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ABSTRACT

Although various studies have discussed digital learning in mathematics education, to date there has been no
comprehensive meta-analysis that systematically measures the impact of digital interventions on Indonesian
students’ numeracy skills and their relationship to national education policies. This study presents a meta-analysis
of 25 empirical studies involving 1,387 participants, aimed at measuring the effectiveness of digital learning in
improving Indonesian students’ numeracy skills from 2015 to 2025The analysis shows an average effect size of
1.218, which is considered high, indicating that the integration of digital media has a significant impact on
students’ conceptual understanding and numerical reasoning. The most effective digital interventions identified
were the Wordwall application, educational TikTok content, and augmented reality flipbooks, which combine
interactivity, visualization, and active student engagement. Overall, the meta-analysis confirms that digital media
integration effectively improves students’ numeracy skills and aligns with the implementation of the Independent
Curriculum and the Digital Education Transformation policy. However, the relevance of these findings should
be reconsidered in light of ongoing policy changes and technological developments. Further research is needed
to examine moderating variables such as gender, socioeconomic background, and the digital literacy of both
teachers and students.
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INTRODUCTION

The development of digital technology over the past decade has significantly
transformed mathematics teaching and learning practices in various countries, including
Indonesia. This transformation is supported by national policies such as the National Numeracy
Movement, Digital Education Transformation, the Independent Curriculum, which emphasizes
deep learning, and the implementation of the Minimum Competency Assessment (AKM) and
the Academic Competency Test (TKA), which position numeracy as an essential 21st-century
competency. Although these policies are designed to improve students’ numeracy literacy, their
implementation at the classroom level still faces challenges in integrating digital technology in
a meaningful pedagogical way. This gap between policy direction and classroom practice
highlights the urgency of this study, which examines how numeracy can be effectively
developed through learning approaches aligned with national policy demands and responsive

to global technological developments. Numeracy in this study is understood not only as
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computational ability but also as the capacity for critical, logical, reflective, and contextual
thinking in solving real-life problems (Yoka, 2025), as well as an indicator of students’
readiness to face increasingly complex social, economic, and technological challenges (Jimenez
& Kemmery, 2013).

In the Indonesian context, although national policies prioritize strengthening numeracy
and digital learning, students’ numeracy achievement remains relatively low. Contributing
factors include limited meaningful integration of technology in pedagogy, dominance of
teacher-centered instruction, insufficient emphasis on higher-order thinking skills, and
disparities in access to quality learning resources. The 2022 PISA results show that Indonesian
students’ mathematics performance remains below the OECD average, with scores ranging
from 366-379 compared to approximately 472 (OECD, 2023). and only a small proportion of
students reaching minimum proficiency levels. Although Indonesia’s ranking has improved
compared to previous cycles, this improvement is largely due to declines in other countries
rather than substantial national progress.

These findings reveal a gap between the ideal conditions envisioned in digital
transformation policies—where technology supports interactive, contextual, and higher-order
thinking-based learning—and actual classroom practices, where technology is often used only
for content delivery or administrative purposes (Nuraini et al., 2025). Low numeracy
achievement is influenced not only by access to technology but also by teachers’ limited digital
pedagogical competence, lack of problem-solving-based instruction, and unequal infrastructure
across schools (Nugraha & Rudhito, 2025). This discrepancy emphasizes the need for empirical
research on how digital technology can be pedagogically integrated to improve numeracy skills
effectively.

Various international studies have shown that digital learning can improve numeracy
skills when combined with pedagogical approaches that emphasize reasoning, contextual
problem-solving, and active student engagement (Singh et al., 2021; Morata, 2024; Miller,
2018). Based on these findings, this study aims to develop an effective model of digital learning
implementation for numeracy development, identify pedagogical factors influencing numeracy
achievement, and provide practical recommendations for strengthening technology-based
mathematics learning. A global meta-analysis by Juhaevah et al. (2025) reported a small to
moderate effect of educational technology on numeracy (Hedges’ g = 0.31), while Dorris et al.
(2024emphasized that effectiveness depends heavily on pedagogical quality. Therefore, further

research is needed in the Indonesian context to examine variations in digital media effectiveness
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and identify optimal pedagogical integration strategies.

Seitz and Weinert, (2022) found that technology-based practice of mathematical facts
positively influences learning outcomes and can serve as an effective instructional intervention.
Similarly, adaptive learning technologies have been shown to significantly improve basic
numeracy skills. These findings confirm that the effectiveness of digital learning is highly
dependent on instructional design and interactivity (Burns et al., 2024).

In Indonesia, various digital innovations have been developed to improve numeracy
skills. Rohima and Nugraheni (2022) found that augmented reality-based flipbooks
significantly improved students’ numeracy skills. Widyasari (2025) reported that the Wordwall
application effectively enhances literacy and numeracy skills at the elementary level. Nuraini
et al. (2025) also developed a culturally based interactive flipbook that improved student
engagement in contextual numeracy learning. However, these findings remain fragmented and
have not been synthesized at the national level through a comprehensive meta-analysis.

From a policy perspective, the Independent Curriculum with deep learning is a strategic
effort to strengthen literacy and numeracy through digital integration (Yoka, 2025). This aligns
with national programs such as the National Literacy and Numeracy Movement, AKM, and
TKA, which emphasize critical thinking, problem-solving, and contextual data use. Digital
media supports differentiated and contextual learning while enhancing 21st-century skills such
as critical thinking, independence, and creativity (Yoka, 2025). This aligns with national
programs such as the National Literacy and Numeracy Movement, AKM, and TKA, which
emphasize critical thinking, problem-solving, and contextual data use. Digital media supports
differentiated and contextual learning while enhancing 21st-century skills such as critical
thinking, independence, and creativity (Ulya et al., 2025). AKM also shifts educational
assessment from content mastery to reasoning and functional literacy (Permendikbudristek,
2021).

However, implementation still faces challenges, including limited infrastructure,
unequal digital access, and low teacher digital literacy (Fatimah, 2025). Teacher competence is
also a key factor; Rahmawati et al. (2025) found that low digital competence among teachers is
influenced by both external constraints (limited training and access) and internal factors (low
confidence and generational gaps).

Digital learning should therefore be integrated into the National Numeracy Movement,
which aims to develop the ability to understand, apply, and interpret mathematical concepts in

daily life (Permendikbudristek, 2021). The National Numeracy Movement and digital learning
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are complementary: the former provides policy direction, while the latter provides
technological support for implementation. However, success depends on human resource
readiness, infrastructure equity, and sustained policy support that ensures meaningful
integration across schools.

International research further highlights the importance of context. Burns et al. (2024)
found that digital learning benefits are greater in high-resource environments, while Kus (2025)
emphasized that technology without teacher training and policy support has minimal impact.
These findings are highly relevant to Indonesia’s efforts to balance innovation with educational
equity.

Although many meta-analyses on digital learning and numeracy exist, most remain
partial and do not provide a comprehensive synthesis of their overall impact (Kus, 2025;
Ozdemir, 2025; Younas et al., 2025). Indonesian studies also tend to focus on general reviews
or bibliometric analyses without directly measuring empirical effects (Juhaevah et al., 2025;
Widiawati et al., 2025). Thus, there is still a lack of comprehensive evidence on how digital
learning and pedagogical strategies interact to improve numeracy skills.

Therefore, this study employs a quantitative meta-analysis using the PRISMA protocol
to address this gap. By analyzing empirical studies from 2015 to 2025, this research aims to (1)
measure the effect of digital learning on Indonesian students’ numeracy skills, (2) identify the
most effective digital interventions, (3) examine effect variations based on sample size,
educational level, instructional models, and digital media, and (4) analyze the role of national
education policies in strengthening digital learning effectiveness.

The results of this meta-analysis are expected to provide empirical evidence for more
targeted educational policy development. Furthermore, this study contributes theoretically to
understanding the relationship between technological innovation, pedagogical strategies, and
policy contexts in numeracy education, and offers practical implications for developing a more

inclusive and equitable digital education ecosystem in Indonesia.

METHODS

Based on the findings of previous studies, this research aims to provide a comprehensive
overview of the effectiveness of digital technology integration in improving students’ numeracy
skills. Therefore, a meta-analytic approach is employed to systematically and quantitatively
synthesize the results of various empirical studies. The following section describes the
methodological procedures, including study selection criteria, data collection techniques, and

data analysis methods.
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Research Design

This study uses a quantitative meta-analysis approach to synthesize empirical research
examining the impact of digital learning on students’ numeracy skills in Indonesia between
2015 and 2025. Meta-analysis is a research technique that statistically combines the results of
two or more previous studies (Brignardello-Petersen & Guyatt, 2025; Widodo et al., 2025).
This approach enables researchers to integrate findings from multiple independent studies to
obtain more accurate and generalizable effect estimates (Jin & Yu, 2025).

The research procedure followed the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) guidelines as recommended by Giizel et al. (2025)
ensuring that study selection, screening, data extraction, and analysis were conducted
systematically, transparently, and reproducibly.

Eligibility Criteria

Based on a comprehensive literature review, specific eligibility criteria were established
to examine the relationship between digital learning and numeracy skill improvement. To
minimize publication bias, both published and unpublished studies were considered (Kus,
2025). Studies were included if they met the following criteria:

a. The study focused on the impact of digital learning or information technology-based
learning media on numeracy skills.

b. The study empirically measured the effect of digital learning interventions on numeracy
outcomes (not purely descriptive or conceptual).

c. The study employed experimental, quasi-experimental, or single-group designs with
control/comparison groups, allowing effect size (ES) calculation based on t-tests, F-tests,
correlation coefficients, or other convertible statistics.

d. The study reported sample size (N), statistical results, and the type of digital media used.

e. The study was published in peer-reviewed scientific journals (national or international) or
had recognized academic credibility.

f. The study was conducted in the Indonesian educational context (elementary, junior high, or
senior high school). International studies were included only if they explicitly involved
Indonesian students.

g. The article was available in Indonesian or English and accessible in full text through online

sources such as Google Scholar.
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Data Sources and Search Strategy
Data were obtained from online databases, primarily Google Scholar. Search keywords

29 ¢

were developed in both Indonesian and English, including: “numeracy,” “numerasi,” “digital
numeracy,” “digital,” “Indonesian numeracy,” and “numerasi Indonesia.” The search process
involved screening titles, abstracts, and full texts (Freelon, 2013). In cases of duplicate records,

only peer-reviewed versions were retained.

Search Results

At the identification stage, a total of 1,510 articles were retrieved from Google Scholar
using the specified keywords within the 2015-2025 publication range. During the initial
screening stage, 521 duplicate or irrelevant articles were removed using the Publish or Perish
software, leaving 989 articles.

During title and abstract screening, 673 articles were excluded due to lack of relevance
to digital numeracy, educational context, or appropriate research design, leaving 316 articles
for eligibility assessment.

At the eligibility stage, full-text screening was conducted to assess methodological
suitability and data availability. Ten articles were excluded due to access limitations or technical
incompatibility, resulting in 306 articles for detailed evaluation.

Further assessment led to the exclusion of 281 articles for the following reasons: 172
articles were outside the study scope (not focused on digital numeracy learning), 89 articles did
not use experimental or quasi-experimental designs, 12 articles were review papers or meta-
analyses, and 8 articles lacked sufficient statistical data for effect size calculation.

Finally, 25 studies met all inclusion criteria and were included in the meta-analysis.
These studies demonstrated adequate methodological quality and provided sufficient data for
effect size estimation of digital numeracy learning effectiveness.

The overall selection process is illustrated in Figure 1. This rigorous screening reduced
the initial 1,510 studies to 25 eligible articles, reflecting the study’s emphasis on data quality,
validity, and relevance. The relatively low inclusion rate (approximately 1.66%) indicates that
experimentally based research on digital numeracy learning remains limited, highlighting the

need for further studies in this field.
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Identification of studies via databases

Records identified from the
g kG?t?.-'l{gjrfi fcﬁﬁrn;lam I.:}l;r Records removed before filtering with
E ?\IUIIIEI;ISI'-" o "Digtal Publish or Parish with the keywords:
A \Iu;nera " or "Digital” o "Numeracy" or “Numerasi" or "Digital
-'ﬁ "_]ndonesicgn Numeracy” and Numeracy" or "Digital” or "Indonesia
E “Num, erasi Indon ecsi‘a”' Numeracy" and “Numeras Indonesia™
Database from 2015-2025 Records removed (2= 321)
(n=1.510)
Records screened (n=989) Records exclude (7=683)
Full text ﬁ;};ﬂﬁ“mﬂ for Records exclude (n=377)
l' Full text articles exlude (n=281)
g Full text articles searched for with reasons:
=] review (n=306) |+ Not within the scope of the study
e (n=172)

+ Not an experimental study (#=89)

* Review/meta-analysis study
(n=12)

¢ Insufficient data to calculate an
effect size or the output statistical
results containing mean difference
tests (Anova and t-test) (n=8)

Studies included in the meta-analysis (7=123)

Included

Figure 1. PRISMA diagram to illustrate the process of filtering articles regarding the impact of digital
learning on numeracy skills (PRISMA flow diagram adapted from (Kus, 2025))

Data from the selected studies were then coded using seven categorical moderator
variables, including: (a) author name and year of publication; (b) research title; (c) publication
source; (d) sample characteristics; (e) educational level; (f) type of digital media used; and (g)
learning model employed. These variables were used to identify the characteristics and context

of each study, which form the basis of this meta-analysis.

Data Analysis
The data analysis procedures in this meta-analysis were guided by the PRISMA

(Preferred Reporting Items for Systematic Reviews and Meta-Analyses) framework, which
includes determining inclusion criteria, identifying data sources, and conducting the selection,

screening, collection, and extraction of relevant information (Veroniki et al., 2025; Giizel et al.,
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2025). A detailed application of the PRISMA stages is presented in Figure 1.

After the relevant data were obtained, statistical analysis was conducted by calculating

effect sizes based on predefined criteria, followed by interpretation and conclusion drawing

from the analysis results (Gogtay & Thatte, 2017; Borenstein et al., 2021; Collins et al., 2021;

Widodo et al., 2025).

Table 1. Calculation of Effect Size from ¢-test, F-test and r

Types of Statistical Test

Formula of Effect Size

7

t-test

F-test

2
ES =

Information:
r: the result of r

Information:

t: the result of the t-test

Ng: sample size of the experimental group
Ne: sample size of the control group

2
ES=F |-
n

Information:
t: the result of the F test
Nn: sample size

Data analysis was conducted to calculate effect size as an indicator of the magnitude of

the effect of the variables under study (Tan et al., 2025). Effect size is used to determine the

extent to which digital media and the combination of learning models with digital media

influence students’ numeracy skills.

In this study, the effect size was calculated by converting the F value into t and r values

and then estimating the magnitude of the effect while accounting for sampling variation. The

formula used for effect size calculation is presented in Table 1 (Cooper et al., 2009; Widodo et

al., 2025). All calculations were performed using Microsoft Excel to ensure accuracy and

consistency of the results. The obtained effect sizes were then interpreted according to the

criteria presented in Table 2 (see Widodo et al., 2025)
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Table 2. Effect Size Criteria

Range Effect Size (ES) Criteria
-0.15<ES<O0.15 Very Low
0.15<ES<0.40 Low
040 <ES<O0.75 Medium
0.75<ES<1.10 High
[LI0KES<1.45 Very High
ES=>1.10 Extra Ordinary
RESULT AND DISCUSSION

Result

Before discussing the findings in detail, Table 3 presents a summary of the meta-
analysis results from 25 studies related to digital media-based learning models. Table 3 provides
information on the authors, year of publication, educational level, learning model, type of
digital media, policy basis, source, sample size (N), and statistical test results, including F-test,
t-test, correlation (r), and effect size.

This data is expected to provide a comprehensive overview of the variety of learning

models and digital media used, as well as their influence on student learning outcomes.
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Table 3. Article Characteristics by Author, Year, Education Level, Learning Model, Digital Media, Policy Context, Source, Sample, and Statistical

Results
No Author & Year Level Learning Digital Policy Basis N F-test  t-test r Effect
of Publication Model Media Size
1 Aziz et al. (2025) SS  Realistic GeoGebra Independent 76 - 1.515 0.348
Mathematics Curriculum
Education
2 Muhaimin & IS - Kahoot Minimum 64 - 4.992 1.248
Fadiana (2025) Competency
Assessment
3 Wahyuni et al. JS Realistic E-Booklet Minimum 74 3.043 - 0.707
(2024) Mathematics Competency
Education Assessment
4 Rohima & ES Problem Base  Augmented  Computer-Based 38 - 9.196 3.021
Nugraheni (2025) Learning Reality National
Flipbook Assessment
5 Widiastuti & JS Problem Base  Cabri 3D Numeracy 80 - 4.621 1.033
Kurniasih (2021) Learning Literacy
Movement
6 Ambarwati & JS Problem Base = YouTube Numeracy 72 - 3.339 0.787
Kurniasih (2021) Learning Literacy
Movement
7 Jainuddin et al. JS  Technology GeoGebra Independent 48 - 1.671 0.482
(2025) Base Quizis Curriculum,
Learning Teaching
Campus
8 Sape (2024) SS - Khan Digital Education 60 - 9.159 1.672
Academy Transformation
9 Yulianto et al. ES - Math Games Numeracy 70 3.690 - 0.882
(2025) Literacy
Movement
10 Milala et al. (2025) ES - Game Minimum 84 - 2.97 0.648
Edukasi Competency
Digital Assessment
11 Sapruddin et al. ES Problem Base = Game Math  Independent 14 - 3.075 1.644
(2025) Learning Adventure Curriculum
, Teaching
Campus
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No Author & Year Level Learning Digital Policy Basis N F-test  t-test r Effect
of Publication Model Media Size
12 Sutiyawan & SS - Virtual Phet ~ Minimum 70 - 2.971 0.710
Supardi (2024) Competency
Assessment
13 Siswanto et al. SS - TikTok Digital Education 60 - 15.408 3.979
(2024) Transformation
14 Lestari et al. (2025) IS - Game Minimum 61 - 4.526 1.159
Educaplay Competency
Assessment
15 Masnia et al. (2025) JS Problem Base  Social media Numeracy 60 4.519 - 1.167
Learning Literacy
Movement
16 Rahim et al. (2024) ES - PainT 3D Numeracy 8 1.321 - 0.934
Literacy
Movement
17 Widyasari (2025) ES Model ELPSA  Woodwall Digital Education 48 18.424 - 4.215
App Transformation
18 Putri & Zuhdi ES - Interactive Numeracy 42 5916 - 1.826
(2024) Video Literacy
Movement
19 Sari et al. (2025) ES - Educative Digital 40 5.072 - 1.604
Game Transformation
Education
20 Lestari & Aini ES - Flipbook Minimum 36 4.293 - 1.431
(2024) Competency
Assessment
21 Pratiwi et al. (2025) ES Teams Game Wordwall Minimum 10 8.28 - 1.050
Tournamen App Competency
Assessment
22 Shahira et al. JS  Creative Permath Independent 62 1.703 - 0.433
(2024) Problem App Curriculum
Solving
23 Dantes & ES Blendeed Online Digital Education 60 3.429 - 0.885
Handayani Learning Resources Transformation
(2021)
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No Author & Year Level

Learning Digital Policy Basis N F-test  t-test Effect
of Publication Model Media Size
24 Safitri et al. (2023) ES Project Base Animated Minimum 50 - 3.575 1.011
Learning video Competency
Assessment
25 Rifki et al. (2023) ES Flipped Interactive Numeracy 40 4.413 1.396
Clasroom video Literacy
Movement
Total 1327 30.445
Average 53.080 1.218

ES: Elementary school
JS: Junior high school
SS: Senior high school
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Discussions
The Effect of Digital Learning on Students' Numeracy Ability

The results of a meta-analysis of 25 empirical studies involving 1,387 participants show
that the average effect size of digital learning on students’ numeracy skills in Indonesia is 1.218,
which falls into the large effect category according to Cohen (1988). These findings confirm that
the integration of digital technology contributes significantly to improving students’ numeracy
skills.

In general, digital media enrich mathematics learning by providing visual representations,
interactive simulations, and immediate feedback that are difficult to obtain in conventional
instruction (Burns et al., 2024). This is consistent with James et al., (2025) who suggest that digital
learning creates an interactive, adaptive, and collaborative environment in which students are not
merely recipients of information but active participants in knowledge construction. Other findings
by Oumelaid et al. (2025) supported by Omarovna and Aynabekovna (2024) also show that digital-
based interactive games significantly increase students’ cognitive engagement and can be applied
in various educational contexts, including general and special education.

Furthermore, variation in effect sizes across studies (0.348 to 4.215) indicates that the
effectiveness of digital learning is not uniform and depends strongly on the implementation context.
Studies with strong pedagogical integration, such as the ELPSA model combined with the
Wordwall App (Widyasari, 2025) show substantially higher effect sizes compared to studies using
digital tools without clear pedagogical frameworks, such as GeoGebra (Aziz et al., 2025). This
suggests that the success of digital learning depends not only on the technology itself but also on
how it is integrated with instructional strategies and learning contexts. This aligns with the
Technological Pedagogical Content Knowledge (TPACK) framework Rosenberg and Koehler
(2015) which emphasizes the balance between content, pedagogy, and technology.

In addition, the positive impact of digital learning on numeracy is closely related to
increased student engagement and self-directed learning. Chao et al. (2016), state that digital
technology enhances learning motivation by providing personalized learning experiences that
increase confidence, interest, and enjoyment. Interactive applications such as Quizizz, Kahoot, and
Math Games promote exploratory learning and healthy competition, which improves numeracy

engagement (Morata, 2024; Muhaimin & Fadiana, 2025; Singh et al., 2021). Thus, digital learning
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functions not only as a technological tool but also as a pedagogical medium that fosters numeracy

and critical thinking among students.

The Most Effective Types of Digital Interventions

An in-depth analysis of digital media types shows that the Wordwall App, educational
TikTok, and Augmented Reality Flipbook are the three interventions with the highest effect sizes,
reaching 5.318, 3.979, and 3.021, respectively. These media share a common characteristic: high
interactivity and strong student engagement. Wordwall supports game-based learning that
strengthens memory and conceptual reinforcement, while AR Flipbooks enable visualization of
geometric concepts in three-dimensional space. This aligns with by Moreno and Mayer, (2007)
who argue that effective digital learning combines visual, verbal, and kinesthetic elements that
support dual coding processes.

In contrast, more static tools such as GeoGebra and e-booklets show moderate effect sizes
(0.348 and 0.707). Although these tools support mathematical visualization, they offer more
limited interaction and exploration. These findings indicate that higher levels of active participation
and emotional engagement lead to stronger improvements in numeracy skills. This is consistent
with Sailer and Homner (2020), who emphasize that the effectiveness of digital media depends on
its ability to create meaningful learning experiences rather than merely delivering content.

Moreover, teacher readiness and pedagogical competence play a crucial role in determining
the effectiveness of digital media. Priyanda et al. (2025) found that teachers with strong TPACK
competencies can transform simple digital tools into reflective learning instruments that promote
higher-order thinking. Similarly Jafri (2022). emphasizes that technology should function as a
cognitive tool rather than merely a teaching aid. This aligns with Juhaevah et al., (2025) and Fadda
et al., (2022) who highlight that successful technology integration depends on the synergy between

content knowledge, pedagogy, and technological skills.

Differences in Effects Based on Sample Size, Education Level, and Learning Model

The analysis shows that the Problem-Based Learning (PBL) model consistently produces a
high effect size (mean = 1.53) when integrated with interactive digital media such as Cabri 3D,
educational YouTube, and Math Adventure Games. This indicates that PBL is highly adaptive to
technology-enhanced learning environments. PBL encourages students to investigate, explore, and

solve contextual problems, thereby strengthening higher-order mathematical thinking, including
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reasoning, conceptual connections, and meaningful representation of ideas (Savery, 2016).

In the context of this research, which focuses on improving numeracy skills, the
effectiveness is not only related to the motivational aspect or general HOTS, but is directly related
to the core components of numeracy, namely the ability to understand contextual data-based
problems, choose appropriate problem-solving strategies, reason logically, and represent
mathematical solutions meaningfully in various forms. The integration of PBL with digital media
allows for concept visualization, exploration of real-life situations, and simulation-based
interactions that strengthen the process of numerical reasoning and quantitative decision-making.
Thus, the relevance of the motivational aspect and higher-order thinking skills in this research lies
in the pedagogical mechanisms that facilitate the improvement of students' numeracy skills in a
measurable and contextual manner, not as additional variables outside the main focus of the
research.

The integration of PBL and interactive digital media enables students to construct
knowledge through dynamic visualizations and simulation-based experiments, thereby deepening
conceptual understanding (Dwiyanti & Setyasto, 2025). This is in line with the findings (Chaiarwut
et al., 2025) which emphasizes that problem-based learning enriched with digital technology helps
students internalize abstract mathematical concepts through visual representations and contextual
learning experiences.

The integration of PBL and digital media has significant implications for improving
numeracy learning. Digital media such as Cabri 3D allows students to directly manipulate
geometric objects in three-dimensional space (Widiastuti & Kurniasih, 2021), while educational
YouTube provides dynamic visualizations and contextual narratives that help bridge abstract
concepts to concrete experiences (Ambarwati & Kurniasih, 2021). In addition, Math Adventure
Game fosters intrinsic motivation through a challenge-based approach that combines cognitive and
affective aspects of learning (Sapruddin et al., 2025). This finding is in line with research Kolbaek
(2018) which emphasizes that problem-based learning in digital environments encourages
metacognitive reflection and social collaboration, which strengthens student engagement. Thus,
PBL can be viewed as an optimal pedagogical foundation for utilizing technology to sustainably
improve numeracy literacy and higher-order thinking skills.

From the perspective of sample size and group formation, studies with small numbers of
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participants (N < 30) and more limited study groups tend to report higher effect sizes than larger-
scale studies. This finding aligns with some literature suggesting that small groups, typically
consisting of 3 to 5 students, allow for more intensive interaction, faster feedback, and more
focused mentoring, potentially increasing the impact of learning interventions (Burns et al., 2024).
However, these results need to be carefully controlled, as high effect sizes in small samples may
also be influenced by data variability and limitations of the research design used. This phenomenon
can be explained by small sample bias (Borenstein et al., 2021), where learning effects appear to
be stronger due to the intensity of interaction and greater control of variables in small groups.
Tamur et al. (2025) also supports these findings, stating that digital learning is more effective in
small classes where teachers can provide individual and collaborative guidance on students'
numerical explorations. However, in the context of national education, this small-scale
effectiveness needs to be reexamined to ensure that digital learning can be implemented on a large
scale without losing its pedagogical effectiveness.

The meta-analysis results show that the greatest effect of digital learning on improving
students' numeracy occurs at the elementary school level, with an average effect size of 1.62,
compared to junior high school (1.06) and high school (0.93). This finding indicates that digital
learning has the strongest formative potential at the elementary education stage, when cognitive
structures and attitudes toward mathematics are being intensively formed (Sudbery & Whittaker,
2018). At the concrete operational development stage (around 7—11 years of age), elementary
school students require visual, kinesthetic, and interactive stimuli to understand abstract numerical
concepts. Digital media such as interactive flipbooks, educational games, and animated learning
videos play a crucial role because they provide multimodal representations combining text, images,
sound, and movement, helping children build meaningful mathematical mental models (Moreno &
Mayer, 2007).

Although the highest effectiveness was found at the secondary level, the greatest potential
for digital learning lies at the elementary school level, when the foundations of numerical and
logical thinking begin to form. Early, gradual, and sustained digital learning interventions have the
potential to foster integrated mathematical thinking and digital literacy habits from the beginning
of the learning period. This is in line with the findings Ayaz et al. (2016), which reveals that

interactive technology at elementary school age helps children develop visual and spatial thinking
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skills, which lay the foundation for understanding mathematical concepts at subsequent levels.
Therefore, a progressive digital numeracy curriculum is needed, starting from game-based
exploration to the application of simulation-assisted problem-solving concepts so that numeracy

skills are not temporary but internalized in students' thinking structures and learning habits.

The Role of National Education Policy on Digital Numeracy Learning

Policy analysis shows that digital interventions in this study are aligned with national
programs such as the National Literacy and Numeracy Movement (GLN/GNN), Minimum
Competency Assessment (AKM), the Independent Curriculum, and Digital Transformation in
Education. AKM promotes competency-based learning that emphasizes reasoning in real-life
contexts (Kemendikbud, 2020). while the Independent Curriculum supports contextual and
technology-based learning innovation (Kemendikbud Riset dan Tekhnologi, 2023).

Studies aligned with Digital Transformation policies (e.g., TikTok, Wordwall, Khan
Academy) show the highest average effect size (ES = 2.39), indicating the importance of strong
policy support for effective digital integration. Watson et al. (2014) similarly argue that systemic
digital education policies improve literacy and numeracy outcomes sustainably.

Post-2024 studies show an increase in effect size from 1.01 to 1.45, reflecting the positive
influence of policy implementation on digital learning effectiveness (Juhaevah et al., 2025). Thus,
GNN provides conceptual direction, while digital learning provides operational implementation
tools.

Despite this progress, challenges remain, particularly in infrastructure inequality, teacher
readiness, and digital access in 3T regions (Rahim et al., 2023; Ramdhani et al., 2024) Therefore,
improving teacher digital competence and infrastructure remains essential for equitable
implementation.

Although this meta-analysis shows strong effects of digital learning on numeracy skills,
several limitations should be noted. Variations in study design, limited reporting quality, and small
sample sizes may influence effect size estimates. Most studies were also conducted in urban areas,
limiting generalizability to rural or 3T regions. In addition, advanced digital innovations such as

Al-based tutoring and learning analytics remain underrepresented.

CONCLUSION

Based on a meta-analysis of 25 studies involving 1,387 participants, digital learning has a
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significant positive effect on students’ numeracy skills in Indonesia (ES = 1.218, large effect). This
effectiveness is influenced by the integration of technology, pedagogy, and content (TPACK). The
most effective interventions are Wordwall, educational TikTok, and Augmented Reality Flipbooks,
characterized by high interactivity and engagement. PBL is the most effective learning model (ES
= 1.53), as it supports exploration and conceptual reasoning. The strongest effects are found at the
elementary level (ES = 1.62), highlighting the importance of early numeracy development. Smaller
classes tend to show higher effects due to intensive interaction. From a policy perspective, the
synergy between GNN, AKM, the Independent Curriculum, and digital transformation strengthens
numeracy learning outcomes, with post-policy studies showing an increase in effect size from 1.01

to 1.45.
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