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Abstract
As a significant tool to integrate information technology and education, dynamic
mathematical software (DMS) has been widely concerned in recent years. However,
how to better apply it to instruction practice deserves further exploration. Thus, we
adopted the meta-analysis method to analyze the DMS-based experiments published
between 2000 and 2020. A three-level meta-analysis of data from 107 studies involving
10,507 participants and 138 effect sizes revealed a moderate effect size (d = .632, 95%
CI = [.550, .713]). Moreover, moderator analyses showed that: (1) cultural background
had significant moderating effects; (2) students performed better on near-transfer tests
than far-transfer tests; (3) DMS used by students independently had better effects; (4)
intervention duration had significant moderating effects; (5) some of the above sig-
nificant moderating effects were unique after controlling for others. Overall, our
findings suggest that DMS has positive effects on students’ performance and teachers
should be meticulous in designing their teaching plans.
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Introduction

Applying information and technology in education is promising to improve students’
abilities (Zulnaidi et al., 2020). A plethora of studies have revealed a positive effect on
students’ performance and attitude in some special disciplines and skills such as spatial
ability (Nurjanah et al., 2020), or biology achievements (Aisah et al., 2018). Ran et al.
(2022) estimated the effect of technology on students’mathematical achievement to
be .23 and proposed that technology would be used more effectively when creating
a communicative environment. Among educational technology, the role of dynamic
mathematical software (DMS) has received increased attention across multiple
subjects, which was widely used in teachers’ practice rely on its interactive nature
(Cekmez & Bulbul, 2018) and powerful functions, especially its multiple repre-
sentations (Gokce & Guner, 2022).

Developing Functions of Dynamic Mathematical Software

The Geometers’ Sketchpad and Cabri 3D have been published and used as the most
original dynamic geometry software (DGS) in the 1990s (Bantchev, 2010), which was
found to be adequate for teachers in class to draw some geometric models (Guven &
Kosa, 2008; Nordin et al., 2010), promoting students’ more intuitive characterization
and understanding of mathematical concepts. The last twenty years have witnessed a
growing pedagogic interest in these software, many new forms, collectively referred to
as DMS, have come a long way in their strides for different periods of schooling and
different fields in education. For instance, the research conducted by Aisah et al. (2018)
used GeoGebra to describe the process of protein synthesis in DNA to explore the
relationship between the triplets. Ciobanu et al. (2022) discussed the application of
GeoGebra in learning oscillatory motion. In summary, today’s DMS can provide a
variety of external representations such as graphs, figures, and tables. Additionally,
GeoGebra had great potential for integration into personalized learning practices such
as e-learning (Albano & Dello Iacono, 2019) and flipped classroom (Salas-Rueda,
2021). To date, DMS has been shown to effectively connect not only geometry but also
fields such as algebra in mathematics, some other related disciplines (e.g., physics), and
even far-transfer on students’ universal skills including critical thinking (Munandar
et al., 2020), and high-order thinking skills (Misrom et al., 2020). Various software has
broken through the application scenario only can be operated on computers, but also be
run and used on more convenient handheld devices such as iPad and smartphones
(Pankova & Hanc, 2019).

Educational Practice Based on Dynamic Mathematical Software

The application of DMS in education may have various effects on the outcomes of
different research methods and issues from a variety of domains (Ulusoy & Turus,
2022). A promising way to optimize the entire process of teaching is to integrate DMS
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into the teaching plan. For example, in a study by Birgin and Topuz (2021), the learning
environment with GeoGebra significantly increased secondary school students’ atti-
tudes toward geometry. Aksu and Zengin (2022) pointed out clearly that students’
representations would evolve in the dynamic mathematical environment, and that
contributes to the ability of mathematical reasoning. Despite the potential of DMS,
studies have yielded mixed results in educational practice. Yan (2018) found that sixth-
grade students were treated by DMS on geometry learning, but there was no signif-
icance between the experimental group and the control group in their post-test. It
seemed that students need to dedicate certain attention resources and mental efforts to
understand these representations DMS provided. Based on representational flexibility,
some of the student’s specific abilities (e.g., having the necessary diagrammatic
knowledge to interact with the representations) related to the effect used external
representation to support learning. The environment characteristics and several so-
ciocultural factors could affect students’ representational choices. Only if they mastered
the rule about how to use the representation and relate them to other situations could
they benefit from using it. In view of the importance of DMS, knowing how best to
create the environment for heightening the actual effect is a tough task (Cayton et al.,
2017).

Based on its interactive nature, Romero Albaladejo et al. (2015) indicated that social
interaction was the essential factor to promote students’ progress. Basic classroom
norms which facilitated explanation and the use of representations should be for-
mulated by teachers and students. In such a dynamic mathematical environment,
students’ interactions with their classmates and teachers induced the emergence of
varied collaborative behaviors and socially mediated metacognitive processes, fos-
tering the co-construction and development of problem-solving strategies (Hegedus &
Otalora, 2023). Thus, implications might be ruined if teachers were the main body of
DMS because that would reduce interaction and communication among students (Stein
et al., 1996). However, the recommended age or school level for students to use
technology was another complicated issue (Jancheski, 2019). Students’ prior
knowledge (e.g., conceptual knowledge) affected their ability to convert and assimilate
external representations, which related to the effectiveness of DMS. As a teaching and
learning tool, DMS was advised to accommodate the cognitive development of stu-
dents (Widodo et al., 2017).

Similarly, the issue of the use duration has also received considerable attention.
Duration has been shown significant influence on the effect of such educational
technologies (Li & Ma, 2010). Since DMS has integrated multiple functions in diverse
domains, it seems to be suitable in every class. Providing students with a long-term
DMS environment and active guidance might improve their representative thinking and
make them more flexible. Nevertheless, data from several studies revealed that ap-
plying computer technology to front-line education for a shorter time was surely a wiser
choice. It was noteworthy that the novelty effect (Chan & Leung, 2014) and the
Hawthorne effect (Juandi et al., 2021) could not be ignored during the implementation
practice. What’s more, it might be closely related to how teachers maintained
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combining their lesson plans with technologies (Hlalele, 2020) and whether sufficient
teaching resources available were supported by their school or the local government
(Ran et al., 2022). Taken together, these studies highlight the complexity of intervention
time, not only when to use DMS, but go deep into how long is better.

Considering the constraint time and other factors, to address educators’ concerns, it
is hoped that this research will contribute to a profound understanding of the effects of
transfer and sustainability. A major expectation is that students will have the capability
to transfer what they have mastered to other similar situations and the real-life world
(Rahimi et al., 2022). Ubuz et al. (2009) found that the effect of DMS on students’
performance was decreased in their delayed posttest. But Wang (2016) reported that
there existed not much difference in students’ performance on the far-transfer tests and
near-transfer tests. Besides, more holistic research studies on the use of all DMS were
suggested to be explored to reveal the effects, advantages, and disadvantages of this
technology in education (Gokce & Guner, 2022). By focusing more on interactive and
dynamic environments, the results will be more general without the limitation of several
functions of one particular software.

To clarify these above issues, further meta-analysis is needed to examine the impact of
DMS and develop reliable methods for educators to use the software. In 2014, Chan and
Leung (2014) conducted a meta-analysis that evaluated the effect of DGS-based instruction in
terms of improving students’mathematical achievement (d= 1.02). However, only nine quasi-
experimental studies were included. More recently, Juandi et al. (2021) reported a meta-
analysis of studies conducted in Indonesia (n = 29) and estimated the effect size of GeoGebra
software onmath ability to be .96. In summary, although past studies have proved the effect of
DMS, insufficient numbers of sample and specified subject theme formed its limitations.
Research has yet to systematically figure out how to apply DMS properly to more general
instruction practice. Additionally, a question for this research is that one study may conduct
two post-tests after the class and term. Consequently, the common method of selecting one
effect size per study in the traditional meta-analysis does not apply to this study (Ji & Guo,
2023). All the useful information could be extracted by adopting the method of the three-level
meta-analytic model (Assink & Wibbelink, 2016). Till now, no previous study has used the
three-level meta-analysis model for analyzing the effect of DMS on school education.

The Present Study

The purpose of this meta-analysis is to synthesize quantitatively the impact of DMS
intervention on improvement and achievements of school students, and the factors that
may influence their effectiveness. Specifically, we asked the following questions:

Q1. What is the size of the effect of DMS interventions on students’ performance?
Q2. Does the participant’s characteristics (students’ school level, students’ cultural
background) account for some of the variability in the effects of interventions?
Q3. Does the effect vary as a function of (a) type of DMS, (b) users of DMS, (c)
intervention duration, or (d) transfer test?
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Method

Data Collection

The data collection, coding procedures, and inclusion criteria were outlined in Figure 1.
To select studies for the three-level meta-analysis, we first searched computerized
databases (i.e., Web of Science, Scopus, ERIC, ProQuest Educational, and the China
National Knowledge Infrastructure) for studies published between 2000 and 2020. We
first used the terms “dynamic mathematical software” and “dynamic geometry soft-
ware” and used the OR command. After reading those studies, the following common
DMS was used in our search: “GeoGebra”, “Cabri 3D”, “Hawgent”, “Sketchpad” and
“Autograph”. We removed the duplicates at first and contacted researchers who
published studies that we could not find and asked for their papers or unpublished data.

Operation Criteria for Inclusion and the Elimination of Studies

Once we identified the potential research, we read the abstracts and eliminated any studies
which introduced the application of DMS only or research that was described as qualitative,
a case study, or a review. Next, we carefully read the Method and Result section, ensuring
the studies met the following criteria: (a) Studies must employ an experimental or quasi-
experimental design and report necessary data to calculate the effect size, (b) Studies from
primary school, junior high school, and general high school were included. For com-
munication, studies could have been conducted in any country, but only written in English-
language or providing a partial translation in English where the methods and results were
clearly described (Weng et al., 2023). Furthermore, if a thesis was published as a journal
article, we only considered the article itself (Georgiou et al., 2020). After applying these
criteria, we identified 107 studies with sample sizes ranging from 39 to 345.

Coding Procedures

All studies were double-coded and 100% interrater agreement was achieved (sup-
plementary file available from the corresponding author upon reasonable request). We
coded the following content of the selected studies separately: (a) author name; (b) the
year of publication; (c) sample size; (d) school level; (e) country/region; (f) type of
DMS; (g)user of DMS; (h) intervention duration; (i) transfer test. Based on the basic
rules of three-level meta-analysis, all effect sizes in studies were then coded. The
consensus rate (Cohen’s kappa) varied between 90% and 100%. Most differences in
coding were due to the lack of information provided in several studies.

Moderator Variables

Participant Characteristics. The school level of participants was coded into three cat-
egories: primary school, junior high school, and general high school. We also coded
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participants’ cultural background as a moderator variable according to their country or
region reported in the study.

Characteristics of Interventions and Outcomes. The second group of moderators high-
lighted the differences in pedagogical design. We coded the type of DMS according to
the primary study. We categorized users of DMS into teacher, student, and both. As for
intervention duration, we categorized it into less than 4 weeks or more than 4 weeks,
based on our reading of the included studies and the classification method of the
relevant meta-analysis research (Juandi et al., 2021). Besides, we coded the transfer test
into far-transfer and near-transfer, referring to the similarity between the test content in
the post-test and the domain students learned from DMS. If the post-test was not

Figure 1. Flow diagram for search and inclusion on studies.
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focused on the knowledge studied based on DMS, we coded it into far-transfer.
Otherwise, we coded it into near-transfer.

Statistical Analysis

The metafor package for R statistical program (Viechtbauer, 2010) was used for this
analysis. The effect sizes for all studies were displayed by Cohen’s d value. We
considered three variance components distributed across the model’s three levels:
sampling variance of the extracted effect sizes at Level 1, variance between effect sizes
from the same study at Level 2, and variance between studies at Level 3 (Assink &
Wibbelink, 2016).

We used the Q test of homogeneity to examine whether the variation in the d value
between studies was significant (Hedges & Olkin, 2014). We calculated the 95%CI for
each overall effect size to provide more information regarding the d value. Besides, we
also computed the Level 1 variance referring to formula by Cheung (2013) and applied
the log-likelihood-ratio test to examine heterogeneity at Level 2 and Level 3. In ad-
dition, we tested for significance and computed the distribution of the overall variance.

We also examined moderator variables as potential sources of additional variance in
the effect size. We conducted linear models to predict the study’s outcome from the
categorical moderator variables. Additionally, a multiple moderator model was adopted
to scrutinize the unique impact of significant moderators in the univariate analysis. We
added all the significant moderators to the model and choose the category with the
smallest effect size as the reference category to clarify the effectiveness of different
designs distinctly. Similarly, by comparing the β-value with CIs between the subsets of
studies and using theQ test, we investigated the degree of difference and the variance at
Level 2 and Level 3.

Publication Bias

To test for publication bias, we first conducted the Egger-MLMA test (Rodgers &
Pustejovsky, 2021) and computed Rosenthal’s Fail-Safe N (Rosenthal & DiMatteo,
2001), to test the relationship between the size of effects from each study and the
associated standard error (Ludwig et al., 2019). We also created funnel plots to test for
publication bias (Borenstein et al., 2009). In the funnel plot, the standard error was
plotted on the y-axis, and the effect size on the x-axis. In the absence of retrieval bias,
this plot should form an inverted funnel (Georgiou et al., 2023).

Results

Study Features

In general, 107 studies were included in the analysis that consisted of 10,507 students
spanning urban and rural schools from the countries such as China, Czech, South
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Africa, and America. Of the 107 studies, 22 reported results about more than one effect
size. There were 23 studies which published in peer-reviewed journals, 9 proceeding
papers and 75 dissertations. The 138 effect sizes ranged from d = �.665 to d = 2.6531,
representing the minimum andmaximum effect sizes respectively. 97.1% of effect sizes
showed positive, whereas 2.9% of studies showed negative effect sizes, revealing that
DMS adversely affected students’ learning performance.

Meta-Analytic Results

The overall mean effect size of DMS on students’ performance was significant. The
mean effect size was d = .632 (p < .001, 95% CI = [.550, .713], se = .041), indicating a
moderate effect. The test for heterogeneity indicated that the effect sizes varied sig-
nificantly with Q (137) = 544.967, p < .001. Furthermore, the log-likelihood-ratio test
showed significant heterogeneity at the within-study variance (p < .05, Level 2) and the
between-study variance (p < .01, Level 3). Exactly 22.55% of the total variance could
be attributed to Level 1 variance, 18.42% of that could be attributed to the differences at
Level 2, and 59.03% could be attributed to Level 3 variance.

Results of the Moderator Analysis

First, we examined if participant characteristics moderated the effect size. As outlined
in Table 1, all effect sizes were statistically significant, and cultural background
significantly explained the variability in the effect sizes between studies. Although
averaged effect sizes for primary school were larger than averaged effect sizes for elder
students, the moderation tests showed no statistical significance. What’s more, using
DMS in counties from East Asia cultural circle yielded smaller effect sizes than using it
in other cultural background countries.

The second research question focused on the characteristics of interventions and
outcomes, such as which measure is more or less favorable relative to students’
performance. The results are presented in Table 2. Studies that did not report on the
respective variable were excluded from the moderator analyses. Considering different
types of DMS, the effect sizes were stable. Besides, the user of DMS, intervention
duration, and degrees of performance transfer were all significant moderators. DMS
used by students produced significantly larger effect sizes. Longer intervention duration
was less effective than shorter duration. In addition, studies tested near-transfer
problems were more effective than studies test far-transfer problems.

It has previously been observed that moderators might be interrelated (Hox et al.,
2017). Consequently, significant moderators were added to the multiple moderator
model to examine what effects were relevant. As seen in Table 3, the omnibus test
showed significant results, F (5,113) = 6.495, p < .001. Results indicated that at least
one of the regression coefficients of the moderators significantly deviated from zero.
According to the findings, we were able to assert that the cultural background and the
transfer test were not confounded by the user of DMS and intervention duration. These
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results suggested that the two moderators had a uniquely moderating effect on the
effect.

Publication Bias

The results of the Egger-MLMA test suggested that publication bias should be ignored
in our three-level meta-analysis, because the p-value of this test exceeded .05. The
results of the Fail-Safe N analysis also suggested that estimated effect sizes were
reasonably stable. More than 50,000 additional studies would be needed to achieve a
null p-value. The limit of 5k + 10 studies suggested by Rosenthal (1979), which is
545 in the present analysis, was therefore far exceeded. Subsequently, the symmetric
distribution of the funnel plot was depicted in Figure 2, which also indicated that the
results of our meta-analysis were stable and reliable.

Discussion

The purpose of this meta-analysis was to calculate the effect size of DMS on students’
performance and to clarify what factors moderated this effectiveness. Overall, the
analysis added to the field of information and communications technology by con-
firming a positive medium effect of DMS on enhancing students’ abilities (the average
effect size was .632). The effect size performed was larger than the results in previous
meta-analyses about general educational technology (d = .23, Ran et al., 2022), re-
flecting the unique advantages of DMS. DMS could create an interactive environment
for students to effectively learn through its openness and flexibility. The somewhat
smaller over effect size in comparison to the prior meta-analysis about DMS like Chan

Table 3. Multiple Moderator Model.

Moderator Variable k β (95% CI)

Intercept .378*** (.229, .528)
a. Cultural
background

Others 21 .332** (.127, .538)

b. User of DMS Student 15 .069 (�.183, .320)
Teacher 63 �.052 (�.193, .090)

c. Intervention
duration

≤4 weeks 40 .101 (�.047, .250)

d. Transfer test Near-transfer 91 .168* (.009, .327)
Multiple moderator
model

k =
119

F (5, 113) =
6.495

p <
.001***

Level 2 variance
.012*

Level 3 variance .052**

Note. k = numbers of effect sizes; β = estimated regression coefficient; Level 2 variance = variance between
effect sizes extracted from the same study; Level 3 variance = variance between studies; *p < .05; **p < .01;
***p < .001.
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and Leung (2014) with d = 1.02 and Juandi et al. (2021) with d = .96 could result from a
broader range of applications in recent years, indicating the left room for go further.

Same as previous viewpoints about representational choices (Acevedo Nistal et al.,
2009), this effect was significantly influenced by some of the characteristics of in-
terventions and outcomes, and participant characteristics. Concretely speaking, stu-
dents would perform better on near-transfer tests, and students from non-East Asia
cultural circle showed the strongest effect. Although the user of DMS and intervention
duration had significance, the results of the multiple moderator model showed that they
were not as steady as thought.

General Applicability of Dynamic Mathematical Software

The study indicated that use DMS by students yielded a larger effect. However, its
moderating effects were not robust after controlling for other factors. The better
performance outcomes might have been due to more opportunities to engage in hands-
on learning and interactive activities (Waight & Gillmeister, 2014). According to
Bokosmaty et al. (2017), making manipulations through students’ mouse movements
would be superior to observing manipulations by teachers with DMS. Moreover, the
representation was considered a social activity based on the representative theory.
When students were asked to represent data, their outcomes would be a vehicle to
discuss and build an active relationship. However, once teachers took sole respon-
sibility, great care would be taken to avoid mistakes in its operation, which reduced the
likelihood that students might exhibit (wrong) representations of emergence (Ruthven
et al., 2008).

The study has also provided additional evidence concerning the intervention du-
ration. The results showed a bright prospect that DMS had the potential to integrate into
normalized teaching practice. There was a significant difference in using time (Chan &
Leung, 2014), which showed consistency with earlier research (Juandi et al., 2021).
However, after examining all the significant moderators in the multiple moderator
model, the difference indicated no significance. Fostering and developing students’
representational flexibility was a long process. DMSmight play a role in systematically
building up new skills over long periods. Taken together, the question is no longer
whether we should use DMS or not, but how to use it more effectively in daily
education.

Suggestions on Using Dynamic Mathematical Software

Regarding cultural background, we found that students from all over the world were
positively improved by using DMS. Furthermore, students from non-East Asia cultural
circle showed greater effectiveness. As the theory mentioned earlier, we infer that it is
related to students’ socio-cultural context and their prior knowledge. Take the rep-
resentation of problem types in textbooks, the Chinese series paid attention to how the
curriculum could establish representations in ways that facilitated the transition process
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from concrete to abstract, while textbooks from America and England focused more on
openness such as real-life situation word problems. According to the theory of rep-
resentational flexibility, for students in other cultural circles, DMS could bridge the gap
between representations to open problems. This might be an important reason for the
significant differences. Multiple moderator model analyses also proved it. Taken to-
gether, we urge teachers to plan the use of DMS based on students’ characteristics,
preparing representational activities, and evaluation or discussion activities to improve
students’ performance.

We also found that using DMS had a positive impact on both transfer tests. Fur-
thermore, near-transfer tests showed larger effects. The results of the multiple mod-
erator model also indicated the same results. These findings implied that applying DMS
in class could lead to transferable skills and competencies, and the results showed that
teachers should focus more on creating a proper environment to promote far-
transferring performance. Based on the Cognitive Flexibility Theory (Spiro et al.,
1992), cognitive and instructional ignorance of problems related to irregular patterns of
knowledge use led to students’ inability to transfer knowledge. Computers were ideally
suited by virtue of the flexibility they could provide for fostering cognitive flexibility
(Jacobson & Spiro, 1995). We recommend teachers design more diverse strategies for
students to learn, and focus more on students’ key competencies rather than knowledge

Figure 2. Funnel Plot for all studies.
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itself. To this day, the idea of interdisciplinary has come a long way, far-transfer and
application ability of students are desperately needed in the new educational forms such
as STEM and project-based learning. DMS has the potential to serve as an effective
approach to supporting these topics (Ziatdinov & Valles, 2022). Further empirical
studies are therefore warranted to examine the effects of DMS on students’ far-transfer
performance.

Conclusion

In conclusion, the present three-level meta-analysis aimed to quantitatively synthesize
the overall effect size of DMS. This analysis therefore offers insights into DMS in
several ways. Our findings indicate that DMS is an effective technology for improving
student performance, suggesting that there is a significant benefit if we properly use
DMS in education practice. We also examined the impact of several moderators, and
these results have direct implications for instruction and interventions in designing
teaching plans. A crucial aspect is the provision of diverse and targeted learning re-
sources that consider the core competencies or key skills they should possess, pro-
moting the outcomes in class effectively transferred to other scenarios. Furthermore, it
is essential to plan and execute the time and use of DMS rationally. Let students use the
DMS to produce effects that are stronger than letting the teacher control the software. In
addition, teachers are encouraged to establish and sustain dynamic interactive envi-
ronments during teaching, facilitating active student engagement in hands-on activities
and enabling them to harness fully the benefits offered by DMS. However, this meta-
analysis also underscores areas for future research, including specific populations (e.g.,
students with learning difficulties).

In spite of these advantages, our study has some limitations. First, it does not account
for the moderating effects of participant characteristics such as gender. The reason for
this circumstance is that primary studies rarely report on this information. Besides, we
acknowledge that some of the categories in the moderator analysis did not include many
studies. For instance, when examining the role of type of DMS, we had only three
studies that used Cabri 3D, and one study used Autograph. This may have influenced
the standard error. Finally, although funnel plot analysis, Egger-MLMA test, and
Rosenthal’s fail-safe number confirmed that publication bias was not a major problem
and we searched for unpublished papers, there might still exist a bias toward significant
effects due to the loss of paper which reported non-significant results.
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