International Journal of Computer Information Systems and Industrial Management Applications
ISSN 2150-7988 Volume 18(4s) 2026 pp. 1428-1438
https://doi.org/10.70917/ijcisim-2026-5784
Article

GeoGebra and Students’ Conceptual
Understanding of Mathematical Representations:
A Quasi-Experimental Study in Upper Primary
Classrooms.

Sher Alam Khan', Giorgio Poletti', Mazhar Alam? Farooq Nawaz Khan?, Janneth Trejo-
Quintana®, Daniel Mara*, Elena-Lucia Mara *

'Department of Humanistic, University of Ferrara and University of Modena Reggio Emilia, Italy. sher.khan@unimore.it
"Department of Humanistic, University of Ferrara, Italy. giorgio.poletti@unife.it

2Center for Education & Staff Training, University of Swat, Swat, Pakistan. mazharalam1374@gmail.com

2Center for Education & Staff Training, University of Swat, Swat, Pakistan. faroog@uswat.edu.pk

3Universidad Regional Autonoma De Los Andes: Ambato, Tungurahua, EC. jtrejoquintana@politicas.unam.mx
“Faculty of Social and Human Sciences “Lucian Blaga” University of Sibiu, Romania. daniel.mara@ulbsibiu.ro
“Faculty of Social and Human Sciences “Lucian Blaga” University of Sibiu, Romania. lucia.mara@ulbsibiu.ro

Corresponding authors: sher.khan@unimore.it, giorgio.poletti@unife.it

Abstract: GeoGebra is a dynamic mathematics software that integrates algebraic and geometric representations through interactive
visualization, enabling learners to explore mathematical relationships in multiple forms. By supporting the coordination of
symbolic, graphical, and geometric representations, GeoGebra provides opportunities for students to develop deeper conceptual
understanding of mathematical ideas. This study investigated the role of GeoGebra-supported instruction in enhancing Grade 6
students’ conceptual understanding and achievement in linear equations and coordinate geometry in Pakistan. A quasi-experimental
design with nonequivalent control and experimental groups was employed, involving 76 students (38 in each group). The
experimental group received GeoGebra-supported instruction, while the control group was taught using traditional lecture-
demonstration methods. Grounded in social constructivist theory, the study examined how dynamic visualization and interactive
representation influence students” mathematics learning. Data were collected through pretest and posttest assessments and analyzed
using independent samples t-tests. The results indicated that the experimental group significantly outperformed the control group
in posttest scores, with a large effect size (t (74) = -4.180, p < 0.001, Cohen’s d = 0.98), demonstrating the practical impact of
GeoGebra-supported instruction. Findings suggest that GeoGebra facilitates students’ coordination of algebraic and graphical
representations, enabling them to connect abstract mathematical expressions with visual structures. This representational fluency
appears to support improved conceptual understanding of linear relationships and coordinate geometry. The study highlights the
pedagogical value of integrating dynamic visualization tools into mathematics instruction to support meaningful learning
experiences and strengthen students’ conceptual foundations in early mathematics education.

Keywords: GeoGebra; Mathematics education; Technology-enhanced learning; Upper primary school mathematics; Quasi
experimental design

1. Introduction

Mathematics is often considered a challenging subject for schoolchildren, presenting significant difficulties for
teachers. Today's students require more advanced mathematics instruction than previous generations do, which
demands that teachers adapt to rapid changes in curricula and teaching approaches. These shifts make teaching
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mathematics increasingly complex and highlight the need for effective instructional strategies (Liebenddrfer &
Schukajlow, 2017; Phuong et al., 2022; Sors et al., 2025).

One of the evolving natures of teaching mathematics is the integration of digital educational technologies at the
classroom level. These technologies enable students to explore mathematical concepts and connect abstract ideas with
practical applications. However, many teachers still underutilize these tools in their teaching due to numerous reasons,
including a lack of training, insufficient skills, and negative attitudes toward the digitalization of education. Research
has shown that the integration of digital technologies can enhance students' engagement, motivation, and learning
behaviors (Khan et al., 2025; Voogt et al., 2013; Drijvers et al., 2010). For instance, Scippo et al. (2025) reported that
digital tools are particularly effective in teaching geometry, significantly improving students' motivation and
involvement.

Among the available digital tools, GeoGebra has gained widespread recognition as an effective platform for
mathematics education. It provides dynamic geometry functions that allow the creation and manipulation of points,
lines, and geometric shapes. GeoGebra is accessible across educational levels, from primary school to university,
making it a useful classroom resource. GeoGebra is a free, professionally designed software that is easy to use,
accessible, and open-source, offering an interactive and dynamic environment for teaching and learning. This program
effectively connects geometry and algebra, making it suitable for different educational environments (GeoGebra,
2019). By facilitating interactive and visual representations, GeoGebra enables teachers to create learning
environments that promote exploration, experimentation, and conceptual understanding. Topics such as geometry,
algebra, calculus, graphing, and statistics can be explored visually, helping students grasp abstract mathematical
concepts more effectively (Chrysanthou, 2008; Dikovi¢, 2009; Kllogjeri & Kllogjeri, 2014).

Although GeoGebra is recognized as a powerful tool for mathematical visualization (Kadunz, 2000), its
effectiveness in classrooms depends on teachers’ instructional decisions and competencies. Studies have highlighted
both the advantages and limitations of GeoGebra (Bulut & Neslihan, 2011; Hugener et al., 2009; Reisa, 2010; Summak
et al., 2010), indicating that successful integration requires more than mere familiarity with the software. Teachers
must develop skills to integrate technology meaningfully into their instruction. Mishra and Koehler (2006) introduced
the concept of technological pedagogical and content knowledge (TPACK), which emphasizes the interrelated nature
of the technological, pedagogical, and content knowledge necessary for effective teaching. In mathematics education,
understanding the relationships among these three components is essential for successful instruction (Hughes, 2005).

Despite the growing evidence supporting the pedagogical potential of GeoGebra, empirical studies examining
its effectiveness in teaching fundamental mathematical concepts at the upper primary level remain limited. For
instance, Birgin & Yazici (2021) found that GeoGebra-supported instruction significantly enhanced eighth-grade
students' conceptual understanding and retention of linear equations and slope compared with traditional textbook
instruction. Nonetheless, as they pointed out, their results were confined to one specific grade level (eighth grade), a
particular mathematical topic (linear equations and slope), and the educational context of Turkey. It remains unclear
whether their findings replicate to upper primary students (Grade 6), different but related mathematical topics (linear
equations and coordinate geometry), and other national contexts.

The present study addresses this gap by replicating and extending Birgin & Yazici's (202 1) quasi-experimental
design to a new grade level (Grade 6), partially overlapping mathematical topics (linear equations and coordinate
geometry), and a new national context (Pakistan), with a larger sample (n=76 vs. n=52).

This gap is especially noteworthy in Pakistan, where national evaluations continuously highlight issues with
mathematics performance. The Annual Status of Education Report (ASER 2023) indicates that only 46% of Grade 5
students can execute basic two-digit division, highlighting a fundamental learning crisis. Additionally, a countrywide
study of elementary students revealed that public school students have considerably lower math achievement than
private school students (Bhutta et al., 2024). Specifically, few studies, such as Tajik & Magsood (2019) and Faisal et
al. (2024), have utilized quasi-experimental designs to explore the effects of technology-enhanced instruction on
students' conceptual understanding and engagement in Pakistan.
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Therefore, this study aims to investigate how GeoGebra-supported instruction influences Grade 6 students'
conceptual understanding of linear equations and coordinate geometry and examines its impact on mathematics
achievement in a Pakistani primary school context. The study is guided by established criteria for evaluating
educational technologies (Karol¢ik et al., 2015

2. Literature Review

In teaching mathematics, technology plays an important role. When used appropriately, digital technologies
can enhance students’ engagement and motivation, while also supporting meaningful learning experiences. The
effective use of digital tools enables teachers and students to explore and investigate mathematical ideas in more
interactive and dynamic ways (Dahal et al., 2019).

Recent studies have therefore focused on the integration of educational technologies in mathematics education.
According to the National Council of Teachers of Mathematics (NCTM, 2000), technology has become one of the
key principles for enhancing the quality of mathematics learning. As a result, students are required to develop a range
of competencies to perform effectively in technology-rich learning environments (Mnguni, 2014).

The integration of technology into mathematics education has created new opportunities for enhancing the
learning process. Among various digital tools, GeoGebra has attracted considerable attention as an interactive
mathematics software for presenting and exploring mathematical concepts (Doruk et al., 2013; Tamam & Dasari,
2021). GeoGebra combines geometry and algebra in a dynamic environment, allowing students to construct and
manipulate points, lines, and other mathematical objects. It also supports the visual representation of mathematical
concepts such as functions, coordinates, reflections, and transformations, as well as the exploration of integrals and
derivatives (Kllogjeri & Kllogjeri, 2014).

By offering interactive and visually rich representations, GeoGebra has the potential to strengthen teachers’
instructional practices and promote more effective student learning (Dikovi¢, 2009; Yildiz & Arpaci, 2024).
Consistent with this view, Tanvir (2025) reported that students who used GeoGebra demonstrated improvements in
their mathematical abilities.

Accordingly, the integration of GeoGebra into mathematics instruction has been shown to enhance student
performance by improving confidence and understanding of complex mathematical concepts. Several studies have
reported that the use of GeoGebra contributes to increased student motivation and supports deeper conceptual
understanding in mathematics learning (Septian & Monariska, 2020; Zetriuslita et al., 2020). Moreover, the use of
GeoGebra across diverse educational settings allows both teachers and students to benefit from the flexibility and
accessibility of digital resources, while also engaging in interactive and hands-on learning activities.

Previous research has consistently highlighted the advantages of incorporating GeoGebra into mathematics
education. Studies have shown that the use of GeoGebra can enhance students’ problem-solving abilities, particularly
in areas such as analytical geometry, while also positively influencing the affective, behavioral, and cognitive aspects
of learning (Assadi & Cretu, 2023; Frassia & Serpe, 2017; Latifi et al., 2022; Sugandi et al., 2020). In addition,
Uwurukundo et al. (2022) reported that GeoGebra supports the development of students’ visualization skills, which
are essential for understanding and applying mathematical concepts.

Despite the documented benefits of GeoGebra in mathematics education, studies have also highlighted the
challenges associated with its effective classroom implementation. These challenges include limited digital
competence and teacher training, insufficient pedagogical support, and difficulties in aligning technology with
curricular objectives (Batiibwe, 2024). Additionally, the unequal access to digital resources and time constraints
within classroom settings may also restrict the effective use of GeoGebra, particularly (Saidu, Rabiu & Hamzat, 2024).
These factors suggest that the effectiveness of GeoGebra depends not only on the software itself, but also on how it is
integrated into teaching practice.

3. Theoretical Background
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This study is grounded in social constructivist theory, which emphasizes learning as a socially mediated process
shaped through interaction, dialog, and the use of cultural and technological tools. From this perspective, learning
occurs when learners actively construct knowledge with the support of peers, teachers, and instructional resources. In
the present study, GeoGebra applets function as virtual manipulatives and mediating tools that support students’
conceptual understanding and enhance motivation in learning mathematics.

Social constructivism is closely associated with Vygotsky’s zone of proximal development (ZPD), which
describes the distance between what learners can accomplish independently and what they can achieve with guidance.
Instruction within the ZPD involves varying levels of support, which are gradually reduced as learners gain
competence. In this study, GeoGebra is employed as a scaffolding tool that enables students to visualize, explore, and
manipulate mathematical concepts, whereas peer interaction and teacher guidance provide additional social support.
Effective scaffolding requires teachers to be aware of students’ prior knowledge and cognitive readiness to align
instructional support with learners’ developmental levels.

To operationalize this approach, the study adopts the four-level instructional framework proposed by Dunphy
and Dunphy (2003), informed by the work of Tharp and Gallimore (1991). This framework guided the integration of
GeoGebra applets into classroom instruction and structured students’ progression from guided learning to independent
problem-solving.

Level I involves direct instructional support, where the teacher provides explicit guidance to help students
complete specific tasks. Frequent questioning and interaction are used to assess students’ understanding of
fundamental concepts and to prepare them for subsequent learning stages (Dunphy & Dunphy, 2003). Support may
be offered by the teacher or more knowledgeable peers, promoting guided participation and collaborative learning
(Tharp & Gallimore, 1991; Siyepu, 2013).

Level II is characterized by increased learner participation and reduced dependence on the teacher. At this
stage, students draw upon prior knowledge to engage more independently in mathematical activities, although
occasional guidance may still be required (Antonacci, 2000; Siyepu, 2013; Tinungki, 2019). In this study, students
actively used GeoGebra applets to explore mathematical concepts, seeking assistance when encountering difficulties.

Level III represents the internalization and automation of learning. Students demonstrate improved proficiency
and are able to perform tasks independently with minimal external support, indicating that they have moved beyond
the ZPD for specific concepts (Tharp & Gallimore, 1991; Dunphy & Dunphy, 2003).

Level IV emphasizes reflection and self-regulation. At this stage, students revisit and refine their problem-
solving strategies, applying previously acquired knowledge to enhance performance. Learning is viewed as a cyclical
process, in which students may re-enter the ZPD as they encounter new or more complex tasks, allowing for
continuous development through structured support and independent practice (Tharp & Gallimore, 1991).

4. Methodology
4.1 Research Design

This study employed a quasi-experimental research design involving two groups: a control group and an
experimental group. The study was conducted at a public upper primary school located in District Shangla, Khyber
Pakhtunkhwa (KP), Pakistan. The school was purposively selected because of the availability of a well-equipped
computer laboratory and reliable high-speed internet connectivity, which were necessary for implementing GeoGebra-
supported instruction.

4.2 Participants

The study was conducted over a period of five weeks. One week was allocated for training teachers and students
on the basic functions and educational use of GeoGebra through a student-centered instructional approach. A total of
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four mathematics teachers and seventy-six students participated in the study. The students were enrolled in Grade 6th
, aged between 12 and 14 years, and came from diverse family backgrounds.

Using a quasi-experimental approach, two nonequivalent groups were formed: a control group (n = 38) and an
experimental group (n = 38).

4.3 Research instrument

A pretest was developed on the basis of the Grade 6th algebra and geometry curriculum to assess students’ prior
knowledge. The test consisted of 25 multiple-choice questions, with each question receiving one mark. Five items
assessed basic familiarity with GeoGebra, whereas the remaining twenty items focused on curriculum-based
mathematical concepts. However, the five GeoGebra-related items were used only to assess students’ initial familiarity
with the software and were not included in the pre and posttest analysis between the control and experimental groups.

To ensure content validity, the instrument was reviewed by experts in technology-enhanced learning and
experienced mathematics teachers from other schools. On the basis of their feedback, several items were revised,
removed, or added to improve the clarity and validity of the instrument.

4.4 Intervention Procedure

Following the one-week training session and prior to the instructional intervention, the pretest was administered
to establish baseline equivalence between the control and experimental groups. An independent samples t-test
confirmed that there was no statistically significant difference between the two groups before the intervention.

During the intervention period, the control group was taught via a traditional lecture-based approach, whereas
the experimental group received instruction supported by GeoGebra in the computer laboratory. Nineteen computers
were available for the experimental group, with students working in pairs to encourage collaborative learning.

Instructional activities included explanations, worked examples, guided demonstrations, worksheets, and
student presentations. All activities were carefully designed to align with the different levels of the theoretical
framework on the basis of the Zone of Proximal Development. The researcher assumed a facilitative role, monitoring
student progress and verifying tasks saved in individual folders on the computer desktops.

Students in the experimental group interacted with GeoGebra applets to explore the relationships between
variables and observe dynamic changes in mathematical representations. They were encouraged to communicate their
ideas, collaborate with peers, and engage with the content according to their individual learning preferences. The
control group completed the same mathematical tasks without using GeoGebra.

4.5 Data analysis

Both descriptive statistics (mean scores, standard deviations, frequencies, and percentages) and inferential
statistical techniques were employed. An independent samples t-test was used to examine differences between the
control and experimental groups. All hypotheses were tested at the 95% confidence level via a two-tailed test.

4.6 Ethical considerations

Ethical standards for educational research were strictly observed. Approval was obtained from the relevant
educational authorities, and official permission was granted by the school principal. The participants were fully
informed about the purpose of the study, the voluntary nature of their participation, and their right to withdraw at any
time. Written informed consent was obtained from all participants, with consent forms provided in both English and
the local language (Urdu). The study was conducted between August 15 and October 15, 2025.

5. Results

5.1 Pretest results
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The pre-test analysis revealed that the mean scores and standard deviations of the control group (M = 8.08, SD
= 3.15) and the experimental group (M = 8.18, SD = 3.14) were nearly identical (Table-1). An independent samples
t-test indicated that there was no statistically significant difference between the two groups prior to the intervention
(p > .05). These results confirm that both groups were comparable in terms of their prerequisite knowledge before the
instructional intervention.

Tablel. Results of the independent sample #-test (pre-test)

Pre-Test N Mean SD T df P
Control 38 8.0789 3.14842
-.146 74 .884
Experimental | 38 8.1842 3.14389
5.2 Posttest Results

Table 2 presents the descriptive statistics for the posttest results. The findings indicate that the experimental
group (M = 12.47, SD = 2.90) achieved higher scores than the control group did (M = 9.66, SD = 2.97), suggesting
improved performance following GeoGebra-supported instruction (Table 2).

Table.2, Group statistics of posttest results

Result Group N Mean Standard Standard Error
Deviation
Control 38 9.6579 2.97082 48193
Post-Test
Experimental 38 12.4737 2.90141 47067

An independent samples t-test was conducted to examine differences in post-test performance between the two
groups (Table 3). Levene’s test for equality of variances was not significant (F = 0.025, p = .876), indicating that the
assumption of homogeneity of variance was met. The t-test results revealed a statistically significant difference
between the control and experimental groups (p <.001), with the experimental group outperforming the control group.
We also calculated the effects of the (r) value to strengthen our conclusion. Therefore, on the basis of the formula we

2 _4. 2
Zt where ¢ is (-4.180) and df is (74) as shown in Table 3. Therefore, r = ’ﬂ = 0.44, this
t2+df (-4-180)2+74

represents a large effect according to Cohen’s guidelines.

used, r=
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6. Discussion

This study examined the impact of GeoGebra-supported instruction on Grade 6 students’ understanding of
linear equations and coordinate geometry in Pakistan. The findings indicate that GeoGebra-integrated instruction
significantly improved students’ mathematical and conceptual understanding compared to traditional lecture-
demonstration methods.

These findings can be explained by GeoGebra’s ability to support coordination among multiple representations
of mathematical concepts, including algebraic, geometric, and graphical forms. Through dynamic interaction with
these representations, students are able to observe relationships between equations and their visual structures, which
supports the development of more meaningful conceptual understanding of linear relationships.

Consistent with these results, previous studies (Baye et al., 2021; Birgin & Yazici, 2021) have reported similar
improvements in students’ mathematics learning when GeoGebra is integrated into instruction. The present study
extends this evidence by applying GeoGebra in a Grade 6 context in Pakistan and confirming its effectiveness with a
relatively larger sample compared to earlier studies.

The post-test results further indicate that students in the experimental group outperformed those in the control
group. Although both groups had comparable pre-test scores, the experimental group showed a substantial
improvement following the intervention.

From a theoretical perspective, these findings align with social constructivist learning theory, particularly
Vygotsky’s concept of the zone of proximal development. GeoGebra functioned as a mediating tool that supported
students in progressing from guided exploration toward more independent reasoning through interaction with dynamic
mathematical representations. Collaborative activities further enhanced this process by encouraging peer discussion
and shared problem-solving.

Additionally, GeoGebra’s interactive environment allowed students to construct and manipulate mathematical
objects such as points, lines, slopes, and geometric transformations in real time. This dynamic visualization of
mathematical concepts supported learners in connecting abstract symbolic representations with concrete visual forms,
thereby strengthening conceptual understanding.

The effectiveness observed in this study may also be influenced by contextual and instructional factors,
including collaborative pair work, increased student engagement, and the novelty of using digital tools in the
classroom. These factors highlight that the impact of GeoGebra is closely linked not only to the technology itself but
also to how it is integrated into instructional design.

Furthermore, the successful implementation of GeoGebra in this study suggests that effective technology
integration in mathematics education depends on structured pedagogical planning, teacher readiness, and alignment
with curriculum objectives. In contexts such as Pakistani schools, where technology-enhanced instruction is still
developing, these factors play an important role in maximizing learning outcomes. Overall, the findings are consistent
with previous research across different contexts, suggesting that GeoGebra-supported instruction has broad relevance
in mathematics education.

7. Conclusion

This study investigated the impact of GeoGebra-supported instruction on Grade 6 students’ conceptual
understanding and achievement in linear equations and coordinate geometry in a Pakistani primary school context.
The findings suggest a positive influence of GeoGebra-supported instruction on students’ learning outcomes, as
evidenced by posttest results.

The results indicate that GeoGebra can support students’ conceptual understanding by making abstract
mathematical ideas more visible through dynamic visualization and multiple representations. This representational
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support enables learners to connect algebraic, graphical, and geometric forms of mathematical concepts, thereby
strengthening their understanding of mathematical relationships.

The findings also highlight that technology integration in mathematics classrooms provides opportunities for
students to engage more actively in learning activities and develop basic digital skills within a structured instructional
environment. However, the study also acknowledges that effective integration of digital tools such as GeoGebra
depends on adequate infrastructure, teacher preparedness, and appropriate instructional design.

Overall, the study suggests that GeoGebra-supported instruction, when implemented within well-structured
pedagogical practices, can enhance students’ conceptual learning experiences in mathematics. The findings emphasize
that the effectiveness of GeoGebra is not solely dependent on technology access but also on its meaningful integration
into classroom instruction.

Limitations and Future Research

One limitation should be acknowledged. The participating school was selected through convenience sampling
because it had access to a fully equipped computer laboratory and reliable internet connectivity. While this enabled
the intervention to be conducted effectively, it may not represent typical conditions in many Pakistani public schools.
Therefore, findings should be interpreted as reflecting the effectiveness of GeoGebra-supported instruction in
relatively well-resourced environments. Future research should examine GeoGebra implementation in schools with
varying levels of technological infrastructure to better understand its applicability across diverse educational contexts.
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