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1. INTRODUCTION

In the 21st century, mathematics education faces increasingly complex challenges
that go beyond mastering concepts and computational skills. Learning now demands
higher-order competencies, such as critical thinking, problem-solving, collaboration, and
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% ability to communicate mathematical ideas effectively in various forms, including oral,
written, symbolic, and wvisual. In the 2Ist century, mathematics education faces
increasingly complex challenges that go beyond mastering concepts aﬁ computational
skills. Learning now demands higher-order competencies such as critical thinking,
problem-solving, collaboration, and the ability to communicate mathematical ideas
effectively in oral, written, symbolic, and visual forms [1], [2]. Mathematical
communication has therefore become a key competency in mathematics learning, as it
enables students to construct, represent, and share mathematical ideas clearly and logically.
Effective communication not only reinforces conceptual understanding but also cultivates
reasoning and reflective thinking skills [3], [4].

From a theoretical perspective, the relationship between communication and
cognitive development has been emphasised in several learning frameworks. Sfard (2008)
introduced the concept of commognition, which views communication and cognition as
inseparable processes in learning mathematics. Similarly, Vygotsky’s theory of social
constructivism underscores that learning occurs through language-mediated interaction,
where communication serves as a tool for constructing shared meaning and advancing
understanding. These perspectives affirm that students’ ability to articulate mathematical
reasoning reflects the development oweir cognitive processes within a social context.
Empirical studies further confirm that communication plays a central role in strengthening
conceptual understanding and encouraging students to express their reasoning in various
forms ﬁepresentation [51.[6).[7].

e National Council of Teachers of Mathematics (NCTM) [8] emphasizes
communication as one of the essential standards for mathematics learning, as it enables
students to express their ideas, justify their reasoning, and participate in mathematical
discourse that fosters a more profound comprehension. However, despite these pedagogical
and theoretical recognitions, challenges remain in measuring and enhancing students’
mathematical communication, especially in digital and collaborative learning environments
[91[10].[11].

Although numerous studies have examined mathematical communication through
instructional models, classroom practices, and assessment approaches, few have
systematically investigated the broader research landscape. Despite the increasing research
on mathematical communication, there remains a limited amount of bibliometric evidence
summarising global publication trends, dominant themes, and collaboration patterns. A
systematic and data-driven mapping is therefore needed to reveal how this research field
has evolved and identify emerging directions for future inquiry.

Alongside advances in technology and the rapid growth of scientific publications,
bibliometric analysis offers a powerful quantitative approach to illustrate knowledge
mapping based on publications, keywords, author collaboration, and thematic
development. VOSviewer, as one of the most widely used visualisation tools, enables
researchers to identify research clusters, co-authorship networks, and keyword
relationships within a large corpus of literature [11]. Integrating bibliometric analysis with
a Systematic Literature Review (SLR) provides a comprehensive picture of the structure,
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growth, and collaboration trends in mathematical communication research [12], [13], [14],

[15], [16].

Accordingly, gs study aims to analyse the development of mathematical

communication research in mathematics education based on Scopussindexed publications

from 2015 to 2025, using bibliometric analysis with VOSviewer. Specifically, the study

seeks to address the following research questions:

1. What are the main publication trends in mathematical communication research (2015—
2025)?

2. Which countries, authors, and journals contribute most to this field?

3. What are the emerging themeseand research gaps identified through keyword mapping?

The findings are expected to provide meaningful insights for educators, researchers,

and policymakers in strengthening mathematical communication through the development

of innovative instructional models, relevant assessment instruments, and international

collaborative research initiatives.

? METHOD
2.1 Research Design

This study employed a Systematic Literature Review (SLR) combined with
bibliometric analysis using VOSviewer software to analyse the data. This method was
selected because it is appropriate for identifying, evaluating, and interpreting existing
research on mathematical communication, thereby providing a comprehensive overview of
research development within a specific period (2015-2025).

2.2 Data Source and Retrieval
The subjects of this study were not individuals but scientific articles indexedg
Scopus that focused on mathematical communication. The articles were obtained from
Scopus database using the keyword Title-Abs-Key ("mathematical communication™)
within the range of 2015-2025. All metadata were exported in RIS format. The process of
obtaining the data involved two main steps: searching and screening. As stated by Yani
and Soebagyo [17], the SLR process typically includes several essential stages. Articles
that met the inclusion criteria were those published between 2015 and 2025, written in
either English Indonesian, and explicitly discussing the topic of mathematical
%13 initial search yielded 431 articles, which were subsequently filtered
according to the following inclusion criteria. The selected articles were analysed using
VOSviewer to map research trends, author collaborations, keywords, and citation
networks.

communication.

2.3 Research Procedure

The research procedure followed the Systematic Literature Review (SLR) [18],
which consists of three main phases: (1) planning the review, (2) conducting the review,
and (3) reporting and dissemination. However, in practice, these phases were further
developed into more detailed operational steps. Recent studies have proposed a more
systematic and applicable framework known as Bibliometric-Systematic Literature
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Reviews (B-SLR), introduced by Marzi et al. [19], which involves ten main steps: (1)
Needs, (2) Review Questions, (3) Scope, (4) Search, (5) Screening, (6) Coding, (7)
Mapping, (8) Appraising, (9) Synthesizing, and (10) Communicating. All these steps were
carried out using the Scopus database and analysed with VOSviewer to produce accurate
bibliometric mapping and a comprehensive synthesis of relevant research.

2.4 Inclusion and Exclusion Process

According to Sauer and S. Seuring [20], the initial stages of an SLR include
formulating the research question and defining the scope, as well as the inclusion/exclusion
criteria. Consistent with this view, the present study applied four initial stages of SLR. The
first phase involved introducing the SLR concept and fo ating the main research
questions. The third phase, scope, defined the boundaries and inclusion criteria to ensure
the quality and relevance of the reviewed articles. Three criteria were used: (1) selecting
research trends on mathematical communication from 2015 to 2025, (2) presenting data
distribution related to mathematical communication, and (3) identifying the top five most-
cited articles to highlight research quality. The fourth stage, search, involved retrieving
data from Scopus using the keyword “mathematical communication” within the 10 years
(2015-2025). This search produced 431 metadata records, which were exported in RIS
format and analysed with VOSviewer.

2.5 Screening and Coding Process

The Screening stage was carried out in two phases. First, articles were filtered by
title, keywords, citation count, publication year, and publisher, eliminating those not
aligned with the study’s focus. Duplicates and irrelevant records were removed manually.
Second, the five most-cited articles were selected as the primary sources for in-depth
analysis of mathematical communication. The Coding stage involved organising the
selected Scopus metadata using VOSviewer to address the research questions within the
SLR framework. The following stages, Mapping and Appraising, aimed to visualise
relationships and assess article quality. The final stages, Synthesising and Communicating,
summarised the main findings to answer the research questions and presented the results
systematically for readers and future researchers.

2.6 Research Instrumepts and Software Parameters

The instruments used in this study included the Scopus database as the primary
source of metadata, encompassing information such as article titles, authors, publication
years, keywords, citation counts, and author affiliations. Metadata were exported in CSV
or RIS format for further processing. VOSviewer (version 1.6.20) was utilised as the
bibliometric analysis tool to map relationships among authors, keywords, citations, and
publication trends. The bibliometric parameters analysed included co-authorship, co-
occurrence, citation, and co-citation networks. The counting method used was full
counting, with a minimum occurrence threshold of 5 to ensure significant node
representation in the visualised networks. Additionally, a manual coding sheet was
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developed to classify articles based on topic, research method, contribution, and relevance
to the field of mathematical communication studies.

2.7 Data Collection Procedures

Data collection was conducted through several stages:

1. Retrieving articles from the Scopus database using the keyword “mathematical
communication”.

. Defining the publication time frame (2015-2025).

. Exporting metadata in RIS format.

. Applying inclusion and exclusion criteria for screening.

. Removing duplicate and irrelevant data manually.

. Processing the filtered data through VOSviewer for bibliometric analysis to explore the
development of mathematical communication research.

[ T R S ]

2.8 Data Analysis and Quality Assessment

Data analysis followed the SLR framework, which includes coding, mapping,
appraising, and synthesising phases as suggested by Mengist et al. [21]. In this process,
selected articles were coded based on essential aspects, including publication year, author
names, research methods, study focus, keywords, and contributions to the development of
mathematical communication. This systematic coding facilitated the organisation of data
for subsequent analysis. After coding, data were mapped using VOSviewer to visually
display relationships among authors, institutional collaborations, keyword distributions,
publication trends, and citation networks related to mathematical communication.

The quality of each article was then assessed based on its relevance to the research
theme, citation frequency, and contribution to the advancement of knowledge in
mathematical communication. The results from ing and evaluation were analysed
narratively to identify dominant research patterns, emerging trends, and existing research
gaps [22]. This analysis also sought to capture the theoretical, methodological, and
practical evolution of mathematical communication studies from 2015 to 2025.
Consequently, this research not only presents quantitative bibliometric visualisations but
also provides deeper qualitative interpretations. The final stage involved presenting the
analytical results in a structured narrative, including recent research trends, author and
institutional collaboration networks, major contributions, andggptential areas for future
investigation. Through this comprehensive presentation, the study aims to provide an
integrative understanding of the development of mathematical communication research,
based on Scopus data, and to answer the research questions defined earlier.

? RESULTS AND DISCUSSION

This section presents the results of a bibliometric analysis conducted on 431
documents related to mathematical communication, indexed in the Scopus database, from
2015 to 2025. The analysis aimed to identify the evolution of research trends, author
collaboration networks, citation patterns, and keyword co-occurrences in this domain. The
visualisation and mapping of bibliometric data were performed using VOSviewer software,
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which facilitated the detection of major clusters and interconnections among research
topics.

3.1 Re

ﬁe data collection process was conducted using Scopus as the primary database,
and the results were further analysed through the VOSviewer application. Scopus was
chosen because it provides a comprehensive and reliable repository of scientific
publications, while VOSviewer enables the visualisation of citation networks, article
linkages, and other bibliometric analyses, facilitating a more in-depth identification of
research trends. Using the keyword “mathematical communication”, a total of 431
documents were retrieved from Scopus and exported in RIS format for mapping and
analysis with VOSviewer. The search covered ten years (2015-2025).

P — Documents Documents by type

e s Letter (19%)

Confarence Pape... L9%)
Review 2
Review [3.8%)
Conference Paper 1

Letter

Article (92:5%)

Figure 1. Presents the Distribution of the Retrieved Publications Based on Document Type
Source: Scopus data processed with VOSviewer

From the 431 metadata records identified, only 53 documents met the inclusion
criteria after refinement. The distribution shows that journal articles dominate the
publication type with 49 papers (92.5%), followed by two reviews (3.8%), one conference
paper (1.9%), and one letter (1.9%). These findings highlight that scholarly journals are the
main platform for disseminating knowledge related to mathematical communication. The
limited number of reviews or meta-analyses indicates a gap in systematic studies within
this field, which this bibliometric analysis aims to address.
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+ Documents by year

Figure 2. Distribution publication trend from 2015 to 2025.
Source: Scopus data processed with VOSviewer

The publication trend fluctuated over the decade, showing a general upward
pattern. In 2015, five articles were published, followed by a sharp decline in 2017 when
no publications appeared. The number rose again to three in 2018 and reached seven in
2019. After slight dips in 2020 and 2022, publications increased notably in 2023 (six
articles), 2024 (nine articles), and 2025 (eight articles). The upward trajectory over the last
three years indicates a renewed scholarly focus on mathematical communication,
particularly as digital and collaborative learning models gain traction. The compound
annual growth rate (CAGR) of publication output over the decade is estimated at 5.8%,
suggesting steady development.

Documents by country or territory

B 1 Documents

Figure 3. Displays the Distribution of Publications by Country of Origin.
Source: Scopus data processed with VOSviewer

Indonesia leads with 23 documents, followed by the United States (7), @Neden (4),
Turkey (4), the United Kingdom (3), and Canada (3). Other countries, such as Australia,
India, the Netherlands, and Spain, contributed two publications each. This dominance by
Indonesian researchers demonstrates their active involvement in developing mathematical
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communication studies. However, the relatively limited international participation
highlights the potential for broader global collaboration.
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Figure 4.

Source: Scopus data processed with VOSviewer

Distribution of Mathematical Communication Publications per Year (2015-2025)

The Infinity Journal contributes the highest proportion of publications (36.7%),
followed by Educational Studies in Mathematics (23.3%) and Journal on Mathematics
Education (20%). Other contributors include The Journal of Mathematical Behaviour and
the Mathematics Education Journal (each at 10%). This distribution illustrates a balanced
representation between national and international outlets, reflecting growing global

engagement in this domain.

JMathematics Education Journal

Infinity journal

Journal of Mathematical Behavior

Journal an Mathematics Education|

Educational Studies in Mathematics

Figure 5. Percentage of the Top 5 Publishers Producing the Most Articles on Mathematical Communication

from 2015 to 2025

Figure 5 shows the distribution of publications by journal and publisher. The
Infinity Journal is the leading source, accounting for 36.7% of total publications, followed
by Educational Studies in Mathematics (23.3%) and Journal on Mathematics Education
(20%). Other contributors include The Journal of Mathematical Behaviour and the
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Mathematics Education Jowrnal, each with a 10% contribution. The combination of
national and international journals demonstrates the balanced development of
mathematical communication research across different academic forums.

Rather 4 . Documents by outhor

Figure 6. Distribution of Publications by Author (2015-2025)
Source: Scopus data processed with VOSviewer

In terms of authorship (Figure 6), publication output remains relatively dispersed,
with no single author dominating the field. The most active contributors are Bergqvist, E.,
Putri, R.LL, and Zulkardi, each with two publications, indicating consistent engagement in
this research domain. The remaining contributors, including Aguilar, M.S., Ahl, LM.,
Aktas, F.N., and others, each produced one publication. This pattern indicates that
research on mathematical communication attracts numerous scholars from various
institutions, thereby creating opportunities for interdisciplinary and cross-institutional
collaboration.

pr— —wi__ Documents by offiliation

Figure 7. Institutional Distribution of Publications (2015-2025)
Source: Scopus data processed with VOSviewer
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Institutional distribution (Figure 7) reveals that Universitas Pendidikan Indonesia
(UPI) ranks first, with four publications, followed by Simon Fraser University and
Universitas Sriwijaya, each with three publications. Other institutions, such as Universitas
Negeri Yogyakarta and Umed University, contributed two publications. These data show
that Indonesian universities play a significant role in this area, alongside some active
international institutions.

Subject area |, Documents . DOCUMENts by subject area

R 3 i
fothematics § Computer Scienc... 2.8%)

Saciol Sciences 9

Computer Science

Mothematics (50.0%)
Saclal Sciences _ (47.2%)

Figure 8. Distribution of Documents Based on the Field of Study in the Topic of Mathematical
Communication

Table 1 presents the top five most cited articles in this domain. The most cited paper
is by Santos and Semana [23], published in Educational Studies in Mathematics, which
emphasizes the importance of written mathematical communication, supported by effective
assessment strategies. Other highly cited works, such as those by Kaya and Aydin [24] and
Ingram et al. [25], focus on teachers” perceptions and student explanations. Furthermore,
Setivani et al. [26] discuss digital teaching modules based on mathematical communication,
while Aguilar and Castaneda (2021) [27] connect mathematical competence to the
interpretation of COVID-19 data, expanding the application of mathematical
communication beyond formal education.
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Table 1. Top 5 Articles with the Highest Citations

No Author Title Document  Year Source Title Cite by
Type
1 L., Santos, Developing mathematics Review 2015 Educational 30
Leonor: S., Q'it‘tcn communication Studies in
Semana, rough expository Mathematics
Silvia writing supported by
assessment strategies
2 Kaya, Defne; ementary mathematics Article 2016 Eurasia Journal of 27
H., Aydin, teachers' perceptions and Mathematics,
Hasan lived experiences on Science and
mathematical Technology
mmunication Education
3 J., Ingram, @he‘n students  offer Article 2019 Educational 27
Jenni; N., explanations without the Studies in
Andrews, teacher explicitly asking Mathematics
Nick; A., Pitt,  them to
Andrea
4 S., Setiyani, Esigning a digital Article 2020 Journal on 26
S.:D.P., teaching module based Mathematics
Putri, Dian on mathematical Education
Permana;F., communication in
Ferdianto, relation and function
Ferry: S.H.,
Fauji, Sandi
Hermana
5 M.S., Aguilar, @‘m mathematical Article 2021 Educational 23
Mario competencies does a Studies in
Sanchez; A., citizen needs to interpret Mathematics
Castaneda, exico’s official
Apolo information
about the COVID-19
pandemic?

Bibliometric term mapping using VOSviewer (Figure 10—1%identif1es recurring
keywords such as students’ mathematical communication skills, realistic mathematics
education (RME), and junior high school students. These terms indicate that most studies
focus on students’ communication skills, RME-based teaching approaches, and their
connection to representation and higher-order thinking skills. The keyword co-occurrence
analysis grouped the terms into several clusters, as summarised in Table 2, reflecting
diverse subfields such as language use, writing, cognitive reasoning, and task-based
learning.

The overlay visualisation (Figure 11) further reveals three chronological phases of

development:

1) 2015-2021 — theoretical studies focusing on mathematical language and symbols;

2) 2021-2022 - transition toward student competencies and classroom-based
implementation

3) (3) 2022-2023 - focus on communication indicators (questioning, reasoning,
awareness) and integration with RME.
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The density visualisation (Figure 12) shows the intensity of research clusters based
on keyword relationships. Brighter colours represent stronger linkages, dominated by the

terms "communication skill," "realistic mathematics education," and "language."
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Figure 10. Network Visualization ?i{ure 11. Overlay Visualization

$ vosviewer

Figure 12. Density Visualization
3.2. Discussion

The bibliometric findings reveal a dynamic and continuous growth in research on
mathematical communication over the past decade. Although publication activity
fluctuated, a strong resurgence has occurred since 2023, reflecting a renewed scholarly
focus aligned with the global emphasis on 21st-century skills [1]. This trend coincides with
the increasing integration of digital tools, collaborative platforms, and artificial intelligence
(AI) in mathematics education, showing that mathematical communication extends beyond
verbal and written modes to encompass multimodal and visual representations.
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From a theoretical perspective, these findingge are strongly linked to two
foundational frameworks: the communication standard of the National Council of Teachers
of Mathematics (NCTM) and Vygotsky’s social constructivism. The NCTM [8§]
emphasises communication as a crucial pillar of mathematics learning, enabling students to
express, justify, and refine their mathematical ideas through structured discourse.
Vygotsky’s theory emphasises that learning occurs through socially mediated interaction,
where language and communication serve as tools for constructing shared meaning and
promoting cognitive development. This bibliometric mapping supports these theoretical
propositions, as the co-occurrence of keywords such as communication, representation,
and reasoning demonstrates that mathematical communication facilitates conceptual
understanding and cognitive development [5], [6].

Compared with the bibliometric study [15], which mainly focused on publication
counts and keyword frequency, the present research extends the analysis by exploring
author networks, institutional affiliations, and thematic clusters. The results demonstrate a
clear evolution from theoretical exploration to contextually oriented and technology-driven
practices in mathematics education. In particular, the emergence of clusters related to
Realistic Mathematics Education (RME) and digital communication reflects a pedagogical
shift toward contextual and student-centred learning [25], which has demonstrated the
effectiveness of digital modules in strengthening students’ mathematical communication
skills.

Geographically, Indonesia emerged as the most dominant contributor, underscoring
its leadership in advancing mathematical communication research. This aligns with [12],
who reported that innovative pedagogical models, such as Problem-Based Learning,
significantly improve students’ mathematical communication and confidence in the
classroom. Pedagogically, the findings suggest that mathematics instruction should
incorporate meaningful discourse, digital literacy, and multimodal expression as integral
components of the teaching and learning process. Teachers can apply these insights by
promoting student discussions, peer explanations, and the use of digital visualisation tools
to articulate mathematical reasoning more effectively. These implications highlight how
bibliometric findings can directly inform curriculum design and instructional strategies
aimed at enhancing mathematical communication competence. Nevertheless, the strong
dominance of Indonesian publications also reflects a potential dataset bias, as Scopus-
indexed and English-language journals may underrepresent research conducted in local or
regional contexts. Expanding future reviews to include non-indexed or regional databases
could yield a more inclusive global perspective.

This study was limited to Scopus-indexed literature, potentially excluding relevant
regional studies published in non-indexed journals. Therefore, while the findings capture
global publication trends, they may not represent the full diversity of gaathematical
communication research. Despite this limitation, the analysis confirms that mathematical
communication is increasingly recognised as a key competency in mathematics education,
supported by both local and international research efforts. The integration of theoretical,
technological, and contextual perspectives illustrates that communication bridges
reasoning, representation, and higher-order thinking [5].
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Future bibliometric research should integrate co-citation and thematic evolution
analyses to uncover deeper conceptual linkages. Moreover, adopting Al-assisted learning
and multimodal discourse analysis could enhance understanding of how students express
mathematical ideas in digital and cross-cultural environments. By mapping this evolving
field through cleggestructural organisation and pedagogically informed interpretation, this
study contributesaguable insights for educators, researchers, and policymakers seeking to
strengthen communication-focused mathematics curricula and classroom practices
worldwide.

4. CONCLUSION

This study successfully reviewed the development and research direction of
mathematical communication in mathematics education based on Scopus-indexed
publications from 2015 to 2025. The findings indicate an upward trend in publication
activity and a strong relationship between mathematical communication, higher-order
thinking skills, and mathematical representation. Moreover, contextual learning approaches
such as Realistic Mathematics Education (RME) have played a significant role in
supporting communication-focused mathematics instruction.

Beyond these findings, this study opens up new avenues for further exploration,
particularly in examining the deeper interrelations between mathematical communication
and other 21st-century competencies, such as collaboration, creativity, and digital literacy.
Future studies should employ a mixed-methods approach that combines bibliometric and
content analysis to explore how the conceptual dynamics of mathematical communication
evolve across different contexts and in response to technological transformations. Such
approaches could reveal thematic evolution, co-citation patterns, and emerging research
frontiers that are currently underexplored in the literature. The analysis in this study was
limited to Scopus-indexed publications, which may have excluded relevant research from
non-indexed or locally published journals. Addressing this limitation in future studies will
improve representativeness and strengthen the global understanding of mathematical
communication research.

Overall, this bibliometric review not only maps the current landscape of
mathematical communication research but also provides a strategic direction for future
studies that integrate pedagogical innovation, technological advanceme, and
interdisciplinary collaboration. By mapping this evolving field, the study offers guable
insights for educators and policymakers seeking to enhance communication-focused
mathematics curricula and to foster adaptive learning designs aligned with the demands of
21st-century education.
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