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Abstract

Authentic mathematical problems connect mathematics to real-life scenarios,
making mathematics learning more meaningful. However, students often find it
challenging to comprehend the complexity and extensive textual descriptions of
authentic mathematical problems, resulting in a lack of mathematical confidence.
This study aims to investigate whether error analysis learning activity of GPT-4
solutions can enhance the skill of fifth-grade students to solve authentic
mathematical problems and foster their mathematical confidence. A quasi-
experimental design was employed, involving 59 fifth-grade students from a
primary school in northern Taiwan. The experimental group engaged in error
analysis learning activity of GPT-4 solutions, while the control group received
traditional instruction, with both groups using the same teaching materials.
Quantitative assessments were conducted through tests on solving authentic
mathematical problems and a mathematical confidence scale, complemented by
qualitative data collected via semi-structured interviews. The results revealed that
the experimental group showed significant improvement in solving authentic
mathematical problems, both in pre- and post-test comparisons within the group
and in post-test comparisons between groups. Furthermore, the low-achieving
students in the experimental group showed a significant improvement in solving
authentic mathematical problems compared to the control group. Additionally, the
mathematical confidence of both high- and low-achieving students in the
experimental group was significantly higher than that of the control group. This
study confirms the effectiveness of GPT-4 in mathematics education, offering new
teaching strategies and research directions for educators and researchers.
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Introduction

Authentic mathematical problem-solving emphasizes integrating mathematics with real-
life, making learning significantly more meaningful for students by illustrating the practical
value of mathematics (Reinke et al., 2023; Van den Heuvel-Panhuizen & Drijvers, 2020).
This method not only improves students’ comprehension of mathematical concepts but also
fosters essential 21st-century skills such as critical thinking and creativity (OECD, 2022).
However, authentic mathematical problems are inherently complex and laden with
extensive textual descriptions, making these problems challenging for students to
comprehend and solve (Verschaffel et al., 2020). This is particularly problematic for low-
achieving students, who often find these problems overwhelming and disheartening, which
adversely affects their confidence in learning mathematics (Mullis et al., 2020).
Consequently, educators need to shift from traditional methods of teaching mathematics to
incorporating real-life contexts to effectively develop students’ cognitive abilities and
authentic problem-solving skills (Aulia & Prahmana, 2022; Laurens et al., 2017).

With the advancement of artificial intelligence (Al), numerous studies have begun
exploring how to leverage these technologies to adjust teaching strategies and assist
students in understanding and managing complex mathematical problems (Baidoo-Anu &
Ansah, 2023; Rospigliosi, 2023). For example, utilizing GPT-4 to aid in learning
mathematics has been an area of increasing exploration (Bubeck et al., 2023; OpenAl, 2023;
Plevris et al., 2023). GPT-4 can provide detailed procedural steps and multiple problem-
solving approaches, assisting elementary students in understanding the questions and
fostering a variety of strategic skills (Frieder et al., 2023; Gattupalli et al., 2023). However,
challenges remain as GPT-4 sometimes generates incomplete strategies or incorrect
answers, potentially misguiding students and undermining their confidence (Plevris et al.,
2023; Wardat et al., 2023). Overreliance on GPT-4 could also impede the development of
critical thinking and reduce opportunities for peer collaboration in problem-solving (Lo et
al., 2024).

Conversely, transforming these challenges into learning opportunities can harness the
powerful capabilities of Al. For instance, using error analysis activities triggered by
incomplete or incorrect responses from GPT-4 can engage students in discussions to
analyze their problem-solving processes, identify errors, understand the reasons behind
these mistakes, and formulate correct solutions. This is significant because, according to
constructivist and metacognitive theories, error analysis can help students reflect on their
thinking processes, identify areas for improvement, and deepen their conceptual
understanding, critical thinking, and metacognitive skills (Alvidrez et al., 2024;
Khasawneh et al., 2023; Kramarski & Zoldan, 2008; Toikka et al., 2024), especially for
students with insufficient prior knowledge or lower academic achievements (Begolli et al.,
2021; Kshetree et al., 2021).
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While many studies have investigated the application of GPT-4 in mathematical error
analysis, most have been simulations by researchers focused on assessing GPT-4’s
problem-solving capabilities and handling of mathematical problems (An et al., 2023;
Frieder et al., 2023; Plevris et al., 2023; Shakarian et al., 2023; Supriyadi & Kuncoro, 2023;
Zheng et al., 2023; Zong & Krishnamachari, 2023). Other studies have used surveys and
interviews to understand the effects of GPT-4 in educational settings (Wardat et al., 2023;
Zafrullah et al., 2023). However, direct applications of these methodologies in mathematics
education settings are relatively rare, and there has been no prior research combining
GPT-4’s problem-solving examples with error analysis strategies to enhance students’
skills in solving authentic mathematical problems and improving their confidence.
Therefore, this study will integrate the advantages of GPT-4 with teaching strategies
focused on error analysis (Hwang & Chen, 2023), attempting to use GPT-4 to decompose
mathematical text problems, generate examples and explanations as starting points for
mathematical discussions (Rong & Mononen, 2022), and guide students in small group
interactions to analyze the problem-solving process, identify errors, and explain the reasons
behind them, aiming to cultivate students’ skills in solving authentic mathematical
problems and to analyze the effectiveness of this teaching activity. Additionally, this study
will further explore whether the error analysis learning activity using GPT-4 can enhance
the problem-solving abilities and confidence of low-achieving students in authentic
mathematical contexts.

Summarizing, the research questions of this study are as follows:

(1) Canerror analysis learning activity of GPT-4 solutions effectively enhance students’
authentic mathematical problem-solving skills?

(2) Can the error analysis learning activity of GPT-4 solutions enhance students’
authentic mathematical problem-solving skills more in comparison with traditional
instruction?

(3) Can error analysis learning activity of GPT-4 solutions strengthen students’
mathematical confidence?

(4) Can the error analysis learning activity of GPT-4 solutions enhance students’
mathematical confidence more in comparison with traditional instruction?

(5) What are students’ perceived benefits and feelings after participating in the error

analysis learning activity of GPT-4 solutions?

Literature review

Authentic mathematical problem-solving

Authentic mathematical problem-solving emphasizes the application of mathematical

knowledge and skills in real-life contexts (OECD, 2022). Based on constructivist and



Lin et al. Research and Practice in Technology Enhanced Learning (2025) 20:34 Page 4 of 28

situated learning theories, providing students with authentic mathematical problems can
foster the development of their imagination and creative thinking (Samritin et al., 2023)
and helps them establish rigorous mathematical concepts from everyday situations, thus
sparking their interest in mathematics (Aulia & Prahmana, 2022; Niss & Jablonka, 2014).
Therefore, authentic mathematical problem-solving holds significant value for
mathematics education. For instance, it facilitates students in applying the mathematical
knowledge and skills learned in the classroom to daily life scenarios, thereby understanding
the connections between mathematics and social, cultural, or interpersonal interactions
(Niss & Hgjgaard, 2011) and its practicality (Nuraina et al., 2021). Furthermore, authentic
mathematical problem-solving nurtures critical 21st-century skills such as critical thinking,
creativity, communication, and collaboration, which are essential in solving complex
mathematical problems (OECD, 2022). Additionally, during the mathematical problem-
solving process, students must effectively plan, monitor, and evaluate their problem-
solving strategies, thus also serving as a method to develop their metacognitive skills
(Roorda et al., 2024).

Despite its importance in mathematics education, implementing authentic mathematical
problem-solving poses numerous challenges. For instance, the inherent complexity and
extensive textual descriptions of authentic mathematical problems increase the difficulty
for students to understand and resolve these problems (Verschaffel et al., 2020). Moreover,
when students encounter procedural and conceptual misunderstandings while solving
authentic mathematical problems, the lack of timely support or sufficient opportunities
from teachers to express ideas or clarify concepts can limit their ability to solve authentic
mathematical problems and their confidence in learning (Samritin et al., 2023; Santos-
Trigo, 2024). Recent studies suggest that if teachers effectively utilize digital technology
resources, they can aid students in understanding mathematical concepts, mastering
problem-solving skills, and providing reflections and solutions for specific problems
(Larrain & Kaiser, 2022; Santos-Trigo, 2024; Wildgans-Lang et al., 2020).

Applying GPT-4 in mathematics education

Since its release on November 30, 2022, ChatGPT has rapidly gained widespread adoption
in the global education sector, highlighting the increasing importance and impact of
artificial intelligence tools in education (Ipek et al., 2023; Lo et al., 2024; OpenAl, 2022).
ChatGPT, a large language model powered by artificial intelligence, offers various
instructional applications in mathematics education, including providing personalized
feedback, interactive dialogue, curriculum preparation, and assessments (Baidoo-Anu &
Ansah, 2023; Sok & Heng, 2023). Studies indicate that these functionalities indeed enhance
students’ understanding of mathematical concepts and overall learning outcomes (Baidoo-
Anu & Ansah, 2023; Rospigliosi, 2023). For instance, Pardos and Bhandari (2023)
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compared the effectiveness of algebraic prompt generation between ChatGPT and human
tutors, and their findings suggest that both ChatGPT and human tutors can generate positive
learning outcomes. Wu et al. (2023) discovered that using ChatGPT can alleviate students’
fear associated with unsolvable problems, thereby reducing their anxiety. Therefore,
effectively utilizing ChatGPT in mathematics instruction can aid students in understanding
problem statements (Ipek et al., 2023), reducing their fear of solving problems, and
enhancing their mathematical performance and confidence.

In March 2023, OpenAl launched GPT-4, whose enhanced logical reasoning capabilities
not only provide detailed solution steps and analyses but also more accurately solve
complex mathematical problems. Gattupalli et al. (2023) found that GPT-4 can generate
detailed steps and problem-solving processes, offering multiple strategies and different
methods of approach. These features can provide teachers with clear step-by-step
explanations useful in the classroom. Although GPT-4 has demonstrated convincing
performance in understanding, explaining, and responding to queries, and can provide
immediate problem-solving methods or strategies when students encounter difficulties
(Wang et al., 2024), its limitations in reasoning and factual accuracy are noteworthy
(Collins et al., 2024). For example, Frieder et al. (2023) noted that GPT-4’s capabilities in
handling algebra problems are significantly inferior to those of mathematics graduate
students, often understanding the problem but failing to provide correct solutions for
complex mathematical issues. Additionally, when dealing with complex mathematical
word problems, GPT-4 frequently exhibits various errors including comprehension,
factuality, specificity, and inference errors (Zheng et al., 2023), which can lead to
incomplete problem-solving strategies or incorrect answers (Plevris et al, 2023; Wardat et
al., 2023).

This aligns with the research question interpreting and critically assessing answers
generated by Al tools correctly to ensure that students can accurately understand and apply
mathematical concepts (Lan & Chen, 2024), fostering their mathematical understanding,
critical thinking, and creative problem-solving abilities.

Mathematical error analysis

Constructivism emphasizes active participation and interactive learning, whereby learners
construct knowledge through practice and reflection (Dillenbourg, 1999). Within this
framework, errors are viewed as an integral part of learning; through error analysis,
students can reflect on their thought processes, thereby enhancing their understanding of
the problems and improving their problem-solving strategies (Rushton, 2018; Schneider &
Artelt, 2010). Moreover, error analysis is a crucial teaching strategy for enhancing
metacognitive abilities. Metacognition suggests that error analysis provides rich learning

opportunities by triggering cognitive conflicts, thus fostering deep learning and
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comprehension (Khasawneh et al., 2023; Kramarski & Zoldan, 2008). Consequently,
integrating constructivist and metacognitive learning theories with error analysis teaching
strategies is essential for enhancing students’ learning outcomes and problem-solving
abilities.

In mathematics education, error analysis encompasses detecting computational errors,
procedural mistakes, semantic context misunderstandings, and errors in extracting
numerical information (Zhang, 2017). By analyzing and explaining errors, students can
clarify what is correct and what is not, which not only promotes understanding but also
enhances metacognitive abilities (Richey et al., 2019). From a constructivist learning
perspective, learning is the process by which individuals actively construct knowledge, and
error analysis activities help learners reconstruct knowledge by reflecting on and correcting
their mistakes (Khasawneh et al., 2023). Many studies have highlighted the benefits of
using error analysis to enhance students’ mathematical problem-solving abilities. For
instance, Rushton (2018) showed that analyzing and explaining correct and incorrect
problem-solving examples can enhance students’ understanding of mathematical concepts
and the long-term retention of knowledge. Kshetree et al. (2021) found that addressing
misconceptions and errors in the mathematics learning process can significantly enhance
problem-solving capabilities on conceptual, procedural, and application levels. Begolli et
al. (2021) also demonstrated that combining correct and incorrect examples could improve
students’ proportional reasoning and probability reasoning abilities, especially among
students with insufficient prior knowledge or lower academic achievements.

Although error analysis learning activities have been shown to support deeper conceptual
understanding, critical thinking, and metacognition (Alvidrez et al., 2024; Kramarski &
Zoldan, 2008; Toikka et al., 2024), many teachers struggle to effectively use error analysis
in the classroom. One main reason is that preparing error examples and analyzing mistakes
can be too time-consuming (Rushton, 2018). Thus, introducing virtual student error
responses or automatically generating them through Al could assist teachers in leading
error analysis practices in the classroom (Khasawneh et al., 2023). Additionally, if error
analysis is used too frequently in the classroom, it may increase anxiety and stress among
students, especially those who already find academics challenging (Alvidrez et al., 2024).
This study explores how to use GPT-4 to flip the errors it generates in authentic
mathematical problems into materials for teaching error analysis and how to appropriately
use error analysis learning activities to encourage students to actively share their
understanding and questions through communication and interactive dialogues, thereby
enhancing learning outcomes and reducing learning anxiety (Khasawneh et al., 2023;
Yarman et al., 2020).
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Methods

Participants

This study employed a quasi-experimental research design, involving two fifth-grade
classes taught by the same mathematics teacher at a primary school in Northern Taiwan.
Purposive sampling methods were used to select the participants. One class served as the
experimental group, comprising 28 students (16 boys and 12 girls), who engaged in error
analysis learning activity of GPT-4 solutions. The other class functioned as the control
group, with 31 students (16 boys and 15 girls), employing traditional teaching methods. In
total, 59 fifth-grade students participated in this study. Both classes used identical learning
materials. To ensure homogeneity in mathematics academic performance between the two
groups before the experiment, the Mann-Whitney U test was conducted by their previous
midterm mathematics exams. Results showed no significant difference in the pre-
experiment mathematics scores between the two groups (U=349.5, p=.97>.05).
Furthermore, to explore the performance differences among students with varying levels
of mathematical achievement within this study, students in both the experimental and
control groups were divided into high-achievement and low-achievement groups based on

the average scores of their midterm mathematics exams.

Materials

Teaching materials play a crucial role in aiding students learning and are an essential
component in supporting the development of authentic mathematical problem-solving
skills (Putri et al., 2020; Subekti & Prahmana, 2021). Based on the fifth-grade mathematics
curriculum, this study selected problems set from authentic mathematical problem books
(National Academy for Educational Research, 2020, 2021) covering various themes as the
learning materials for both the experimental and control groups. These problems
encompassed different life scenarios, such as sports and leisure, society and public,
personal and life, health and hygiene, professions and science, and shopping and business
activities, with a significant proportion of non-multiple-choice questions. Employing these
materials for instruction allowed students to more flexibly apply their learned knowledge
and skills and further integrate higher-order thinking skills such as critical thinking,
analytical reasoning, systems thinking, as well as creativity and divergent thinking
(Bingdlbali & Bingdlbali, 2021).

To ensure that GPT-4 could generate both correct and incorrect problem-solving
processes during the experiment, we pre-tested ten selected authentic mathematical
problems by entering them sequentially into different chat windows before the official
experiment. The results showed an average correct response rate of 40%, and multiple

queries did not significantly alter GPT-4’s outputs. This is consistent with the findings of
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Plevris et al. (2023), indicating a certain level of inconsistency and error rate in GPT-4

when handling such mathematical problems.

Experimental procedure

The activity was conducted over ten weeks, with two sessions each week, each session
lasting a total of 40 minutes. Before initiating the learning activities, students in the
experimental group were divided into heterogeneous groups based on their midterm
mathematics test scores, with each group consisting of three to four students. In the first
week, the instructor introduced the detailed learning activity process to all students.
Subsequently, all students participated in a pre-test, completing the Authentic
Mathematical Problem-Solving Test (AMPS Test) and a confidence scale within 60
minutes. Starting from the second week, students were divided into the control group and
the experimental group to engage in different learning activities. Students in the control
group received traditional instruction: first, students solved problems independently; then
the teacher encouraged students to share their solutions; next, the teacher explained the
problem-solving strategies, and finally, they checked the answers. Students in the
experimental group participated in the error analysis learning activity of GPT-4 solutions.
Since these students had already learned how to use GPT-4 for inquiries in their computer
science class, they were able to smoothly copy the problem content from the teacher-
provided website and make inquiries.

To ensure the reliability and consistency of the experiment, the experimental group and
the control group used the same teaching materials, instructional time, and instructor. This
design aimed to eliminate other variables that might affect the experimental results, thereby
more accurately assessing the impact of the error analysis learning activity of GPT-4
solutions on students’ authentic mathematical problem-solving skills and learning
confidence.

After completing the ten-week learning course, all students took the post-tests of the
AMPS Test and confidence scale to evaluate the effectiveness of the experimental learning.
Additionally, semi-structured interviews lasting 5 to 10 minutes each were conducted with
students in the experimental group to gain deeper insights into their learning experiences
and perceptions. Figure 1 illustrates the experimental procedures of this study.
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Introduction of the learning activities
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Error analysis of GPT-4

Weeks 2-11 }
solutions

[ Post-test and post-questionnaire
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Semi-structured interview J

(N=28)

Fig. 1 Experimental procedures

Error analysis learning activity of GPT-4 solutions

To enhance students” skills in solving authentic mathematical problems, this study
designed and utilized error analysis learning activity of GPT-4 solutions. Since GPT-4 is a
subscription-based service with a dialogue limit of 40 per 3 hours, to maximize cost-
effectiveness, we employed four GPT-4 accounts, with each account assigned to 8 students.
Moreover, before initiating the learning activities, we pre-set each dialogue window
according to the students’ classroom seating arrangement, naming them in the format
“class_group_seat number,” as shown in Figure 2. This allowed students to easily identify
and independently use their personal GPT-4 dialogue for solving authentic mathematical
problems and conducting subsequent error analysis. Furthermore, GPT-4 provides only one
answer each time to avoid interference from previous dialogues, ensuring that students can
focus on solving and analyzing the current problem.
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Fig. 2 Online group configuration and GPT-4 prompts diagram
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GPT-4

Problem Solving —>

Error Analysis |= - Staging

Fig. 3 The process of error analysis learning activity of GPT-4 solutions

The learning activity encompasses four sub-activities: GPT-4 Problem Solving, Error
Analysis, Peer Explanation, and Staging. Figure 3 provides a detailed process of the
learning activities. The content of the four sub-activities is described as follows:

GPT-4 problem-solving

This activity requires students to pose questions to GPT-4, which then generates
explanations of the problem statement, problem-solving strategies, steps, and calculation
processes based on authentic situational mathematics problems, aiding students in
understanding the key points and processes of problem-solving. Figure 4 shows an example
of a solution generated by GPT-4.

Error analysis

In this activity, students are required to carefully review the problem-solving process
provided by GPT-4, compare their own explanations with those of GPT-4, and check each
step for accuracy. If correct, they mark a check in the box; if incorrect, they annotate and
correct the mistake. Any part that is not understood should be marked with a question mark.

Figure 5 shows a record of a student’s error analysis.
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Fig. 5 Arecord of a student’s error analysis

Peer explanation

Within students’ groups, members are tasked with explaining to each other the meanings
of authentic mathematical problems, GPT-4’s problem-solving strategies and steps, as well
as the outcomes of their error analysis. They must thoroughly explain the parts they believe
are correct to ensure a deep understanding. For the parts identified as incorrect, they need
to discuss the reasons behind the mistakes and how to correct them. Should there be any
questions, these are to be raised and deliberated upon by group members, collaboratively

determining the final results of their error analysis.

Staging

Finally, the teacher encourages each group of students to present their error analysis results
to the entire class. They must explain the solutions derived from their error analysis to their

classmates and then respond to any questions raised by their peers. Subsequently, the
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teacher uses examples generated by GPT-4 to demonstrate how to explain mathematical
concepts and clarify some of the mistakes made by students to prevent similar errors in the
future. Moreover, the teacher prompts students to consider if there are alternative methods
to solve the problems, thereby fostering students’ problem-solving thinking and facilitating
the exchange of mathematical concepts and ideas among peers.

Evaluation tools

Authentic mathematical problem-solving assessment

To assess whether students’ authentic mathematical problem-solving skills improved more
in comparison with traditional instruction after participating in the error analysis learning
activity of GPT-4 solutions, this study selected authentic mathematical problems from
problem books published by the National Academy for Educational Research in Taiwan
(2020, 2021) for both pre-test and post-test assessment of students’ authentic mathematical
problem-solving skills. These problems covered various themes, were reviewed by experts,
and underwent pilot testing (Wu et al., 2022), demonstrating high discriminative power
(average discrimination index of 0.44), making them highly suitable for assessing students’
skills to solve authentic mathematical problems. The study utilized real-life scenario
problems such as symmetric drawing, exchanging storage cans, making a six-sided die,
Tangrams, and assessing the feasibility of triangles as assessment items for the pre-test and
post-test, with these problems having an average pass rate of 0.44 and an average
discrimination index of 0.42.

To evaluate the effectiveness of the intervention, a Mann-Whitney U test was used to
examine the students’ performance in authentic mathematical problem-solving. This
statistical test was chosen because it is a non-parametric test that does not assume normal
distribution of the data, making it suitable for small sample sizes and ordinal data. It helps
determine whether there is a significant difference in the improvement of problem-solving
skills between students who participated in the error analysis learning activity and those

who received traditional instruction.

Mathematical confidence scale

For assessing whether students” mathematical confidence increased after participating in
the learning activities, this study adopted the Mathematical Confidence Scale developed
by TIMSS 2019 (Martin et al., 2020), the reliability of which was sound (Cronbach’s
alpha=0.85). The questionnaire consists of nine items, including five reverse-scored items
and four positively worded items. The questionnaire of confidences was used to assess
students’ perceived mathematics abilities. A sample item was “I am good at working out

difficult mathematics problems”. These items were assessed according to a 4-point Likert
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scale, ranging from “strongly agree (4)”, “agree (3)”, “disagree (2)”, and “strongly
disagree (1) in this questionnaire.

The items on the scale are closely linked to constructivist and metacognitive learning
theories. For instance, the item “l am good at solving difficult math problems” reflects,
from a constructivist perspective, the student’s successful experiences in solving math
problems, thereby constructing their self-perception of ability. Additionally, from a
metacognitive perspective, this item prompts students to reflect on and evaluate the
strategies and methods they use in problem-solving, further understanding their thinking
patterns and problem-solving strategies. Such questionnaire items help us better understand
students’ self-assessments, situational responses, and metacognitive strategies during the
learning process, thereby effectively assessing their learning confidence.

Interview transcription

To gain a deeper understanding of students’ learning experiences and perceptions regarding
the error analysis learning activity of GPT-4 solutions, this study conducted semi-
structured interviews with all participants in the experimental group, totaling 28 students,
after the teaching activities concluded. The interview questions were designed based on
constructivist learning theory and metacognitive theory to guide students in reflecting on
their experiences using GPT-4 and the key skills they utilized to facilitate error analysis.

These skills included collaborative problem-solving, critical thinking, mathematical

creativity, and metacognition (Almulla, 2023; Fitzsimons & Fhloinn, 2023; Laurens et al.,

2017; Nilimaa, 2023; Tay et al., 2024), with each skill corresponding to specific interview

questions. For details on the key skills, skill descriptions, and corresponding interview

questions, please see Table 1.

(1) Interview methodology: Adhering to the principles of qualitative research interviews,
the interviews were conducted one-on-one in a secure environment by an interviewer
who was not the students’ regular teacher. Students were informed that the interview
content would not affect their academic grades, encouraging them to express their
thoughts and experiences genuinely. Each student interview was limited to 10
minutes, and care was taken to avoid leading questions and a questioning tone to
ensure the accuracy and credibility of the interview data.

(2) Evaluation method: The interview results were assessed by three mathematics
teachers with over 15 years of teaching experience, using the Fleiss’ kappa statistical
method (Fleiss & Cohen, 1973) to evaluate the consistency among raters, to ensure
the reliability and validity of the categorization results.

(3) Result analysis: The results were analyzed and interpreted using constructivist
learning theory and metacognitive theory to ensure that the findings were grounded

in theoretical principles and practical significance.
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Table 1 The key skills of AMPS with definitions and interview questions

Key skills and Definition

Interview questions

Understanding

Identifying problems and
understanding the relationship
between conditions and objectives.

Collaborative problem-solving
To seek consensus, dialectically
discerning and clarifying one’s
viewpoints.

Critical thinking

Identifying errors, analyzing causes,
evaluating solutions, confirming
outcomes.

Mathematical creativity
Conceiving and creating new
methods to solve problems.

Declarative Knowledge
Understanding of knowledge and
comprehension of concepts or
facts.

Procedural knowledge
Demonstrates how students
approach problem-solving and
understand solution steps.

Conditional knowledge

Knowing when to use strategies,
select methods, and seek
assistance.

Mathematical confidence
Persistence, perseverance, and
focus in solving problems without
anxiety.

How has using GPT-4 changed your understanding of
mathematical problems and your ability to grasp key
points? What impact has this had on your problem-
solving abilities?

When solving problems with GPT-4, have you noticed
any errors while sharing or demonstrating your solution
process with classmates? How did you address these
errors?

What is your opinion on the errors made by GPT-4
during problem-solving? How do you handle and clarify
these mistakes?

While using GPT-4 for problem-solving, have you
attempted any new methods to solve mathematical
problems? Can you share your experiences?

How does using GPT-4 for problem-solving compare to
listening to a teacher explain mathematical concepts?
Which method helps you better understand these
concepts?

When solving problems with GPT-4 and listening to
teacher explanations, how do you understand and
verify the solution steps?

When you encounter difficulties, do you prefer to use
GPT-4’s solutions or seek help from others?

After using GPT-4 for problem-solving, have you
become more patient when facing challenging
mathematical problems? Has your anxiety decreased,
and has your confidence in solving problems increased?

Results

Authentic mathematical problem-solving performance

To ensure homogeneity between the experimental and control groups in terms of authentic
mathematical problem-solving skills before the experiment began, the study utilized the
Mann-Whitney U test to compare the pre-test scores of both groups in solving authentic
mathematical problems. The results, presented in Table 2, showed no significant difference
in the pre-test scores for authentic mathematical problem-solving between the experimental
and control groups (U=376, p=.367). Additionally, there was no significant difference in
the pre-test scores between high-achieving (U=107, p=.828) and low-achieving students
(U=70, p=.109) in both the experimental and control groups.

This study’s first research question focused on assessing whether participation in the

error analysis learning activity of GPT-4 solutions enhanced the authentic mathematical
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problem-solving skills of students in the experimental group. A Wilcoxon Signed-Rank
test analysis was conducted. The results show that the overall scores of the experimental
group significantly improved after the intervention (z=—4.318, p=0.000 < .05). Results
shown in Table 3 indicate that high-achieving students significantly improved after the
experimental intervention (z=—3.203, p=.001 < .05). Similarly, results presented in
Table 4 demonstrate that low-achieving students also made significant progress in the post-
test (z=—2.956, p=.003 < .05). These results suggest that students of varying achievement
levels participating in the error analysis learning activity of GPT-4 solutions can
significantly enhance their authentic mathematical problem-solving skills.

To assess the second research question, whether students’ participation in the error
analysis learning activity of GPT-4 solutions enhances their authentic mathematical
problem-solving skills more in comparison with traditional instruction after the experiment.
The Mann-Whitney U test was conducted to compare the post-test scores of both groups
in solving authentic mathematical problems. In the post-test, the experimental group scored
higher than the control group, but the difference was not statistically significant (U=3186,
p=.069). Further comparison between high-achieving and low-achieving students within

Table 2 Mann-Whitney U test results for pre- and post-test scores in AMPS

Students  Groups N Pre-test Post-test

M_sD U __p M_ SO U __p
e o o 303 10 ¥ 0357 Lip 105 36 006s
HA o 16 3oa 1 197 088 0 Ti 98 osal
. O 15 a4y g5 70 019 D0 5, 48 oo

Note. * p < .05.
WC: Whole Class; HA: High-achieving; LA: Low-achieving; EG: Experimental Group; CG: Control Group

Table 3 Wilcoxon Signed-Rank test results for HA students’ pre- and post-test scores in AMPS

Pre- and post-test measurements N Mean rank Rank sum  z p
Negative rank 0 0 0 -3.203  0.001*
Positive rank 13 7 91
Tie 1

Note. * p < .05.

Table 4 Wilcoxon Signed-Rank test results for LA students’ pre- and post-test scores in AMPS

Pre- and post-test measurements N Mean rank Ranksum z p
Negative rank 0 0 0 -2.956  0.003*
Positive rank 11 6 66

Tie 3

Note. * p < .05.
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the groups revealed that high-achieving students in the experimental group scored higher
than those in the control group, yet the difference was not significant (U=98, p=.541).
However, low-achieving students in the experimental group significantly outperformed
those in the control group (U=48, p=.01 < .05). This result may imply that, compared to
traditional teaching methods, low-achieving students participating in error analysis
learning activity of GPT-4 solutions could better enhance their authentic mathematical
problem-solving skills.

Mathematical confidence

To ensure homogeneity between the experimental and control groups in terms of
mathematical confidence before the experiment began, the study used the Mann-Whitney
U test to compare the pre-test scores of mathematical confidence between the two groups.
The results, presented in Table 5, showed no significant difference in the pre-test scores of
mathematical confidence between the experimental and control groups (U=418, p=.808).
Additionally, there was no significant difference in the pre-test scores between high-
achieving (U=89, p=.338) and low-achieving students (U=67, p=.094) in both the
experimental and control groups.

This study’s third research question focused on assessing whether participation in the
error analysis learning activity of GPT-4 solutions enhanced the mathematical confidence
in the experimental group. A Wilcoxon Signed-Rank test analysis was conducted. The
results show that the overall scores of the experimental group significantly improved after
the intervention (z=—3.881, p=0.000 < .05). Table 6 revealed that the scores of high-
achieving students after the intervention were significantly higher than their scores before
the intervention (z=—3.184, p=.001 < .05). Similarly, the results presented in Table 7
indicated that the scores of low-achieving students after the intervention were significantly
higher than their scores before the intervention (z=—2.103, p=.035 < .05). These results
indicate that participating in the error analysis learning activity of GPT-4 solutions
significantly enhances the mathematical confidence of students with different achievement
levels, particularly showing more significant effects for high-achieving students.

Table 5 Mann-Whitney U test results for pre- and post-test scores in mathematical confidence

Students  Groups N Pre-test Post-test

M DU p M__ SO U p
WC G s aam sa M O88 jlig g 25 000
o g aazs ams % 03 hg guy 64 00
- o 15 196 az O 0094 1000 ou 4 000

Note. * p < .05.
WC: Whole Class; HA: High-achieving; LA: Low-achieving; EG: Experimental Group; CG: Control Group
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Table 6 Wilcoxon Signed-Rank test results for high-achieving students’ pre- and post-test scores in

mathematical confidence

Pre- and post-test measurements N Mean rank Rank sum z p
Negative rank 0 0 0 -3.184  0.001*
Positive rank 13 7 91
Tie 1

Note. * p < .05.

Table 7 Wilcoxon Signed-Rank test results for low-achieving students’ pre- and post-test scores in

mathematical confidence

Pre- and post-test measurements N Mean rank Rank sum z p
Negative rank 2 15 3 -2.103  0.035*
Positive rank 6 5.5 33
Tie 6

Note. * p < .05.

The fourth research question focused on assessing whether students’ participation in the
error analysis learning activity of GPT-4 solutions enhanced their mathematical confidence
more in comparison with traditional instruction. The study utilized the Mann-Whitney U
test to compare the post-test scores of mathematical confidence between the two groups.
The results, presented in Table 5, indicated that the post-test scores of students in the
experimental group were significantly higher than those in the control group (U=215,
p=.001 < .05).

Upon further observation of the performance of students with different achievement
levels, it was found that the post-test scores of high-achieving students in the experimental
group were significantly higher than those of high-achieving students in the control group
(U=64, p=.045 < .05), and the post-test scores of low-achieving students in the
experimental group were also significantly higher than those of low-achieving students in
the control group (U=43, p=.007 < .05). This result suggests that participating in error
analysis learning activity of GPT-4 solutions is very effective in enhancing the
mathematical confidence of both high-achieving and low-achieving students, compared to

traditional instruction.

Interview results

Table 8 presents the interview results on the impact of participating in the error analysis
learning activity of GPT-4 solutions on solving authentic mathematical problems and
mathematical confidence. The key skills improved in solving authentic mathematical
problems include understanding skills, collaborative problem-solving, critical thinking,
mathematical creativity, and metacognitive knowledge, while mathematical confidence

encompasses attitudes towards problem-solving.
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Table 8 The key skills of authentic mathematical problem-solving and interview examples

Key skills

Interview examples

Understanding

Collaborative
problem-solving

Critical thinking

Mathematical
creativity

Declarative
Knowledge

Procedural
knowledge

Conditional
knowledge

Mathematical
confidence

Initially, | couldn’t understand the questions or grasp the key points. Through
analyzing the solutions provided by GPT-4, | was able to better comprehend
the meaning of the questions.

GPT-4’s explanations help me understand each condition and the problem
requirements, enabling more accurate problem-solving.

When | don’t understand GPT-4’s explanations, | discuss problem-solving
methods with my classmates to clarify my confusion.

When sharing with classmates or presenting the problem-solving process of
GPT-4, it was only after a classmate pointed it out that | realized there were
errors in GPT-4’s solutions.

When we have different views on GPT-4’s solutions, | first discuss it with
classmates and share my understanding.

Analyzing GPT-4’s mistakes taught me that making errors is okay; what’s more
important is to learn how to identify and correct them.

While analyzing GPT-4’s problem-solving process, when my thoughts differ
from my classmates’, | actively listen to others’ opinions to understand
whether my ideas are correct.

When a classmate presents, | point out any inaccuracies or unclear
descriptions and share my own perspective.

GPT-4 has shown a variety of problem-solving methods, which allows me to
use diverse strategies more confidently when facing different types of
mathematical problems.

Using GPT-4, | discovered that combining different methods can effectively
solve authentic mathematical problems.

Teachers might not elaborate on simple mathematical concepts, but GPT-4
provides comprehensive explanations.

Analyzing GPT-4’s solutions has made it clearer for me how to explain the
meaning of the questions and the significance of the formulas to my
classmates.

Through the teacher’s detailed explanations, | gained a clearer understanding
of why these areas are prone to errors and the correct methods to solve them.

| use GPT-4’s solutions to verify if my understanding of the problem is correct
and to see if there are different perspectives to consider.

When the teacher explains too quickly, | can use GPT-4’s solutions to
understand at my own pace.

GPT-4 offered multiple solutions and detailed steps, helping me verify whether
my thought process and calculations were correct, and also expanded my
methods of solving problems.

Sometimes GPT-4’s solutions are not entirely correct, but through the process
of analyzing mistakes and thinking, I try to use the knowledge | have learned
to examine and find solutions to the problem.

| prefer using GPT-4’s explanations because I’'m too shy to ask questions.
Although GPT-4 provides detailed explanations, | wish it could offer easier-to-
understand methods, such as drawing or verbal explanations.

Facing authentic mathematical problems, I’'ve become more patient. | no
longer give up because a problem seems complex; instead, | try to understand
it gradually.

By analyzing the answers provided by GPT-4, I've become more focused on
reading and understanding questions, which makes it easier for me to identify
errors in the problem-solving process.

When faced with challenging questions | don’t know how to solve, the
explanations of formulas and problem-solving processes by GPT-4 effectively
reduce my anxiety. Now, even when facing difficult problems, | have more
confidence to tackle them step by step.
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Moreover, the consistency of the student interview sample classification was evaluated
by three experts, with a Fleiss® Kappa value of 0.934 (where a small effect=0.20; medium
effect=0.50; large effect=0.80; Fleiss & Cohen, 1973). This indicates that the evaluators
achieved almost perfect agreement, demonstrating high consistency in classifying the
interview samples, thus ensuring the reliability and validity of the classification results.

According to the interview results, 93% of students felt that detailed explanations and
analyses provided by GPT-4 on the purpose, strategy, steps, and calculation processes of
authentic mathematical problems helped enhance their understanding. When students
explained and analyzed GPT-4’s solutions among peers and during presentations, they
could clarify doubts, making 79% of students feel it fostered collaborative problem-solving
among peers. Furthermore, 43% felt it aided in developing their critical thinking; due to
GPT-4 showcasing various problem-solving methods that encouraged different ways of
thinking, 43% believed they had enhanced their creative problem-solving diversity.
Moreover, 86% of students demonstrated how they improved their metacognitive skills
from aspects such as declarative, procedural, and conditional knowledge. Additionally,
86% of students thought this teaching activity enhanced their patience, perseverance, and
concentration when solving authentic mathematical problems, aligning with mathematical
confidence-related questions in the TIMSS questionnaire.

In summary, through GPT-4’s explanations of authentic mathematical problems and
collaborative error analysis learning activities, students were able to deeply understand the
mathematical problems. During discussing and sharing, not only effectively trained
students’ problem-solving methods deconstruct and analyze information from classmates
and GPT-4, identifying potential problem-solving errors but also learned how to correct
them and explain to classmates, thereby developing critical thinking. Through continuous
group and class dialogues, students practiced divergent and convergent thinking, tested
knowledge learned previously, and sought diverse problem-solving methods, which later
enabled them to generate innovative solutions when faced with different types of
mathematical problems. The interactions among students created a positive learning
atmosphere, fostering an active learning motivation and confidence. The interview results
provide evidence of the effective enhancement of key skills for authentic mathematical
problem-solving and mathematical confidence among students.

Discussion

Previous studies have examined Al in mathematical problem-solving (Gattupalli et al.,
2023), the impact of error analysis learning activities on mathematical problem-solving
skills (Alvidrez et al., 2024; Kramarski & Zoldan, 2008; Toikka et al.,2024), and the
significance of authentic mathematical problem-solving on mathematical confidence

(Samritin et al., 2023; Santos-Trigo, 2024). However, studies on the actual application of
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GPT-4 in the mathematics education environment are relatively scarce, and there is a lack
of research on combining GPT-4 solution examples and error analysis strategies to enhance
students’ skills in solving authentic mathematical problems and their mathematical
confidence. Thus, this study provides new insights into how these variables interact.

Our findings indicate that, compared to traditional teaching methods, integrating GPT-4
solution examples and error analysis strategies can better enhance students’ skills in
solving authentic mathematical problems and their mathematical confidence, especially for
low-achieving students. This result contrasts with previous studies, which tended to find
that authentic mathematical problems are more complex and challenging, often leading to
low-achieving students feeling overwhelmed and lacking in mathematical confidence
(Mullis et al., 2020).

However, encouraging students to actively practice solving authentic mathematical
problems and engage in logical reasoning can help improve their problem-solving
capabilities, consistent with the views of Zainiyah and Marsigit (2018). When students
design and create new methods to solve authentic mathematical problems, it helps enhance
creativity and develop diverse problem-solving strategies, thereby achieving better
mathematics learning outcomes (Khalid, 2020; Schunk, 2012).

The study also found that students had to apply their conditional knowledge to solve
problems while using GPT-4 for problem-solving and error analysis. Conditional
knowledge refers to an individual’s understanding of when and why to use specific
cognitive strategies, including knowledge of the learning situation and contextual factors
such as whether a task is difficult or resources are available. This triggered metacognitive
monitoring of their own capabilities (Khasawneh et al., 2023; Kshetree et al., 2021; Toikka
et al., 2024), making students aware of potential knowledge gaps.

Through peer explanations and presentations, students had more opportunities to
understand situational problems (Rushton, 2018; Yarman et al., 2020), discuss issues, and
find solutions, promoting active participation in the activities. This transformed their
mathematical knowledge from vague concepts to concrete content, and many reasoning
and thinking blind spots were clarified during the checking of GPT-4’s solutions or peer
explanations (Fuchs et al., 2020), aligning with the initial survey results of GPT-4’s
application in mathematics education (Patero, 2023; Wardat et al., 2023).

Furthermore, students’ mathematical confidence significantly increased after
participating in the GPT-4 solution error analysis learning activity, compared to traditional
teaching methods. This aligns with previous research findings, which emphasize the
importance of providing a supportive learning environment, positive teacher-student
interactions, peer support relationships, and self-regulated learning strategies in enhancing
students’ mathematical confidence (Eccles & Wigfield, 2020; Ryan & Deci, 2020; Schunk
& DiBenedetto, 2020).



Lin et al. Research and Practice in Technology Enhanced Learning (2025) 20:34 Page 21 of 28

In this study, we used the Mathematical Confidence Scale developed by TIMSS 2019
(Martin et al., 2020). The Cronbach’s alpha value of this scale was 0.85, indicating good
internal consistency and ensuring the reliability of the scale in measuring students’
mathematical confidence.

To verify the reliability and validity of our study outcomes, we invited three experts to
evaluate the consistency of the student interview sample classification. The results showed
a Fleiss’ Kappa value of 0.934, indicating almost perfect agreement among the evaluators,
thus confirming the high consistency and reliability of the classification results.

By creating a classroom environment that allows for mathematical errors, students were
able to express their ideas boldly and accept feedback during peer explanations and
presentations, effectively reducing their mathematical anxiety (AlAli & Al-Barakat, 2022;
Khasawneh et al., 2023).

Additionally, through GPT-4’s explanations, problem-solving strategies, steps, and
calculation processes, students were helped to understand the key points of problem-
solving, motivating them to actively explore and patiently seek errors in the problem-
solving process (Sanchez-Ruiz et al., 2023), thereby enhancing their problem-solving
confidence (Patero, 2023; Surya & Putri, 2017).

However, the reasons for the increase in mathematical confidence were not the same for
high-achieving and low-achieving students in the experimental group. According to
interview results, high-achieving students had more opportunities to use mathematical
representations to communicate ideas and solve problems with others when sharing
different problem-solving strategies from GPT-4 within their groups, ensuring the
correctness of their problem-solving processes, fostering higher-level reasoning (Laurens
et al., 2017), and inspiring more creative problem-solving methods, thus having higher
mathematical confidence.

Conversely, low-achieving students lacked foundational knowledge and problem-solving
application skills and still relied heavily on teacher explanations and peer interactions even
after reviewing GPT-4’s problem-solving explanations. Thus, GPT-4 cannot completely
replace the role of the teacher, as teachers can more quickly and accurately identify students’
learning gaps, providing personalized support and instructional adjustments to
accommodate different learning styles (Supriyadi & Kuncoro, 2023).

Despite this, low-achieving students were still able to overcome obstacles in
understanding authentic mathematical problem-solving processes and comprehend
potential errors and their reasons in GPT-4’s problem-solving explanations through
GPT-4’s explanations and discussions with peers, thereby enhancing their mathematical
confidence (Zafrullah et al., 2023).
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Limitations of the study

This study has three limitations. First, it employed purposive sampling, and while the
schools are located in a large city, they are positioned in the suburbs. To generalize the
results nationally, more extensive sampling and educational interventions would be
required to confirm if the educational outcomes remain consistent. Second, the school’s
provision of relevant information technology courses means students are proficient in using
tablets and operating GPT-4 in the classroom. Schools without such resources or students
with poorer IT skills might experience difficulties that could affect the course process and
the effectiveness of the experimental curriculum. Third, the high cost of the paid version
of GPT-4 may pose a financial burden on educational institutions and individual users,
which could prevent the widespread adoption of this experimental curriculum. However,
with ongoing changes in technology, future costs may decrease, potentially enabling more
schools, teachers, and students to benefit from this technology.

Conclusions and future works

This study aimed to explore the impact of error analysis learning activities using GPT-4
solutions on enhancing fifth-grade students’ authentic mathematical problem-solving skills
and confidence. A quasi-experimental design was employed, involving 59 fifth-grade
students from an elementary school in northern Taiwan. The experimental group
participated in error analysis learning activities using GPT-4 solutions, while the control
group received traditional instruction, both using the same materials. Quantitative
assessments were conducted through authentic mathematical problem-solving tests and a
mathematical confidence scale, supplemented by semi-structured interviews to collect
qualitative data.

The results indicated that the experimental group showed a significant improvement in
their ability to solve authentic mathematical problems, outperforming the control group in
both within-group pre- and post-test comparisons and between-group post-test
comparisons. Furthermore, low-achieving students in the experimental group demonstrated
a significantly greater improvement in solving authentic mathematical problems compared
to the control group. These findings confirm the effectiveness of error analysis learning
activities, particularly for low-achieving students. Additionally, students in the
experimental group exhibited significantly higher mathematical confidence than those in
the control group, with both high- and low-achieving students showing increased
confidence in mathematics. This suggests that error analysis learning activities using
GPT-4 not only enhance students’ problem-solving skills but also boost their confidence

in learning mathematics.
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This study makes a significant contribution to the existing literature, which has primarily
focused on evaluating the problem-solving capabilities of GPT-4 and its application in
mathematical problem-solving (An et al., 2023; Frieder et al., 2023; Plevris et al., 2023),
or on understanding the impact of GPT-4 in educational settings through questionnaires
and interviews (Wardat et al., 2023; Zafrullah et al., 2023). However, combining GPT-4
problem-solving examples with error analysis strategies and applying them to improve
students’ authentic mathematical problem-solving skills and confidence is relatively rare.
Therefore, this study integrates GPT-4 solutions into error analysis learning activities and
investigates their impact on authentic mathematical problem-solving skills and confidence.
The findings suggest that this activity not only promotes a deeper understanding of the
authentic mathematical problem-solving process but also significantly enhances students’
mathematical confidence, especially for low-achieving students (Begolli et al., 2021;
Kshetree et al., 2021).

The study also found that students need to apply their conditional knowledge when using
GPT-4 for problem-solving and error analysis, which promotes metacognitive monitoring
and helps students become aware of knowledge gaps. Through peer explanations and
staging, students have more opportunities to understand contextual problems, discuss
issues, and find solutions, fostering active participation. These findings are consistent with
previous research, highlighting the importance of a supportive learning environment and
positive student interactions in enhancing students’ mathematical confidence (Eccles &
Wigfield, 2020; Ryan & Deci, 2020; Schunk & DiBenedetto, 2020).

In conclusion, this study provides new empirical evidence confirming the effectiveness
of error analysis learning activities using GPT-4 solutions and offers valuable references
for future teaching practices and research.

This research suggests that teachers should encourage students to use GPT-4 with a
critical mindset and learning attitude, viewing it as an opportunity for learning challenges
to enhance their mathematical problem-solving and comprehension skills. Additionally,
considering the significant effect of peer interaction and error analysis of GPT-4’s
problem-solving explanations on improving the learning outcomes of low-achieving
students, it is recommended that teachers fully utilize GPT-4 to enhance discussions among
students, thereby promoting cooperative learning and diversified problem-solving thinking.

Currently, there are various Al tools available; this study specifically used the paid
version of GPT-4. Future research could further explore GPT-40 and GPTs and compare
different Al tools in generating solutions to authentic mathematical problems, to determine
if errors still occur, if there are different types of errors, and whether the content generated
by these tools can serve as educational material for error analysis. Additionally, educators
integrating Al tools into their teaching should consider implementing comprehensive

training programs that include tablet operation, Al tool application, information literacy,
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and ethics education. These programs are crucial to ensure that students can effectively and
accurately utilize these technologies, thereby enhancing their academic competencies.

Abbreviations
AMPS: Authentic Mathematical Problem-Solving; GPT-4: Generative Pre-trained Transformer 4; Al: Artificial
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