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Abstract

The effectiveness of visualization tools in enhancing mathematical visual thinking skills, particularly for
quadratic functions, remains underexplored. This study evaluates the impact of quadratic graph visualization
worksheets on these skills using Time-Series and Principal Component Analysis (PCA) Clustering approaches.
The research involved 60 first-year Calculus students focusing on quadratic functions. A quantitative
methodology was applied, with Time-Series analysis tracking score changes over time and PCA Clustering
grouping students based on improvement patterns. Results revealed significant variations in score changes after
using the worksheets. The highest positive score change reached 19 points, while PCA Clustering identified three
student groups: minimal or negative changes (Cluster 0), moderate improvements (Cluster 1), and significant
increases (Cluster 2). The findings demonstrate the potential of quadratic graph visualization worksheets to
improve mathematical visual thinking skills, though the degree of enhancement varies across individuals. This
research highlights the need for instructional tools that accommodate diverse learning trajectories and provides
insights into the effectiveness of graph-based methods in mathematics education. It also advocates for refined
analytical approaches in evaluating student learning outcomes.
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INTRODUCTION

Mathematical visual thinking is a crucial skill in higher education, particularly for students
engaged in advanced mathematics such as calculus. The ability to visualize concepts, such as quadratic
functions, enhances students’ understanding of relationships between variables and demonstrates how
changes in inputs affect outputs (Hawes & Ansari, 2020; Odutayo & Fonseca, 2024; Presmeg, 2020;
Ziatdinov & Valles, 2022). This ability serves as a bridge between abstract concepts and real-world
applications, enabling students to comprehend complex ideas that are often difficult to articulate using
symbolic algebra or verbal reasoning alone (Arnheim, 2020; Elsayed & Al-Najrani, 2021; Hamami &
Morris, 2020; Staton, 2023). In today’s data-driven world, the ability to interpret visual patterns is
indispensable across disciplines such as business, engineering, and data science, as it strengthens
problem-solving and critical thinking skills. Despite its importance, classroom observations reveal that
many students struggle with mathematical visual thinking. For instance, a survey of 120 calculus
students found that 65% experienced difficulty graphing quadratic functions, while 72% faced
challenges in forming quadratic equations from visual data. These findings underscore a gap in students’
visual thinking abilities, which hinder their ability to connect abstract concepts with graphical

representations.
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To foster the development of mathematical visual thinking, graphing worksheets play a pivotal
role. Worksheets focused on quadratic function visualizations allow students to explore visual
representations and identify patterns that traditional algebraic methods might overlook (Gdbel, 2021;
Lopez & Vivier, 2023; Oktaviyanthi & Agus, 2023). These tools not only deepen students' conceptual
understanding of quadratic graphs but also enhance their visual thinking abilities (Kohnle et al., 2020;
Martins et al., 2023; Teofilo De Sousa et al., 2022). Despite their widespread use, there has been limited
evaluation of their effectiveness in improving mathematical visual thinking. Classroom observations
reveal that current worksheets often fail to address students' specific challenges, as evidenced by their
inconsistent performance on graphing tasks. These findings raise important questions about the design
and implementation of such tools and whether significant improvements are needed to better support
student learning.

In educational settings, students’ abilities to engage with visual representations vary widely.
While some students excel in interpreting graphs and patterns, others require additional support or
tailored approaches to fully grasp the material (Kohen et al., 2022; Mainali, 2021; Tsandilas, 2021). A
"one-size-fits-all" approach often falls short in addressing these diverse needs. This highlights the
importance of developing nuanced evaluation systems that assess not only the overall effectiveness of
visual worksheets but also the differences in students’ abilities. By identifying clusters of students who
need extra support or greater challenges, educators can implement more personalized interventions,
ultimately improving learning outcomes (Moubayed et al., 2020; Namoun & Alshangqiti, 2020; Wei et
al., 2021). These observations underscore the urgency of designing worksheets that are both adaptable
to diverse student needs and effective in addressing specific weaknesses in visual thinking.

To address this gap, the combination of time-series analysis and PCA offers a robust framework
for evaluating quadratic graph visualization worksheets. Time-series analysis monitors students'
mathematical visual thinking skills over time, uncovering trends in their development (Ariens et al.,
2020; Xu et al., 2020; Yang & Wang, 2023). This approach enables educators to track progress and
assess improvements, particularly in students who initially struggled with quadratic concepts. PCA, on
the other hand, clusters students based on their performance, identifying common characteristics and
factors influencing the development of visual thinking skills (latrellis et al., 2021; Li et al., 2021; Liu
et al., 2024), enabling targeted interventions.

Previous research underscores the critical role of visual thinking in understanding quadratic
graphs. Studies by Rolfes et al. (2020) and Wilkie (2021, 2024) demonstrate that visual aids, such as
graphing worksheets, significantly enhance students’ comprehension of variable relationships in
quadratic functions. These tools serve as a bridge between abstract equations and real-world
applications, ultimately improving performance (Guo et al., 2020; Oktaviyanthi & Agus, 2023).
Furthermore, Gatto et al. (2024) also Ozsoy and Saribas, 2021 highlight how visual worksheets assist

students in solving quadratic equations by illustrating the impact of coefficients on graph shapes.
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However, while these studies provide valuable descriptive insights, they often lack quantitative
evaluation of how visual thinking develops over time.

Recently, studies by Chan et al. (2022), Oktaviyanthi and Sholahudin (2023), and Yohannes and
Chen (2023) have emphasized the integration of technology in mathematics education. These studies
demonstrate how interactive simulations and visual tools can enhance students' comprehension of
abstract mathematical concepts, such as quadratic functions. However, much of the existing research
lacks advanced data analysis techniques, such as time-series or PCA clustering, which limits the
empirical evidence on the impact of visual worksheets on students' visual thinking development. This
study aims to address this gap by adopting a data-driven approach that combines time-series analysis
and PCA clustering. This methodology provides a more comprehensive evaluation of the effectiveness

of visual worksheets in enhancing mathematical visual thinking skills over time.

METHODS

Research Approach

This study adopted a quantitative approach using a quasi-experimental design, specifically the
One-Group Pretest-Posttest Design. In this design, pre-test and post-test assessments were administered
to the same group of participants to measure changes in mathematical visual thinking skills before and
after the intervention. This approach eliminates the need for a control group by enabling a direct
comparison of students' performance over time (Morgan et al., 2000; Reichardt et al., 2023). To address
the effectiveness of a quadratic graph visualization worksheet in enhancing students' mathematical
visual thinking skills, the study employed two analytical methods:

1. Time-Series Analysis: This method tracked changes in students' mathematical visual thinking
skills at multiple time points, providing insights into the progression of these skills throughout
the intervention period.

2. PCA: PCA clustering analysis was employed to identify underlying patterns and trends in the
data, helping to assess the overall impact of the worksheet on students' performance.

The research builds on established sources to support its design, from Algahtani et al. (2021) and
Hirose and Creswell (2023), which offer foundational insights into quantitative research methods and
the application of PCA and time-series analysis in educational studies. By integrating these approaches,
the study effectively captures dynamic changes over time and identifies significant patterns in the data,

providing a comprehensive evaluation of the intervention’s effectiveness.

Research Subject

The population for this study consisted of college students enrolled in a calculus course. The

sample was selected through purposive sampling and included 60 first-year students studying calculus
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and quadratic function concepts. The primary instruments used were a quadratic graph visualization
worksheet, pre-test, and post-test, all designed to assess students' mathematical visual thinking skills.
Data collection also incorporated observations and questionnaires to capture students' perceptions of

the worksheet.

Data Collection Instrument

After validating the quadratic graph visualization worksheet (Oktaviyanthi & Agus, 2023), the
study began with a pre-test to evaluate students' baseline mathematical visual thinking skills. The pre-
test assessed key indicators, including understanding quadratic graphs, drawing graphs from functions,
and interpreting changes based on function modifications. The worksheet was then implemented as an
intervention to enhance students' understanding of quadratic graphs. Following the intervention, a post-
test was administered to measure improvements in skills such as graphing, analyzing quadratic graphs,

and applying quadratic concepts to various problems.

Data Analysis

Time-series analysis was conducted using data collected periodically from the pre-test, worksheet
usage, and post-test results. This analysis tracked changes in students' mathematical visual thinking
skills over time, with trends visualized through line graphs and regression analysis (Deng et al., 2024;
Schlegel & Keim, 2021). Additionally, PCA clustering analysis identified patterns in student
performance, grouping students with similar characteristics, and visualizing the results using scatter
plots and dendrograms to highlight improvement trends and response variability (Chang et al., 2020;
Mohamed Nafuri et al., 2022). Python programming supported the data analysis, utilizing libraries such
as pandas for data manipulation, matplotlib and seaborn for visualization, and scikit-learn for PCA
clustering. These tools streamlined the handling of large datasets and facilitated precise statistical
analysis (Alrammal et al., 2022; Khandare et al., 2023). The study concluded that if time-series analysis
showed significant improvement in students' visual thinking skills and PCA clustering revealed
consistent patterns of improvement among groups, the worksheet was effective enhancing these skills.
Recommendations were provided for refining instructional materials and teaching strategies based on

observed student variability and performance trends.

RESULTS AND DISCUSSION

Score Changes

The initial examination of the pre-test and post-test data reveals several important trends in the
students' performance after engaging with the quadratic graph visualization worksheet. Across the

sample of 60 students, there is a notable overall improvement in post-test scores when compared to pre-
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test scores, indicating a positive impact of the worksheet intervention on mathematical visual thinking

skills. Observe the visualization of the distribution of pre-test and post-test score changes for 60 subjects

in Figure 1.

Frequency

-5 5
Score Change

Figure 1. Distribution of score changes between pre-test and post-test

The most striking feature of the dataset is the improvement in students' scores from pre-test to

post-test. As shown in Figure 1, it can be observed that the majority of students experienced an increase

in their scores, with individual score changes ranging from —1 to +19 points. Notably, student 5

exhibited the highest score increase of 19 points, rising from a pre-test score of 35 to a post-test score

of 54. On the other hand, only one student (student 3) showed a minor decrease of 1 point.

Mean Score and Variance

The following is an illustration of the mean scores and data variance.
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Figure 2. Mean and variance score for pre-test and post-test

Based on Figure 2, it can be explained that the mean score for each student was calculated as the average

of their pre-test and post-test scores. While the mean scores for most students tend to cluster around the

middle of the scoring range (between 40 and 70), a few outliers can be observed. For instance, student

5, who had a significant improvement, still had a lower mean score (44.5) compared to higher-

performing students like student 39, whose mean score was 71.5. The score variance for each student

provides insights into the consistency of their performance across the pre-test and post-test. Students
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with low variance, such as students 3 and 4, exhibited stable performance with minimal fluctuations in
their scores (variance = 0.5). In contrast, students with higher variance, such as student 5 (variance =

90.5), experienced significant changes in their performance between the two tests.

General Improvement Trend

The general improvement trend is shown by the representation in Figure 3.

Figure 3. Trend of score improvement from pre-test to post-test

Looking at the data holistically in Figure 3, the majority of students demonstrated an improvement in
their scores. More specifically, 58 out of 60 students showed positive changes in their performance,
which suggests that the use of the quadratic graph visualization worksheet likely had a beneficial effect
on students' mathematical visual thinking abilities. The average score change across the sample was
approximately +7 points, further supporting the hypothesis that the intervention was effective.

In the next section, a more detailed analysis will be conducted using time-series analysis and
PCA clustering to identify underlying patterns and trends in the data. This will provide further insights
into how students' visual thinking abilities evolved over time and how the intervention differentially

impacted various groups of students.

Time-Series Analysis

This study's time-series analysis evaluates the effectiveness of a quadratic graphing worksheet
by examining five aspects: 1) session completion time, measuring how long participants spend on the
worksheet to assess efficiency; 2) worksheet usage frequency per session, reflecting participants'
engagement; 3) interaction with PhET simulation features, highlighting the impact of interactivity on
learning outcomes; 4) scores of mathematical visual thinking skills (Visual Discrimination, Visual
Perception, and Visual Analysis), tracking skill progression; and 5) motivation and engagement scores
over time, indicating changes in students’ involvement. Figure 4 illustrates the worksheet completion

duration.
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Figure 4. Worksheet completion duration

Figure 4 illustrates that the average completion time gradually increased across sessions, starting
from 53.15 minutes in session 1, rising to 56.65 minutes in session 2, and reaching 59.68 minutes in
session 3. The range of completion time also shows greater variability, with the minimum duration
remaining stable at 40 minutes, while the maximum duration increased from 100 minutes in session 1
to 110 minutes in session 3. The 25th quartile, median, and 75th quartile also exhibited an upward trend,

indicating that most partmpants spent more time completing the worksheets in each subsequent session.
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Figure 5. Frequency of worksheet usage

Figure 5 presents the frequency of worksheet usage, which also increased from session 1 to
session 3. In session 1, the average usage frequency was 2.58 times, rising to 3.20 times in session 2,
and reaching 3.95 times in session 3. The minimum frequency remained at 1, while the maximum
frequency increased from 6 times in session 1 to 8 times in session 3. This suggests that students

increasingly relied on the worksheets, possibly reflecting a need for more practice or exploration of the

material.
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Figure 6. Interaction with PhET

Figure 6 visualizes the students' interaction with the PhET simulation, which similarly increased

over time. In session 1, the average number of interactions was 9.75 times, increasing to 11.03 times in
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session 2, and reaching 12.15 times in session 3. The interaction range also expanded, with a minimum
of 7 interactions in session 1 and 9 interactions in session 3, while the maximum number of interactions
rose from 13 in session 1 to 15 in sessions 2 and 3. This indicates that students became increasingly
engaged with the interactive features of the simulation over time.

Overall, there was a consistent increase in completion time, worksheet usage frequency, and
interaction with the PhET simulation from session 1 to session 3. This trend suggests that the complexity
of the worksheets may have increased or that students became more engaged in the learning process.
The upward trend indicates the growing significance of worksheets and interactive simulations in
enhancing the learning experience. Consider the illustration of the development of mathematical visual

thinking skills for each aspect: visual discrimination, visual perception, and visual analysis of shapes.

Visual Discrimination Development

Visual Discrimination Score
o
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(a) Visual discrimination development

Visual Perception Development

Visual Perception Score
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(b) Visual perception development
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Visual Analysis Shape Development

—o— Visual Analysis Shape Session 1 |
*- Visual Analysis Shape Session 2
—e— Visual Analysis Shape Session 3

I A
fl et

o
&

ta

/

1 A—

Visual Analysis Shape Score
i =

(c) Visual analysis shape development

Figure 7. Mathematical visual thinking development

The time-series analysis in Figures 7(a)—7(c) highlights significant improvements in visual skills,
motivation, and engagement from session 1 to session 3. Visual Discrimination scores (Figure 7(a))
rose steadily from 12.52 in session 1 to 13.33 in session 2, reaching 14.13 in session 3. Similarly, Visual
Perception scores (Figure 7(b)) improved from 14.08 to 15.45, while Visual Analysis of Shapes scores
(Figure 7(c)) increased from 13.28 to 14.67, reflecting consistent progress across all aspects.

On the other hand, affective aspects such as participants’ motivation and engagement, visualized
in Figures 8(a) and 8(b), also showed improvement. Participants' motivation increased from 4.23 in
session 1 to 4.9 in session 3, indicating a significant rise in motivation (Figure 8(a)). Engagement also
experienced a steady increase, from 3.77 in session 1 to 4.53 in session 3, reflecting enhanced
participation and interest throughout the learning process (Figure 8(b)). In conclusion, the data indicate
that the program or intervention successfully enhanced participants’ visual skills, motivation, and
engagement consistently across sessions, highlighting the effectiveness of the strategies applied in

supporting participant development.
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Engagement Development
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Figure 8. Motivation and engagement development

PCA

PCA was used to identify patterns and key components within the measured variables, reducing
dimensionality while retaining primary variability. This technique revealed dominant factors
influencing visual skills, motivation, and engagement, as well as relationships between variables. Figure
9 illustrates PCA results, showing subjects’ pre-test and post-test scores projected onto two principal
components. The scatterplot groups subjects into three distinct clusters, color-coded as yellow (Cluster

0), green (Cluster 1), and purple (Cluster 2).
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Figure 9. Clustering analysis of student scores

Each cluster represents a group of subjects with distinct performance characteristics. Cluster 0
(yellow) includes subjects with mid-range scores, averaging 54.2 on the pre-test and 58.7 on the post-
test, showing consistent but moderate improvement. Cluster 1 (green) displays greater score variation,
with an average pre-test score of 59.3 and a post-test score of 64.1, reflecting both significant
improvements and declines. Cluster 2 (purple) consists of high-performing subjects with consistent

scores, averaging 61.5 on the pre-test and 67.2 on the post-test. These differences highlight
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opportunities for targeted interventions, such as more intensive strategies for Cluster 1 to address varied

performance. This analysis provides valuable insights to refine learning and evaluation processes.

Student Responses and Analysis

This section presents the analysis of student responses to pre-test and post-test questions to
complement quantitative findings with qualitative evidence. Student answers are categorized based on
their skill levels (low, medium, high) and analyzed to understand patterns of improvement after the
intervention using PhET Simulation. This data provides detailed insights into the strengths and
weaknesses of students in terms of quadratic graph visualization, visual discrimination, and
discriminant interpretation, supporting the key findings of the study. The following table presents
student answers that provide concrete evidence of their understanding and skills before and after the

intervention, starting from subject 5.

Table 1. Subject 5: pre-test and post-test analysis

Phase and

Question Subject Answer Subject Argument
Pre-test Tsee y=xZ+2x 41

i there are two x
erte_ e ?)\mmw e T variables. | immediately
equation 2 ol safkngs )

Jawet , added them together. The
fgs yeuliu / i i
y=x%+2x + o ;u*“ H graph. | made is a linear
1 and graph it equation resulting from
substituting values of x
into y."

English version:

Known: equationy = x2 +2x + 1
Question: illustrate the graph!
Answer.
Functiony = x2 4+ 2x + 1
fx)ey=3x+1




130 Jurnal Pendidikan Matematika, Volume 19, No. 1, January 2025, pp. 119-140

Phase _and Subject Answer Subject Argument
Question
Post-test "l found the vertex (1,0)
_ D\,hh“m - P_“}““""‘““ 2= 5u ou+3 Dby using the formula x =
(33|\;en . 33/ - Mbryabrn = WL prscat banss | 2 However, | am
x“ —6x + 3. TIER ‘ 2a
? unsure how this affects
Determine  the K= —;Z— = :ﬂ - _%:- = | the graph."
vertex =5

V=30 -60)+3
=5—(+3
y T o
[N paoncsle bBua (,0)

English version:

Known: equation y = 3x? — 6x + 3
Quiestion: the vertex of the curve!
Answer:

b —(-6) 6
T2~ 7x3 6 !
y=3(1)?%?-6(1)+3
y=3-6+3

y=0

The vertex of the curve (1,0)

X =

From Table 1, the analysis of Subject 5's rational arguments indicates that, in the pre-test, the
subject misunderstood the general form of a quadratic function and failed to recognize the role of x2 in

determining the graph's shape. In the post-test, the subject correctly calculated the vertex using the
formula x = ;—5 but did not fully understand the implications of a > 0 on the graph's orientation.
Initially, the subject's responses showed significant errors, including an incorrect graph representation
and miscalculated vertex, which reflected a low initial score. Following the intervention, the subject
demonstrated improved comprehension by accurately calculating the vertex and sketching the graph,

although their understanding was not yet fully optimal.
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Table 2. Subject 3: pre-test and post-test analysis

131

Phase and Question

Subject Answer

Subject Argument

Pre-test

Given y=x%-
4x + 3. Determine
the intercepts of
equation with the x-
axis and y-axis.

Post-test

Create an equation
for a graph that
does not intersect
the x-axis

Dheddi 2 g =x-4r+3
)”3"35!0" - ihk poteng degon sb.x dan sh.e 2

Jam:¥ —
g0 = Y- 4¥+3 =0
i 1
-4 __1x¥3
N (-3)
B (,““)f"’ﬂ, =0
) 7::\ cbn v=5h
Tikk potorg dogan b (10) -
dewpon .¢ (3,0) )

English version:

Known: equation y = x2 — 4x + 3
Question: the intercepts of the equation with the x-axis

and y-axis
Answer.
Y =0-x>—-4x+3=0
l l
-4 1x3
(=1D(-3)

x=1landx =3
The intercepts with x-axis (1,0)
The intercepts with y-axis (3,0)

__D(kebhv( % i
Ditonskon 3 Husk persanen @raflwe |
Opwob 2

persotosn uhoh B g =2y tbret €

/_i@%;'l\‘?"\'m b.wFka > >0

>0 = bW -4se 0
e GBPAS R

_ - e
I I IO | fd (S

il cobe-cdn El ) -4 >0

T sciibiest®  M-4>0

per O 2N meﬁ?;jlj -
T

QoA

English version:

Known: the equation does not intersect with x-axis
Question: draw the graph!
Answer:
General equation—> y = ax? + bx + ¢
An equation does not intersect with x-axis only if D >
0
D>0->b%>—4ac>0
Trial-and-error results
a=1,b=1,c=1
The equation become
y=x+x+1

"l found one root, x = 3,
but I'm not sure if there’s
another root. | know y =
c,s0y =3."

Persotoon puofl hdsk Reddtorg sb.>< "The equation y = x2 +

x+1 was chosen
because D = b? — 4ac.
The graph does not
intersect the x-axis."
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The analysis of Table 2 highlights Subject 3’s consistent performance, as reflected by the low
variance (0.5). During the pre-test, the subject successfully identified the y-intercept but encountered
difficulties in calculating the quadratic roots. By the post-test, the subject demonstrated a solid
understanding of the relationship between the discriminant (D > 0) and parabolic graphs with no real
roots. This stability across assessments indicates a steady grasp of concepts, though minor inaccuracies
in solving quadratic equations suggest a need for further skill enhancement. The low variance
underscores the reliability of their conceptual understanding, pointing toward targeted improvement
rather than foundational reteaching.

The illustrations of student responses from the pre-test and post-test support the research findings,
highlighting a significant improvement in mathematical visual thinking skills following the intervention
using PhET Simulation-based worksheets. In the Score Changes section, responses from low-
performing students reflect fundamental errors, such as miscalculating the vertex or discriminant,
consistent with their low pre-test scores. However, improvements in post-test responses, particularly
from students like Student 5 with a score increase of +19 points, demonstrate the intervention's
effectiveness. Meanwhile, high-performing students consistently provided accurate answers, aligned
with the low variance observed in Figure 2, indicating stability in their performance throughout the
intervention.

The trend of an average score increase of +7 points in the General Improvement Trend is
mirrored in the enhanced quality of student responses. For instance, students who initially drew straight-
line graphs in the pre-test were able to draw parabolas with more accurate vertices and axes of symmetry
in the post-test. This data highlights the critical role of student interaction with worksheets and
interactive simulations in improving their understanding. In the Time-Series Analysis, increased
worksheet completion time, frequency of use, and interaction with the PhET Simulation correlate with
better response quality. Mid-performing students, who initially struggled to understand the relationship
between coefficients and graph shapes, demonstrated clearer comprehension through improved
responses related to the discriminant and vertex. This indicates that active engagement with the learning
materials enhances both efficiency and depth of understanding. Finally, the Clustering Analysis
confirms varying response patterns among student groups. Students in Cluster 0 showed developing
foundational understanding, while those in Cluster 1, characterized by high variance, suggest the need
for additional teaching strategies. Conversely, students in Cluster 2, who consistently achieved high
scores, reflect the success of the intervention in strengthening their visual understanding. These student
responses complement the quantitative data, providing insights into the success of the learning process
and identifying areas that require further improvement.

This study showed a gradual increase in worksheet completion time, usage frequency, and
interaction with the PhET simulation. Average completion time rose from 53.15 minutes in session 1
to 59.68 minutes in session 3, while worksheet usage frequency increased from 2.58 to 3.95 times per

session. Similarly, student interactions with the PhET simulation grew from an average of 9.75 in
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session 1 to 12.15 in session 3. These trends indicate heightened student engagement, likely driven by
improved understanding or the increasing complexity of the worksheets. The rise in interaction with
PhET further highlights the tool's effectiveness in sustaining student interest. Overall, the findings
demonstrate that interactive learning technologies like PhET significantly enhance student involvement
and learning experiences.

The study findings show that increased worksheet completion time and usage frequency indicate
greater student engagement in learning. Spending more time on assignments suggests a deeper
understanding of the material or a need for thorough exploration (Howell, 2021; van Dulmen et al.,
2023; Wieselmann et al., 2021). Similarly, the rise in interactions with the PhET simulation reflects
growing familiarity and engagement with the tool, pointing to enhanced student motivation. Frequent
worksheet usage and simulation interaction highlight active participation, likely influenced by the
challenging yet engaging worksheet design, which fosters continuous learning and improved outcomes
(Barkley & Major, 2020; Chaiyarat, 2024; Ritchhart & Church, 2020). These results emphasize the
value of integrating technology into education. Interactive tools like PhET not only boost engagement
but also help students develop visual and analytical skills through practical learning experiences.
Increased motivation and engagement observed in this study underscore simulations' potential to
enhance learning outcomes (Banda & Nzabahimana, 2023; Huang et al., 2022; Koskinen et al., 2023).

This study aligns with student engagement theory, which highlights that active involvement
enhances understanding and learning outcomes (Bond et al., 2020; Heilporn et al., 2021; Kahu, 2013;
Li & Xue, 2023). The use of interactive simulations like PhET increases study duration, tool usage, and
student interactions, fostering deeper engagement. This is supported by previous research
demonstrating the positive impact of interactive learning technologies on conceptual understanding and
motivation (Cai et al., 2021; Hsiao & Su, 2021; Wang et al., 2023). In mathematics education, PhET
enhances engagement and comprehension of abstract concepts such as functions and geometry
(Oktaviyanthi & Sholahudin, 2023). However, previous studies focus on general engagement, while
this research focuses on developing mathematical visual thinking through interactive exploration of
quadratic graphs—an area that remains underexplored. PhET provides an interactive environment
where students manipulate coefficients and observe real-time changes (Diab et al., 2024), bridging the
gap between algebraic expressions and their graphical representations (Glcler et al., 2022).
Additionally, PhET fosters active learning, exploration, and helps students connect abstract concepts
with concrete visualizations. This study highlights that increased interaction with PhET simulations
positively impacts visual skills, rarely addressed in similar studies. These findings contribute to the
argument that interactive simulation-based learning can improve educational quality, offering a
foundation for further development of interactive technologies in classrooms.

This study holds a significant position in educational technology and interactive pedagogy by
providing empirical evidence of the PhET simulation's effectiveness in enhancing student engagement
and visual skills (Chinaka, 2021; Dorji et al., 2024; Salame & Makki, 2021). It demonstrates that
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interactive simulations not only improve cognitive learning outcomes but also positively influence
affective aspects such as motivation and engagement (Lee et al., 2021; Tugtekin & Odabasi, 2022; Yang
et al., 2023). While prior research has explored the role of technology in education, this study offers
new insights into how interactive simulations specifically enhance visual skills. By bridging student
engagement theory with practical classroom applications, it highlights PhET simulations as an effective
pedagogical tool that supports both cognitive and motivational development. This research underscores
the need for further exploration into integrating interactive technologies into curricula to enhance
educational quality.

This study highlights the significant impact of interactive technology in education, showing that
increased worksheet completion time, usage frequency, and interaction with PhET simulations enhance
student engagement. The findings demonstrate that interactive tools improve visual skills and
motivation, contributing to a more effective and engaging learning process. The study recommends
integrating PhET simulations more broadly into curricula to boost engagement and understanding of
complex concepts. Combining simulations with interactive worksheets is suggested to provide a
structured and comprehensive learning experience, enhancing visual and analytical skills. Future
research should explore the long-term effects of interactive simulations on learning outcomes across
disciplines and develop integrated learning models that combine simulations with other pedagogical
methods. These recommendations offer practical insights for educators and promote further innovation

in educational technology to enhance learning quality in diverse contexts.

CONCLUSION

This study highlights the impact of graphing quadratic worksheets on students’ mathematical
visual thinking skills, analyzed through time-series analysis and PCA clustering. The findings reveal
progressive improvements in worksheet completion time, usage frequency, and interaction with PhET
simulations, reflecting increased student engagement with both the worksheets and interactive tools.
Time-series analysis showed an average rise in worksheet completion time from 53.15 minutes in
session 1 to 59.68 minutes in session 3, alongside an increase in worksheet usage frequency from 2.58
to 3.95 times and PhET interactions from 9.75 to 12.15 times. These trends indicate growing student
commitment and familiarity with the learning materials, promoting deeper engagement.

PCA clustering further identified distinct learner groups based on interaction patterns and
performance, demonstrating that students with higher engagement exhibited stronger visual thinking
skills. The integration of graphing quadratic worksheets with PhET simulations supported significant
improvements in visual perception, analysis, and comprehension of abstract mathematical concepts.
These findings align with student engagement theories, underscoring the effectiveness of interactive

technologies in enhancing conceptual understanding and skill development.
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The clustering analysis also revealed that varied engagement patterns correspond to different skill
levels, suggesting that personalized learning approaches could further optimize outcomes. This study
confirms the effectiveness of combining graphing quadratic worksheets with PhET simulations in
improving mathematical visual thinking. The use of time-series analysis and PCA clustering offers a
comprehensive understanding of engagement patterns and their educational impact. Future research
should investigate the long-term effects of these interventions and explore their integration into broader

pedagogical strategies to maximize learning outcomes.

ACKNOWLEDGMENTS

This research was funded by the Ministry of Education, Culture, Research, and Technology of

the Republic of Indonesia through the Fundamental Research Grant Scheme.

DECLARATIONS

Author Contribution : RNA: Methodology, Writing — Original Draft — Review and Editing, and

Visualization.

RO: Conceptualization, Formal analysis, and Writing — Review and Editing.

US: Software, Validation and Resources.

Funding Statement . This research was supported by funding from the Ministry of Education,

Culture, Research, and Technology of the Republic of Indonesia through the

Fundamental Research Grant Scheme (Grant Number:
106/E5/PG.02.00.PL/2024 dated June 11, 2024 and the Derivative Contract

Number 038/SP2H/RT-MONO/LL4/2024 dated June 11, 2024).

Conflict of Interest : The authors declare no conflict of interest.
Additional Information  : Additional information is available for this paper.
REFERENCES

Algahtani, A., Ali, M., Xie, X., & Jones, M. W. (2021). Deep time-series clustering: A review.
Electronics, 10(23), 3001. https://doi.org/10.3390/electronics10233001

Alrammal, M., Dimitrios, X., & Munir, N. (2022). Machine learning with python. In D. Xanthidis, C.
Manolas, O. K. Xanthidou & H. I. Wang (Eds.), Handbook of Computer Programming with
Python, (pp. 409-448). Routledge. https://doi.org/10.1201/9781003139010-10

Avriens, S., Ceulemans, E., & Adolf, J. K. (2020). Time series analysis of intensive longitudinal data in
psychosomatic research: A methodological overview. Journal of Psychosomatic Research, 137,
110191. https://doi.org/10.1016/j.jpsychores.2020.110191


https://doi.org/10.3390/electronics10233001
https://doi.org/10.1201/9781003139010-10
https://doi.org/10.1016/j.jpsychores.2020.110191

136 Jurnal Pendidikan Matematika, Volume 19, No. 1, January 2025, pp. 119-140

Arnheim, R. (2020). Visual Thinking. University of California Press.
https://www.ucpress.edu/books/visual-thinking/paper

Banda, H. J., & Nzabahimana, J. (2023). The impact of physics education technology (PhET) interactive
simulation-based learning on motivation and academic achievement among malawian physics
students. Journal of Science Education and Technology, 32(1), 127-141.
https://doi.org/10.1007/s10956-022-10010-3

Barkley, E. F., & Major, C. H. (2020). Student engagement techniques: a handbook for college faculty.
416. Jossey-Bass.

Bond, M., Buntins, K., Bedenlier, S., Zawacki-Richter, O., & Kerres, M. (2020). Mapping research in
student engagement and educational technology in higher education: a systematic evidence map.
International Journal of Educational Technology in Higher Education, 17(1), 1-30.
https://doi.org/10.1186/S41239-019-0176-8

Cai, S., Liu, C., Wang, T., Liu, E., & Liang, J. C. (2021). Effects of learning physics using Augmented
Reality on students’ self-efficacy and conceptions of learning. British Journal of Educational
Technology, 52(1), 235-251. https://doi.org/10.1111/bjet.13020

Chaiyarat, K. (2024). Enhancing creative problem solving and learning motivation in social studies
classrooms with gamified cooperative learning. Thinking Skills and Creativity, 54, 101616.
https://doi.org/10.1016/J.TSC.2024.101616

Chan, S. W., Looi, C. K., Ho, W. K., & Kim, M. S. (2022). Tools and approaches for integrating
computational thinking and mathematics: A scoping review of current empirical studies. Journal
of Educational Computing Research, 60(8), 2036-2080.
https://doi.org/10.1177/07356331221098793

Chang, W., Ji, X,, Liu, Y., Xiao, Y., Chen, B., Liu, H., & Zhou, S. (2020). Analysis of university
students’ behavior based on a fusion k-means clustering algorithm. Applied Sciences, 10(18),
6566. https://doi.org/10.3390/app10186566

Chinaka, T. W. (2021). The effect of PhET simulation vs. phenomenon-based experiential learning on
students’ integration of motion along two independent axes in projectile motion. African Journal
of Research in Mathematics, Science and Technology Education, 25(2), 185-196.
https://doi.org/10.1080/18117295.2021.1969739

Deng, Z., Chen, S., Schreck, T., Deng, D., Tang, T., Xu, M., Weng, D., & Wu, Y. (2024). Visualizing
large-scale spatial time series with geochron. IEEE Transactions on Visualization and Computer
Graphics, 30(1), 1194-1204. https://doi.org/10.1109/TVCG.2023.3327162

Diab, H., Daher, W., Rayan, B., Issa, N., & Rayan, A. (2024). Transforming science education in
elementary schools: The power of phet simulations in enhancing student learning. Multimodal
Technologies and Interaction, 8(11), 105. https://doi.org/10.3390/mti8110105

Dorji, T., Subba, S., & Zangmo, T. (2024). De-mystifying the influence of PhET simulation on
engagement, satisfaction, and academic achievement of bhutanese students in the physics
classroom. Journal of Science Education and Technology, 33, 892-909.
https://doi.org/10.1007/S10956-024-10131-X

Elsayed, S. A., & Al-Najrani, H. I. (2021). Effectiveness of the augmented reality on improving the
visual thinking in mathematics and academic motivation for middle school students. Eurasia
Journal of Mathematics, Science and Technology Education, 17(8).
https://doi.org/10.29333/ejmste/11069


https://www.ucpress.edu/books/visual-thinking/paper
https://doi.org/10.1007/s10956-022-10010-3
https://doi.org/10.1186/S41239-019-0176-8
https://doi.org/10.1111/bjet.13020
https://doi.org/10.1016/J.TSC.2024.101616
https://doi.org/10.1177/07356331221098793
https://doi.org/10.3390/app10186566
https://doi.org/10.1080/18117295.2021.1969739
https://doi.org/10.1109/TVCG.2023.3327162
https://doi.org/10.3390/mti8110105
https://doi.org/10.1007/S10956-024-10131-X
https://doi.org/10.29333/ejmste/11069

Agus, Oktaviyanthi, & Sholahudin, From Time-Series Analysis to PCA Clustering ... 137

Gatto, S., Gaggi, O., Grosset, L., & Fovino, L. G. N. (2024). Accessible mathematics: Representation
of functions through sound and touch. |IEEE Access, 12, 121552-1215609.
https://doi.org/10.1109/ACCESS.2024.3448509

GoObel, L. (2021). Technology-Assisted Guided Discovery to Support Learning.
https://doi.org/10.1007/978-3-658-32637-1

Guo, D., McTigue, E. M., Matthews, S. D., & Zimmer, W. (2020). The impact of visual displays on
learning across the disciplines: A systematic review. Educational Psychology Review, 32(3),
627-656. https://doi.org/10.1007/s10648-020-09523-3

Gigler, D., Ekmekei, N., Yayli, Y., & Helvaci, M. (2022). Obtaining the parametric equation of the
curve of the sun’s apparent movement by using quaternions. Universal Journal of Mathematics
and Applications, 5(2), 42-50. https://doi.org/10.32323/ujma.1091832

Hamami, Y., & Morris, R. L. (2020). Philosophy of mathematical practice: a primer for mathematics
educators. ZDM, 52(6), 1113-1126. https://doi.org/10.1007/S11858-020-01159-5

Hawes, Z., & Ansari, D. (2020). What explains the relationship between spatial and mathematical
skills? A review of evidence from brain and behavior. Psychonomic Bulletin and Review, 27(3),
465-482. https://doi.org/10.3758/S13423-019-01694-7

Heilporn, G., Lakhal, S., & Bélisle, M. (2021). An examination of teachers’ strategies to foster student
engagement in blended learning in higher education. International Journal of Educational
Technology in Higher Education, 18(1), 1-25. https://doi.org/10.1186/S41239-021-00260-3

Hirose, M., & Creswell, J. W. (2023). Applying core quality criteria of mixed methods research to an
empirical ~ study. Journal of Mixed Methods Research, 17(1), 12-28.
https://doi.org/10.1177/15586898221086346

Howell, R. A. (2021). Engaging students in education for sustainable development: The benefits of
active learning, reflective practices and flipped classroom pedagogies. Journal of Cleaner
Production, 325, 129318. https://doi.org/10.1016/J.JCLEPR0.2021.129318

Hsiao, P. W., & Su, C. H. (2021). A Study on the impact of steam education for sustainable development
courses and its effects on student motivation and learning. Sustainability, 13(7), 3772
https://doi.org/10.3390/SU13073772

Huang, Y. M., Silitonga, L. M., & Wu, T. T. (2022). Applying a business simulation game in a flipped
classroom to enhance engagement, learning achievement, and higher-order thinking skills.
Computers & Education, 183, 104494, https://doi.org/10.1016/j.compedu.2022.104494

latrellis, O., Savvas, I., Fitsilis, P., & Gerogiannis, V. C. (2021). A two-phase machine learning
approach for predicting student outcomes. Education and Information Technologies, 26(1), 69—
88. https://doi.org/10.1007/S10639-020-10260-X

Kahu, E. R. (2013). Framing student engagement in higher education. Studies in Higher Education,
38(5), 758-773. https://doi.org/10.1080/03075079.2011.598505

Khandare, A., Agarwal, N., Bodhankar, A., Kulkarni, A., Mane, I. (2023). Analysis of python libraries
for artificial intelligence. In V.E. Balas, V. B. Semwal, A. Khandare (Eds.), Intelligent
Computing and Networking. Lecture Notes in Networks and Systems. Springer, Singapore.
https://doi.org/10.1007/978-981-99-0071-8_13


https://doi.org/10.1109/ACCESS.2024.3448509
https://doi.org/10.1007/978-3-658-32637-1
https://doi.org/10.1007/s10648-020-09523-3
https://doi.org/10.32323/ujma.1091832
https://doi.org/10.1007/S11858-020-01159-5
https://doi.org/10.3758/S13423-019-01694-7
https://doi.org/10.1186/S41239-021-00260-3
https://doi.org/10.1177/15586898221086346
https://doi.org/10.1016/J.JCLEPRO.2021.129318
https://doi.org/10.3390/SU13073772
https://doi.org/10.1016/j.compedu.2022.104494
https://doi.org/10.1007/S10639-020-10260-X
https://doi.org/10.1080/03075079.2011.598505
https://doi.org/10.1007/978-981-99-0071-8_13

138 Jurnal Pendidikan Matematika, Volume 19, No. 1, January 2025, pp. 119-140

Kohen, Z., Amram, M., Dagan, M., & Miranda, T. (2022). Self-efficacy and problem-solving skills in
mathematics: the effect of instruction-based dynamic versus static visualization. Interactive
Learning Environments, 30(4), 759-778. https://doi.org/10.1080/10494820.2019.1683588

Kohnle, A., Ainsworth, S. E., & Passante, G. (2020). Sketching to support visual learning with
interactive  tutorials.  Physical ~Review Physics Education  Research, 16(2).
https://doi.org/10.1103/PHY SREVPHYSEDUCRES.16.020139

Koskinen, A., McMullen, J., Ninaus, M., & Kiili, K. (2023). Does the emotional design of scaffolds
enhance learning and motivational outcomes in game-based learning? Journal of Computer
Assisted Learning, 39(1), 77-93. https://doi.org/10.1111/jcal.12728

Lee, S. W. Y., Shih, M., Liang, J. C., & Tseng, Y. C. (2021). Investigating learners’ engagement and
science learning outcomes in different designs of participatory simulated games. British Journal
of Educational Technology, 52(3), 1197-1214. https://doi.org/10.1111/bjet.13067

Li, J., & Xue, E. (2023). Dynamic interaction between student learning behaviour and learning
environment: Meta-analysis of student engagement and its influencing factors. Behavioral
Sciences, 13(1), 59. https://doi.org/10.3390/bs13010059

Li, X., Zhang, Y., Cheng, H., Zhou, F., & Yin, B. (2021). An Unsupervised Ensemble Clustering
Approach for the Analysis of Student Behavioral Patterns. IEEE Access, 9, 7076-7091.
https://doi.org/10.1109/ACCESS.2021.3049157

Liu, Z,, Tang, Q., Ouyang, F., Long, T., & Liu, S. (2024). Profiling students’ learning engagement in
MOOC discussions to identify learning achievement: An automated configurational approach.
Computers & Education, 219, 105109. https://doi.org/10.1016/j.compedu.2024.105109

Lopez, S. S., & Vivier, L. (2023). Local visualization of functions in work on optimization. Teaching
Mathematics and Its Applications: An International Journal of the IMA, 42(4), 305-324.
https://doi.org/10.1093/teamat/hrac022

Mainali, B. (2021). Representation in Teaching and Learning Mathematics. International Journal of
Education in Mathematics, Science and Technology, 9(1), 1-21.
https://doi.org/10.46328/ijemst.1111

Martins, R., Viseu, F., & Rocha, H. (2023). Functional thinking: A study with 10th-grade students.
Education Sciences, 13(4), 335. https://doi.org/10.3390/educsci13040335

Mohamed Nafuri, A. F., Sani, N. S., Zainudin, N. F. A., Rahman, A. H. A., & Aliff, M. (2022).
Clustering Analysis for Classifying Student Academic Performance in Higher Education. Applied
Sciences, 12(19), 9467. https://doi.org/10.3390/app12199467

Morgan, G. A., Gliner, J. A., & Harmon, R. J. (2000). Quasi-experimental designs. Journal of the
American  Academy of Child and  Adolescent  Psychiatry, 39(6), 794.
https://doi.org/10.1097/00004583-200006000-00020

Moubayed, A., Injadat, M., Shami, A., & Lutfiyya, H. (2020). Student engagement level in an e-learning
environment: Clustering using k-means. American Journal of Distance Education, 34(2), 137—
156. https://doi.org/10.1080/08923647.2020.1696140

Namoun, A., & Alshangiti, A. (2020). Predicting student performance using data mining and learning
analytics techniques: A systematic literature review. Applied Sciences, 11(1), 237.
https://doi.org/10.3390/app11010237


https://doi.org/10.1080/10494820.2019.1683588
https://doi.org/10.1103/PHYSREVPHYSEDUCRES.16.020139
https://doi.org/10.1111/jcal.12728
https://doi.org/10.1111/bjet.13067
https://doi.org/10.3390/bs13010059
https://doi.org/10.1109/ACCESS.2021.3049157
https://doi.org/10.1016/j.compedu.2024.105109
https://doi.org/10.1093/teamat/hrac022
https://doi.org/10.46328/ijemst.1111
https://doi.org/10.3390/educsci13040335
https://doi.org/10.3390/app12199467
https://doi.org/10.1097/00004583-200006000-00020
https://doi.org/10.1080/08923647.2020.1696140
https://doi.org/10.3390/app11010237

Agus, Oktaviyanthi, & Sholahudin, From Time-Series Analysis to PCA Clustering ... 139

Odutayo, A. O., & Fonseca, K. (2024). Making quadratic functions interesting: Students teams-
achievement division instructional strategy. Eurasia Journal of Mathematics, Science and
Technology Education, 20(1). https://doi.org/10.29333/ejmste/14092

Oktaviyanthi, R., & Agus, R. N. (2023). Evaluating graphing quadratic worksheet on visual thinking
classification: A confirmatory  analysis.  Infinity  Journal, 12(2), 207-224.
https://doi.org/10.22460/infinity.v12i2.p207-224

Oktaviyanthi, R., & Sholahudin, U. (2023). PhET assisted trigonometric worksheet for students’
trigonometric adaptive thinking. Mosharafa: Jurnal Pendidikan Matematika, 12(2), 229-242.
https://doi.org/10.31980/MOSHARAFA.V1212.779

Ozsoy, V., & Saribas, S. (2021). Developing visual literacy skills in teacher education: Different ways
of looking at the visual images. Educational Policy Analysis and Strategic Research, 16(3), 67—
88. https://doi.org/10.29329/epasr.2021.373.5

Presmeg, N. (2020). Visualization and learning in mathematics education. In S. Lerman (Eds.),
Encyclopedia of  Mathematics Education  (pp. 900-904).  Springer,  Cham.
https://doi.org/10.1007/978-3-030-15789-0_161

Reichardt, C. S., Storage, D., & Abraham, D. (2023). Quasi-Experimental Research. In A. L. Nichols
& J. Edlund (Eds.), The Cambridge Handbook of Research Methods and Statistics for the Social
and Behavioral ~ Sciences  (pp. 292-313). Cambridge University  Press.
https://doi.org/10.1017/9781009010054.015

Ritchhart, R.., & Church, M. (2020). The power of making thinking visible: practices to engage and
empower all learners. Jossey-Bass.

Rolfes, T., Roth, J., & Schnotz, W. (2020). learning the concept of function with dynamic visualizations.
Frontiers in Psychology, 11, 505588. https://doi.org/10.3389/fpsyg.2020.00693

Salame, I. I., & Makki, J. (2021). Examining the use of PhET simulations on students’ attitudes and
learning in general chemistry II. Interdisciplinary Journal of Environmental and Science
Education, 17(4). https://doi.org/10.21601/ijese/10966

Schlegel, U., & Keim, D. A. (2021, October 24-25). Time series model attribution visualizations as
explanations [Paper presentation]. IEEE Workshop on TRust and EXpertise in Visual Analytics
(TREX), New Orleans, LA, USA. https://doi.org/10.1109/TREX53765.2021.00010

Staton, D. (2023). Visual Thinking: The Hidden Gifts of People Who Think in Pictures, Patterns, and
Abstractions, by Temple Grandin, with Betsy Lerner. Visual Communication Quarterly, 30(2),
118-119. https://doi.org/10.1080/15551393.2023.2199047

Teofilo De Sousa, R., Régis, F., & Alves, V. (2022). Quadratic functions and PhET: An investigation
from the perspective of the theory of figural concepts. Contemporary Mathematics and Science
Education, 3(1). https://doi.org/10.30935/conmaths/11929

Tsandilas, T. (2021). StructGraphics: Flexible visualization design through data-agnostic and reusable
graphical structures. IEEE Transactions on Visualization and Computer Graphics, 27(2), 315-
325. https://doi.org/10.1109/TVCG.2020.3030476

Tugtekin, U., & Odabasi, H. F. (2022). Do interactive learning environments have an effect on learning
outcomes, cognitive load and metacognitive judgments? Education and Information
Technologies, 27(5), 7019-7058. https://doi.org/10.1007/S10639-022-10912-0


https://doi.org/10.29333/ejmste/14092
https://doi.org/10.22460/infinity.v12i2.p207-224
https://doi.org/10.31980/MOSHARAFA.V12I2.779
https://doi.org/10.29329/epasr.2021.373.5
https://doi.org/10.1007/978-3-030-15789-0_161
https://doi.org/10.1017/9781009010054.015
https://doi.org/10.3389/fpsyg.2020.00693
https://doi.org/10.21601/ijese/10966
https://doi.org/10.1109/TREX53765.2021.00010
https://doi.org/10.1080/15551393.2023.2199047
https://doi.org/10.30935/conmaths/11929
https://doi.org/10.1109/TVCG.2020.3030476
https://doi.org/10.1007/S10639-022-10912-0

140 Jurnal Pendidikan Matematika, Volume 19, No. 1, January 2025, pp. 119-140

van Dulmen, T. H. H., Visser, T. C., Pepin, B., & McKenney, S. (2023). Teacher and student
engagement when using learning materials based on the context of cutting-edge chemistry
research. Research in Science & Technological Education, 41(4), 1617-1638.
https://doi.org/10.1080/02635143.2022.2070147

Wang, X. M., Hu, Q. N., Hwang, G. J., & Yu, X. H. (2023). Learning with digital technology-facilitated
empathy: An augmented reality approach to enhancing students’ flow experience, motivation,
and achievement in a biology program. Interactive Learning Environments, 31(10), 6988—7004.
https://doi.org/10.1080/10494820.2022.2057549

Wei, X., Saab, N., & Admiraal, W. (2021). Assessment of cognitive, behavioral, and affective learning
outcomes in massive open online courses: A systematic literature review. Computers &
Education, 163, 104097. https://doi.org/10.1016/j.compedu.2020.104097

Wieselmann, J. R., Dare, E. A., Roehrig, G. H., & Ring-Whalen, E. A. (2021). “There are other ways
to help besides using the stuff”’: Using activity theory to understand dynamic student participation
in small group science, technology, engineering, and mathematics activities. Journal of Research
in Science Teaching, 58(9), 1281-1319. https://doi.org/10.1002/tea.21710

Wilkie, K. J. (2021). Seeing quadratics in a new light: Secondary mathematics pre-service teachers’
creation of figural growing patterns. Educational Studies in Mathematics, 106(1), 91-116.
https://doi.org/10.1007/S10649-020-09997-6

Wilkie, K. J. (2024). Coordinating visual and algebraic reasoning with quadratic functions.
Mathematics Education Research Journal, 36(1), 33-69. https://doi.org/10.1007/S13394-022-
00426-W

Xu, T. L., de Barbaro, K., Abney, D. H., & Cox, R. F. A. (2020). Finding structure in time: Visualizing
and analyzing behavioral time series. Frontiers in Psychology, 11, 521451.
https://doi.org/10.3389/fpsyg.2020.01457

Yang, F. Y., & Wang, H. Y. (2023). Tracking visual attention during learning of complex science
concepts with augmented 3D visualizations. Computers & Education, 193, 104659.
https://doi.org/10.1016/j.compedu.2022.104659

Yang, H., Cai, M., Diao, Y., Liu, R,, Liu, L., & Xiang, Q. (2023). How does interactive virtual reality
enhance learning outcomes via emotional experiences? A structural equation modeling approach.
Frontiers in Psychology, 13, 1081372. https://doi.org/10.3389/FPSY G.2022.1081372

Yohannes, A., & Chen, H. L. (2023). GeoGebra in mathematics education: A systematic review of
journal articles published from 2010 to 2020. Interactive Learning Environments, 31(9), 5682—
5697. https://doi.org/10.1080/10494820.2021.2016861

Ziatdinov, R., & Valles, J. R. (2022). Synthesis of modeling, visualization, and programming in
geogebra as an effective approach for teaching and learning stem topics. Mathematics, 10(3),
398. https://doi.org/10.3390/math10030398


https://doi.org/10.1080/02635143.2022.2070147
https://doi.org/10.1080/10494820.2022.2057549
https://doi.org/10.1016/j.compedu.2020.104097
https://doi.org/10.1002/tea.21710
https://doi.org/10.1007/S10649-020-09997-6
https://doi.org/10.1007/S13394-022-00426-W
https://doi.org/10.1007/S13394-022-00426-W
https://doi.org/10.3389/fpsyg.2020.01457
https://doi.org/10.1016/j.compedu.2022.104659
https://doi.org/10.3389/FPSYG.2022.1081372
https://doi.org/10.1080/10494820.2021.2016861
https://doi.org/10.3390/math10030398

