an undergraduate first-year Computer
Science module. One such challenge is the wide variety of student prior knowledge, particularly
in programming [4], where some students have never coded before, while others have for
years. This leads to difficulties in pacing and structuring of material to ensure that all
students are equally engaged. It can also lead to difficulties in designing assessment that is
fair across diverse student backgrounds, as this can influence performance and progression,
e.g. assessments that seem reasonable for a beginner may be trivial for an experienced
student. Moreover, in programming, a correct program does not mean that the student has
a deep understanding of the concepts [13]. A student might produce a working program by
trial-and-error, external help or reusing existing code, while another student might submit a
partially working program but have a stronger conceptual understanding.

These problems are not unique to just programming modules, but can take different forms
in other modules such as Systems and Architecture. A key difficulty is again what counts as
understanding. Students may be able to memorise how components such as caches, pipelines
or memory hierarchies work and reproduce this in an exam, but still lack a coherent mental
model of how those components interact at runtime [12]. With the growing availability
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of generative artificial intelligence (GenAl) tools, students are regularly using these for
generating solutions, raising further concerns about academic integrity, over-reliance from
students, misleading outputs and other topics such as bias and vulnerabilities [6]

We adopt a competency-based assessment approach for alleviating these problems, by
prioritising the demonstration of learner competence through measurable knowledge, skills,
and professional behaviours rather than progression based on time or content coverage. This
approach supports responsible use of GenAl tools. Students can use GenAl tools as part of
their learning process, but for assessment are required to articulate and defend their work,
ensuring that understanding is assessed. Synthesising perspectives from both conceptual
and applied research, this approach is characterized by clearly defined competencies aligned
with stakeholder and societal needs, flexible learning pathways that accommodate individual
pacing and prior experience, and an emphasis on authentic, performance-based assessment [8].

The SOB Monitor is a web-based platform that supports competency-based assessment
of first-year Computer Science modules through Student Observable Behaviours (SOBs) [1],
which represent fine-grained decompositions of the learning outcomes. Assessment of SOBs in
the context of first-year programming education, along with the lessons learned, is described
in [2]. The SOB Monitor enables continuous monitoring of student progression, allowing for
early intervention. The first-year modules are not graded, but pass/fail, and maintaining
student motivation beyond minimum expectations can be difficult. Some modules include
several group-based assessment activities, which complicates the management and marking
of SOBs.

Module creation and maintenance can be difficult, particularly when troubleshooting
login failures and tracking errors across module instances. As the SOB Monitor has grown in
popularity across the institution, supporting 28 modules in Computer Science, Engineering,
and Mathematics has further amplified these issues.

This paper addresses these limitations with the re-development and extension of the
SOB Monitor to enhance platform security, enable support for multiple modules, and
address limitations in the existing project infrastructure. The new architecture is presented
which consists of a dedicated web framework (Django) with new code infrastructure that
improves the platform’s ease of use across multiple modules. Gamification elements have
been introduced, specifically leaderboard and rankings, to enhance student motivation and
engagement, particularly with more advanced material. Features for supporting group
activities with multiple student and SOB marking have also been introduced.

2 Related Work

Competency-based education is a framework for teaching and assessment that shifts the focus
from time-based progression to mastery of demonstrable competencies [15]. This approach
supports self-paced learning and accommodates variation in student progression. By design,
competency-based education is well suited to cohorts with diverse ability levels, as it allows
learners to progress according to their individual development rather a fixed pace [8].

A number of widely used Learning Management Systems (LMSs) support competency-
based education through assessment, outcome-alignment, and progress-tracking features.
Platforms such as Moodle LMS (https://moodle.com/products/1lms/), Blackboard LMS
(https://wuw.blackboard.com/), Canvas LMS (https://www.instructure.com/canvas),
and OpenOLAT (https://www.openolat.com/) include mechanisms for representing com-
petencies, learning outcomes, goals, or related progress indicators. However, these tools are
not built around competency-based education as a core pedagogical model, this capability
can be added as a plug-in or third party tool in some cases, but it takes away from the
coherent feel and adds complexity.
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Unlike LMS, Artemis' implements competency-based adaptive learning more explicitly
and focuses on CS education and programming-heavy education. It supports competency-
based education, including competency definitions, competency relations, mastery tracking,
and personalized learning paths. The evidence used for competency tracking is generated
primarily through student interaction with the platform and the competency is inferred
from this generated data. While Artemis supports manual assessment and tutor feedback on
submissions, live oral explanations, “show me” demonstrations, and dialogue based tutor-
student interactions do not appear to be central evidence sources in the native competency-
tracking model [16]. This limits the system’s ability to capture forms of understanding best
assessed through discussion, observation, or oral defense. As a result, it may not fully capture
the competencies that require explanation, judgment, reasoning, or observed performance.

Gamification uses game elements, such as leaderboards and rankings, to increase engage-
ment [7]. It creates an excellent synergy for competency-based learning, as these elements
encourage progress and achievement. These game elements give students a richer experience
and push them to pursue more than they would otherwise [10]. In some cases these elements
can introduce negative effects. For example, the competitive nature of the leaderboard can
cause anxiety for some students, as they may feel they are falling behind their peers which in
some cases can reduce motivation, instead of enhancing it [9]. This is particularly relevant in
scenarios where students are not progressing at the same pace. These effects can be addressed
through proper explanation and support from the teaching team. In some situations this
anxiety can overshadow the student’s understanding of actual deadlines or expectations.
In these cases the teaching team plays an important role of giving reassurance, additional
context, and encouragement, helping students to stay motivated, and bringing them back to
a clearer understanding of their progress.

Gamification elements can be used in some LMS either with built-in features or using
plug-ins. For example, in Moodle, features such as ranking, leveling up, badges etc. can
be added to enhance engagement and learning [5]. In [5], the authors note that adding too
many gamification features could lead to distracting a student.

3 Assessment with Student Observable Behaviours (SOBs)

The assessment strategy is designed to support both constructive alignment [3] and competency-
based learning [15]. Learning outcomes are first defined, and the teaching and assessment

activities are then aligned with these outcomes. Students participate in relevant, student-
centered learning activities, developing their skills through active engagement while tutors

act as coaches rather than providing step-by-step instruction [14]. The emphasis is placed

on students demonstrating their learning through practical application rather than solely

through theoretical understanding. The strategy also incorporates continuous assessment,

multiple resubmission opportunities, and real-time monitoring of student progress.

Student Observable Behaviours. (SOBs) [1] describe fine-grained decompositions of the
learning outcomes and are categorised into three levels. The Threshold level defines the
required SOBs that students must demonstrate to pass the module. Typical and Excellent
levels are provided to extend beyond the minimum requirements, thereby avoiding the risk of
stunting knowledge acquisition, as it can be an issue in certain competency-based educational
settings [17]. This multi-level structure enables competencies to be described more precisely

! https://artemis.tum.de/
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across levels of achievement, thereby mitigating the tendency of competency-based approaches
to become overly discrete or fragmented. By incorporating multiple levels of performance,
the model captures a broader range of knowledge and skill development. Expectations
are specified more clearly at each stage, supporting transparent and consistent assessment
practices that reduces ambiguity in what is required.

The programming module has 33 SOBs: 11 Threshold, 15 Typical and 7 Excellent. The
deadline for completing SOBs is the last day of the teaching term (a term consists of 12
weeks) but they can be demonstrated multiple times, anytime, until then. We have attached
some suggested dates to the SOBs of when we believe students will be able to complete them
by. Once the SOBs pass this date and have not been marked, they become overdue. At
the start of the module, students know of all SOBs and learning materials. The approach
to SOBs varies slightly between modules. For example, in the programming module [2],
new weekly lab activities mapped to SOBs are provided for Threshold SOBs that must be
completed during class time. Once a student completes an activity, they present it to the
tutor, who asks short questions to check understanding. If the tutor is satisfied, the SOB
is recorded as achieved on the SOB Monitor. Feedback is given regardless of the outcome.
For example, for the Threshold SOB “Show and explain a simple program using a for loop”,
the activity for this SOB could be “Write a Racket function that takes a list of numbers
and returns their sum. E.g., (func ‘(2 4 3)) returns 9. Make sure to test your function and
explain how it works.”. The student will present their solution to the tutor, who will ask
questions like “how does the for-loop work?”, “what happens if the list is empty?” etc. If
the student’s solution is correct (or with some minor changes that the student can determine
through a discussion with the tutor) and shows the understanding of what has been done,
the SOB will be marked. The student could also get this SOB if they implemented a for
loop as part of a project or another SOB, i.e. Typical or Excellent. Some higher-level SOBs
subsume lower-level ones. For example, the Typical SOB “Write a function that uses vectors
to solve a simple problem” If the student implements a function for this that uses a for loop,
the student is able to get the for loop SOB as well.

4 The SOB Monitor

The SOB Monitor supports both students and teaching staff, with their own dedicated
views. Students can track their own progress and understand how they compare within their
cohort, while preserving the privacy of other students’ data (see Figure 1). Leaderboard and
ranking elements have been added in the student view. The rank is calculated using the
number of SOBs a student has achieved, comparing that count to other active students and
their achieved SOB count in the same cohort. Using this rank, the percentile is calculated
by subtracting the student’s rank from the total number of active students in the cohort,
dividing this result by the total number of active students, and multiplying by 100. If
multiple students have the same count of achieved SOBs, they will have the same rank.
Staff can monitor all enrolled students via a detailed table of SOB achievements by
level (see Figure 2), access cohort performance reports, and manage SOBs by creating,
editing, and annotating them with dates and notes. The staff interface includes a dashboard
for summarising student progress against module expectations, an administration page for
managing staff roles and permissions, a SOBs view for creating and editing SOB details and
timings, and a monitoring view for tracking student progress and providing comments. As a
new feature, students can be organised into groups for project work that can be jointly marked.
In the assessment view, staff can observe SOBs, lock submissions in cases of plagiarism, or
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Total SOBs
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Active Students Total
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Overdue Students
0
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Expected SOBs )
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ot A « lfthe student's bar is green, it means the student doesn't have any overdue Threshold SOB.

Excellent; « You can zoom into the chart by selecting a specific area, and double-click to zoom back out.

Figure 2 Staff dashboard showing each student as an individual bar, with an expectation marker
and colour coding to indicate progress.

assign “in-progress” attempts to avoid duplication (i.e. showing the same SOB to another
tutor). The reports view provides analytics on progression, pass rates, overdue SOBs, and
other key metrics.

4.1 Architecture and Implementation

The architecture of the SOB Monitor is illustrated in Figure 3. Instead of extending the
previous PHP codebase, the platform has been rebuilt around a Python based web framework,
Django, which provides a clearer structure for request handling, application logic, database
interaction, authentication, and page rendering. This creates a more consistent codebase and
simplifies future development as the platform expands to support additional modules. The
Django application is served through Gunicorn, with both components packaged together
inside a Docker container, while Nginx and PostgreSQL remain installed directly on the host
machine. The deployment infrastructure has also been redesigned through a Continuous
Integration and Continuous Deployment pipeline that builds and reloads the Docker container
from the latest GitLab version. This reduces manual deployment work and allows changes to
be released more consistently.
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Figure 3 System Architecture of SOB Monitor as described above.

5 Observations

We have observed that students like being able to work at their own pace, deciding when they
are ready to complete their SOBs, and fitting assessment around their other commitments,
e.g. part-time work or caring responsibilities. The SOB Monitor allows students to view their
progress regularly and help manage SOB completion. The suggested dates given with SOBs,
help students to not fall too behind. We have observed students working harder around the
suggested dates, or attending extra, non-timetabled sessions.

Since adding the leaderboard and rankings, students are discussing their progress actively
and asking others how they are demonstrating work, if they can practice submissions together
and asking for feedback when necessary. We have also noticed some healthy competition,
where students are trying to be ranked number 1, many aiming to complete all possible
SOBs. When a student passes Threshold and/or all SOBs, the leaderboard is animated with
celebrations for the student. A drawback of the leaderboard is that some students who need
more time to complete SOBs may feel rushed into showing work to tutors when it is not
ready or not their own (e.g. generated by GenAl tools).

To assess the effect of the gamification elements, we compared three Programming cohorts:
the September 2024 cohort, which used the SOB Monitor without leaderboard and ranking
features, and the January 2025 and September 2025 cohorts, which used the gamified version.
SOB completion was normalised by cohort size to account for differences in enrolment. The
chart in Figure 4 shows the percentage of each cohort that completed each Programming
SOB, with SOB numbers 1-33 shown on the x-axis. These SOBs are organised by level:
SOBs 1-11 are Threshold, SOBs 12-26 are Typical, and SOBs 27-33 are Excellent. Across
the 33 Programming SOBs, the cohorts using the gamified SOB Monitor showed a broadly
comparable or stronger pattern of completion, particularly across the Threshold SOBs, where
a high proportion of students completed the required behaviours. Completion of Typical and
Excellent SOBs remained lower overall, which is expected because these levels extend beyond
the minimum pass requirement. However, the presence of visible rankings and progress
comparison appears to support continued engagement beyond the Threshold level for at least
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100

THRESHOLD (SOB 1-11) : TYPICAL (SOB 12 - 26) : EXCELLENT (SOB 27 - 33)

Observed (% of cohort)

mseptember_ = january_ i mseptember_

Figure 4 Normalised Programming SOB completion by cohort. SOBs 1-11 are Threshold, SOBs
12-26 are Typical, and SOBs 27-33 are Excellent.

some students. Some Typical SOBs were attempted by very few students in the September
2024 cohort, including SOBs 14, 16, and 18. These results should not be interpreted as causal
evidence, as the cohorts differ by intake and timing, but they provide useful early evidence
that gamification may contribute positively to student engagement with competency-based
assessment.

In Programming, new Threshold SOB questions are introduced in each class and completed
in-session by students who have engaged with the exercises, preventing reliance on SOBs
as a substitute for learning. In Design and Development of Applications, students work in
groups on projects, with SOBs assessed using the SOB Monitor’s group assessment feature,
making marking more efficient. The SOB Monitor scales effectively to large cohorts, such as
the Foundations of Computing module (300+ students), where a fixed set of SOB activities

is released for students to complete independently and present when ready for tutor review.

In Systems and Architecture, students typically work in pairs to complete SOBs using
methods such as physical circuits, digital twins [11], or discussion. Progression through
workbook material is required beforehand, and demonstrated understanding in discussion
may be sufficient for awarding a SOB. Across all modules, tutors confirm attainment through
observation and targeted questioning, with SOBs recorded in the Monitor.

6 Conclusion and Future Work

We have presented the SOB Monitor platform that supports competency-based assessment
using SOBs within, but not limited to Computer Science. This new implementation enhances
platform security, enables support for multiple modules, and includes new features for
supporting the assessment of group work. In addition, gamification elements have been
implemented to enhance student engagement and motivation. Initial observations have
been promising. We plan to conduct further studies to evaluate the effectiveness of the
gamification elements that were introduced. We also plan to extend the SOB Monitor so
students can submit code directly and run it against tutor-defined test cases. The resulting
submissions and progress data, such as the number of test cases passed, could help track
student development over time and support tutors in improving teaching materials.

13:7

ICPEC 2026



13:8

SOB Monitor for Competency-Based Assessment

—— References

1

10

11

12

13

14

15

K. Androutsopoulos, N. Gorogiannis, M. Loomes, M. Margolis, G. Primiero, F. Raimondi,
P. Varsani, N. Weldin, and A. Zivanovic. A racket-based robot to teach first-year computer
science. In 7th European Lisp Symposium, volume 54, pages 54—61, Paris, France, May 2014.
K Androutsopoulos, M Heeney, S Smith, and M A Ticar. Lessons from adopting a competency-
based assessment approach for an introductory programming module. In Proceedings of the
80th ACM Conference on Innovation and Technology in Computer Science Education V. 2,
pages 743-744, 2025.

J. B. Biggs and C. Tang. Teaching for quality learning at university. Open University Press.,
Buckingham, England, 4th ed. edition, 2011.

N C. C. Brown, S Sentance, T Crick, and S Humphreys. Restart: The resurgence of computer
science in uk schools. ACM Trans. Comput. Educ., 14(2), 2014. doi:10.1145/2602484.
Claudia de Armas de Armas, Isaac Guillermo Gonzales Vizcarra, Douglas Lima Dantas,
Sergio Takeo Kofuji, and Antonio Carlos Seabra. Analysis of gamification elements in the
virtual learning environment context. In 2019 IEEE World Conference on Engineering
Education (EDU]\UNE)7 pages 1-5, 2019. doi:10.1109/EDUNINE.2019.8875851.

P Denny, J Prather, B A Becker, J Finnie-Ansley, A Hellas, J Leinonen, A Luxton-Reilly,
B N Reeves, E A Santos, and S Sarsa. Computing education in the era of generative ai.
Communications of the ACM, 67(2):56-67, 2024. doi:10.1145/3624720.

S Deterding, D Dixon, R Khaled, and L Nacke. From game design elements to gamefulness:
Defining “gamification”. In Proceedings of the 15th International Academic MindTrek Con-
ference: Envisioning Future Media Environments, MindTrek '11, pages 9-15, New York, NY,
USA, 2011. Association for Computing Machinery.

J Frank, L Snell, O ten Cate, E Holmboe, C Carraccio, S Swing, P Harris, N Glasgow, Dr. C
Campbell, D Dath, R Harden, W Iobst, D Long, R Mungroo, D Richardson, J Sherbino,
I Silver, S Taber, M Talbot, and K Harris. Competency-based medical education: Theory to
practice. Medical teacher, 32:638-45, August 2010. doi:10.3109/0142159X.2010.501190.
Michael D. H and Jesse F. Assessing the effects of gamification in the classroom: A longitudinal
study on intrinsic motivation, social comparison, satisfaction, effort, and academic performance.
Computers € Education, 80:152-161, 2015. doi:10.1016/j.compedu.2014.08.019.

Juho Hamari, Jonna Koivisto, and Harri Sarsa. Does gamification work? — A literature review
of empirical studies on gamification. In 2014 47th Hawaii International Conference on System
Sciences, pages 3025-3034, 2014. doi:10.1109/HICSS.2014.377.

M Heeney, K Androutsopoulos, and F Raimondi. Implementing a digital twin for a robotic
platform to support large-scale coding classes. In 5th International Computer Programming
Education Conference, 2024. doi:10.4230/0ASIcs.ICPEC.2024.15.

G L. Herman, M C. Loui, and C Zilles. Students’ misconceptions about medium-scale
integrated circuits. IEEE Transactions on Education, 54(4):637-645, 2011. doi:10.1109/TE.
2011.2104361.

R Lister, E S. Adams, S Fitzgerald, W Fone, J Hamer, M Lindholm, R McCartney, J E Mostrém,
K Sanders, O Seppild, B Simon, and L. Thomas. A multi-national study of reading and tracing
skills in novice programmers. In ITiCSE: Innovation and Technology in Computer Science
Education, pages 119-150, New York, NY, USA, 2004. ACM. doi:10.1145/1044550.1041673.

Seymour Papert and Idit Harel. Constructionism. Ablex Publishing Corporation, Norwood,
NJ, 1991.

Joze Rugelj, Sven Knockaert, Roel Van Steenberghe, Luk Schoofs, Janne Salonen, Kari Bjorn,
Jose L. Marzo, and Carlos Vaz de Carvalho. Competence based joint study program on
advanced networking technologies for blended learning. In Proceedings of the 9th International
Conference on Information Technology Based Higher Education and Training. IEEE Press,
2010.


https://doi.org/10.1145/2602484
https://doi.org/10.1109/EDUNINE.2019.8875851
https://doi.org/10.1145/3624720
https://doi.org/10.3109/0142159X.2010.501190
https://doi.org/10.1016/j.compedu.2014.08.019
https://doi.org/10.1109/HICSS.2014.377
https://doi.org/10.4230/OASIcs.ICPEC.2024.15
https://doi.org/10.1109/TE.2011.2104361
https://doi.org/10.1109/TE.2011.2104361
https://doi.org/10.1145/1044550.1041673

D. Dorvekinger, M. Heeney, and K. Androutsopoulos 13:9

16 Maximilian Soélch, Moritz Aberle, and Stephan Krusche. Integrating competency-based
education in interactive learning systems. arXiv preprint arXiv:2309.12343, 2023. doi:
10.48550/arXiv.2309.12343.

17 L Wheelahan. How competency-based training locks the working class out of powerful
knowledge: A modified bernsteinian analysis. British Journal of Sociology of Education,
28:637-651, September 2007. doi:10.1080/01425690701505540.

ICPEC 2026


https://doi.org/10.48550/arXiv.2309.12343
https://doi.org/10.48550/arXiv.2309.12343
https://doi.org/10.1080/01425690701505540




5W2H as a Flexible Analytical Framework for
Investigating Programming Teaching and Learning
Across Different Methodological Designs

Gabryella Rodrigues &
Federal Institute of Pard (IFPA), Brazil

Ceres Morais &
Graduate Program in Computer Science (UERN/UFERSA), State University of Rio Grande do
Norte (UERN), Federal University of the Semi-Arid Region (UFERSA), Brazil

Anténio Osério &
Research Centre on Education (CIEd), Institute of Education, University of Minho, Braga, Portugal

—— Abstract

Teaching and learning programming in Higher Education is a complex process involving cognitive,
pedagogical, contextual, and metacognitive dimensions. Traditional analyses focused only on final
learning outcomes, such as code correctness, performance, or pass/fail rates, may not fully capture
how students construct knowledge, face difficulties, mobilize strategies, and interact with different
learning contexts. This article discusses the use of the 5W2H framework as a flexible analytical
tool in two doctoral studies on programming teaching and learning. The first study used 5W2H
to organize and triangulate data from a mixed-methods single case study on the teaching and
learning of programming in a Higher Education course. The second study articulated 5W2H with
the spiral model and Bloom’s revised taxonomy to analyze a qualitative multiple case study focused
on students’ algorithm construction process. Through a comparative analysis, the article shows
that 5W2H can operate at different analytical scales: as a broad structure for mapping subjects,
contexts, methodologies, difficulties, and learning factors, and as a process-oriented framework for
interpreting students’ actions during algorithmic problem solving. The findings suggest that 5W2H
supports the organization, categorization, triangulation, and interpretation of complex educational
data. Therefore, the framework offers a useful methodological lens for research in programming
education, helping researchers understand the relationships between subjects, contexts, strategies,
difficulties, and cognitive processes involved in teaching and learning programming.
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1 Introduction

The teaching and learning of programming are part of the curricular guidelines of Computing
and related courses [15]. However, this process remains challenging for both teachers and
students. Teaching programming requires strategies to monitor, guide, assess, and support
students with different profiles and levels of prior knowledge [5]. Learning to program, in
turn, requires constant practice and the development of skills such as problem solving, logical
reasoning, abstraction, interpretation, and algorithmic thinking [3, 17, 9, 14]. When these
dimensions are not adequately supported, students may experience demotivation, frustration,
failure, or dropout [13].
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Because of this complexity, the analysis of programming education cannot be restricted
to final learning outcomes, such as grades, code correctness, performance, or pass/fail
rates. These indicators are relevant, but they do not fully explain how students understand
problems, mobilize prior knowledge, construct algorithms, deal with errors, adapt strategies,
and interact with different learning contexts. Therefore, research in this field requires
analytical structures capable of organizing multiple sources of evidence and relating cognitive,
pedagogical, contextual, and metacognitive dimensions.

In this context, the 5W2H framework offers a structure for organizing and interpreting data
through seven guiding parameters: “What”, “Who”, “Where”, “When”, “Why”, “How”, and
“How Much” [6, 8, 7, 10]. Although traditionally associated with planning and management,
5W2H can also be adapted as an analytical framework, especially when the phenomenon under
investigation involves multiple actors, contexts, actions, reasons, strategies, and impacts.

This article discusses the use of 5W2H in two doctoral studies conducted in the field
of Educational Sciences, both focused on programming teaching and/or learning in Higher
Education. The first study [11] aimed to understand how the process of teaching and learning
programming occurs in Higher Education, seeking to identify methodologies, tools, learning
factors, required knowledge and skills, difficulties faced by teachers and students, and the
consequences of these difficulties.

The second study [16] aimed to understand how students in an introductory programming
course assimilate and use programming logic concepts in the construction of algorithms.
Its analytical focus was the process through which students assimilate, accommodate, and
equilibrate new programming knowledge, in dialogue with Piaget’s genetic epistemology [12].

Although the two studies adopted different methodological designs, both used 5W2H
to organize, categorize, triangulate, and interpret data. In the first study, the framework
served as a broad structure for triangulating evidence from documents, questionnaires, and
interviews. In the second, it was articulated with the spiral model and Bloom’s revised
taxonomy to support a more process-oriented analysis of students’ actions during algorithm
construction.

Despite previous uses of 5W2H as a planning and management tool, its potential as
an analytical framework in educational research, particularly in programming education,
remains comparatively less discussed. This article contributes to this gap by examining how
5W2H can be methodologically adapted to support different research designs and analytical
scales in studies on programming teaching and learning.

Based on this context, this article is guided by the following research question: how
can the 5W2H framework support the organization, triangulation, and interpretation of
data in doctoral studies on programming teaching and learning developed with different
methodological designs? To answer this question, the article presents and compares the
methodological adaptation of 5W2H in the two studies, highlighting its role in organizing
data sources, supporting evidence triangulation, and interpreting contextual, pedagogical,
cognitive, and metacognitive dimensions.

The remainder of this article is organized as follows. First, the 5W2H framework is
presented as an analytical tool for educational research. Next, the methodological approach
of this article is described. The following section explains how 5W2H was applied in the two
doctoral studies. Then, a comparative analysis discusses similarities, differences, analytical
scales, and methodological functions of the framework. Finally, the discussion, limitations,
and conclusion sections address the contributions, challenges, and potential of 5W2H as a
methodological resource for research on programming teaching and learning.
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2 5W2H as an Analytical Tool

The 5W2H framework is traditionally recognized as a management and planning tool used to
structure ideas, projects, tasks, actions, or problems in a clear and systematic way. Its logic
consists of answering seven guiding questions: What, Who, Where, When, Why, How, and
How Much. These questions make it possible to examine different aspects of a problem in an
articulated manner, avoiding analyses restricted to a single dimension of the phenomenon
under investigation [7].

Although 5W2H is widely used in areas such as business, strategy, planning, quality
management, and process organization, its structure can be adapted to different analytical
contexts. Previous studies have reported its application in areas such as gamification,
programming language development, software requirements reuse, product design, safety
analysis, and programming education [6, 8, 20, 2, 4, 10]. In Educational Sciences, it has
also been explored mainly as a tool for planning, organizing, and managing pedagogical
or institutional actions. For example, Veiga et al. [19] used SWOT and 5W2H to support
collaborative pedagogical planning aimed at promoting equity in Distance Education. Other
applications have associated the framework with the design and evaluation of gamified
educational systems [6].

However, many of these applications approach 5W2H primarily as an operational tool
for planning, intervention design, or management. Its use as an analytical framework for
organizing, categorizing, triangulating, and interpreting empirical data in educational research
remains less discussed. This distinction is central to the present article: here, 5W2H is not
treated as a prescriptive action plan, but as a methodological structure for analyzing complex
educational phenomena, particularly in studies on programming teaching and learning.

The analytical potential of 5W2H lies in its ability to decompose a complex situation
into interrogative dimensions. The What parameter identifies the action, problem, object,
or phenomenon under analysis; Who directs attention to the subjects involved; Where
situates the phenomenon in a context or institutional setting; When introduces the temporal
dimension; Why explores reasons, causes, or difficulties; How describes processes, strategies,
methods, or procedures; and How Much observes intensity, quantity, frequency, effort, cost,
recurrence, relevance, or impact.

In educational research, the How Much parameter requires particular adaptation. Unlike
its traditional use in management contexts, where it is often associated with cost or measur-
able resources, in educational studies it may refer to the perceived intensity of difficulties,
recurrence of behaviors, frequency of strategies, relevance attributed by participants, or
impact of a given condition on teaching and learning. Thus, the framework can be adapted
without reducing educational phenomena to exclusively quantitative dimensions.

In research on programming teaching and learning, this multidimensional structure is
particularly relevant because the phenomenon involves technical, cognitive, pedagogical,
contextual, social, and metacognitive dimensions. Programming is not limited to writing
code or achieving final performance indicators; it involves subjects who teach and learn,
institutional contexts, moments in the educational pathway, conceptual difficulties, problem-
solving strategies, forms of mediation, and different levels of effort or impact. From this
perspective, 5W2H can function as an analytical lens that connects subjects, contexts, actions,
reasons, strategies, and impacts, providing the basis for the comparative discussion developed
in this article.
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3 Methodological Approach

This article adopts a comparative and methodological-reflective approach. It does not aim
to reanalyze the empirical data produced in the two doctoral studies, but to examine how
the 5W2H framework was used as an analytical structure in each study. Therefore, the
focus of the analysis is not on the empirical results of the studies themselves, but on the
methodological role played by 5W2H in the organization, categorization, triangulation, and
interpretation of data.

The corpus of analysis consists of two doctoral studies conducted in the field of Educational
Sciences, in the specialty of Educational Technology, both focused on the teaching and/or
learning of programming in Higher Education. The first study adopted a mixed-methods
single case study design, while the second adopted a qualitative multiple case study design.
These studies were selected because they share a common object of investigation, programming
teaching and learning, but differ in their methodological designs, analytical scales, data
sources, and ways of applying the 5W2H framework.

To make the methodological basis of the comparison explicit, Table 1 summarizes the
main characteristics of the two doctoral studies.

Table 1 Methodological characteristics of the two doctoral studies.

Aspect

Study 1

Study 2

Research focus

Research design
Context

Participants

Data sources

Analysis procedures

Validation and

triangulation

Role of 5W2H

Teaching and learning
programming in Higher
Education

Mixed-methods single case study
Higher Education course in
Informatics in the Brazilian
context

Students and teachers from a
Higher Education course in the
field of Informatics

Documents, questionnaires, and
interviews with students and
teachers

Content analysis and
interpretation, followed by
categorization according to the
theoretical framework and
5W2H parameters
Triangulation of multiple sources
of evidence: documents,
questionnaires, and interviews

Broad analytical matrix for
organizing and triangulating
evidence about subjects,
contexts, difficulties, factors,
methodologies, tools, and
consequences

Programming learning and
algorithm construction in
introductory programming
Qualitative multiple case study
Introductory programming
contexts in Higher Education,
including formal and non-formal
contexts

Students participating in
introductory programming
learning contexts
Semi-structured interviews,
clinical interviews, and digital
and paper-based records
Content analysis supported by
NVivo, articulated with the
spiral model, Bloom’s revised
taxonomy, and 5W2H

Triangulation of interviews,
students’ explanations,
algorithmic productions, and
digital/paper records
Process-oriented analytical
structure for interpreting
students’ actions, strategies,
difficulties, effort, and reflections
during algorithm construction

Source: Prepared by the authors.
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In addition to the methodological descriptions of the two doctoral studies, the analysis
also considered reflective accounts produced by the principal investigators regarding the role,
advantages, challenges, and limitations of using 5W2H in their respective studies. These
reflections were used to support the interpretation of how the framework operated in each
study and to identify the conditions under which 5W2H contributed to data organization,
triangulation, and analytical interpretation.

The comparative analysis was organized around five dimensions: the object of analysis
of each study; the methodological design adopted; the function attributed to the 5W2H
framework; the analytical scale at which the framework was applied; and the reflective
assessment of the framework by the principal investigators. This procedure made it possible
to identify similarities and differences between the two applications of 5W2H and to discuss
its potential as a flexible analytical framework for research in programming education.

Thus, the methodological contribution of this article lies in examining how 5W2H can
be adapted from its traditional use as a planning and management tool to operate as an
analytical framework capable of supporting different stages of educational research, including
the organization of evidence, the triangulation of data sources, and the interpretation of
complex teaching and learning processes.

4 Application of the 5W2H Framework in the Doctoral Studies

This section describes how the 5W2H framework was applied in each doctoral study, highlight-
ing its analytical function, the data sources involved, and its contribution to the organization
and interpretation of the investigated phenomenon.

4.1 Application of 5W2H in Study 1

Study 1, entitled Teaching and Learning Programming: A Case Study in Higher Education,
aimed to understand how the process of teaching and learning programming occurs in Higher
Education. To this end, it sought to inventory methodologies and tools, characterize factors
that influence learning, explain the knowledge and skills required to learn programming,
and identify difficulties faced by teachers and students, as well as the consequences of these
difficulties.

The research adopted a mixed-methods approach and was developed through a single
case study in a Higher Education course in the field of Informatics in the Brazilian context.
Data were collected through documents, questionnaires, and interviews with students and
teachers. After collection, the data were subjected to content analysis and interpretation.
Subsequently, triangulation of the sources of evidence was carried out, categorized in light of
the theoretical framework and according to the parameters of the 5W2H framework.

In this study, 5W2H was used to support the categorization of units of record obtained
from different data sources. After the development of conceptual maps related to the research
objectives, it was possible to refine and characterize the parameters used to analyze the
learning process. These parameters were organized according to 5W2H and served as the
basis for analyzing students’ and teachers’ perceptions of the investigated process.

In this study, the framework assumed a broad organizational function for the phenomenon.
It made it possible to structure information according to the seven 5W2H parameters: What,
by identifying factors, competencies, knowledge, and skills required for learning programming;
Who, by considering the participants involved in the process; Where, by situating the contexts
in which learning occurs; When, by observing moments in the educational pathway; Why, by
examining reasons associated with difficulties; How, by analyzing the ways in which teachers
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and students act; and How Much, by considering the intensity or impact of the factors
analyzed. Thus, 5W2H supported data triangulation and the construction of an integrated
reading of programming teaching and learning, as shown in Figure 1.

1) What

V= factors, competencies,
= knowledge, and skills

required for learning
o0 2) Who
@AW participants involved
in the process 7
/

programming

3) Where

contexts in which
learning occurs

/
II 1
s 4) When . : b 5) Why
moments in the ‘\ bl e reasons associated
educational pathway N 7 with difficulties
ol 6) How : 7) How much
O ways in which . ] II intensity or impact

teachers and of the factors
students act @ Supports data triangulation analyzed

and an integrated reading of
programming teaching and
learning.

Figure 1 Broad organizational function of 5W2H in Study 1.

4.2 Application of 5W2H in Study 2

Study 2, entitled Programming Learning in Higher Education: A Multiple Case Study on
Cognitive and Contextual Factors, focused on understanding how students in an introductory
programming course assimilate and use programming logic concepts in the construction
of algorithms. The study adopted a qualitative approach and used a multiple case study
methodology.

To achieve this understanding, meetings were held with students using semi-structured
interviews, clinical interviews, and digital and paper-based records as data collection instru-
ments. The data were analyzed through content analysis and organized using the spiral
software development model [18], Bloom’s revised taxonomy [1], and the 5W2H framework.
The spiral model structured the activity-solving process into phases, from goal definition
to evaluation of the constructed solution; Bloom’s taxonomy related these phases to the
types of knowledge mobilized by students; and 5W2H provided a systematic structure for
organizing and interpreting students’ actions throughout the coding process, from the initial
understanding of the problem to the final tests, as shown in Figure 2.
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1. SPIRAL MODEL 2. BLOOM'S REVISED TAXONOMY 3. 5W2H FRAMEWORK

The 5W2H questions were used to
examine and interpret each phase of the process.
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L

[ @ SYSTEMATIC ANALYSIS OF THE PROGRAMMING LEARNING PROCESS ]

From the initial understanding of the problem to the final tests.

Figure 2 Articulation between the Spiral Model, Bloom’s Revised Taxonomy and 5W2H.

5 Comparative Analysis of the Applications of 5W2H

The comparison between the two studies shows that the 5W2H framework was used in both
as an instrument for organizing and interpreting data on programming teaching and/or
learning in Higher Education. However, its role differed according to the object of analysis,
methodological design, data sources, and analytical scale of each study.

The first difference concerns the object of analysis. Study 1 analyzed programming
teaching and learning in a broad way, considering methodologies, tools, learning factors,
required knowledge and skills, difficulties faced by teachers and students, and the consequences
of these difficulties. Study 2 focused more specifically on programming learning, seeking to
understand how introductory programming students assimilate and use programming logic
concepts in the construction of algorithms.

The second difference lies in the methodological design. Study 1 adopted a mixed-methods
single case study, using documents, questionnaires, and interviews with students and teachers
from a Higher Education course in Informatics in the Brazilian context. Study 2 adopted
a qualitative multiple case study, using semi-structured interviews, clinical interviews, and
digital and paper-based records with students from formal and non-formal programming
learning contexts.

These methodological differences influenced how 5W2H was applied. In Study 1, the
framework organized a broader reading of the phenomenon, allowing data to be categor-
ized according to parameters capable of encompassing subjects, contexts, methodologies,
tools, learning factors, difficulties, and impacts. In Study 2, 5W2H was used in a more
process-oriented analysis, aimed at understanding how students moved through different
moments of learning: before solving the activities, during algorithm construction, and in the
outcome/reflection after solving them.
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The third difference refers to the level of granularity of the analysis. In Study 1, 5W2H
supported a macro-level analysis of programming teaching and learning as an institutional,
pedagogical, and educational phenomenon. In Study 2, the framework was combined with
the spiral model and Bloom’s revised taxonomy to support a more fine-grained analysis
of students’ actions during algorithm construction, including goal definition, risk analysis,
development and testing, and evaluation.

Despite these differences, both studies converge in recognizing programming teaching and
learning as complex processes composed of multiple interdependent factors. In both cases,
5W2H helped avoid a fragmented reading of the phenomenon by organizing information
about subjects, contexts, actions, reasons, strategies, and impacts. This convergence shows
the methodological flexibility of the framework: in one study, it functioned as a broad matrix
for categorizing and triangulating data; in the other, it was integrated with complementary
models to analyze specific learning processes.

Table 2 summarizes the main differences between the two uses of 5W2H, focusing on
analytical scale, categorization, triangulation, articulation with other frameworks, and
methodological contribution.

Table 2 Comparative analysis of the use of 5W2H in the two studies.

Compared aspect

Study 1

Study 2

Analytical scale

Main function of 5W2H

Focus of categorization

Use in triangulation

Articulation with other
frameworks

Methodological
contribution

Macro-level analysis of the
teaching and learning process in
a Higher Education course
Broad matrix for organizing
and triangulating evidence from
different sources

Factors, participants, contexts,
difficulties, methodologies,
tools, and consequences related
to programming teaching and
learning

Direct triangulation of
documents, questionnaires, and
interviews through the 5W2H
parameters

Used mainly in relation to the
theoretical framework and
content analysis categories

Supports an integrated reading
of programming teaching and
learning as an institutional,
pedagogical, and contextual
phenomenon

Micro/process-oriented analysis
of students’ algorithm
construction

Analytical structure for
interpreting students’ actions
across stages of problem solving
Students’ understanding,
planning, coding, testing,
correction, effort, and reflection
during algorithm construction

Triangulation of interviews,
students’ explanations, and
digital /paper records,
articulated with other
analytical models

Combined with the spiral
model, Bloom’s revised
taxonomy, and Piaget’s genetic
epistemology

Supports a fine-grained
interpretation of cognitive and
metacognitive processes
involved in algorithm
construction

Source: Prepared by the authors.

To illustrate how 5W2H was operationalized in practice, the two studies provide different
examples of analytical use. In Study 1, students’ reports on difficulties with programming
logic, abstraction, problem interpretation, and basic programming concepts were categorized
under What as learning difficulties. The same evidence was interpreted under Why when



G. Rodrigues, C. Morais, and A. Osério

the analysis focused on possible causes, such as insufficient prior knowledge or abstraction
barriers, and under How Much when the focus was on perceived effects, such as demotivation,
failure, or dropout. Evidence from documents, questionnaires, and interviews was also
associated with Who, Where, When, and How, allowing the study to relate participants,
institutional context, curricular organization, and teaching strategies in the triangulation of
teachers’ and students’ perceptions.

In Study 2, 5W2H was operationalized at a more process-oriented level. Students’ actions
during problem reading, solution planning, coding, testing, and correction were associated
with What, When, and How, making it possible to identify what was being solved, when
each action occurred in the phases of the spiral model, and how students proceeded. Their
explanations, uncertainties, revisions, and reflections were associated with Why and How
Much, supporting the interpretation of reasons for decisions, difficulties faced, effort involved,
recurrence of corrections, and evidence of conceptual or metacognitive adjustment.

These examples show that 5W2H did not operate merely as a descriptive checklist. In both
studies, empirical evidence was associated with one or more parameters and then interpreted
in relation to the research objectives and theoretical frameworks. This illustrates how the
framework supported the movement from data organization to analytical interpretation.

Thus, the comparative analysis allows us to state that 5W2H is not limited to a planning
tool or an initial organizational instrument. In both studies, it assumed an analytical
function, supporting the categorization, triangulation, and interpretation of data. This
function makes the framework relevant for research on programming teaching and learning,
especially when the aim is to understand complex phenomena involving subjects, contexts,
strategies, difficulties, and cognitive processes.

6 Discussion: 5W2H as an Analytical Framework for Research on
Programming Teaching and Learning

The main contribution of this article lies in showing that 5W2H can be methodologically
adapted from its traditional role as a planning and management tool to function as an
analytical framework in programming education research. This contribution does not consist
of proposing a new learning theory, a new pedagogical model, or a new technique for content
analysis. Rather, its contribution lies in its use as an integrative analytical matrix capable of
organizing and relating different dimensions of complex educational phenomena.

Several consolidated frameworks already contribute to the analysis of programming
teaching and learning. Bloom’s revised taxonomy, for example, supports the identifica-
tion of cognitive processes and types of knowledge mobilized by students [1]. The spiral
model helps structure phases of problem solving, development, testing, and evaluation [18].
Content analysis provides procedures for coding, categorizing, and interpreting empirical
material. Learning theories, such as Piaget’s genetic epistemology, contribute to explaining
how knowledge may be constructed, reorganized, and stabilized throughout the learning
process [12].

The role of 5W2H is different. It does not replace these frameworks; instead, it provides
an interrogative structure that helps connect them. By asking What, Who, Where, When,
Why, How, and How Much, the framework allows researchers to relate the object of analysis,
the participants involved, the context, the temporal organization of the process, the reasons
for difficulties or decisions, the strategies adopted, and the intensity, recurrence, or impact of
the observed phenomena.
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In Study 1, this adaptation supported the organization and triangulation of heterogeneous
sources of evidence related to the teaching and learning of programming. In Study 2, it
supported a more process-oriented analysis of students’ actions during algorithm construction,
especially when articulated with the spiral model and Bloom’s revised taxonomy. Thus,
5W2H contributes not by explaining learning on its own, but by helping researchers structure
the relationships among empirical evidence, theoretical categories, participants, contexts,
actions, reasons, strategies, and impacts.

The comparison between the two studies also suggests that 5W2H performed three
complementary analytical functions. First, it had an organizational function by structuring
heterogeneous data from documents, questionnaires, interviews, records, and students’
productions. Second, it had an integrative function by connecting data sources, analytical
categories, and theoretical references, especially in the triangulation process in Study 1 and
in the articulation with the spiral model and Bloom’s revised taxonomy in Study 2. Third, it
had an interpretive function by allowing difficulties, strategies, contexts, actions, and impacts
to be analyzed in relation to one another rather than as isolated elements. These functions
help clarify the methodological contribution of 5W2H as an analytical layer for programming
education research.

Its originality therefore lies in its methodological function as a flexible and integrative
analytical layer, capable of supporting different research designs and analytical scales in
programming education.

6.1 Reflections from the Principal Investigators

From the perspective of the principal investigator of Study 1, the main contribution of 5W2H
was its ability to organize heterogeneous data sources within a coherent analytical structure.
Since the study involved documents, questionnaires, and interviews with both teachers and
students, the framework helped relate different types of evidence to the same analytical
dimensions. This facilitated triangulation and supported a broader understanding of the
teaching and learning process. However, one challenge observed was the need to adapt some
parameters, especially How Much, since educational phenomena are not always expressed
through direct numerical indicators or measurable costs.

From the perspective of the principal investigator of Study 2, 5W2H was particularly
useful because it allowed the analysis of students’ actions during algorithm construction
without isolating these actions from their context, motivations, difficulties, and strategies.
When articulated with the spiral model and Bloom’s revised taxonomy, the framework
helped organize evidence about how students understood problems, planned solutions, tested
hypotheses, corrected errors, and reflected on their own learning. Nevertheless, this use
also required careful articulation with other theoretical models, since 5W2H alone does not
explain cognitive development or learning processes.

These reflections indicate that the value of 5W2H in educational research does not lie in
mechanically applying its seven questions. Its analytical strength depends on adapting the
framework to the nature of the phenomenon under investigation, the research objectives, the
data sources, and the theoretical assumptions of each study. In this sense, 5W2H should be
understood as an organizing and interpretive layer rather than as a self-sufficient analytical
method.

Overall, the two studies show that 5W2H can support research on programming teaching
and learning by helping researchers move between broader contextual dimensions and more
specific learning trajectories. From a macro perspective, it can organize institutional,
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pedagogical, and curricular aspects of programming education. From a micro perspective, it
can support the analysis of students’ actions, decisions, difficulties, strategies, and reflections
during algorithm construction.

This flexibility is precisely what makes the framework relevant as a methodological
resource for programming education research.

7 Limitations and Challenges of Using 5W2H

Although the 5W2H framework proved useful for organizing, triangulating, and interpreting
data in the two studies analyzed, its use also presents limitations and challenges. First, 5W2H
is not a learning theory, a pedagogical model, or a data analysis method by itself. Therefore,
it should not be used as a substitute for theoretical frameworks or systematic analytical
procedures. Its value depends on its articulation with research objectives, theoretical
assumptions, data sources, and methods of analysis.

Second, the framework may lead to superficial or merely descriptive categorization if
applied mechanically. Simply assigning empirical evidence to the questions What, Who,
Where, When, Why, How, and How Much does not guarantee analytical depth. The researcher
must interpret the relationships among these dimensions and connect them to the research
problem. Without this interpretive movement, 5W2H risks becoming only a checklist.

Third, some parameters may overlap during the categorization process. For example, a
student’s difficulty in understanding an algorithmic problem may be related to What, when
the focus is on the difficulty itself; to Why, when the focus is on its causes; and to How,
when the focus is on the strategies used to overcome it. This overlap does not invalidate the
framework, but it requires clear operational definitions and consistent coding decisions.

Fourth, the How Much parameter requires particular adaptation in educational research.
In management contexts, this dimension is often associated with cost, quantity, time, or
measurable resources. In educational studies, however, it may refer to perceived intensity,
recurrence, relevance, effort, or impact. This adaptation increases the flexibility of 5W2H,
but also requires methodological caution to avoid imprecise or arbitrary interpretations.

Finally, 5W2H does not explain learning processes on its own. In Study 2, for example, its
analytical role depended on its articulation with the spiral model, Bloom’s revised taxonomy,
and Piaget’s genetic epistemology. Similarly, in Study 1, its contribution depended on its
integration with content analysis and triangulation procedures. Therefore, the framework
should be understood as an organizing and integrative analytical layer, not as a self-sufficient
explanatory model.

These limitations indicate that the use of 5W2H in educational research requires careful
methodological planning. Its strength lies in helping researchers organize complex phenomena
and relate different analytical dimensions, but its effectiveness depends on how rigorously
the parameters are defined, applied, and interpreted.

8 Conclusion

This article presented and discussed the methodological adaptation of the 5W2H framework
in two doctoral studies on programming teaching and learning in Higher Education. Although
the studies adopted different methodological designs, both used 5W2H to organize, categorize,
triangulate, and interpret data related to complex educational phenomena.

The comparative analysis showed that 5W2H can operate at different analytical scales.
In Study 1, it functioned as a broad matrix for organizing and triangulating heterogeneous
sources of evidence related to teaching and learning programming, including documents,
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questionnaires, and interviews with students and teachers. In Study 2, it supported a more
process-oriented analysis of students’ actions during algorithm construction, especially when
articulated with the spiral model and Bloom’s revised taxonomy.

The main contribution of this article lies in showing that 5W2H can be used not only as a
planning or management tool, but also as an integrative analytical framework in educational
research. Its value is not in replacing consolidated theoretical or methodological frameworks,
but in helping researchers connect subjects, contexts, actions, reasons, strategies, and impacts
across different data sources and levels of analysis.

The examples of operationalization presented in this article indicate that 5W2H can
support the movement from empirical evidence to analytical interpretation. By associating
data with the parameters What, Who, Where, When, Why, How, and How Much, the
framework helps researchers avoid fragmented readings of programming teaching and learning
and favors a more systematic understanding of the relationships among the dimensions
involved.

However, the use of 5W2H requires methodological caution. The framework does not
explain learning processes by itself and should not be applied mechanically as a checklist. Its
analytical strength depends on clear operational definitions, careful categorization procedures,
triangulation strategies, and articulation with theoretical models and data analysis methods.

As future work, further studies may apply 5W2H in other programming education contexts,
including different institutions, teaching modalities, educational levels, student profiles, and
programming courses. Such studies may contribute to refining the framework, testing its
analytical robustness, and expanding its use as a methodological resource in Computing
Education research.
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—— Abstract

This paper presents the design and architectural formalization of a mixed reality (MR) system for
pilot training that supports selective, region-level visual scene substitution. The proposed approach
enables context-aware replacement of semantically meaningful regions within the pilot’s egocentric
view — such as cockpit displays and external windows — while preserving direct physical interaction
with real cockpit controls and the pilot’s hands.

The core contribution is a modular real-time architecture that integrates semantic perception,
structured scene representation, and GPU-accelerated mask-based compositing into a unified dataflow
pipeline. The system is designed with explicit latency-aware modelling to support analytical
evaluation of performance under strict real-time constraints (targeting below 20-30 ms).

A functional prototype was implemented and evaluated under different hardware configurations.
Experimental results demonstrate that the GPU-accelerated version running on an NVIDIA RTX
3060 achieves an average end-to-end latency of 26.3 ms (approximately 38 fps) with improved temporal
stability. These results confirm the practical feasibility of the proposed architecture under controlled
conditions.

Adopting a design-science perspective, this work combines analytical modelling, architectural
design, and preliminary prototype validation. The study addresses the need for stronger technical
grounding in XR-based aviation training research prior to large-scale human-subject evaluation.
The presented approach provides a reproducible foundation for the development of hybrid training
systems that combine the sensorimotor fidelity of physical cockpits with the instructional flexibility
of real-time visual substitution.
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1 Introduction

The training of commercial pilots requires a high degree of perceptual fidelity, sensorimotor
realism, and the ability to safely rehearse a wide range of operational scenarios, including
rare and safety-critical events. Traditional full-flight simulators provide high realism but are
expensive, immobile, and difficult to reconfigure quickly. Virtual reality (VR) systems offer
excellent scenario control, yet they typically eliminate direct tactile interaction with physical
cockpit controls, which is important for developing accurate procedural memory [4, 10, 6].
Augmented reality (AR) approaches preserve the real environment but are generally limited
to additive overlays and cannot meaningfully modify existing visual elements or instrument
behaviour [2, 13].

Mixed reality (MR) systems have emerged as a promising direction by combining physical
cockpit interaction with virtual content. However, most current MR implementations focus
primarily on replacing the external visual scene visible through the cockpit windows, while
leaving internal instrumentation largely unchanged [7, 12, 20, 5]. Although video see-through
and passthrough-based systems provide greater potential for visual manipulation, they have
rarely been used for structured, region-selective substitution of semantically meaningful areas
inside the cockpit.

This work addresses the above limitations by proposing a modular real-time architecture
for selective, region-level visual scene substitution. The approach aims to enable context-
aware replacement of specific regions within the pilot’s egocentric view — such as cockpit
displays and external windows — while maintaining full physical interaction with the real
controls and the pilot’s hands.

To clarify the positioning of the proposed system, Table 1 compares the main immersive
training paradigms.

Table 1 Structural comparison of immersive training paradigms for pilot training.

System Type Physical Scene Region-Level Dynamic Re-
Cockpit Modification Control configuration

VR X Full X v

AR v Additive only X Limited

MR (classic) v External only X Limited

Proposed v Selective v v

The problem addressed in this work can be formalised as the real-time synthesis of a
perceptually coherent mixed visual stream under strict latency and sensorimotor constraints.
At each discrete time step t, the system receives a multimodal input tuple (I3, P, G), where
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I; € REXWX3 denotes the captured egocentric RGB image, P, € SE(3) the six-degree-of-
freedom head pose, and G; € R3 the gaze direction. The objective is to produce an output
image

Ot = f(ItaPt7Gt76t)a

where 6, denotes adaptive control parameters. The transformation operates over a dynamically
inferred set of semantically meaningful regions with associated masks MF(x) € [0, 1], such
that the composited output satisfies

O(x) = (1 = My(z))11(x) + My(z)Vi(2),

with M;(z) = >, MF(z) (normalized to [0,1]) and V; the rendered virtual content. The
system is designed to satisfy end-to-end latency Tiotal < Trrame (targeting below 20-30 ms)
while ensuring temporal stability and geometric alignment between real and virtual elements.
The main contributions of this work are as follows:
A formally defined approach to region-level visual substitution for mixed reality training
systems, enabling selective replacement of semantically meaningful regions.
A modular real-time architecture with explicit separation of perception, scene representa-
tion, and rendering layers, following a dataflow-driven design.
A GPU-centric pipeline for low-latency semantic segmentation and mask-based composit-
ing.
An analytically grounded performance model for evaluating latency and concurrency in
the pipeline.
A prototype implementation and preliminary experimental evaluation under different
hardware configurations.
A design-science framework that combines analytical validation with a pathway toward
future empirical studies.

This study aims to contribute a technically grounded foundation for hybrid mixed reality
systems in pilot training.

2 Related Work

Immersive technologies have been increasingly explored to enhance pilot training, yet most
solutions still fail to simultaneously provide high sensorimotor fidelity, fine-grained control
over the visual environment, and real-time semantic adaptability. This section critically
reviews Virtual Reality (VR), Augmented Reality (AR), and Mixed Reality (MR) approaches,
with particular emphasis on their limitations regarding region-level visual substitution inside
a physical cockpit.

2.1 Virtual Reality in Pilot and Drone Training

VR-based simulators offer excellent scenario control and have shown benefits in procedural
learning and cost reduction [6, 10, 4, 16, 18]. Systems have been developed for both manned
aircraft [4, 16] and drone pilot training [1]. Systematic reviews confirm that while VR improves
immersion and allows training of rare events, the complete detachment from physical cockpit
hardware often weakens the transfer of procedural and muscle memory [18, 10]. In contrast to
the proposed architecture, VR operates at a full-scene level and cannot preserve the tangible
interaction with real controls and instruments.
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2.2 Augmented Reality for Instructional Support

AR solutions enhance the real cockpit with overlaid digital information, demonstrating
improvements in situational awareness, procedural performance, and cognitive load reduc-
tion [2, 13, 17]. However, because AR is limited to additive overlays, it cannot replace or
modify existing visual elements such as instrument displays or the external view through
windows. This fundamental constraint restricts its use for dynamic failure injection and
realistic scenario adaptation [13, 11]. The proposed region-level substitution paradigm over-
comes this limitation by enabling replacement rather than mere augmentation of semantically
meaningful regions.

2.3 Mixed Reality and Video See-Through Systems

Mixed Reality systems that integrate physical cockpits with virtual content represent the most
relevant prior work. Several recent implementations replace the external visual scene while
preserving physical controls [7, 12, 20, 21]. Ernst et al. [7] developed a video see-through
MR flight simulator, while Kimura et al. [12] and Zintl et al. [20, 21] focused on instructor
operator stations and motion-based MR simulators for advanced air mobility (¢VTOL). Other
studies explored MR applications in general aviation [11] and multi-user training scenarios [9].

Despite these contributions, the majority of existing MR systems remain limited in
scope: they primarily substitute only the external view and leave cockpit instrumentation
unchanged. Video see-through approaches [7, 19] enable deeper visual manipulation but are
rarely combined with semantic understanding for selective, context-aware region substitution.
Most implementations lack a modular architecture that explicitly separates perception,
structured scene representation, and GPU-accelerated compositing. Consequently, instructors
cannot dynamically modify display content or inject instrument failures without physical
modifications to the cockpit.

Human factors research further highlights challenges such as latency, registration errors,
cybersickness, and limited instructor control in current MR aviation simulators [8, 5, 14, 15].
Systematic reviews of XR in pilot training [4, 18, 16] consistently emphasise the need for
better integration of real and virtual elements while maintaining physical fidelity — a gap the
present work directly addresses.

2.4 Positioning of the Proposed Architecture

The proposed system advances beyond prior work by introducing a dedicated real-time
architecture for semantically grounded, region-level visual substitution. Unlike full-scene
VR solutions [6, 18], additive AR systems [2, 13], and most existing MR implementations
that focus on external view replacement [7, 20, 12], this architecture enables selective
replacement of both external windows and internal cockpit displays while preserving full
physical interaction with controls and the pilot’s hands.

Unlike prior VR-, AR-, and MR-based training systems, the proposed architecture
combines semantically controlled region-level substitution, manipulation of both external and
internal cockpit elements, and an explicit latency-aware analytical execution model within a
unified real-time pipeline. Existing MR approaches primarily focus on replacement of the
external visual scene, while cockpit instrumentation typically remains physically unchanged
and semantically unmanaged.

By combining real-time semantic segmentation, structured scene representation, GPU-
accelerated mask-based compositing, and an explicit latency-aware dataflow model, the
presented design offers greater instructional flexibility and finer visual control than previous
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Table 2 Comparison of the proposed architecture with representative immersive pilot training

systems.
Internal . .
Work External Dis- Semantic Real- Analytical
View Regions time Model
plays
VR simulators [4, 16, 1, 6] v X X v X
AR cockpit v v X v X
systems [2, 13, 19, 17]
MR view substitution & v 4 Xpartial v Xpartial
blending [7, 12, 20, 21]
General MR/AR aviation v v'partial X v X
training [11, 9]
Proposed architecture v v v v v

systems. Furthermore, the integration of analytical performance modelling with prototype
validation distinguishes this contribution from predominantly conceptual or purely empirical
studies in the field [5, 8, 3].

3 System Architecture

The proposed system implements a real-time mixed reality pipeline for selective region-level
visual substitution in a pilot training environment. The architecture is designed as a modular
dataflow system that jointly processes visual perception, scene representation, and GPU-based
rendering under strict latency constraints.

Let the input at time ¢ be defined as a multimodal tuple:

Ft: (It;Pt7Gt)7 (1)

where I is the captured RGB frame, P, € SE(3) is the head pose, and G; is the gaze vector.
The system is formulated as a sequential dataflow pipeline:

F,—»Cy— M, — S, — S, =V, = Oy, (2)

where C} denotes capture, M; semantic perception output, S; structured scene representation,
S, substitution-aware representation, V; rendered virtual content, and O, the final composited
output. Compositing is included within the output stage O;.

We distinguish between two latency models: the ideal sequential latency and the execution-
aware latency under pipeline parallelism.

The ideal end-to-end latency is defined as:

Ttotal = Tcap + Tseg + Tscene + Tsubst + Trend + Tdisp' (3)

Here:

T.qp — image acquisition latency,

T,seq — semantic segmentation latency,

Tscene — structured scene construction,

Tsubst — substitution reasoning and mask fusion,

Trenda — GPU rendering of virtual content,

T4isp — compositing, scan-out, and XR display synchronization.
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Due to asynchronous execution and GPU/CPU overlap, the effective latency is defined as:
TEff = maX(Tseg7 Trend) + Toubst + Tdisp- (4)

This formulation reflects the critical-path behavior of the system under parallel execution.
Real-time constraints require:

Teff S 33 ms. (5)
Temporal stability is evaluated over a sliding window of N frames as:

or = Var({Tt(izal}fL), o

(o}

capturing system jitter over time.

The substitution module transforms semantic perception into render-ready control signals.
It performs:

semantic-to-render mapping,

mask fusion and normalization,

overlap resolution between regions,

gaze- and context-aware weighting.

Semantic perception output is defined as a structured set of region masks:
M; = {R},R?,... RN}, (7)

where each R! is a binary or probabilistic region mask corresponding to a detected semantic
class or instance.
The substitution-aware representation is defined as a constructive mapping:

S’t :]:(MtastaGt)) (8)

where F is a rule-based or learned fusion operator integrating spatial, semantic, and gaze-
driven constraints.
The final compositing operation is defined as:

Oi(z) = (1 — () I (x) + o (2)Vi(), (9)

with blending mask ay(x) constrained to semantically valid regions:
supp(a) € |_J Rj. (10)

The system operates under a hybrid execution model:
GPU: segmentation, rendering, compositing,

CPU: control logic and scene management,

XR runtime: tracking and display synchronization.

The architecture enables pipeline overlap between perception and rendering stages,
improving throughput under real-time constraints.

The architecture separates perception, representation, substitution, rendering, and com-
positing into modular layers, enabling real-time performance while supporting semantically
controlled region-level visual manipulation of the egocentric field of view.



S. D. Prykhodchenko et al.

Sensor Data ~ Semantic Masks Modiﬂedl Regions  Composite Output
I

T \

_I

| Region-based GPU Rendering Display
Substitution & Compositing Output

Semantic
Segmentation

Sensor
Acquisition

Tlapture Txegmem =0(HW) Tcene Tsubstitute T_render Tdi!plﬂy

Mask Blending
Real View 1 T T 1 1

| Control Logic (CPU)

GPU Processing (Parallel)

Ttoral = Tcaptwe + Txegment + Tscene + Tsubstitute + T render + Tdisplay <30 ms

Figure 1 Latency-aware dataflow architecture of the proposed mixed reality substitution system.

4  Evaluation and Experimental Results

To address the limitations of purely conceptual validation frequently observed in mixed reality
training research, the proposed architecture was evaluated using a reproducible real-time
prototype implementation developed in Python with GPU-accelerated rendering and semantic
segmentation. The complete benchmarking framework, including automated latency profiling
and execution logging, is publicly available at https://github.com/prykhodchenkosd/
MRPilotRealtimeTest. The evaluation focuses on validating the practical feasibility of
region-level visual substitution under real-time constraints and on quantifying the impact of
hardware acceleration on temporal stability and overall system responsiveness.

Three execution configurations were evaluated: a lightweight baseline pipeline without
computationally intensive semantic inference, a CPU-based YOLO segmentation pipeline,
and a GPU-accelerated YOLO pipeline executed on an NVIDIA RTX 3060 GPU. All config-
urations used the same rendering and compositing architecture to ensure direct comparability.
Measurements were collected under continuous streaming conditions using frame-wise profil-
ing of the capture, segmentation, rendering, and compositing stages. For each stage, both
the mean execution time and the standard deviation were recorded to characterize not
only throughput but also temporal stability, which is critical for perceptual consistency in
immersive mixed reality systems.

The baseline configuration demonstrates the minimum processing overhead achievable by
the proposed architecture under simplified semantic conditions. In this mode, the system
achieves an average total latency of 27.92 ms and an average frame rate of 36.96 FPS.
The segmentation stage contributes only 3.94 ms on average, while compositing remains
the dominant computational stage due to image blending and synchronization overhead.
Despite the absence of full semantic processing, this configuration establishes a lower-bound
reference for the architectural pipeline itself and confirms that the rendering and compositing
framework can operate within interactive real-time constraints.

The CPU-based YOLO configuration introduces substantially higher computational
cost and temporal instability. Semantic segmentation becomes the dominant bottleneck,
with an average latency of 30.43 ms and a large standard deviation of 48.29 ms. This
variability propagates through the execution pipeline and results in a total average latency of
64.79 ms with a high temporal variance of 70.52 ms. The corresponding frame rate decreases
to 25.36 FPS, approaching the lower acceptable boundary for interactive mixed reality
applications. The obtained measurements indicate that CPU-only execution is insufficient
for stable region-level visual substitution in semantically driven mixed reality scenarios,
particularly under continuous streaming conditions where latency spikes negatively affect
temporal coherence.

15:7
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In contrast, the GPU-accelerated configuration executed on an NVIDIA RTX 3060
demonstrates a substantial reduction in both latency and temporal variance across all stages
of the pipeline. Segmentation latency decreases to 6.85 ms with low variability, while
GPU-based compositing reduces compositing overhead to 4.12 ms. The overall end-to-
end latency decreases to 26.30 ms, satisfying the target real-time constraint defined for
immersive mixed reality interaction. The achieved frame rate of 38.12 FPS confirms stable
interactive operation, while the significantly reduced standard deviation of total latency
(3.85 ms) indicates reduced latency variability and smoother temporal behavior. These
results confirm that GPU acceleration not only improves throughput but also substantially
stabilizes frame delivery, which is essential for perceptual coherence and user comfort in
mixed reality environments.

Segmentation quality was evaluated through systematic visual inspection of the output
frames. The system produced stable and well-defined region masks for both windows and
cockpit displays under controlled conditions, enabling coherent real-time visual substitution.
Although a formal quantitative assessment using annotated datasets (e.g., mean IoU across
diverse lighting conditions) is planned for future iterations, the current perception pipeline
already satisfies the architectural and performance requirements of the proposed mixed reality
system.

Across all evaluated configurations, the results therefore validate the feasibility of the
proposed architecture as a real-time mixed reality substitution system capable of semantically
controlled region-level manipulation while preserving interactive responsiveness.

Table 3 Performance evaluation of the proposed mixed reality pipeline under different execution

configurations.

Configuration Capture Segmen Rende Compo Total FPS

(ms) tation ring siting (ms)
(ms) (ms) (ms)

Simple Test 10.22 £ 3.94 + 3.33 £ 10.43 £ 27.92 + 36.96 +
5.53 1.05 0.60 0.99 5.50 6.09

YOLO on CPU 1.23 + 30.43 £ 7.27 £ 17.52 £ 64.79 + 154+
1.70 48.29 1.02 1.46 70.52 7.43

YOLO on GPU (RTX 3060) 1.21+ 6.85 = 6.42 £ 4.12 £+ 26.30 + 38.12 £+
1.84 1.12 0.78 0.65 3.85 4.71

5 Limitations and Discussion

Although the proposed architecture and prototype implementation demonstrate the feasibility
of real-time region-level visual scene substitution, several limitations should be acknowledged.
First, the current evaluation was conducted using a simplified desktop-based prototype
with a standard RGB camera and static virtual content rather than within a realistic
cockpit simulator or immersive head-mounted display environment. As a result, the reported
performance metrics, including the average end-to-end latency of 26.3ms on an NVIDIA
RTX 3060 GPU, reflect controlled laboratory conditions and may not directly generalize to
operational training scenarios involving rapid head motion, complex illumination conditions,
and dynamic cockpit interactions.

Second, the perception pipeline currently relies on relatively lightweight colour-based
and YOLO-based semantic segmentation models. While these models are sufficient for
validating the architectural feasibility of real-time region-level substitution, their robustness
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under realistic cockpit conditions has not yet been systematically evaluated. In particular,
illumination variability, reflections from cockpit surfaces, motion blur, and partial occlusions
caused by the pilot’s hands or body may affect segmentation stability and temporal consistency.
Improving robustness and domain adaptation of semantic perception therefore remains an
important direction for future research.

Third, the present study primarily focuses on architectural design, analytical modelling,
and preliminary technical validation. The proposed system has not yet been evaluated
through controlled user studies involving pilots or flight instructors. Consequently, the work
does not currently provide empirical evidence regarding training effectiveness, skill transfer,
cognitive workload, situational awareness, or instructor usability. These aspects require
dedicated human-subject experiments and represent a critical next step toward practical
deployment.

From a methodological perspective, pixel-level segmentation accuracy metrics such as
Intersection over Union (IoU) are not reported in this study, as the current prototype is not
built upon a fully annotated ground-truth dataset. Instead, the focus is placed on real-time
system performance, architectural feasibility, and temporal characteristics of the pipeline. A
dataset-driven evaluation with formally defined ground truth annotations is left for future
work, where more comprehensive benchmarking of perception accuracy will be required.

The proposed approach also inherits several limitations commonly associated with video
see-through mixed reality systems. These include reduced visual fidelity compared to optical
see-through displays, increased computational and energy requirements, and perceptual issues
such as the vergence-accommodation conflict. Furthermore, although the GPU-accelerated
implementation achieves interactive real-time performance, maintaining consistently low
latency on untethered or resource-constrained hardware platforms remains a significant
engineering challenge.

Despite these limitations, the presented work establishes a reproducible and analytically
grounded foundation for semantically controlled region-level substitution in mixed reality
pilot training. The modular architecture, explicit latency-aware design, and publicly available
prototype framework provide a basis for further experimental development and comparative
evaluation. Future work will focus on integration with immersive head-mounted displays
and realistic cockpit environments, development of more robust domain-adapted perception
models, incorporation of advanced occlusion and depth handling, and comprehensive user
studies aimed at assessing training transfer, usability, and instructional effectiveness.

6 Conclusion and Future Work

This paper presented the architectural design, formalization, and preliminary technical
validation of a mixed reality system for pilot training based on selective region-level visual
scene substitution. The proposed approach enables context-aware replacement of semantically
meaningful regions, such as cockpit displays and external windows, while preserving direct
interaction with physical cockpit controls and the pilot’s hands.

A modular latency-aware architecture was developed that integrates semantic perception,
structured scene representation, and GPU-accelerated mask-based compositing within a
real-time dataflow pipeline. The work additionally introduced an analytical execution
model describing the relationship between segmentation, rendering, compositing, and overall
end-to-end latency under parallel execution constraints.

A functional prototype implementation was evaluated under multiple execution con-
figurations. Experimental results indicate that GPU acceleration substantially improves
both throughput and temporal stability compared to CPU-only execution. In the evaluated
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configuration using an NVIDIA RTX 3060 GPU, the system achieved an average end-to-end
latency of 26.3 ms with an average frame rate of approximately 38 fps, satisfying the targeted
real-time interaction requirements under controlled laboratory conditions.

The presented results should be interpreted as preliminary technical validation of the
architectural feasibility of the proposed approach rather than a complete assessment of
training effectiveness. The current prototype was evaluated using a desktop-based setup with
a standard RGB camera and static virtual content. Formal user studies involving pilots or
flight instructors, as well as quantitative perception benchmarks using annotated datasets,
were outside the scope of the present work.

Nevertheless, the study demonstrates that semantically controlled region-level substitution
can be implemented within interactive real-time constraints using a modular GPU-oriented
mixed reality pipeline. The proposed architecture and publicly available prototype framework
provide a reproducible technical basis for further research on hybrid mixed reality training
systems.

Future work will focus on integration with immersive video see-through head-mounted
displays and realistic cockpit mock-ups, improvement of segmentation robustness under
challenging lighting and motion conditions, incorporation of depth-aware occlusion handling,
and comprehensive experimental evaluation with pilots and instructors. Additional directions
include quantitative segmentation benchmarking, comparative studies against existing XR
training paradigms, and exploration of collaborative multi-user training scenarios.
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—— Abstract

Cybersecurity incidents cause significant financial damage to organizations, making secure software

development a critical industry priority. Although Rust offers strong memory safety guarantees,
developers can still introduce security vulnerabilities through improper coding practices. In this
paper, we present the preliminary design of a serious game for secure Rust coding training in an
industrial setting. We investigate real-world Rust vulnerabilities, map (five of) them to CWEs, and
propose challenge scenarios alongside a structured evaluation protocol for validation by industry
security experts. Our design incorporates defense-oriented coding tasks, a three-level Al-powered
hint system, and automated backend evaluation, grounded in established pedagogical principles such
as situated learning and cognitive load management. This work provides a foundation for future
implementation and empirical evaluation of learning outcomes with professional software developers.
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1 Introduction

Cybersecurity incidents represent one of the most significant threats to modern organizations,
frequently resulting in substantial financial losses and operational disruptions. In response,
industry has established standards such as IEC 62443 that mandate secure development
practices throughout the software lifecycle [7]. Despite advances in automated detection,
developers remain responsible for writing secure code, and their security awareness directly
impacts system resilience [13]. This human factor makes developer education a critical
component of any security strategy. Moreover, recent research suggests that reliance on
generative AT tools reduces developers’ critical thinking effort [10], reinforcing the need for

training that actively engages practitioners in reasoning about code security.
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Serious games-interactive, game-based learning experiences-offer a promising approach
to raising security awareness among developers [8], with challenge-based formats, such as
Capture-the-Flag competitions, effectively engaging developers in industrial settings [8, 15].

Rust is a systems programming language whose ownership model, borrow checker, and
type system eliminate entire classes of vulnerabilities common in C and C++ [9, 2]. However,
developers can still introduce security issues through misuse of unsafe blocks, logic errors,
improper input validation, or flawed concurrency patterns [16].

In this work, we focus on the human factor in secure Rust development by designing a
serious game that trains industrial developers in Rust-specific secure coding. Our contributions
are: (1) the design of secure coding challenges based on real-world Rust vulnerabilities mapped
to CWESs, and (2) a structured evaluation protocol for validating the challenge design with
industry security experts.

The remainder of this paper is organized as follows. Section 2 reviews related work.
Section 3 describes our methodology. Section 4 presents the challenge design and planned
evaluation protocol. Section 5 discusses design considerations, limitations, and future work.
Section 6 concludes the paper.

2 Related Work

Prior work relevant to this paper spans three main areas: secure coding education and
training needs, serious games and challenge design for technical learning, and Rust-specific
software security.

Research on secure coding training shows that developers benefit from combining con-
ceptual material with practical application [12]. Studies confirm that security knowledge
directly affects software quality and that developer preparedness remains a concern [13, 17].
Furthermore, growing reliance on generative Al in development workflows has been shown to
reduce cognitive effort in critical thinking tasks [10], highlighting the importance of training
that requires active problem-solving. Large-scale surveys confirm that developers recognize
gaps in their security knowledge [7], motivating the adoption of hands-on training approaches.

Serious games have been studied extensively as vehicles for effective learning, with
systematic reviews identifying clear objectives, immediate feedback, difficulty progression,
narrative context, and interactivity as important factors [11]. Prior work emphasizes aligning
game design with professional tasks [4], supports game-based approaches for cybersecurity
education [1], and validates structured, defense-oriented exercises in industrial settings [8].
Hybrid work environments have motivated flexible deployment of serious games [15], and
using real-world vulnerabilities as a basis for exercises enhances engagement and perceived
relevance [3].

Rust provides strong safety guarantees through its type system and ownership model, yet
important security risks remain. Ecosystem-level analyses show that vulnerabilities in Rust
crates are not uncommon, including logic errors, improper input validation, cryptographic
misuse, and memory safety violations [16, 2]. These findings indicate that secure Rust
development depends on developer understanding beyond what the compiler can enforce.

Despite the growing body of work on secure coding education, serious games, and Rust
security, there is a lack of defense-based, interactive serious game challenges designed specific-
ally for Rust secure coding training in industrial settings. The present work addresses this
gap by transforming real-world Rust vulnerabilities into gamified challenges for professional
developers [5, 6].
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3 Methodology

Our methodology builds upon previous work on secure coding challenge design for industry [8,
4] and extends it to the Rust programming language. The overall approach consists of three
main phases: (1) investigation of Rust security risks from literature and practice, (2) design
of challenge scenarios and game structure, and (3) design of an evaluation questionnaire for
industrial security experts.

In the first phase, we reviewed literature on security risks in the Rust ecosystem, par-
ticularly ecosystem-level analyses of vulnerabilities in Rust crates [16], complemented by
the authors’ practical experience with Rust in industrial contexts. For each vulnerability
pattern, we assessed suitability for a challenge format based on: (a) relevance to typical Rust
development tasks, (b) whether it can be reasonably simplified without losing educational
value, and (c) amenability to a defense-oriented format where the developer must fix or
prevent the issue.

In the second phase, based on the identified vulnerability patterns, we developed five
challenge scenarios covering a range of vulnerability types and difficulty levels. For the
storyline format, challenges are contextualized within a fictional company setting where the
developer assumes the role of a security engineer receiving tickets describing codebase issues.
Each ticket corresponds to a real vulnerability pattern, providing narrative motivation while
maintaining technical authenticity.

In a third phase, to validate the approach, we plan to engage industry security experts to
evaluate the proposed scenarios on criteria including technical accuracy, relevance, educational
value, and engagement potential. The methodology follows an iterative approach: after
initial evaluation, the design will be adjusted based on feedback, and subsequent reviews will
assess the refined challenges. In this paper, we present our intended evaluation criteria, based
on our experience in designing serious games, and teaching secure software development in
an industrial context.

4 Results

In the current section we present the results obtained throughout the three phases, as
described in the methodology section.

4.1 Rust Security Risks

From the vulnerability categories identified by Zheng et al. [16] and our industrial experience,
we selected four CWEs that met all three selection criteria: CWE-190 (integer overflow),
as arithmetic errors in Rust’s unsafe contexts can bypass default overflow checks; CWE-
125/CWE-787 (out-of-bounds read/write), representing memory safety violations common in
sandbox and FFI code; CWE-20 (improper input validation), a pervasive issue even in safe
Rust; and CWE-703 (improper handling of exceptional conditions), reflecting error handling
patterns that lead to denial-of-service or undefined states. Table 1 presents the resulting five
challenges.

4.2 Design of the Challenges

Based on the identified vulnerability patterns, we design interactive challenges with the
following characteristics. Drawing on our experience and success designing serious games, we
adopt a defense-oriented, code-entry format. The developer is presented with a vulnerable
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Table 1 Mapping of challenges to CWEs, types, and difficulty levels.

| ID | Challenge Type Difficulty | CWE(s)
C1 | Integer Overflow Individual | Easy CWE-190
C2 | Sandbox Breach Individual | Medium CWE-125 | CWE-787
C3 | Input Validation Storyline Easy CWE-20
C4 | Improper Handling Storyline Easy CWE-703
C5 | Combined Vulnerabilities | Storyline Medium CWE-20 | CWE-703

Rust code snippet and must modify it to eliminate the vulnerability while preserving
functionality. Challenges are delivered through Visual Studio Code (VSC), and submissions
are evaluated by a backend pipeline combining unit tests and static analysis (e.g., cargo
clippy) to verify correctness and security properties. Figure 1 illustrates the platform
architecture.

Frontend - Challenge Controller

User ECR Registry

{ImegerOverﬂow J ’ T AT
[Sandbox Breach m ;

" = e 0G0

oo Bwco o g e from puest, write o guest, M
" Platform commands
Backend
Command results

Frontend - VSC

Figure 1 Architecture of the platform where challenges are deployed.

To illustrate, Listing 1 shows a simplified excerpt from challenge C2 (CWE-125/CWE-
787), where the bounds check is insufficient-it verifies only the requested length without
validating that the computed range stays within guest memory. Listing 2 shows the corrected
version using safe bounds validation.

Listing 1 Vulnerable code: insufficient bounds check allows out-of-bounds read.

1 pub fn read_from_guest (

2 sandbox: &Sandbox,

3 offset32: u32,

4 len: usize,

5 ) —-> Result<Vec<u8>, AccessError> {

6 if len == 0 {

7 return Err(AccessError::InvalidLength) ;
8 }

9 // Only checks length, not the full range
10 if len > sandbox.guest_len() {

11 return Err (AccessError::0ut0OfBounds) ;

12 }
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13 let computed = sandbox.guest_base ()

14 .wrapping_add (offset32 as usize);

15 unsafe {

16 let ptr = sandbox.host_memory ()

17 .as_ptr () .add (computed) ;

18 let slice =

19 std::slice::from_raw_parts(ptr, lemn);
20 Ok(slice.to_vec())

21 }

22 }

Listing 2 Corrected code: validates full range and avoids unsafe access.

1 pub fn read_from_guest(

2 sandbox: &Sandbox,

3 offset32: u32,

4 len: usize,

5 ) —> Result<Vec<u8>, AccessError> {

6 if len == 0 {

7 return Err (AccessError::Invalidlength);
8 i;

9 let offset = offset32 as usize;

10 let end = offset.checked_add(len)

11 .ok_or (AccessError::0ut0fBounds) 7;

12 if end > sandbox.guest_len() {

13 return Err (AccessError::0ut0OfBounds) ;
14 3

15 Ok (sandbox.guest_slice () [offset..end].to_vec())
16 }

Since multiple valid fixes may exist for a given vulnerability, the backend evaluation relies
on purpose-built unit tests and static analysis rather than exact output matching, allowing
flexible acceptance of different correct solutions.

Based on previous work on scaffolding in secure coding challenges [8], we design an Al-
powered hint system that dynamically generates personalized guidance at three progressive
levels:

Level 1 — Conceptual: A general nudge towards the relevant secure coding principle, without
referencing specific code.

Level 2 — Directional: Narrows focus to the relevant code area, suggesting what aspect to
reconsider.

Level 3 — Explicit: A concrete indication of the fix, referencing the relevant Rust API or
pattern, stopping short of the complete solution.

To illustrate, for challenge C2 (Sandbox Breach), the three levels might be:

L1: “Think about what happens when you trust a length value without considering where
the access actually starts.”

L2: “The bounds check might not be enough — consider whether the offset plays a role in the
validity of the access.”

L3: “You need to validate the full range (offset + length) against the buffer size, and watch
out for arithmetic overflow when computing it.”
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Table 2 Expert evaluation dimensions.

‘ Challenge Framing ‘

Dimension

Statement for Evaluation

CVE Fidelity

The challenge adequately represents the associated CVE

Individual

Standalone Clarity

The challenge can be understood without external context

Real-world Representativeness

The challenge represents a real-world scenario

Narrative Coherence

The storyline provides a coherent and believable context

Storyline Inter-challenge Progression The challenge fits logically within the storyline progression
Contextual Added Value The narrative context adds value to the learning experience
Difficulty Appropriateness The difficulty level is appropriate for the target audience
CWE Coverage Adequacy The challenges cover a sufficient range of vulnerability types
Both Hint Quality The hint system is helpful without revealing the solution

Industry Relevance

The challenge reflects realistic industry scenarios

Learning Potential The challenge has potential to improve secure coding skills

Engagement Potential The challenge is engaging and motivating to solve

The implementation and validation of Al-generated hints constitutes a next step in this
research.

A persistent “goal summary” command is always available, allowing the developer to
revisit challenge objectives at any point. Upon submission, the developer receives immediate
feedback on whether the solution passes security and functionality checks. After successful
completion, a technical explanation is provided, including the canonical solution and why
the original code was vulnerable. Unit tests are visible, ensuring transparency in evaluation
criteria.

Challenges are organized into two difficulty levels: easy challenges target single, well-known
vulnerabilities in isolation. In contrast, medium challenges introduce moderate complexity
and may combine up to two vulnerability types in a single exercise. This progression reflects
cognitive load management principles, presenting learners with incremental complexity.
Similarly, the narrative framing of storyline challenges grounds tasks in authentic workplace
scenarios (situated learning), while the scaffolded hint system reduces extraneous cognitive
load by guiding attention progressively [14].

4.3 Expert Evaluation

To validate the challenge design, we define a structured evaluation protocol to be conducted
with industry security experts from a large multinational technology company, targeting
experts with experience in software security and familiarity with Rust development. This
evaluation protocol is designed based on our experience in the design and evaluation of
serious games for programming education in an industrial context.

Table 2 presents the designed evaluation framework, assessed on a 5-point Likert scale.
This framework is used to evaluate the design of each challenge over different dimensions,
grouped by three framings: individual, storyline, and both. Note that the CWE Coverage
Adequacy dimension is assessed at the challenge set level rather than per challenge.

The dimensions capture both format-specific qualities (e.g., fidelity to source CVEs for
individual challenges, narrative coherence for storyline challenges) and cross-cutting concerns
(e.g., industry relevance, hint quality). The expected answers are on a 5-point Likert scale
from 1 to 5, with 1 representing strong disagreement and 5 representing strong agreement
with the statement.

5 Discussion

A fundamental premise of this work is that industrial developers have already mastered
programming fundamentals, allowing the challenge design to focus exclusively on security
and present sophisticated vulnerability patterns without requiring foundational instruction
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on language mechanics. Previous work in academic settings [5] has shown that students often
struggle with the language itself before engaging with security content; our work targets a
population where this barrier does not exist.

The design process revealed several practical considerations. First, grounding challenges in
real vulnerability patterns (via CWE mappings and adaptation to CVE) provides a concrete
link between training and production concerns, which we expect to increase perceived
relevance. Second, the distinction between storyline and individual formats emerged as a
meaningful design axis: storyline challenges offer narrative context and progressive complexity,
while individual challenges offer focused exercises with clear traceability to real incidents.
Whether one format leads to better learning outcomes remains an open empirical question.

Relative to prior work on serious games for secure coding in C/C++ [4, 8], this work
extends prior approaches in two ways: (1) challenge design tailored to Rust’s ecosystem,
targeting vulnerabilities that escape the compiler’s static guarantees; and (2) the proposed
use of an Al-powered hint system for personalized, context-sensitive guidance rather than
static pre-authored hints.

Finally, we note that the challenge selection was informed by a simple study and the
authors’ experience which may introduce a certain bias. The current set of challenges covers
only two difficulty levels, limiting the assessment of skills. Further, the evaluation protocol
has not yet been executed; its results will inform iterative refinement of the challenge design.

In future work, we will conduct expert evaluation as described in Section 4.3 and refine
the challenges. Subsequently, both storyline and individual formats will be deployed on
the platform described in Figure 1, and we plan to compare their effectiveness through a
developer survey measuring learning outcomes, engagement, and perceived relevance.

6 Conclusion

This paper presented the preliminary design of a serious game for secure Rust coding training
in industrial settings. We mapped Rust vulnerability patterns to CWEs and developed
challenge scenarios grounded in real-world issues. The design incorporates defense-oriented
tasks, an Al-powered three-level hint system, automated toolchain-based evaluation, and
progressive difficulty. Additionally, we defined a structured evaluation protocol for validation
by industry security experts.

This work provides a foundation for expert evaluation, iterative refinement, and subsequent
empirical comparison of both challenge formats, storyline-based and individual, with developer
surveys constituting a later phase of this research.
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—— Abstract

While Learning Management Systems (LMS) like Moodle are ubiquitous in higher education, they
often lack dynamic, personalized academic support. We present GamiBot, an intelligent pedagogical
agent natively integrated into Moodle to bridge this gap. GamiBot combines Large Language Model
(LLM) assistance, Retrieval-Augmented Generation (RAG) grounded in course materials, adaptive
quizzes, and a structured gamification backend. To evaluate its effectiveness, we conducted a two-week
pilot study across two higher education institutions. Results from telemetry (773 interactions) and
student surveys demonstrated high system usability (74.6% positive sentiment) and strong chatbot
performance (69.4%). Students heavily favored active self-regulation, dedicating 53% of interactions
to generating adaptive quizzes rather than passive content summaries. Conversely, gamification
elements received mixed feedback (31.7%), underscoring the need for technical refinement and high
customizability. Ultimately, GamiBot suggests that integrating generative AI directly into existing
LMS workflows can provide reliable, context-aware formative support that aligns with self-regulated
learning strategies.
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1 Introduction

Student engagement and self-regulated learning represent persistent challenges in higher
education, particularly within technology-mediated environments. Learning Management
Systems (LMS) such as Moodle have become cornerstones of institutional education, providing
a centralized space for course materials, assessments, and communication [8]. Yet, despite
their widespread adoption, these platforms often fall short in offering dynamic, personalized
academic support. Students navigating complex course content must typically rely on static
resources, delayed instructor feedback, or external tools that operate in isolation from their
learning environment. This fragmentation between the learning environment and support
tools creates friction that can undermine both motivation and academic performance [16].

In parallel, two prominent approaches have emerged to address engagement and support
in digital learning: gamification and artificial intelligence (AI)-powered pedagogical agents.
Gamification — the application of game design elements such as points, badges, and leader-
boards to non-game contexts — has demonstrated potential for increasing student motivation
and participation [10]. Meanwhile, AT chatbots and conversational agents have shown promise
in providing on-demand tutoring, content clarification, and formative assessment at scale [4].
However, these two paradigms are rarely combined in a meaningful, integrated manner,
and even more rarely deployed as native components of institutional LMS platforms. Most
existing solutions remain either standalone applications or loosely coupled external tools,
leaving a critical gap between the capabilities of modern generative Al and the institutional
workflows in which students and teachers actually operate.

This paper addresses that gap by presenting GamiBot, an intelligent, gamified pedagogical
chatbot designed for deep, native integration within Moodle. GamiBot combines large
language model (LLM)-based assistance with retrieval-augmented generation (RAG) over
course-specific materials, adaptive quiz generation, and a structured gamification layer — all
delivered through a unified conversational interface embedded directly within the LMS. Rather
than requiring students to switch between platforms or teachers to maintain separate tools,
GamiBot situates Al-powered support within the institutional context where learning already
occurs, keeping interactions anchored to official course content and pedagogical workflows.
The project documentation and public website are available at https://inov-norte.github.
io/gamibot-docs.

The system was architected around three interdependent objectives: delivering contex-
tually grounded academic support through intelligent material summarization and instant
answers to questions; enabling formative self-assessment through dynamically adaptive
quizzes; and sustaining learner engagement through a coherent, progression-driven gamifica-
tion framework. To evaluate whether these objectives translate into real pedagogical value,
we conducted an empirical study involving both students and teachers. Specifically, this
paper seeks to answer the following research questions:

RQ1: How do students perceive GamiBot in terms of usefulness, engagement, and ease
of use?

RQ2: How do teachers perceive its pedagogical value and classroom applicability?
RQ3: How do students’ interaction patterns (telemetry) reflect self-regulated learning
behaviors?

The remainder of this paper is organized as follows. Section 2 reviews related work on
gamification in education, Al pedagogical agents, and the LMS integration gap. Section 3
details the design and implementation of GamiBot, covering its architecture, pedagogical
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features, gamification mechanics, and user interface. Section 4 presents the evaluation
methodology and results. Section 5 discusses the findings in relation to the research questions,
and Section 6 concludes with implications and directions for future work.

2 Related Work

The development of GamiBot draws on four interconnected bodies of literature: the applica-
tion of gamification in educational contexts, the design and evaluation of Al-powered chatbots
and pedagogical agents, emerging work on systems that combine both paradigms, and the
persistent challenge of integrating these solutions into institutional learning management
systems.

2.1 Gamification in Education

Gamification — broadly defined as the use of game design elements in non-game contexts [5]
— has been extensively studied as a mechanism for enhancing student motivation, engage-
ment, and persistence in educational settings. Early empirical work demonstrated that the
introduction of points, badges, and leaderboards into classroom activities could positively in-
fluence participation and task completion rates [9]. Subsequent research, however, introduced
important nuances: the effectiveness of gamification is neither universal nor unconditional,
and depends significantly on the meaningfulness of the reward structures, the alignment
between game mechanics and learning objectives, and individual differences in learner profiles
such as achievement orientation and intrinsic motivation [15, 22]. Studies have consistently
warned against superficial implementations — so-called “pointsification” — in which rewards
are decoupled from substantive academic actions, resulting in short-term compliance rather
than deep engagement [17]. More recent work has advocated for adaptive and personal-
ized gamification designs that respond to individual learner behavior and progression over
time [12], a principle that informs the tiered badge system and event-driven reward mechanics
adopted in GamiBot.

2.2 Al Chatbots and Pedagogical Agents

The use of conversational agents in educational settings has a long history, originating in intel-
ligent tutoring systems (ITS) that modeled learner knowledge states and adapted instructional
sequences accordingly [1, 21]. The advent of large language models has substantially expanded
the capabilities and accessibility of such systems. Contemporary LLM-based educational
chatbots are capable of handling open-ended natural language queries, generating explana-
tions at varying levels of abstraction, and producing formative assessment items on demand,
without the need for laboriously hand-crafted knowledge bases [11]. Retrieval-augmented
generation (RAG) architectures have further strengthened these systems by grounding model
outputs in domain-specific or course-specific document collections, reducing hallucination and
increasing the contextual relevance of responses [14]. Empirical evaluations of LLM-based
pedagogical agents have reported positive effects on students’ perceived usefulness, learning
efficiency, and willingness to engage with course content [11, 2], though concerns regarding
accuracy, over-reliance, and the displacement of critical thinking have also been raised [7].
GamiBot builds on this tradition by combining RAG-grounded assistance with adaptive quiz
generation, ensuring that Al-generated content remains tethered to institutionally curated
materials rather than the unconstrained parametric knowledge of the underlying model.
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2.3 Gamified Educational Agents Combining Al and Gamification

Despite the independent maturity of both gamification research and Al-driven pedagogical
agents, systems that meaningfully integrate both paradigms remain relatively scarce in the
literature. Several studies have explored the sequential or additive combination of chatbots
with gamified elements — for instance, embedding chatbot interactions within gamified
course shells or awarding points for chatbot usage — but these approaches typically treat the
two components as independent modules rather than as a coherent, mutually reinforcing
design [19]. A smaller set of works has proposed more tightly coupled architectures in
which conversational agents adapt their behavior based on learner progression data, or
in which gamification rewards are triggered dynamically by the nature and quality of the
agent interaction [13]. The evidence base for such integrated systems remains limited, and
existing prototypes have rarely been evaluated empirically in authentic classroom settings.
GamiBot contributes to this emerging line of work by implementing a dedicated gamification
backend that responds to semantically meaningful pedagogical actions, including question
asking, summarization requests, and quiz engagement, thereby linking motivational incentives
directly to the learning behaviors the system is designed to encourage.

2.4 The LMS Integration Gap

A recurring limitation in the educational technology literature concerns the difficulty of
embedding Al and gamification tools within the institutional platforms that teachers and
students already use on a daily basis. Learning management systems such as Moodle,
Canvas, and Blackboard serve as the primary digital infrastructure for course delivery in
higher education, yet they offer limited native support for generative Al or sophisticated
gamification mechanics [20]. As a consequence, most Al-powered educational tools are
deployed as standalone web applications or third-party plugins that require students to leave
the LMS environment to access support, disrupting the continuity of the learning experience
and reducing the likelihood of adoption [23]. Similarly, gamification in LMS contexts has often
been implemented through external platforms such as Kahoot or Classcraft, which operate
independently of the course content and activity data available within the LMS [6]. This
fragmentation has practical consequences: teachers must maintain parallel systems, students
must context-switch between tools, and the behavioral and performance data generated by Al
or gamification interactions remains disconnected from the institutional record. GamiBot is
specifically designed to close this integration gap by functioning as a native Moodle extension,
co-locating Al assistance, adaptive assessment, and gamification feedback within the same
interface through which students already access their course materials and activities.

3 GamiBot

To address the documented gap between generative Al capabilities and institutional learning
management systems, we developed GamiBot: an intelligent, gamified pedagogical agent
designed for deep integration within Moodle. This section details the technical and pedagogical
foundations of the proposed system. First, subsection 3.1 outlines the high-level system
architecture, explaining the orchestration of its core components and the flow of data
during user interactions. Next, subsection 3.2 describes the Al-driven pedagogical features,
specifically focusing on real-time assistance and adaptive quiz generation. Subsection 3.3
details the gamification design and its underlying mechanics. Finally, subsection 3.4 presents
the user interface, explaining how progression mechanics are embedded directly into the
conversational workflow to foster engagement and self-regulated learning.
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3.1 System Overview

GamiBot is a modular agent-based ecosystem designed to extend Moodle with context-aware
generative Al support and embedded gamification mechanisms. In contrast with standalone
educational chatbots, the system is conceived as an LMS-native solution, enabling students
to access tutoring, summarization, and formative assessment directly inside the course
environment rather than through external platforms. This design choice is pedagogically
relevant because it keeps support interactions close to the learning materials, the ongoing
activities, and the institutional workflows already used by teachers and students.

At the architectural level, as illustrated in Figure 1, GamiBot is organized into four
interconnected layers:

Client Layer: composed of the Moodle LMS and the GamiBot plugins, this layer provides
the unified chat and gamification interface. It serves as the primary entry point for both
students and professors, mediating all platform integrations.

Orchestration Layer: implemented via LangFlow, this layer is responsible for the coordina-
tion of pedagogical agents. It receives incoming requests (via webhooks and APIs) and
orchestrates the workflows required to formulate a response.

Intelligence Layer: this layer executes the core cognitive tasks. It includes the Large Lan-
guage Model (LLM) for text generation and the Qdrant vector database, which handles
semantic search over course resources.

Gamification Layer: powered by GamiAPI, this layer manages learner progression, receiving
user actions from the Client Layer to independently calculate and store rewards, points,
and badges.

This separation of concerns allows the system to combine pedagogical flexibility with
technical maintainability. Moodle remains the primary learning environment, LangFlow
coordinates intelligent behavior, Qdrant and the LLM support content generation, and
GamiAPI handles gamification logic independently of the conversational flow.

The Intelligence Layer is powered by OpenAl’s gpt-oss-20b, a 20-billion parameter
open-weights large language model. The selection of an openly available model is particularly
advantageous in an educational context, as it allows us (and other institutions) to self-host
the infrastructure. This ensures that sensitive student interactions and proprietary course
materials remain secure and compliant with institutional data privacy regulations. This
model serves as the underlying reasoning engine for both the conversational assistant and the
adaptive quiz-generation workflow, operating over prompts enriched with retrieved course
context.

A key feature of GamiBot architecture is the continuous alignment between course content
and Al support. As instructors build or update a Moodle course, educational materials
such as PDFs, slide decks, textual resources, and other uploaded assets are processed and
indexed in Qdrant through vector embeddings. As a result, agents within the Orchestration
Layer can later retrieve semantically relevant fragments of official course materials without
requiring teachers to manually author question—answer pairs or scripted tutoring rules. This
mechanism ensures that the system remains synchronized with the evolving course and that
its outputs are anchored in institutionally curated content rather than relying exclusively on
the parametric knowledge of the underlying LLM.

Operationally, when a student submits a question or requests a quiz through the interface,
the request is passed by the Client Layer to LangFlow together with relevant contextual
metadata. The active agent in the Orchestration Layer then determines the appropriate
pedagogical action, queries Qdrant for semantic search when necessary, composes an enriched
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Figure 1 High-level architecture of the GamiBot ecosystem, illustrating the data flow and
interactions across the Client, Orchestration, Intelligence, and Gamification layers.

prompt, and forwards it to the LLM in the Intelligence Layer. In parallel, the Client Layer
reports the corresponding user action to GamiAPI in the Gamification Layer, which updates
the learner’s state and returns the refreshed profile to Moodle. The student therefore receives
both the Al-generated educational output and the updated progress indicators within a
single integrated interface.

3.2 Pedagogical Features

GamiBot provides context-aware support through two core Al-driven features: real-time
assistance and adaptive quiz generation. Central to both workflows is the gpt-oss-20b
large language model. By injecting explicit pedagogical instructions alongside semantically
relevant course excerpts retrieved from Qdrant into the model’s context window, these features
position the system not merely as a conversational interface, but as a pedagogical assistant
capable of responding to immediate learning needs while encouraging active engagement.
The first feature, real-time assistance and summarization, supports students during
their interaction with Moodle resources. Learners may ask questions about a topic, request
clarification about a specific concept, or ask for the summary of a section they are studying.
In these cases, an assistance agent retrieves relevant content from Qdrant and uses it to
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construct a grounded prompt for the gpt-oss-20b model. The resulting response is strictly
anchored to the institutional curriculum, which increases contextual relevance and reduces
the risk of generic or decontextualized explanations.

The second feature, adaptive quiz generation, supports formative assessment and know-
ledge consolidation. Rather than relying on a fixed bank of manually authored questions,
GamiBot uses a dedicated quiz-generation agent that invokes Qdrant during its reasoning
process. When a quiz is requested, the agent retrieves topic-specific content segments. The
system prompt then constrains the gpt-oss-20b model to generate formative assessment
items strictly aligned with this retrieved evidence. This dynamic generation minimizes hallu-
cinations and allows the quizzes to remain sensitive to the course context while significantly
reducing authoring overhead for instructors.

An important aspect of this feature is that the quiz interaction does not end with answer
submission. After the student responds, the system produces a structured performance
summary that includes the submitted answers, the expected correct answers, explanatory
feedback, and targeted suggestions for further study. In pedagogical terms, this transforms
quiz generation from a simple testing mechanism into a feedback-oriented formative loop.
The value of the interaction therefore lies not only in whether the student answered correctly,
but also in the interpretive layer that helps them understand mistakes and identify areas
requiring further attention.

Combined, these two features support a cycle of inquiry, feedback, and reinforcement.
Students can begin with a question, receive grounded assistance, test their understanding
through an adaptive quiz, and then review a personalized explanation of their performance.
This sequence is particularly compatible with self-regulated learning processes, as it encourages
learners to identify knowledge gaps, seek targeted support, and act on feedback within the
same digital environment.

3.3 Gamification Design

Beyond its AT capabilities, GamiBot incorporates a dedicated gamification layer intended to
transform learning interactions into visible and motivating progress. Rather than treating
gamification as a static overlay, the system links rewards to meaningful pedagogical actions
performed within the conversational workflow. Through interaction with GamiBot, students
accumulate points for actions such as asking questions, requesting summaries, or engaging
with quizzes; earn badges associated with distinct forms of participation; and progress
through topics, reflecting their continued engagement over the duration of the course.

To provide granular and continuous recognition, badges in GamiBot are structured
around a three-level progression system. This multi-tier approach ensures that students
remain motivated even after unlocking an initial reward, preventing the sudden drop-off in
engagement often associated with one-time achievements. Examples of this badge progression
include:

The Educational Material Analyst badge, which recognizes active doubt clarification.

A student unlocks Level 1 after asking 3 context-related questions, upgrades to Level 2 at

10 questions, and reaches Level 3 mastery at 20 questions.

The Rough Diamond badge, which rewards persistence and the willingness to learn

from mistakes. Level 1 is awarded when a student passes multiple quizzes after initially

submitting incorrect answers, advancing to Levels 2 and 3 as they continually polish their
understanding through trial, error, and reflection.

The Quiz Master badge, which acknowledges consistent engagement with formative

assessment. The first tier is awarded after completing 3 quizzes, scaling up to higher tiers

as the learner routinely tests their knowledge across different course topics.
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Furthermore, the gamification design includes a quiz life mechanic to reinforce purposeful
engagement. Each quiz session begins with a limited number of lives (typically three), and
incorrect answers consume one life. By making attempts finite, this mechanic discourages
random guessing and encourages students to reflect carefully before responding or to revisit
the AD’s explanatory support when uncertain.

All of these mechanics are managed by GamiAPI, which operates as a separate backend
service responsible for tracking user state, validating events, and returning updated pro-
gression data to Moodle. This architectural design has two distinct advantages. First, it
keeps gamification rules configurable and reusable across courses or deployments without
tightly coupling them to the conversational logic. Second, it allows the platform to record
richer activity traces, including point accumulation rates, badge tier upgrades, and life
consumption metrics, which can later support both learner self-monitoring and empirical
analysis of student behavior.

3.4 User Interface

The user interface is intentionally chat-centric, designed to deliver motivational feedback
synchronously with Al-driven academic support. From the student’s perspective, GamiBot
appears as an integrated conversational component inside Moodle, combining AT responses,
interactive assessments, and gamification feedback within the same interaction space. This
co-location is important as it ensures that pedagogical help and motivational feedback are
not experienced as separate systems, but as logical parts of a single continuous learning
interaction.

As illustrated in Figure 2, the interface is divided into distinct contextual views that
guide the learner through the pedagogical loop:

Welcome and Action Menu: upon opening GamiBot, the student is greeted with
quick-action buttons to generate quizzes, request summaries, clarify doubts, or view their
progress. This minimizes the cognitive load required to initiate a learning session.
Conversational Assistance: the chat window allows for natural language queries. The
AT’s responses explicitly reference the course materials (e.g., citing specific documents) to
ensure the student knows the information is grounded in the official curriculum.

Adaptive Quizzes and Feedback: when a student engages in a quiz, the chat transforms
into a testing interface. The header displays the remaining quiz lives (represented as
hearts), enforcing the finite attempt mechanic. Immediate feedback is provided after each
question, offering detailed justifications for both correct and incorrect answers. At the end
of the quiz, the system automatically generates a personalized study guide highlighting
the concepts the student struggled with, areas for improvement, and tips.

Progress Dashboard: the progress area exposes detailed usage statistics (e.g., points,
earned badges, time spent, and number of quizzes completed). It visually displays the
tiered badges the student has unlocked (such as the “Rough Diamond” badge) and
highlights specific topics where the student has struggled, enabling them to monitor their
engagement and identify areas where further study may be needed.

Overall, GamiBot combines Moodle integration, agent orchestration, retrieval-augmented
generation, and gamification into a cohesive educational ecosystem. Its contribution lies not
only in adding AT features to an LMS, but in structuring these features around grounded
support, adaptive formative assessment, and visible progression, thereby creating a more
interactive and pedagogically expressive digital learning environment.
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Figure 2 Screenshots of the GamiBot interface illustrating its core functionalities: quick-action
menus, retrieval-augmented doubt clarification, adaptive quizzes with a finite-life mechanic, immedi-
ate formative feedback, and a comprehensive gamification dashboard that tracks student progress
and achievements.

4 Evaluation

To assess the usability, pedagogical value, and engagement impact of GamiBot in real
educational contexts, we conducted an exploratory pilot study across two higher educa-
tion institutions within the Polytechnic Institute of Porto (IPP). This section details the
methodology used to collect data and presents the empirical results of the intervention.

4.1 Context and Methodology

GamiBot was deployed directly into the Moodle environments of the School of Health (ESS
IPP) and the School of Media Arts and Design (ESMAD IPP). To test the system’s versatility
across different knowledge domains and academic levels, it was activated in four distinct
curricular units:

= ESS IPP: Master’s in Occupational Therapy (Neuroscience of Mental Iliness) and
Master’s in Digital Transformation of Health and Rehabilitation Services (Serious Games
and Gamification in Health and Rehabilitation).

= ESMAD IPP: Bachelor’s in Web Information Systems and Technologies ( Object-Oriented
Programming, 1st year; and Web Programming II, 2nd year).

The target population comprised 164 students (127 from ESMAD and 37 from ESS),
resulting in a self-selected sample of 32 participants (19.5% response rate) for the survey eval-
uation. Participation was entirely voluntary, with the system positioned as a supplementary
study tool rather than a mandatory course requirement.

Data were collected using a mixed-methods approach over a two-week pilot period. First,
we extracted quantitative telemetry from the GamiBot orchestration layer to measure actual
usage, tracking the volume of Al-generated quizzes, clarified doubts, and generated summaries.
Second, at the end of the pilot period, students were invited to complete an anonymous,
non-mandatory online questionnaire. The survey utilized a 5-point Likert scale (ranging
from “Strongly Disagree” to “Strongly Agree”) to evaluate five primary dimensions:
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Usability: assessed using items adapted from the System Usability Scale (SUS).
Chatbot Experience: evaluating the clarity, contextual relevance, and accuracy of the
AT’s natural language responses.

Gamification: measuring the motivational impact of points, badges, and progression
levels.

Pedagogical Impact: assessing perceived improvements in content comprehension and
learner autonomy.

Intention to Use: based on constructs from the Technology Acceptance Model (TAM),
measuring the likelihood of future adoption and peer recommendation.

Open-ended questions were also included at the end of the survey to capture qualitative
feedback on what students liked most about the system and what specific areas required
improvement.

During this pilot, all Al-generated quizzes, doubt clarifications, and summaries were
powered by the gpt-oss-20b model. Due to initial local hardware constraints, the model was
deployed as a managed online endpoint via Microsoft Azure Al Foundry for the duration of
the experiment. However, because gpt-oss-20b is an open-weights model, the architecture
remains fully compatible with on-premise self-hosting for future, permanent institutional
deployments.

4.2 System Usage and Interaction Patterns

Log data from the pilot revealed active, voluntary engagement from the student body
across both institutions. Overall, the system processed a total of 773 distinct pedagogical
interactions.

At ESMAD, students generated 361 quizzes, requested 142 course summaries, and asked
49 specific questions (doubts). At ESS, despite the smaller cohort, engagement remained
high relative to class size, with 48 generated quizzes, 45 summaries, and 28 clarified doubts.
Notably, across both institutions, the generation of adaptive quizzes was by far the most
heavily utilized feature, accounting for approximately 53% of all interactions. This suggests a
strong student preference for active, formative assessment over passive content summarization
when using an Al assistant.

4.3 Student Perspectives on Usability and Pedagogy

A total of 32 students responded to the voluntary evaluation questionnaire. Of these, the
vast majority (81%) reported using GamiBot at least once, with nearly half (47%) using it
multiple times during the short pilot.

The student evaluation across the five primary dimensions yielded very encouraging
results, particularly regarding the core system functionalities and the pedagogical value of
the agent. Figure 3 summarizes the breakdown of Negative, Neutral, and Positive responses
across all 29 survey items, properly accounting for reverse-coded statements in the usability
scale.

Students reported exceptionally high levels of usability. Across the ten items adapted
from the System Usability Scale (SUS), the overall positive sentiment was 74.6%. When
asked specifically if the system was easy to use, 83.4% agreed or strongly agreed, highlighting
the success of integrating the tool directly into the Moodle interface.

In terms of the Chatbot Experience, 69.4% of the comprehensive responses were positive.
Specifically, 73.4% agreed or strongly agreed that GamiBot’s answers were clear and under-
standable, and 70% agreed that the system responded adequately to the specific context
of their discipline, validating the effectiveness of the Qdrant-based retrieval-augmented
generation (RAG) approach.
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Figure 3 Student evaluation of GamiBot across five primary dimensions, showing the percentage
of Negative (Disagree/Strongly Disagree), Neutral, and Positive (Agree/Strongly Agree) responses
(n=32).

Regarding Pedagogical Impact, the overall positive sentiment reached 63.3%. Individually,
66.7% of respondents considered GamiBot a useful tool within the context of their curricular
unit, and 56.7% agreed or strongly agreed that it improved their autonomy in learning. This
sentiment was echoed in the qualitative open-ended feedback, where one student noted: “/It
is] highly intuitive, extremely easy to use; the responses are precise and well contextualized
with the material provided in Moodle.”

Furthermore, the Intention to Use dimension achieved a 68.8% positive evaluation.
Looking forward, 70% of the respondents stated they intend to continue using GamiBot, and
nearly 60% said they would recommend the tool to their colleagues.

4.4 Perspectives on Gamification Mechanics

While the AT and usability aspects were highly rated, feedback on the gamification elements
was more mixed. Across the five items measuring this dimension, the overall positive sentiment
was 31.7%. When asked specifically if the experience points motivated them to continue using
the system, 37.9% agreed or strongly agreed, but a significant portion (48.3%) remained
neutral (“Neither agree nor disagree”), and 13.7% disagreed. Similar distributions were

observed regarding the impact of badges on making the learning experience more interesting.

Qualitative feedback provided crucial context for these mixed results. Several students
reported technical glitches with the progression interface during the pilot, stating, “The
gamification functionality was not working properly [at times], which is why I answered
’strongly disagree’”.
gamified elements, such as being able to explicitly choose the number of questions in a quiz
session rather than relying on a fixed length set by teachers.

Despite these interface bugs, the overall reception of the core tool was highly positive,

Additionally, students expressed a desire for greater control over the

establishing a strong foundation for future iterative improvements to the gamified components.

5 Discussion

Evaluating GamiBot across multiple academic disciplines provided valuable insights into
the integration of Al-driven, gamified pedagogical agents within LMSs. Addressing our first
research question (RQ1) regarding student perceptions, the system was highly successful
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in terms of ease of use and usefulness. The seamless integration directly into the Moodle
interface eliminated the friction of navigating to third-party platforms, which was reflected
in the 74.6% positive sentiment in the Usability (SUS) dimension, with 83.4% of students
explicitly agreeing that the system was easy to use. In terms of usefulness, the Chatbot
Experience dimension received 69.4% positive feedback. Students praised the clarity and
contextual relevance of the AIl’s responses, confirming that the RAG architecture successfully
grounded the language model in course-specific materials. This reliable performance built
student trust and drove a high Intention to Use (68.8% positive).

However, student perception of engagement through gamification yielded mixed results
(31.7% positive sentiment). While the core Al features effectively engaged students, the
specific gamified elements did not achieve their intended motivational impact for the majority.
Qualitative feedback revealed this was largely due to technical glitches in the progression
interface and a lack of user control over gamified tasks, such as fixed quiz lengths. This
dichotomy suggests that while students highly value reliable Al assistance, gamification in
higher education must transcend “pointsification” and ensure high technical stability to avoid
becoming a source of cognitive friction rather than an engaging motivator.

Regarding the second research question (RQ2) on pedagogical value and classroom
applicability, the system demonstrated high versatility by functioning effectively across
different knowledge domains. It adapted seamlessly to both technical, hard-skill courses
and theoretical, health-science courses. Because the RAG pipeline utilizes existing Moodle
documents, teachers were not required to manually train the AI, drastically lowering the
barrier to classroom adoption. Furthermore, by autonomously processing 773 pedagogical
interactions over the short pilot, including answering 77 specific student doubts and generating
409 targeted quizzes, GamiBot effectively acted as a 24/7 supplementary teaching assistant.
This capacity to handle high-volume, low-complexity queries suggests strong pedagogical
value, allowing educators to dedicate more classroom time to complex problem-solving and
critical discussion.

Addressing the third research question (RQ3), the empirical data provides compelling
evidence of GamiBot’s positive impact on participation, self-regulation, and learning support.
Participation was strong, with 81% of surveyed students interacting with the bot voluntarily
and 47% returning to use it multiple times. Crucially, the telemetry revealed a distinct
trend toward self-regulated learning: approximately 53% of all system interactions were
requests for adaptive quizzes, far outpacing passive requests such as course summaries or
direct Q&A. This behavioral pattern is consistent with the formative assessment framework
proposed by Black and Wiliam [3], particularly the strategy of activating students as owners
of their own learning. By prioritizing generative testing over passive review, learners used
the agent to close the gap between their current understanding and the intended learning
goals, thereby transforming the LMS into a responsive environment for self-regulated growth.
This interpretation is further supported by the survey results on learning support, where
63.3% of responses in the Pedagogical Impact dimension were positive, and 56.7% of students
explicitly agreed that the system improved their learning autonomy.

While these initial results are promising, this pilot study has limitations. The sample size
for the evaluation questionnaire (n=32) was relatively small, and the pilot duration was brief.
Additionally, while the usage data strongly implies benefits for educators, future studies must
include formal qualitative and quantitative evaluations directly from the teachers to fully
validate their perceptions of the system’s classroom applicability.
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6 Conclusion and Future Work

This study presented GamiBot, an educational agent that bridges the gap between gener-
ative Al, gamification, and institutional LMSs. The pilot deployment demonstrated that
embedding a RAG-powered LLM directly within Moodle provides highly accessible and
contextually accurate academic support without forcing users to leave their learning environ-
ment. Telemetry and survey data revealed that students heavily favor active self-assessment,
frequently utilizing the system to generate adaptive quizzes. This underscores GamiBot’s
significant pedagogical value in promoting learner autonomy and self-regulated learning.
Conversely, the mixed reception of the gamification elements highlighted a critical design
lesson: to be effective, motivational mechanics must be technically robust and highly adaptable
to individual preferences. Future work will focus on stabilizing the gamification engine and
granting students greater control over their learning parameters, such as dynamically adjusting
quiz lengths and difficulty levels. Additionally, we plan to conduct longitudinal studies with
larger cohorts to measure GamiBot’s impact on objective academic performance, alongside
formal evaluations to capture the long-term benefits for educators managing the platform.
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