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Abstract. This paper investigates the use of mutation analysis as a mechanism
for diagnosing student errors in a Web-based Intelligent Tutoring System for
first-degree equations. The proposed module generates alternative solution tra-
jectories by injecting atomic error patterns into correct solution steps and com-
paring the resulting answers with student responses. A quasi-experimental study
involving 113 participants was conducted using a simulated test with ten pro-
cedurally generated problems. The mutation engine identified 70 of 387 in-
correct answers (18.09%), while the guided step-by-step interaction achieved
a 75.94% accuracy rate (101 correct responses out of 133). Results indicate
that mutation-based reasoning reconstruction can provide interpretable diag-
nostic feedback and support guided problem solving. The paper discusses the
potential, limitations, and future applications of mutation-based diagnosis in
Intelligent Tutoring Systems.

1. Introduction
The use of computing in education has been extensively investigated due to its poten-
tial to support engagement, personalization, and learning outcomes [Smith et al. 2023,
Zerkouk et al. 2025]. Among the technologies proposed for this purpose, Intelligent Tu-
toring Systems (ITS) have been applied in domains such as distance education, language
learning, and mathematics education, supporting problem solving, learner monitoring,
and adaptive feedback [Alam 2023, Crossley et al. 2017, Kautzmann and Jaques 2019,
Ruan et al. 2020].

A central objective of ITS is to identify student misconceptions and pro-
vide personalized instructional support [Gong and Beck 2015, Xing and Goggins 2015,
Lin et al. 2023]. Although Bayesian student models, learning analytics, worked exam-
ples, and step-by-step tutoring have shown promising results [Gamboa and Fred 2002],
accurately associating an incorrect answer with the reasoning process that produced it
remains an open challenge in mathematical problem solving.

Mutation analysis, originally proposed for software testing [Untch et al. 1993],
has subsequently been applied to domains such as deep neural network testing
[Wang et al. 2021] and compiler validation [Shen et al. 2021]. Inspired by this princi-
ple, this work investigates mutation analysis as a mechanism for reconstructing plausible
student reasoning paths in a Web-based ITS for first-degree equations. Mutation operators
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derived from recurring mathematical misconceptions are injected into intermediate solu-
tion steps to generate alternative reasoning trajectories, which are compared with student
responses. When a generated trajectory reproduces the student’s answer, the system as-
sociates it with candidate misconceptions and provides interpretable diagnostic feedback,
preserving the transparency of explicit reasoning reconstruction while enabling future in-
tegration with Artificial Intelligence techniques [de Sousa and Cruz 2024].

To evaluate the feasibility of the proposed approach, a mutation-based module was
integrated into a Web ITS and assessed through a quasi-experimental study involving 113
participants. The main contributions of this work are: (i) a mutation-based mechanism for
reconstructing plausible student reasoning paths from atomic error patterns; (ii) its inte-
gration into a Web-based mathematics tutoring environment; and (iii) an empirical evalu-
ation discussing the potential and limitations of mutation-based reasoning reconstruction
in educational settings.

To guide this investigation, the following research questions were defined:

• RQ1: To what extent can mutation-based reasoning reconstruction associate stu-
dent answers with plausible error trajectories in a Web ITS for first-degree equa-
tions?

• RQ2: How does step-by-step feedback support students after an incorrect answer
in the proposed ITS?

• RQ3: What implementation and methodological limitations affect mutation-
based reasoning reconstruction in this educational context?

2. Literature Review

2.1. Intelligent Tutoring Systems and Error Diagnosis

Intelligent Tutoring Systems (ITS) are computational environments designed to
support learning through adaptive interaction, learner monitoring, and person-
alized feedback. They have been successfully applied in domains such as
distance learning, language instruction, and mathematics education, support-
ing performance prediction, metacognitive development, adaptive problem solv-
ing, and the identification of behavioral patterns associated with learning difficul-
ties [Smith et al. 2023, Alam 2023, Crossley et al. 2017, Kautzmann and Jaques 2019,
Ruan et al. 2020, Gong and Beck 2015, Xing and Goggins 2015].

A central objective of ITS is to identify student misconceptions and provide ap-
propriate instructional support. Bayesian student modeling, learner profiling, and step-
by-step tutoring have demonstrated effectiveness in adapting instruction to learner needs
[Gamboa and Fred 2002]. However, these approaches generally detect that an error oc-
curred without explicitly explaining the reasoning process that produced the incorrect
answer, particularly in mathematical problem-solving contexts where different miscon-
ceptions may lead to similar responses.

To address this limitation, several studies have investigated mechanisms for
inferring student reasoning. Brown and Burton [Brown and Burton 1978] introduced
procedural bug models to represent recurring mathematical mistakes as incorrect so-
lution strategies rather than isolated errors. Likewise, research on student modeling
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and cognitive tutors has shown that representing intermediate reasoning steps can im-
prove diagnosis and enable more personalized instructional support [Azevedo et al. 2013,
Chrysafiadi and Virvou 2013].

Despite these advances, most existing approaches rely on predefined bug libraries,
cognitive models, or probabilistic representations of learner knowledge. Comparatively
fewer studies attempt to reconstruct complete reasoning trajectories capable of reproduc-
ing the learner’s final answer. This gap motivates the mutation-based approach proposed
in this work, in which alternative solution paths generated from atomic error patterns are
compared with student responses to produce interpretable hypotheses about the reasoning
process underlying observed errors.

2.2. Mutation Analysis and Reasoning Reconstruction

Mutation analysis is a technique originally developed in software testing that introduces
controlled modifications into an artifact through mutation operators [Untch et al. 1993].
Originally proposed for fault detection, mutation analysis has subsequently been
applied to domains such as deep neural network testing and compiler validation
[Wang et al. 2021, Shen et al. 2021].

The underlying principle of mutation analysis can be adapted to educational con-
texts by representing common misconceptions as controlled modifications of a correct
solution process. From this perspective, mathematical errors can be modeled as atomic
error patterns associated with specific solution steps. By introducing such patterns into
a correct solution, alternative reasoning trajectories can be generated and compared with
student responses.

This interpretation extends mutation analysis beyond fault detection and enables
the reconstruction of plausible reasoning paths associated with learner answers. Con-
sequently, feedback can be linked not only to an incorrect result but also to the rea-
soning process that may have generated it [Karpouzis 2023]. Furthermore, mutation-
based reconstruction can complement Artificial Intelligence techniques by providing ex-
plicit and auditable reasoning trajectories that may support the identification and ex-
planation of candidate misconceptions. Such approaches are particularly relevant in
learning environments that require individualized support and interpretable feedback
[Costa Santos et al. 2023].

2.3. Related Work

Recent studies have explored the use of Artificial Intelligence to improve personaliza-
tion, feedback generation, and learner support in Intelligent Tutoring Systems (ITS).
A systematic review conducted by Lin et al. [Lin et al. 2023] analyzed the application
of AI techniques in ITS and highlighted their potential to support adaptive learning,
learner modeling, and personalized educational experiences. Similarly, Létourneau et
al. [Létourneau et al. 2025] reviewed AI-driven ITS in K-12 education and observed that
most contemporary systems focus on predicting learner performance, adapting instruc-
tional content, and recommending learning resources.

In parallel, the increasing use of AI in educational environments has raised con-
cerns regarding transparency and interpretability. Karpouzis [Karpouzis 2023] argues that
educational systems should provide explainable diagnostic processes, allowing learners
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and educators to understand how decisions and recommendations are generated. Like-
wise, Türkmen [Türkmen 2025] highlights the growing importance of Explainable Artifi-
cial Intelligence (XAI) in education, emphasizing that transparent reasoning mechanisms
can improve trust, understanding, and pedagogical value.

Within the Brazilian context, recent studies have investigated the use of generative
Artificial Intelligence to support educational activities. Silva et al. [da Silva et al. 2024]
discuss how generative AI can assist teaching and learning processes by providing person-
alized support and adaptive interactions. These studies reinforce the relevance of AI-based
educational technologies and demonstrate the growing interest in intelligent systems ca-
pable of supporting learners during problem-solving activities.

Although existing ITS research has advanced learner modeling, prediction, per-
sonalization, and explainability, few studies explicitly reconstruct reasoning trajectories
leading to incorrect answers. The proposed approach addresses this gap by employing
mutation analysis to generate alternative solution paths from atomic error patterns, en-
abling interpretable diagnostic feedback grounded in reconstructed reasoning.

3. A Mutation-Based ITS
This section presents the architecture and operational flow of the proposed Web-based
Intelligent Tutoring System (ITS). The system supports learning of first-degree equations
by reconstructing plausible reasoning paths associated with student responses. Rather
than determining only whether an answer is correct, the ITS attempts to infer how a
learner reached that answer by reconstructing alternative solution trajectories from known
error patterns.

The architecture follows the traditional ITS structure, comprising pedagogical,
domain, student interaction, and interface components. Complementing these modules, a
mutation-based reasoning reconstruction engine generates and evaluates alternative solu-
tion paths associated with student misconceptions.

The current implementation focuses on first-degree equations. For each interac-
tion, the system generates a problem from a predefined template by randomly modifying
the variables involved, ensuring unique instances while preserving the same underlying
mathematical structure.

After receiving the student’s answer, the domain module generates the correct
step-by-step solution, which is forwarded to the mutation engine to reconstruct plausible
reasoning paths capable of producing the student’s response.

The reconstruction process relies on a knowledge base of atomic error patterns de-
rived from student solutions and consultations with mathematics teachers. These patterns
represent recurring misconceptions as elementary error units that can be independently
manipulated by the system.

The knowledge base of atomic errors was constructed through an exploratory
study conducted prior to the development of the ITS. Written mathematical solutions
from 63 students attending Brazilian public schools were analyzed to identify recurring
observable errors. The analysis comprised two stages: identification of incorrect solution
steps followed by normalization, in which similar errors were grouped into 13 atomic er-
ror categories representing the smallest computationally representable mathematical mis-

XV Congresso Brasileiro de Informática na Educação (CBIE 2026)

Anais do XXXVII Simpósio Brasileiro de Informática na Educação (SBIE 2026)

1265



takes. These categories were subsequently adapted into mutation operators used by the
proposed reasoning reconstruction engine.

Examples of atomic errors include sign inversion, arithmetic mistakes, incorrect
movement of terms between equation sides, and other elementary transformations fre-
quently observed during equation solving. Although these errors represent observable
mathematical actions, they may reflect different underlying causes, including conceptual
misunderstandings, procedural misconceptions, inattentiveness, or combinations of these
factors.

Once the correct solution has been generated, the mutation engine systematically
introduces one atomic error at a time into individual solution steps. Each mutation pro-
duces an alternative reasoning trajectory whose final answer is compared with the stu-
dent’s response. This process is repeated for all applicable mutation operators and solu-
tion steps, allowing the system to isolate the contribution of each misconception while
preserving interpretability.

When a reconstructed trajectory reproduces the student’s answer, the associated
atomic error is considered a plausible explanation for the observed behavior. Rather than
simply classifying the response, the ITS stores the reconstructed trajectory, associates it
with one or more candidate misconceptions, and presents these hypotheses as diagnostic
information for students or teachers.

The proposed ITS supports two complementary interaction models.

Model A (Reasoning Reconstruction Model).

Model A reconstructs alternative reasoning trajectories from atomic error patterns
and identifies candidate misconceptions capable of explaining the student’s answer, pro-
viding an initial diagnostic feedback.

Model B (Guided Step-by-Step Analysis Model).

Model B presents step-by-step solutions together with distractors derived from
the reconstructed trajectories, allowing students to validate, refine, or reject the inferred
misconceptions.

The models may operate independently or together, with Model B providing ad-
ditional evidence to support the diagnostic process. All interactions are logged, including
submitted answers, reconstructed trajectories, identified atomic errors, selected distrac-
tors, and generated feedback.

For this study, the ITS administered a simulated test composed of ten first-degree
equation problems. For each question, the system generated a unique problem instance,
reconstructed candidate reasoning trajectories, and provided diagnostic feedback followed
by an optional guided interaction.

Figure 1 presents the general operational flow of the proposed mutation-based
ITS.
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Figure 1. General flow model of the mutation-based ITS.

4. Methodology
This study adopted a quasi-experimental design to evaluate the proposed Intelligent Tu-
toring System (ITS). According to [Campbell 1963] and [Anderson-Cook 2005], quasi-
experiments involve an intervention and the observation of its effects under real-world
conditions without random assignment of participants. In this study, participants volun-
tarily interacted with the Web-based ITS, and their responses were analyzed to investigate
the feasibility of mutation-based reasoning reconstruction. Because the study involved an
educational intervention without randomization or a control group, it is characterized as
quasi-experimental.

The ITS was deployed online, allowing remote interaction. The target audience
comprised individuals who had previously studied first-degree equations, including high-
school students, university students, workers, retirees, and other participants familiar with
the topic. Recruitment was conducted through social media, university classes, public
schools, educational projects, and mathematics teachers.

Participation was voluntary and decentralized, allowing users to access the system
remotely at their convenience. No personally identifiable or sensitive personal data were
collected, and each session received an automatically generated identifier used solely for
interaction tracking. According to the Brazilian National Health Council Resolution No.
510/2016, educational studies that do not involve the collection or disclosure of iden-
tifiable personal data are exempt from prior review by a Research Ethics Committee.
Therefore, this study did not require Research Ethics Committee approval.

The ITS administered ten first-degree equation problems generated from prede-
fined templates. Coefficients and variables were randomized at runtime, producing unique
instances while preserving equivalent mathematical structures and difficulty levels. Ques-
tion order was also randomized for each session.

Participants initially solved each problem by submitting only the final answer.
The ITS then generated the correct solution and executed the mutation-based reasoning
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reconstruction process. Candidate misconceptions were identified by applying atomic
error patterns to intermediate solution steps. When a reconstructed trajectory reproduced
the participant’s answer, the corresponding misconception was recorded and presented as
diagnostic feedback.

Participants could then proceed to a guided step-by-step interaction, in which dis-
tractors derived from reconstructed trajectories were presented to validate, refine, or reject
the initially inferred misconceptions.

All participants experienced the same experimental condition by interacting with
the proposed ITS. The study aimed to evaluate the feasibility of the mutation-based rea-
soning reconstruction mechanism and analyze participants’ interactions with its diagnos-
tic and guided-feedback components, rather than compare instructional approaches. Ac-
cordingly, the quasi-experimental design emphasized the empirical evaluation of the pro-
posed educational technology instead of causal inference regarding learning outcomes.

4.1. Data Collection and Preprocessing
All interactions were automatically recorded in activity logs containing submitted an-
swers, identified error patterns, reconstructed trajectories, step-by-step interactions, and
generated distractors. After preprocessing, which removed non-essential information and
excluded sessions without relevant interactions, the logs were converted into structured
datasets containing variables related to student performance, identified misconceptions,
mutation matches, guided-interaction outcomes, and aggregated descriptive statistics.

4.2. Data Analysis
The analysis combined descriptive and inferential statistics according to the research
questions. RQ1 evaluated the ability of the mutation engine to associate student responses
with reconstructed reasoning trajectories. RQ2 compared performance during the initial
and guided interaction stages using a Chi-Square test of independence. RQ3 analyzed
interaction logs and participant feedback to identify implementation constraints and lim-
itations of the mutation-based reconstruction process. Whenever necessary, aggregated
results were validated against the original logs.

Whenever necessary, aggregated results were validated against the original inter-
action logs to ensure consistency throughout the analysis.

5. Findings
5.1. Results of the Reasoning Reconstruction Process
A total of 12,024 log entries were generated during the experiment, corresponding to
2,004 recorded actions within the ITS. Among 165 recorded accesses, 52 sessions con-
tained no relevant interaction and were excluded from the analysis. Consequently, 113
active participant sessions were considered.

Across these sessions, 594 responses were submitted to first-degree equation prob-
lems. Of these, 207 responses (34.8%) were correct on the first attempt, while 387 re-
sponses (65.2%) were incorrect.

For each incorrect response, the mutation engine attempted to reconstruct reason-
ing trajectories using the atomic error patterns available in the knowledge base. Among
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the 387 incorrect responses, 70 of the 387 incorrect responses (18.09%) were associated
with at least one reconstructed trajectory, while 317 could not be associated with any
trajectory generated by the available mutation operators.

Table 1 summarizes the overall results.

Table 1. Results of correct and incorrect answers to the questions

Total records Percentage Std. Dev. Variance

Correct 207 / 594 34.8% 2.68 7.18
Identified Errors 70 / 594 11.8% 1.32 1.74
Unidentified Errors 317 / 594 53.4% 4.33 18.73

Table 2 presents the distribution of correct responses, identified trajectories, and
non-reconstructed responses across the ten question templates.

Depending on the submitted answer, between one and approximately twenty can-
didate misconceptions were associated with a single response. On average, three candi-
date trajectories were generated per question.

Table 2. Overview of the results by question

Correct Identified Unidentified Total

Q1 22 5 34 61
Q2 22 7 31 60
Q3 24 6 30 60
Q4 18 8 33 59
Q5 22 8 29 59
Q6 17 7 35 59
Q7 21 8 30 59
Q8 18 5 36 59
Q9 24 7 28 59
Q10 19 9 31 59

Total 207 70 317 594

5.2. Results of the Guided Step-by-Step Interaction

The second stage of the ITS consisted of a guided step-by-step interaction in which par-
ticipants analyzed distractors generated from reconstructed trajectories and atomic error
patterns.

A total of 133 responses were recorded during this stage. Among them, 101 were
correct and 32 were incorrect, corresponding to an accuracy rate of 75.94

To investigate whether response correctness differed between the initial problem-
solving stage and the guided interaction, a Chi-Square test of independence was per-
formed using the frequencies presented in Table 3.

The Chi-Square test yielded a statistically significant result (χ2 = 75.15, df = 1,
p < 0.001), indicating an association between interaction stage and response correctness.
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Table 3. Observed frequencies for the Chi-Square test

Stage Correct Incorrect

Initial 207 387
Guided 101 32

While 34.8% of the responses submitted during the initial stage were correct (207
out of 594), the guided interaction achieved a correctness rate of 75.94% (101 out of 133).

Table 4 presents the detailed results obtained during the guided interaction.

Table 4. Data from the step-by-step processes

Step / Question Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Total

Step 1 correct 7 4 3 6 2 4 4 5 10 3 48
Step 1 incorrect 1 7 0 3 1 0 2 0 4 0 18
Step 2 correct 5 2 1 1 3 1 1 3 1 2 20
Step 2 incorrect 2 0 2 1 0 2 0 2 1 0 10
Step 3 correct 3 2 0 1 2 1 1 3 2 1 16
Step 3 incorrect 0 0 0 0 0 1 0 0 0 0 1
Step 4 correct 4 3 0 1 1 0 2 3 1 1 16
Step 4 incorrect 2 0 0 0 0 1 0 0 0 0 3
Step 5 correct 1 0 0 0 0 0 0 0 0 0 1
Step 5 incorrect 0 0 0 0 0 0 0 0 0 0 0

Total 25 18 6 13 9 10 10 16 19 7 133

Most responses were concentrated in the first two reconstruction steps. Step 1
registered 66 interactions (48 correct and 18 incorrect), while Step 2 registered 30 inter-
actions (20 correct and 10 incorrect). The remaining steps accounted for 37 interactions.

6. Discussion

6.1. Discussion of RQ1

RQ1 investigated the extent to which mutation-based reasoning reconstruction can asso-
ciate student answers with plausible error trajectories.

The mutation engine associated 70 of the 387 incorrect responses (18.09%) with
at least one reconstructed trajectory. Although this reconstruction rate appears modest,
it should be interpreted in light of the study objective, which was not to maximize error
coverage but to evaluate whether mutation operators derived from atomic error patterns
could reconstruct plausible reasoning trajectories capable of explaining student answers.
Unlike many ITS approaches that emphasize error detection, learner modeling, or perfor-
mance prediction [Lin et al. 2023, Létourneau et al. 2025, Chrysafiadi and Virvou 2013],
the proposed model seeks to generate interpretable hypotheses about the reasoning pro-
cess itself. Therefore, the observed reconstruction rate primarily reflects the current cov-
erage of the atomic error repository rather than an intrinsic limitation of the mutation-
based approach, demonstrating the feasibility of using mutation operators as reasoning
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reconstruction mechanisms that complement explainable ITS models [Karpouzis 2023,
Lin et al. 2023].

Several factors may explain the large number of unidentified responses. The cur-
rent implementation introduces only one atomic error at a time, whereas students fre-
quently combine multiple misconceptions within the same solution. In addition, the
repository currently contains only thirteen atomic error categories and therefore cannot
represent the full diversity of mathematical reasoning strategies. Some responses may
also result from arithmetic slips, unconventional solution procedures, or input formatting
issues that cannot be reproduced by the available mutation operators. Furthermore, the
mutation engine reports a diagnosis only when a complete reconstructed trajectory repro-
duces the student’s final answer. Although this conservative strategy reduces unsupported
diagnoses, it naturally limits the overall reconstruction rate. These findings reinforce the
need to expand the atomic error repository and investigate multi-mutation reconstruction
strategies in future work.

6.2. Discussion of RQ2
RQ2 examined the role of the guided step-by-step interaction following an incorrect an-
swer.

The results indicate a substantial improvement between the initial problem-
solving stage and the guided interaction. While only 34.8% of responses were correct
during the initial submission, this proportion increased to 75.94% during the guided in-
teraction. The Chi-Square test confirmed a statistically significant association between
interaction stage and response correctness (χ2 = 75.15, df = 1, p < 0.001), suggesting
that participants performed considerably better when interacting with the guided reso-
lution process. These findings are consistent with previous studies showing that guided
interactions improve learner engagement and mathematical problem solving in ITS envi-
ronments [Crossley et al. 2017, Kautzmann and Jaques 2019, Ruan et al. 2020].

Beyond its instructional role, the guided interaction also supports the proposed
diagnostic architecture. Because the distractors are derived from reasoning trajectories
reconstructed by the mutation engine, students’ selections provide additional evidence for
validating the inferred misconceptions. The reduction in incorrect responses suggests that
participants were generally able to follow the proposed reasoning paths after receiving
intermediate guidance, indicating that the guided interaction functions both as a tutoring
mechanism and as a validation layer for the diagnostic process.

6.3. Discussion of RQ3
RQ3 addressed the limitations and practical challenges associated with mutation-based
reasoning reconstruction.

The main limitation identified was the dependency on the atomic error reposi-
tory. The reconstruction process can only generate hypotheses from misconceptions rep-
resented by the available mutation operators. Consequently, reasoning patterns not mod-
eled in the repository cannot be diagnosed.

Therefore, increasing reconstruction coverage does not necessarily require replac-
ing the mutation-based approach, but rather extending the diversity of modeled miscon-
ceptions and allowing combinations of atomic errors during trajectory generation.
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This limitation is reflected in the 317 incorrect responses that could not be asso-
ciated with reconstructed trajectories. These cases may correspond to unmodeled mis-
conceptions, combinations of multiple errors, unexpected reasoning strategies, or input-
processing limitations.

Another challenge concerns scalability. As the number of atomic errors increases,
the space of possible trajectories grows considerably. Although the current implementa-
tion mitigates this issue by introducing a single mutation at a time, larger domains may
require mechanisms to prioritize candidate trajectories.

In this context, Artificial Intelligence techniques represent a promising comple-
mentary approach. Recent reviews on Explainable Artificial Intelligence (XAI) and
AI-driven Intelligent Tutoring Systems have highlighted the potential of AI techniques
to support transparent, adaptive, and personalized educational systems [Türkmen 2025,
Lin et al. 2023]. Rather than replacing mutation-based reconstruction, machine learning
models and large language models may assist in selecting, ranking, and expanding can-
didate misconceptions. This combination could reduce the search space while preserving
the interpretability provided by explicit reasoning reconstruction.

Finally, implementation-related issues, particularly input normalization and re-
sponse formatting, also affected the reconstruction process. Some responses could not be
correctly processed by the prototype, reducing the overall identification rate.

Overall, the findings suggest that mutation-based reasoning reconstruction is a vi-
able and interpretable mechanism for diagnostic feedback in ITS environments. Future
work will focus on expanding the atomic error repository through the analysis of addi-
tional student solutions, incorporating new categories of mathematical misconceptions,
and investigating combinations of multiple atomic errors during trajectory generation.
These extensions are expected to increase reconstruction coverage while preserving the
interpretability of the proposed mutation-based approach. In addition, hybrid strategies
combining mutation analysis with Artificial Intelligence techniques will be investigated
to prioritize candidate trajectories and improve the scalability of the reasoning reconstruc-
tion process.

7. Threats to Validity
The findings of this study should be interpreted considering some limitations of the ex-
perimental design and the implemented prototype.

Regarding internal validity, no control group or pre-test/post-test design was
employed. Therefore, although better performance was observed during the guided
interaction, the results cannot be interpreted as definitive evidence of learning gains
[Létourneau et al. 2025]. Consequently, the quasi-experimental design adopted in this
study prioritizes ecological validity and feasibility evaluation over causal inference.

Regarding construct validity, the mutation engine depends on a repository of
atomic error patterns. While this repository was derived from student solutions and con-
sultations with mathematics teachers, it does not cover all possible misconceptions. Con-
sequently, some incorrect responses could not be associated with reconstructed reasoning
trajectories.

External validity is limited by the voluntary and remote participation model, which
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prevented full control over participants’ backgrounds and prior knowledge.

Finally, the current implementation focuses exclusively on first-degree equations
and includes prototype-specific limitations related to input processing and error catego-
rization. Therefore, the findings should be generalized to other domains only after further
empirical validation.

8. Use of Artificial Intelligence Tools
Large Language Model (LLM) tools were used during manuscript preparation exclusively
to support grammar correction, language refinement, and text readability improvements.
All scientific decisions, methodological choices, analyses, interpretations, and conclu-
sions were performed and validated by the authors. The authors reviewed and approved
all manuscript content before submission.

9. Conclusions
This study presented and evaluated a mutation-based reasoning reconstruction mechanism
integrated into a mathematics-oriented Intelligent Tutoring System (ITS). The proposed
approach uses atomic error patterns to generate alternative reasoning trajectories and as-
sociate student responses with plausible misconceptions.

The evaluation involved 113 participants solving first-degree equation problems
in a Web-based environment. The results demonstrated that the mutation engine was
capable of reconstructing a subset of student errors and generating diagnostic feedback
based on plausible reasoning paths. In addition, participants achieved significantly higher
performance during the guided step-by-step interaction than during the initial problem-
solving stage, suggesting that the proposed interaction model can support reflection and
problem understanding.

The main contribution of this work is the reinterpretation of mutation analysis
as a reasoning reconstruction mechanism for educational environments. While mutation
analysis has traditionally been employed for software quality assurance, fault detection,
and software validation [Untch et al. 1993, Wang et al. 2021, Shen et al. 2021], the pro-
posed model adapts mutation operators to generate explainable hypotheses about student
reasoning processes and provide interpretable diagnostic feedback in Intelligent Tutoring
Systems.

Overall, the findings indicate that mutation-based reasoning reconstruction is a
feasible approach for supporting error diagnosis in Intelligent Tutoring Systems and rep-
resents a promising direction toward more transparent, explainable, and pedagogically
informed educational technologies, complementing current trends in explainable AI for
education [Karpouzis 2023, Türkmen 2025].

Future studies will investigate the automatic expansion of the atomic error repos-
itory from authentic student solutions, the application of the proposed approach to addi-
tional mathematical domains, and comparative evaluations against traditional diagnostic
mechanisms adopted in Intelligent Tutoring Systems.

References
Alam, A. (2023). Harnessing the power of ai to create intelligent tutoring systems for en-

hanced classroom experience and improved learning outcomes. In Intelligent Commu-

XV Congresso Brasileiro de Informática na Educação (CBIE 2026)

Anais do XXXVII Simpósio Brasileiro de Informática na Educação (SBIE 2026)

1273



nication Technologies and Virtual Mobile Networks, pages 571–591. Springer Nature
Singapore, Singapore.

Anderson-Cook, C. M. (2005). Experimental and quasi-experimental designs for gener-
alized causal inference.

Azevedo, R., Aleven, V., et al. (2013). International handbook of metacognition and
learning technologies, volume 26. Springer.

Brown, J. S. and Burton, R. R. (1978). Diagnostic models for procedural bugs in basic
mathematical skills. Cognitive science, 2(2):155–192.

Campbell, D. T. (1963). and jc stanley. Experimental and quasi-experimental designs for
research.

Chrysafiadi, K. and Virvou, M. (2013). Student modeling approaches: A literature review
for the last decade. Expert Systems with Applications, 40(11):4715–4729.

Costa Santos, L. d., Severo, L. R., and Correia, L. d. A. (2023). Desafios ao engaja-
mento acadêmico no ensino superior: uma análise a partir de posicionamentos sobre
satisfação de estudantes. Revista Internacional de Educação Superior, 9:e023027.

Crossley, S., Liu, R., and McNamara, D. (2017). Predicting math performance using nat-
ural language processing tools. In Proceedings of the Seventh International Learning
Analytics & Knowledge Conference (LAK ’17), pages 339–347, New York, NY, USA.
ACM.

da Silva, T. L., Vidotto, K. N. S., Tarouco, L. M. R., and da Silva, P. F. (2024). Po-
tencialidades do uso de inteligência artificial generativa como apoio ao ensino de
programação. In Simpósio Brasileiro de Informática na Educação (SBIE), pages 1942–
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