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ARTICLE INFO ABSTRACT
The key goal of the present study is to investigate the effectiveness of GeoGebra,
dynamic mathematics software, in reducing cognitive load and improving
problem-solving skills among secondary school students learning algebra.
Grounded in cognitive load theory, the research addresses the persistent
challenges students face in mastering abstract algebraic concepts, which often
overwhelm working memory and hinder comprehension. A pretest-posttest
control group design was implemented with 120 Grade 9 students from two
public schools, divided into experimental (*n* = 60) and control (*n* = 60)
groups. The experimental group received eight weeks of algebra instruction
integrated with GeoGebra’s visualization tools, while the control group followed
traditional textbook-based methods. Cognitive load was measured using a
validated 9-point Likert scale (Cronbach’s a = 0.79), and problem-solving skills
were evaluated through a standardized Algebra Problem-Solving Test
(Cronbach’s a = 0.85).
Results demonstrated statistically significant differences between groups. The
experimental group exhibited a marked reduction in cognitive load post-
intervention (M = 3.2, SD = 1.1) compared to the control group (M = 4.8, SD =
1.3), with a medium effect size (*t* = -3.45, *p* = 0.001, *d* = 0.67). Similarly,
ANCOVA results (controlling for pre-test scores) revealed superior problem-
solving achievement in the experimental group (F = 10.32, *p* = 0.002, 12 =
0.12), indicating moderate practical significance. Demographic factors, including
gender and socioeconomic status, showed no significant interaction effects (*p* >
0.05), suggesting GeoGebra’s benefits are broadly applicable across diverse
student populations.
The findings underscore GeoGebra’s capacity to mitigate cognitive overload by
transforming abstract algebraic concepts into interactive visual representations,
thereby freeing working memory for deeper conceptual engagement. This study
contributes to the growing body of evidence supporting technology-enhanced
pedagogy in mathematics education. Practical implications include the
integration of dynamic visualization tools into algebra curricula and the need for
teacher training programs to prioritize digital literacy. Limitations, such as the
study’s duration and sample size, are noted, with recommendations for
longitudinal research to assess sustained impacts.

Keywords: GeoGebra, cognitive load, problem-solving skills, algebra
education, quasi-experimental design

Introduction

Algebra serves as a foundational pillar of mathematics education, equipping students with critical reasoning
skills essential for advanced STEM disciplines and real-world problem-solving (National Council of Teachers
of Mathematics [NCTM], 2000). Despite its significance, students frequently encounter difficulties in grasping
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abstract algebraic concepts such as variables, equations, and functions. These challenges often stem from the
intrinsic complexity of algebraic notation and the cognitive demands required to manipulate symbolic
representations (Kieran, 2007). When learners struggle to reconcile abstract ideas with concrete
understanding, their working memory becomes overloaded, leading to heightened cognitive load—a
psychological construct describing the mental effort required to process information (Sweller, 1988). Excessive
cognitive load impedes problem-solving proficiency, perpetuating cycles of frustration and disengagement
(Paas et al., 2003).

Cognitive Load Theory (CLT) provides a framework for addressing these challenges. According to CLT,
learning efficiency depends on managing three types of cognitive load: intrinsic (inherent complexity of
content), extraneous (ineffective instructional design), and germane (effort devoted to schema formation)
(Sweller et al., 2019). Traditional algebra instruction, which relies heavily on static textbooks and rote
procedural drills, often exacerbates extraneous load by failing to scaffold abstract concepts visually or
interactively (Ayres, 2006). Consequently, students expend disproportionate mental effort on decoding
symbols rather than understanding underlying relationships.

Emerging technological tools, such as GeoGebra, offer promising solutions to these pedagogical limitations.
GeoGebra is a dynamic mathematics software that integrates algebraic, geometric, and graphical
representations, enabling learners to visualize abstract concepts interactively (Hohenwarter et al., 2008). For
instance, students can manipulate sliders to observe real-time changes in equations or drag geometric figures
to explore algebraic relationships. By externalizing mental processes through visual-spatial feedback,
GeoGebra may reduce extraneous cognitive load, freeing working memory for deeper conceptual engagement
(Zulkarnaen et al., 2017). Prior studies highlight its efficacy in geometry and calculus education, yet its
potential in algebra remains underexplored, particularly in contexts where symbolic abstraction dominates
instruction.

This study addresses two critical gaps in the literature. First, while existing research underscores the benefits
of visualization tools in mathematics, few studies explicitly measure their impact on cognitive load within
algebra education. Second, the interaction between such tools and demographic variables (e.g., gender,
socioeconomic status) remains poorly understood, despite evidence that technology access and prior math
anxiety may mediate learning outcomes (OECD, 2018). By investigating these dimensions, the study
contributes to a nuanced understanding of how dynamic visualization tools can democratize access to algebraic
mastery.

Review of Related Literature

Cognitive load theory emphasizes managing working memory to enhance learning (Sweller et al., 2019).
Studies show that visualization tools like GeoGebra improve geometric understanding (Hohenwarter et al.,
2008), but their efficacy in algebra remains understudied. Zulkarnaen et al. (2017) found that dynamic
software reduced cognitive load in calculus, suggesting similar benefits for algebra. Conversely, traditional
methods often fail to address intrinsic cognitive load, hindering problem-solving mastery (Ayres, 2006). This
study bridges this gap by focusing on algebra education.

Visualization is a critical component of mathematical understanding, particularly for abstract concepts like
algebra. Research indicates that visual representations help learners externalize mental models, bridging the
gap between concrete and symbolic thinking (Arcavi, 2003). For instance, dynamic visual tools enable students
to manipulate variables in real time, observe patterns, and test hypotheses, fostering deeper conceptual
engagement (Kaput, 1998). Studies in geometry education demonstrate that software like GeoGebra enhances
spatial reasoning by allowing students to interact with geometric figures, leading to improved problem-solving
performance (Bakar et al., 2016). Similarly, in calculus, Zulkarnaen et al. (2017) found that dynamic graphs
reduced cognitive load by simplifying complex functions into intuitive visual formats. However, algebra’s
symbolic nature poses unique challenges, as students often struggle to connect abstract equations to real-world
phenomena. While visualization tools are widely advocated, their application in algebra remains
underexplored, particularly in contexts where instruction prioritizes procedural fluency over conceptual
understanding (Hegarty & Kozhevnikov, 1999). This gap underscores the need to investigate how tools like
GeoGebra can transform algebraic instruction by making abstract relationships visually tangible.

The integration of technology in algebra education has yielded mixed results. While some studies report
significant improvements in student engagement and achievement (Roschelle et al., 2000), others caution
against over-reliance on digital tools without pedagogical alignment (Drijvers, 2010). For example, graphing
calculators have been shown to enhance equation-solving efficiency but may inadvertently discourage manual
problem-solving skills (Ellington, 2003). Conversely, interactive software like SimCalc and Desmos has
demonstrated success in promoting collaborative learning and conceptual clarity by linking algebraic
expressions to dynamic graphs (Hoyles et al., 2013). GeoGebra, with its dual algebra-geometry interface, offers
a unique advantage by allowing students to explore algebraic concepts through multiple representations
(Hohenwarter et al., 2008). A study by Santos-Trigo and Reyes-Rodriguez (2016) found that GeoGebra-
supported lessons improved students’ ability to generalize patterns and justify solutions, key components of
algebraic reasoning. However, few studies have explicitly measured cognitive load reduction or examined
demographic moderators in algebra-specific contexts. This highlights the need for targeted research to
determine how and for whom such tools are most effective.
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Demographic variables, including gender and socioeconomic status (SES), often mediate technology’s impact
on learning outcomes. For instance, OECD (2018) reports that students from high-SES backgrounds typically
exhibit greater digital literacy, enabling them to leverage technology more effectively. Conversely, low-SES
students may face barriers such as limited device access or insufficient technical support, exacerbating
educational inequities (DiMaggio & Hargittai, 2001). Gender differences have also been observed: while some
studies suggest that boys outperform girls in technology-assisted math tasks (Vekiri & Chronaki, 2008), others
argue that well-designed tools can mitigate such gaps by fostering inclusive learning environments (Hyde et
al., 2008). For example, collaborative GeoGebra activities have been shown to reduce gender-based anxiety in
geometry (Patahuddin et al., 2020). However, research on demographic interactions in algebra-specific
technology interventions remains sparse. This study addresses this gap by analyzing whether GeoGebra’s
benefits are consistent across gender and SES subgroups, offering insights into equitable implementation
strategies.

Objectives

1.To assess GeoGebra’s impact on cognitive load during algebra instruction.

2. To compare problem-solving achievement scores between GeoGebra and traditional groups.
3. To examine demographic influences (gender, socioeconomic status) on outcomes.

Null Hypothesis

1.Ther is no significant difference exists in post-test scores between groups after controlling for pre-test scores.
2. Cognitive load levels do not differ significantly between groups.

3. Demographic variables do not interact with instructional method to affect outcomes.

Methodology

Design: Quasi-experimental pretest-posttest with non-randomized groups.
Participants: 120 Grade 9 students (60 experimental, 60 control) from two Government schools.

Instruments:
¢ Algebra Problem-Solving Test constructed by the researcher and research supervisor (2022) (a = 0.85).
e Standardised Cognitive Load Scale Fred Pass (2013) (9-point Likert; (a = 0.79).

Procedure: The experimental group received 8 weeks of GeoGebra-integrated lessons, while the control
group used textbooks. Both groups completed pre-tests and post-tests.

Analysis: ANCOVA (post-test scores, covarying pre-test), two-way ANOVA (demographic interactions),
independent *t*-tests (cognitive load).

Hypothesis Testing
Table 1 ANCOVA for Post-Test Achievement Scores
Source F *p* n2 Remark
Exp.Group 10.32 0.002 0.12
S
Pre-test 25.14 0.001 0.18

An ANCOVA was conducted to evaluate the effectiveness of the intervention on students' mathematics
achievement while controlling for pre-test scores. The analysis revealed a statistically significant effect of the
intervention on post-test achievement scores after adjusting for pre-test differences, F (1,117) = 10.32, p =
.002, N2 = .12, indicating a moderate effect size. This suggests that the intervention group outperformed
the control group on the post-test when pre-test differences were accounted for. Also, the pre-test was also a
significant covariate, F(1,117) = 25.14, p = .001, n2 = .18, confirming that prior knowledge significantly
contributed to post-test performance.

The findings indicate that the structured intervention module significantly improved students’ mathematics
achievement when controlling for prior performance. The moderate effect size further underscores the
practical value of the intervention in educational settings.
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Table 2 Two-Way ANOVA for Demographic Interaction

Gender 0.45 0.503
NS

Socioeconomic 1.12 0.201

A Two-Way ANOVA was conducted to determine whether gender or socioeconomic status had any significant
interaction effects with the intervention on student performance outcomes. The analysis revealed no
significant main effects of gender, F(1,116) = 0.45, p = .503, or socioeconomic status, F(1,116) = 1.12, p
=.291. These results suggest that the effectiveness of the intervention module was not influenced by gender
or socioeconomic status, indicating that the module was equally effective across these demographic
variables. The absence of significant interaction effects supports the intervention's applicability to a diverse
student population.

Table 3 Independent *t*-Test for Cognitive Load

Group M SD ** *p* *d*
Experimental 3.2 1.1

3.45 0.001 0.67
Control 4.8 1.3

An independent samples t-test was conducted to compare cognitive load between the experimental and control
groups. The results showed a statistically significant difference in cognitive load, t(118) = 3.45, p = .001,
Cohen’s d = 0.67, which represents a medium to large effect size.

e Experimental group: M = 3.2, SD = 1.1

e Control group: M = 4.8, SD = 1.3

Students in the experimental group reported significantly lower cognitive load compared to those in the control
group. This finding indicates that the intervention module not only improved achievement but also reduced
perceived mental effort, making the learning process more manageable and cognitively efficient.

Key Findings

e The intervention significantly improved mathematics achievement (p = .002) after controlling for prior
knowledge.

eNo demographic interaction effects were found; the module was equally effective across gender and
socioeconomic categories.

e The intervention group experienced significantly lower cognitive load, demonstrating its success in
reducing mental effort while enhancing learning outcomes.

Discussion

The findings of this study indicate that the integration of GeoGebra into algebra instruction had a significant
positive effect on students' cognitive processing and mathematical problem-solving ability. These results are
consistent with the principles of Cognitive Load Theory proposed by Sweller (1988), which asserts that
reducing unnecessary mental effort allows learners to allocate more cognitive resources to understanding and
applying new information. The dynamic and interactive features of GeoGebra appear to have supported this
reduction in cognitive load by visually representing abstract algebraic concepts, thereby decreasing the burden
on working memory and facilitating conceptual clarity.

Students in the experimental group demonstrated lower perceived cognitive load and higher achievement
scores on algebraic problem-solving tasks compared to their counterparts in the control group who received
traditional instruction. This suggests that the visualization and interactivity provided by GeoGebra enabled
learners to engage more deeply with content that might otherwise be considered complex or difficult. By
externalizing representations and providing immediate feedback, GeoGebra may have promoted more efficient
schema construction, a central tenet of cognitive load theory.

Another noteworthy finding was the lack of significant differences in intervention outcomes based on gender
or socioeconomic status. This demographic neutrality suggests that GeoGebra can be a universally beneficial
educational tool, offering equitable learning opportunities across diverse student populations. It implies that
students, regardless of their background, are equally able to benefit from technology-enhanced instruction
when given proper access and support.
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Notwithstanding these encouraging results, the study has several limitations that warrant consideration. The
sample size was relatively small, and the intervention period was limited in duration, which may restrict the
generalizability of the findings. Furthermore, as the study focused primarily on short-term outcomes, it did
not assess retention of learning or the long-term impact of GeoGebra on mathematical proficiency and
cognitive efficiency. These constraints suggest the need for future research that involves larger, more diverse
samples, extended intervention durations, and follow-up assessments to evaluate the sustainability of learning
gains.

This study demonstrated positive outcomes in a controlled setting, real-world classroom environments may
pose challenges such as limited technological infrastructure, teacher training gaps, or resistance to pedagogical
change. Therefore, future investigations should also consider implementation barriers and contextual factors
that may influence the success of technology integration in mathematics education.

Conclusion

The use of GeoGebra in teaching algebra significantly enhances student learning by reducing cognitive load
and improving problem-solving performance. The visual and interactive features of the software help
demystify abstract concepts, making them more accessible to learners and promoting deeper cognitive
engagement. These benefits were observed consistently across student groups, regardless of gender or
socioeconomic background, highlighting the tool's potential for equitable educational impact.

The results underscore the importance of incorporating technological tools like GeoGebra into secondary
mathematics instruction. Doing so can create more engaging, student-centered learning environments that
support both conceptual understanding and procedural fluency. Moreover, such tools align with contemporary
pedagogical goals that emphasize inquiry-based learning, visualization, and the use of real-time feedback.

To realize the full benefits of this approach, educators must be provided with targeted professional
development that equips them with the skills and confidence to integrate technology into their teaching
practices. Educational policymakers also have a critical role to play in ensuring that infrastructure, training,
and curricular support are in place to facilitate the effective and sustained use of such tools.

In conclusion, the integration of GeoGebra represents a promising avenue for improving mathematics
education, particularly in topics like algebra that are often perceived as difficult. By leveraging the cognitive
and motivational affordances of educational technology, educators can make learning more efficient, inclusive,
and meaningful.
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