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Abstract: The goal of education for sustainable development is to prepare future citizens to make
informed decisions and take responsible action to solve problems. The purpose of mathematical
literacy is to ensure that all learners develop an understanding of mathematics, and how to relate
mathematics to the world and use mathematical knowledge to make valuable decisions in their
lives, work, and society. It can be seen that the purpose of mathematical literacy coincides with
the goal of education for sustainable development. In addition, math literacy is closely related to
self-regulated learning (SRL), which is the key to meaningful learning and sustainable development.
In educational research, it is an essential task to cultivate learners” mathematical literacy and promote
their sustainable development. With the rapid growth of emerging technologies, the emergence of big
data has brought numerous challenges to various research fields. In the age of big data, educational
research that can identify research perspectives and hotspots and summarize research evolution rules
from a large body of literature can assist us in deepening subsequent analysis. As a result, in this
study, we used CiteSpace and HistCite knowledge map visualization and exploration technology to
examine mathematical literacy research trends, major research countries and regions, major research
institutions, significant researchers, highly cited papers, research hotspots, and evolution trends on
a global scale. Through this study, we found that the earliest literature on mathematical literacy
appeared in 1957, and the research on mathematical literacy can be divided into three germination
stages (1957-2001), a slow development stage (2001-2011), and a prosperous development stage
(2011-2022). Most studies come from developed countries such as the US, the UK, Germany, and
Australia. The Universities of Utrecht and Purdue University were the most published institutions,
and scholars at Purpura published the most articles. The research object of highly cited literature
is mainly children, and the research is primarily carried out through the measurement of students’
mathematical ability and achievement and the analysis of related influencing factors, which provides
a direction for how to improve students” mathematical literacy. The research on mathematical literacy
mainly includes four research hotspots: working memory and mathematical literacy; brain science
and mathematical literacy; mathematical achievement and mathematical literacy; and the generation
strategy of mathematical literacy. The research field of mathematics literacy mainly includes working
memory, parietal cortex, math performance, mathematics education, early childhood, parental belief,
fractions, cognitive development, and student learning. There are 10 clusters. Different clusters have
different evolutionary trends. With the evolution of time, working memory, mathematical education,
fractions, and precinct beliefs clustered, gradually expanding from the concentrated research direction
to the subdivision field. The clusters of parietal cortex, math performance, early childhood, cognitive
development, and students do not show large keyword nodes during the research period. With
time, it has gradually expanded from the centralized research direction to the subdivision field. The
parietal cortex, math performance, early childhood, cognitive development, and students clusters did
not show large keyword nodes during the whole study period.
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1. Introduction

Skills education in the 21st century has inspired researchers to develop competencies
that can promote talent development [1]. Among these abilities, mathematical ability plays
an essential role in education, and mathematical ability is often referred to as mathematical
literacy. Mathematical literacy, as defined by the OECD, is an individual’s ability to
form, use, and interpret mathematics in various contexts, which helps an innovative,
active, and reflective citizen understand the role of mathematics in the world, and make
sound judgments [2]. Mathematical literacy is closely related to educational success,
career achievement, and national economic growth [3]. It plays an essential role in the
discussion courses of mathematics education objectives and has become the core vocabulary
of mathematics education in recent years [4]. In the information age, any educational
research plan should consider the current and future needs for math skills [5].

Many countries and organizations emphasize students’ mathematical literacy for-
mation and development. The most apparent embodiment is the constructing of the
curriculum system generated by mathematical literacy. For example, in 1959, the British De-
partment for Education published the Crowther Report on the Education of 15-18-year-olds,
in which mathematical literacy was creatively proposed for the first time [6]. In 1982, Wil-
fred Cockcroft, an expert in mathematics education, published the famous “Cockcroft
Report”, which pointed out that learning mathematics should help acquire not only knowl-
edge and skills, but also develop mathematical literacy [7]. The national literacy strategy
was launched in 1996, and in 1999, it started in September [8]. The British Ministry of
Education issued the new “National Curriculum” (Mathematics), pointing out that the
development of students” mathematics literacy is still an essential goal of the mathematics
curriculum, and “mathematical literacy and mathematics” and “language and reading liter-
acy” are essential to the development of the national curriculum [9]. This is a programmatic
document for mathematics curriculum reform in British primary and secondary schools in
the 21st century. Since the introduction of mathematical literacy in the UK, other countries
have also made mathematical literacy an essential goal of the mathematics curriculum. For
example, in 1989, the National Council of Teachers of Mathematics (NCTM) issued the
Standards for the Curriculum and Evaluation of Mathematics in Schools. The purpose of
this document was to guide significant reforms in the teaching of mathematics [10]. In 1998,
a discussion draft of the new NCTM standards included mathematical literacy as a social
need [11]. In 2001, the Mathematics Learning Research Committee under the National
Research Council set mathematical proficiency as the target for learning mathematics in
Adding It Up: Helping Children Learn Mathematics [12].

The plan proposed applying knowledge questions to develop problem-solving skills,
and the ability to use mathematical language and tools, of two groups. They sought
to measure the mathematical skills of students via their mathematics achievements [13].
Developing countries also pay attention to the cultivation of students’ mathematical literacy.
For example, South Africa released the “High School Mathematics Literacy Curriculum
and Evaluation Standards” in January 2012, which focuses on teaching students both basic
and applied math skills [14].

Since then, China’s Ministry of Education has promulgated “ordinary high school
mathematics curriculum standards (2017 edition) and the compulsory education stage
mathematics curriculum standards (2022 edition)”. These course standards emphasize
that math is a modern social norm and that everyone should have the essential skill, and
they regard it as one of their objectives. In 2016, the Ministry of Education of China issued
the Core Quality of Chinese Students’ Development. Subsequently, the Ministry of Edu-
cation of China issued the Mathematics Curriculum Standard for Ordinary High Schools
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(2017 Edition) and the Mathematics Curriculum Standard for Compulsory Education
(2022 Edition). Both curriculum standards point out that mathematics literacy is the es-
sential quality that every person in modern society should have, and regard it as one of
the goals of mathematics curriculum learning. As a programmatic document guiding
mathematics curriculum teaching, the curriculum mathematics standard is essential to
mathematics curriculum reform. It puts mathematics core literacy in the curriculum stan-
dard. It takes it as one of the objectives of mathematics curriculum teaching. The Chinese
Mathematics Curriculum places a lot of emphasis on teaching students how to understand
and use math.

Furthermore, many of the more critical international assessments also focus on math-
ematical literacy. For instance, since 2000, the Organization for Economic Cooperation
and Development has carried out a round of the Program for International Students for
15-year-old students every three years (PISA). Each game of the test involves the assess-
ment of reading literacy, mathematical literacy, and scientific literacy. Only one form
of literacy is selected for the preliminary examination in each round, among which the
PISA2003 [15], PISA2012 [2], and PISA2022 are the main tests of mathematical literacy.
The Trends in International Mathematics and Science Study (TIMSS) 2015 also include the
assessment of mathematical literacy [16]. Many scholars have also researched mathematical
literacy. For example, Altun et al. revealed the difficulties Turkish students encounter in
solving mathematical literacy problems through investigation [17]. Bolstad et al. pointed
out that students” mathematical literacy is related to mathematical topics and contexts
in their personal and professional life [18]. Gatabi et al. found that Iranian ninth grade
math textbooks contained significantly fewer questions related to math literacy, diversity
of content, and opportunities for students to participate in mathematical modeling than
those in Australia [19]. Yasemin et al. believe that teachers’ effective use of mathematical
language and their enrichment of visual materials in the curriculum can help improve
middle school students” mathematical literacy and visual mathematical literacy self-efficacy,
and there is a high degree of positive correlation between mathematical literacy and visual
mathematical literacy [20]. Guzel et al. found a significant positive correlation between
math literacy and math self-efficacy, and a substantial relationship between the interest
in, enjoyment of, anxiety about math, and the subject climate of mathematics courses [21].
Kaur et al. found that reading metacognitive learning strategies (comprehension, memory,
and summary) is positively correlated with adolescents’ mathematical literacy. In contrast,
two self-regulated learning strategies of reading (memory and refinement) were found
to be negatively correlated with adolescents” mathematical literacy [22]. Kemal found
that there was no significant difference in the level of self-efficacy belief among students
with different learning styles [23]. Gabriel et al. found that math anxiety was negatively
correlated with math literacy, and self-efficacy, self-assessment, perseverance, and motiva-
tion were positively correlated with math literacy [24]. Geary et al. found that boys and
girls had more similarities than differences in terms of the development of mathematical
ability [25]. Canbazoglu et al. found that cooperative learning positively impacted pre-
service primary school teachers” mathematical literacy achievement and awareness [26].
Kramarsk et al. found that students who received metacognitive instruction had higher
levels of self-regulation (SRL) and mathematical literacy [27]. Due to space limitations,
only some of the research results on mathematical literacy are listed in this study. There
are also many publications on mathematical literacy worldwide, indicating the availability
of fruitful research results on mathematical literacy worldwide. So, based on the global
literature on mathematical literacy research, it is essential to show the overall situation,
research hotspots, and evolution rules of mathematical literacy. This will give researchers
and policymakers new ideas and perspectives to guide future research and policy.

Goffman et al. argue that, in some areas, fundamental discoveries can be predicted
by mathematical models and algorithms [28]. Senturk et al. designed a new classification
algorithm based on SLCD to help humans make the most accurate judgments in a given
condition [29]. In addition, diagrams are useful for visual reasoning, helping humans make
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judgments in given conditions [30]. Based on algorithms and mathematical modeling,
Eugene Garfield designed the HistCite software system, which can generate a chronological
history highlighting the most cited works in the retrieved collection [31]. In addition,
the CiteSpace designed by Chen, Chaomei et al. based on Java can use algorithms and
mathematical models to draw knowledge maps and visualize literature in a certain re-
search field, thus revealing research hotspots and evolution trends [32]. Thus, the HistCite
software system and CiteSpace can reveal a certain research field’s overall situation and
help humans make accurate judgments. In recent years, some scholars have conducted
literature reviews and qualitative analyses on mathematical literacy research from a single
perspective, such as sorting out the definition of mathematical literacy [33], classifying
articles on mathematical literacy [34], and sorting out the literature on mathematical literacy
by induction [35]. However, these studies lack large-scale literature analysis and the use of
big data to analyze mathematical literacy research, and systematically reveal the research
hotspots and evolution rules in the area of mathematical literacy research. Of course, these
literature findings are beneficial in helping researchers to understand the development
of mathematical literacy. Still, they mainly rely on qualitative methods to analyze the
contents and topics of the existing literature. However, more information can be collected
through the comprehensive application of quantitative and qualitative analyses, making
the research results conform to both subjective experience and objective data, which is
more scientific and accurate. The overall situation, research hotspots, and evolution trends
of mathematical literacy research are revealed from the five dimensions of publication
trends, countries/regions, research institutions, researchers, and keywords in the field of
mathematical literacy. This study can partially cover what other studies have not. Its main
contributions are the following four points:

(1) Using big data to determine the publication trend of mathematical literacy research;

(2) Finding out which countries, regions, research institutions, and scholars have the most
influence on mathematical literacy research based on big data, and how they work together;

(3) Identifying research hotspots in mathematical literacy research using big data;

(4) Determining the evolution trend of the mathematical literacy research field using
big data.

The rest of this study is organized as follows: In the Section 2, we describe the research
tools, methods, and data sources. In the third part, we reveal the overall situation of
mathematical literacy research from five aspects—publication trend, countries/regions,
research institutions, author distribution, and highly cited literature. In the fourth part, we
conduct a co-occurrence analysis and cluster analysis of keywords to reveal the research
hotspots and evolving trends in mathematical literacy research. In the fifth part, we detail
the main conclusions of this study and future work.

2. Sources and Research Methods
2.1. Data Sources and Screening

To increase the representativeness and accessibility of data, we used the core databases
of the Web of Science (SCI-Expanded and SSCI), the authoritative global scientific literature
platform, as the data source to reveal the research hotspots and evolution rules in the
field of mathematical literacy research. There are different expressions of mathematical
literacy around the world; for example, the UK, Australia, Canada, and New Zealand
use numeracy, and the OECD/PISA use mathematical literacy. In the USA, mathematical
proficiency and quantitative literacy are used; in Denmark and Finland, mathematical
competencies are used. To eliminate false checks and missing information in the search
process, on 22 July 2022, based on the classical literature and the views of some professors,
with TS = numeracy OR TS = “Mathematical literacy” OR TS = “Mathematical literacy”
OR TS = “quantitative literacy” OR TS = “Mathematical competences”, and through the
Web of Science category refining feature, we excluded mechanics, ecology, management,
pediatrics, and other unrelated fields. Then, we manually checked the titles and abstracts of



Sustainability 2022, 14, 13842

50f19

the remaining literature, deleted irrelevant literature, and finally got 536 pieces of literature,
which were used as the primary data of our study.

2.2. Research Method

In 1969, Pritchard proposed bibliometric analysis [36], which uses statistical and
mathematical methods to study the distribution structure and the change rules of infor-
mation [37]. It is a mature, quantitative analysis method. HistCite, developed by Garfield
et al., is a software package for bibliometric analysis and information visualization that can
be used to calculate the Local Citation Sore (LCS) and Global Citation Sore (GCS) [31]. GCS
represents the number of times other documents in the local database cited the paper, and
LCS represents the number of times the article is cited by other documents in the WOS
paper database. CiteSpace is a powerful social network analysis software developed by
Professor Chen Chaomei from Drexel University based on the Java language, which can
draw knowledge graphs [38]. With the advent of the era of big science and big data, social
network analysis has become a widely used framework in bibliometric analysis. Social
networks are made up of nodes and the connections between them. They are based on
graph theory and are often used to measure structural and social patterns [39].

In the era of big data, to objectively and comprehensively analyze the overall situation
in the field of mathematical literacy research, HistCite and CiteSpace (5.8.R3) visualization
software were used to mine the hidden information in the literature. To explore the number
of publications on mathematical literacy, the academic influences of authors, research
institutions and countries, and the cooperation between them, as well as the research
hotspots and evolution trends of mathematical literacy, modularity and silhouette are two
critical indicators of CiteSpace. A modularity value (Q value) is an evaluation index of
network modularity, and its calculation formula is

1
Q= %Z (ai; — pij)o(Ci, C)),

A = aj; is the adjacency matrix in the actual network. p;; is the expected value of the
number of lines between nodes in the null model. C; and C; represent the community that
node i and node j belong to in the network. If i and j belong to the same club, then ¢ = 1.
Otherwise o = 0. Q ranges from 0 to 1, where Q > 0.3 means a significant clustering
structure. The silhouette value is an illustration proposed by Kaufman and Rousseeuw to
evaluate the clustering effect [40], and its calculation formula is

b(i)
)
i)
a is the average distance between point i and other points in the class, and b is the average

distance between point i and all points in the class of the nearest point i. The range of Sis [0, 1],
where S > 0.5 means reasonable clustering, and S > 0.7 means convincing clustering results.

1—a(i)/p(i), a(i) <
S; = 0, a(i) =b(i
b(i) /a(i) —1,a(i) > b

3. Results Analysis
3.1. Analysis of Publication Trends

The annual distribution of the number of papers reflects the overall situation and re-
search trends. It can be used to analyze the relationship between the number of documents
published in a particular area of a field and temporal change [41]. To understand the output
of mathematical literacy research results, we analyzed the literature on mathematical liter-
acy. We found that the earliest research on mathematical literacy dates back to 1957. From
1957 to 1990, only one paper was included in 1957, 1961, 1973, 1981, 1983, and 1987, and no
articles were published in the other years. From 1990 to 22 July 2022, although the number
of publications in the field of mathematical literacy research fluctuated slightly, it showed
an overall upward trend (Figure 1). Generally speaking, the research on mathematical
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literacy can be roughly divided into three stages. In the embryonic period (1957-2001),
the number of papers published on mathematical literacy accounted for only 5% of the
total, and no more than three papers were published yearly. Although the research on
mathematical literacy at this stage is not rich, it provides a foundation for subsequent
research on mathematical literacy. In the slow development phase (2001-2011), the number
of papers published on mathematical literacy accounted for 18% of the total. At the same
time, we find an exponential increase in the number of articles published on mathematical
literacy, but the growth rate was relatively modest. During the boom phase (2011-2022),
the number of papers published on mathematical literacy accounted for 77% of the total.
Similarly, at this point, the number of documents published on mathematical literacy grew
by a factor of 10, and the quantity of research on mathematical literacy grew quickly, both
of which show that mathematical literacy has become a field that many researchers are
interested in.

J
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E Y, B e)
o O

Number of publications

1211322

199019921994 1996 1998 200020022004200620082010201220142016201820202022
Year

Figure 1. The annual number of published articles. (The broken blue line represents the annual
publication volume, and the red scatter is the trend of annual publication volume obtained by fitting
the exponential function between the annual publication volume and the year.)

3.2. Analysis of Research Actives

To explore the foremost scholars, institutions, and countries/regions of mathematical
literacy research, as well as perform a preliminary study of mathematical literacy, we
used CiteSpace software and HistCite to analyze the four dimensions of country/regions,
institutions, authors, and highly cited literature.

3.2.1. Analysis of Country/Region

The number of articles published by a country or region reflects the importance,
influence, and contribution of the country or region to the field [42]. We used CiteSpace
to find that 71 countries participated in the study of mathematical literacy between 1957
and 2022. To further analyze the countries that have significantly influenced mathematical
literacy research, we ranked the countries according to the number of publications. We
used a table (Table 1) to show the top countries and their numbers of publications.

As can be seen from Table 1, the United States (213) ranks first, accounting for 40%
of the total number, and the LCS and GCS are much higher here than in other countries,
indicating that the United States attaches great importance to research on mathematical
literacy and has achieved rich research results. This is followed by Germany (44 papers),
the United Kingdom (44 documents), and China (30 records), which also made significant
contributions to mathematics education research. In addition, we found that most of the
countries in the top rankings are developed countries, and only China, South Africa, and
Turkey are developing countries, indicating that developed countries have made more
prosperous achievements in the field of mathematical literacy research, while develop-
ing countries are slightly lacking. It is worth noting that although the number of papers
published in Canada is not very high, its LCS and GCS values are relatively high, which
indicates that the quality of Canadian documents is high and has received wide atten-
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tion. Scientific research cooperation is a critical way to improve the overall strength of
scientific research and improve the complementarity of scientific research resources and
knowledge [43]. Through the cooperation between countries, we can find the countries
with a strong influence in the field of mathematical literacy research and their cooperation
degree. Therefore, we used CiteSpace to draw a knowledge map of the authors’ countries
and regions (Figure 2).

Table 1. The countries/regions with more than 13 publications and their numbers of published
articles.

Country Number of Published Articles LCS GCS
USA 218 299 6404
England 53 27 1478
Germany 44 62 1206
Australia 41 28 430
China 29 23 672
Canada 29 128 1684
Holland 26 63 730
Spain 26 10 295
South Africa 20 10 156
Belgium 15 5 52
Turkey 13 5 78
Sweden 13 4 177

This graph used the Cosine algorithm and generated 77 nodes and 66 lines. The
Q value was 0.7893, and the S value was 0.9377, which means its clustering effect was
remarkable. The result is trustworthy. From Figure 2, we can see that the United States has
outstanding performance in international cooperation, cooperating with other countries
more, and has become the leading research country in the field of mathematical literacy,
with very high cooperative influence and numbers of publications. Germany, Australia, the
United Kingdom, and China have also performed well in terms of international cooperation.
Others, notably Turkey, have cooperated less with others.

3.2.2. Analysis of Organizations

To gain insight into the core academic groups and institutions of mathematical literacy
research, we used CiteSpace and HistCite to analyze the literature institutions visually. We
found that 152 research institutions conducted research on mathematical literacy between
1957 and 22 July 2022. We used CiteSpace software to draw a knowledge map of the
authors’ institutions (Figure 3). We found that there was close cooperation among various
research institutions, and many research institutions had established cooperative relations.
We sorted the institutions according to the number of publications. We used the table
to show the number of publications, LCS, GCS, and countries of origin of the research
institutions with more than five publications (Table 2). In terms of the number of articles
published, the number of articles published by the University of Utrecht, Purdue University,
and Vanderbilt University exceeds 10. A total of 25 universities published more than five
articles, 23 of which were world-renowned universities in developed countries, accounting
for 90% of the total. This suggests that developed countries are the main driving force
behind mathematical literacy research. In developing countries, only Beijing Normal
University in China and the University of Cape Town in South Africa published more than
five articles, indicating that the research on mathematical literacy in developing countries
lags behind that in developed countries. In addition, 9 of the 20 research institutions are
from the United States, indicating that the United States occupies a very important position
in mathematical literacy research. It is worth noting that, using HistCite software, we found
that although Carleton University does not have the highest number of posts, its LCS and
GCS are high, which shows that this research institute has published a lot of papers in the
field of mathematical literacy research, and has gotten a lot of attention.
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Figure 3. Knowledge map of institutions’ collaboration in mathematical literacy.

3.2.3. Analysis of Authors

Univ Western Ontario

To understand the number of publications and important authors in the field of
mathematical literacy research, HistCite was used to develop statistics of the authors in the
field of mathematical literacy research and to display the important authors, their numbers
of publications, and citation information in a table. However, due to space limitations, we
only show the authors with five papers and above. It can be seen from Table 3 that the
number of documents published by Purpura D] is the largest, at 14. The LCS and GCS are
also relatively high, indicating that Purpura DJ has published several high-level papers
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with high reference values. In particular, although the number of papers published by
LeFevre JA is not the highest, the LCS and GCS are relatively high, indicating that the
papers published by LeFevre JA have important academic value and have attracted wide
attention. To explore the cooperative density and relationships between the authors, we
drew an author’s knowledge graph using the Cosine algorithm in CiteSpace (Figure 4),
and found that there are mainly five research groups in the field of mathematical literacy
research. On the whole, the density of the whole author cooperation network is low, and
the research cooperation network diagram is relatively scattered. Most scholars do not
show cooperation, but a few authors have shown the potential for collaboration in the
future. People such as Christopher J. Lonigan, Amy R. Napoli, Ellen C. LITKOWSKI, and
Jessica A. R. Logan have worked with Purpura DJ, and Purpura D] could perhaps be a
bridge between them.
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Figure 4. Knowledge map of authors’ collaboration in mathematical literacy.

3.2.4. The Foundation of Mathematical Literacy Research

Highly cited literature plays a key role in the knowledge flow network and is the basis
of discipline knowledge research [44]. This study shows the articles with more than ten
citations (Table 4), with a total of nine articles, among which the first article is the user
manual of MPLUS software [45], and the remaining eight articles are all related to the
measurement of students” mathematical ability or skills. Among the eight articles, six of
them studied toddlers or children [46-51], and the other two are meta-analyses [52] and
literature reviews [53]. In addition, among the eight highly cited papers, three focus on the
analysis of influencing factors or predictors of students” mathematical performance [46-48],
and three focus on the analysis of influencing factors or predictors of students” mathemati-
cal ability [49-51]. In addition, one paper studied which of the mathematical abilities of
students could predict their math performance [52], and another paper analyzed the rela-
tionship between symbolic and nonsymbolic number magnitude processing and individual
differences in children’s math skills from the perspective of brain science and behavior [53].
These studies mainly focus on preschoolers [47,49-51] and children [46,48], and analyze
the effects of mathematical language and general language [47], the reflection time of a
number comparison task [48], and inhibitory control on mathematical achievement [46].
In addition, the effects of the home computing environment (HNE) [49,51], age [49], and
counting ability [50] on students’ mathematical ability were also analyzed. This highly cited
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literature shows that the research on mathematical literacy is mainly conducted through
the measurement of students” mathematical abilities and achievements, and the analysis
of related influencing factors, which provides directions for how to improve students’
mathematical literacy.

Table 2. Institutions with more than 5 publications and their numbers of publications.

Number of Local Citation Global
Institution Published Score (LCS) Citation Score Country
Articles (GCS)
University of Utrecht 14 22 426 Holland
Purdue University 14 55 327 the United States
Vanderbilt University 11 13 189 the United States
University of Illinois 11 52 539 the United States
Katholieke University 9 4 185 Belgium
Leuven
University of Oslo 9 2 57 Norway
University Missouri 8 8 200 the United States
Austral}an C_athohc 8 2 o7 Australia
University
Beijing Normal University 8 8 835 China
Carleton University 7 71 762 Canada
University of Oregon 7 7 155 the United States
The University 'of Western - 37 544 Canada
Ontario
Stanford University 6 0 55 the United States
Emory University 6 10 278 the United States
University of Oxford 6 3 128 England
University of Granada 6 4 174 Spain
leibni'z Inst .Educ 6 1 29 Germany
trajectories
Carnegle Mellon 6 3 248 the United States
University
The University of Iowa 6 17 159 the United States
NYU 6 3 110 the United States
University of California, 6 1 63 .
the United States
Berkeley
University of Cape Town 6 2 15 South Africa
University of Hong Kong 6 7 199 China
University O.f Texas at 6 2 30 the United States
Austin
University of Helsinki 6 22 213 Finland

Table 3. Authors with more than 5 publications and their numbers of publications.

Author Recs LCS GCS
Purpura D.J. 14 88 502
Ansari D. 8 37 551
Grabner R.H. 8 32 444
Van Luit J.E.H. 8 21 337
Verschaffel L. 7 2 52
Price G.R. 6 7 138
Aunio . 5 22 196
Ebner F. 5 30 381
Geary D.C. 5 8 193
Gnambs T. 5 0 12
LeFevre J.A. 5 71 726
Lourenco S.F. 5 9 237
Reishofer G. 5 30 381
Schmitt S.A. 5 2 41
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Table 4. References cited more than 10 times.

Authors Title References Cited Times Year
Muthen L., et al. [45] MPLUS USERS GUIDE 24
Associations of nonsymbolic and symbolic numerical
Schneider, Michael, et al. [52] magnitude processing with mathematical competence: A 16 2017

Nguyen, Tutrang, et al. [50]

Holloway, I.D., and Ansari, D. [48]

Missall, Kristen, et al. [51]

De Smedyt, et al. [53]

Thompson, et al. [49]
Purpura, D.J., and Reid, E.E. [47]

Gilmore, Camilla, et al. [46]

meta-analysis
Which preschool mathematics competencies are most
predictive of fifth grade achievement?
Mapping numerical magnitudes onto symbols: The
numerical distance effect and individual differences in 13 2009
children’s mathematics achievement
Home numeracy environments of preschoolers: Examining
relations among mathematical activities, parent mathematical 12 2015
beliefs, and early mathematical skills
How do symbolic and nonsymbolic numerical magnitude
processing relate to individual differences in children’s

13 2016

mathematical skills? A review of evidence from brain and 12 2013
behavior
Age-related differences in the relation between the home
. . 12 2017
numeracy environment and numeracy skills
Mathematics and language: Individual and group differences

. . . . 10 2016

in mathematical language skills in young children
Individual differences in inhibitory control, not non-verbal 10 2013

number acuity, correlate with mathematics achievement

4. Research Hotspot and Evolution Analysis

The keywords were summarized and refined to the core of the article. We used CiteSpace
software to conduct keyword co-occurrence, cluster and time axis visualization analyses to
reveal further show the research hotspots and evolution trends of mathematical literacy.

4.1. Keyword Co-Occurrence Analysis

The keywords have been effectively summarized and refined to the core of the article,
and frequent keywords have been used to identify the main themes of the research field [54].
We used the cosine algorithm in CiteSpace to statistically and visually analyze the keywords
in the article, draw a keyword knowledge map (Figure 5), and present keywords with a
word frequency greater than 20 (Table 5). It was found that the most common keywords
in the field of mathematics literacy research are “achievement”, “children”, “individual
difference”, “skill”, etc. To a large extent, these keywords reflect that the research in the
field of mathematical literacy mainly focuses on the keywords of student achievement,
children, individual differences, and math skills.

In addition, these keywords are interlaced with each other, and the network graph
formed has a strong focus, reflecting the researchers” focus on mathematical literacy re-
search to a certain extent. Keywords, centrality, and word frequency are the key factors in
measuring the extent of keywords, and the value of centrality is positively correlated with
the volume of keywords in the network, which is an index used to measure the importance
of nodes in the network. Important keywords are those with a centrality greater than
0.1 [55,56]. The calculation formula is

nt
BC; = —
s#itt 8st

where g; is the number of shortest paths from node s to node ¢, and nét is the number
of shortest paths passing through node i among gs; shortest paths from node s to node
t. As can be seen from Table 5, among the keywords with more than 20 occurrences are

“achievement”, “children”, “working memory”, “ability”, “gender difference”, “literacy”,
and academic ac
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Figure 5. Visual knowledge mapping of keywords co-occurrence.

Table 5. Keywords with frequency over 20.

Count Centrality ~ Year Keywords Count Centrality Year Keywords
97 0.12 1995 achievement 31 0.00 2009  early numeracy
78 0.20 1995 children 29 0.08 1995  language
70 0.03 2007 Individual difference 28 0.00 2010  education
69 0.10 2002 working memory 28 0.04 2006  number sense
57 0.07 1997 skill 26 0.00 2009  executive function
55 0.05 2001 mathematics 25 0.08 2011 school readiness
55 0.01 1999 performance 24 0.11 1999  gender difference
55 0.09 2002 student 24 0.01 2011  predictor
49 0.00 2007 knowledge 24 0.12 2007  literacy
38 0.01 2008 mathematical literacy 23 0.01 2010 math
37 0.00 2007  mathematical competence 23 0.26 2003 ~ Academic

achievement
35 0.00 2009 kindergarten 22 0.01 1998  number
34 0.21 2001 ability 22 0.07 2008  representation
31 0.02 1997 quantitative literacy

hievement. It shows that these keywords have received extensive attention in the field
of mathematical literacy research.

4.2. Keyword Cluster Analysis

“Cluster analysis” is a method used to summarize similar research topics to obtain rep-
resentative clusters in related research fields, and analyze the overall situation of research
fields from different perspectives [43]. Given this, to further explore the main directions
of mathematical literacy research hotspots, we used the cosine algorithm in CiteSpace to
cluster the literature in the field of mathematical literacy research, and present the top
10 clusters with the largest clustering scales (Figure 6 and Table 6). As seen in Figure 6,
this cluster’s Q and S values are 0.7899 and 0.922, indicating that the clustering effect is
significant and the result is credible. In CiteSpace6, the smaller the value of cluster ID, the
larger the values of size and silhouette will be. Conversely, the larger the value of cluster
ID, the smaller the values of size and silhouette will be. The higher the silhouette value, the
higher the consistency among the cluster members [55]. As shown in Table 6, the values
of silhouette are all above 0.85, indicating a high consistency among the members of the
first ten clusters, which further verifies the significant clustering effect of this research and
the credibility of the results. In addition, the “Mean(Year)” index shows that the average
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years of the cluster labels are between 2007 and 2015, and six of them are after 2010. By
comparison, it is found that the year corresponding to the cluster tag differs from the
year corresponding to high-frequency keywords. The reason is that the cluster transition
corresponds to the average year, while the high-frequency words correspond to the year of
their first appearance. Therefore, the difference between the two is normal. Consequently,
it can be concluded that although some high-frequency keywords appeared earlier, they
were only paid attention to by most researchers from 2007 to 2015, and the research results
from 2007 to 2015 also played a role in promoting the research of mathematical literacy.
According to Figure 6 and Table 6, the cluster size of the “Mathematical Literacy” (#0)
cluster tag is the largest, which is related to the topic we retrieved, further indicating that
our data source is reliable. At the same time, through the analysis of Figure 6 and Table 4,
the research hotspots of mathematical literacy are identified. We divide them into the
following four research points, which clearly demonstrate the knowledge structure and
development of mathematical literacy.

4.2.1. Children’s Working Memory and Mathematical Literacy

This type of research mainly includes “working memory” (#1), “early childhood”
(#5), and “student” (#9) in the cluster diagram, and the representative keywords include
numeracy and working memory. Working memory is a good predictor of a child’s academic
performance [57] and one of the most important mental tools when learning math [58].
Researchers found that working memory deficits may cause poor math performance in
children [59]. In addition, the researchers also paid attention to the relationship between
working memory and mathematical literacy in children and students [60,61], and found
that as children’s working memory skills improved, their mathematical literacy levels also
improved [62,63].
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Figure 6. Visual knowledge mapping of keyword clusters.

4.2.2. Brain Science and Mathematical Literacy

This type of research mainly includes the cluster graph “parietal cortex” (#2). Repre-
sentative keywords include science and so on. Related research has shown that the relative
engagement of brain mechanisms involved in procedural and memory-based computation
is associated with high levels of mathematical ability [64]. In addition, there are differences
in the neural mechanisms of the parietal lobe in individuals with mathematical learning
disabilities, and Price et al. found that grey matter volume in the left IPS at the end of first
grade was associated with mathematical ability one year later, at the end of the second
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grade [65]. Grabner et al. found that brain activation during mental computation was
influenced by individual differences in mathematical ability, and confirmed the associa-
tion between individual differences in mathematical ability and Angular Gyrus (AG) [66].
Subsequently, Grabner et al. further found that the relationship between AG activation
and mathematical ability in arithmetic problem-solving appears to be due to differences in
arithmetic fact extraction that can be attenuated by training [67]. Ansari et al. found that
miscalculation activated the parietal cortex, but was affected by individual differences in
math ability [68].

Table 6. Keyword clusters’ related data statistics.

Cluster ID Size Silhouette Mean (Year) Label
0 28 0.908 2008 Mathematical literacy
1 26 0.936 2008 Working memory
2 24 0.851 2013 Parietal cortex
3 21 0.94 2013 Math performance
4 19 0.921 2007 Mathematical education
5 19 0.833 2012 Early childhood
6 18 0.89 2010 Parental beliefs
7 18 0.971 2012 Fractions
8 17 0.971 2009 Cognitive development
9 16 0.918 2015 Student
10 15 0.951 2012 Academic performance

4.2.3. Math Achievement and Mathematical Literacy

This type of research mainly includes “math performance (#3)” in the cluster graph,
and the representative keywords include “performance”. Studies have shown a signifi-
cant correlation between mathematical literacy and math achievement, and good math
achievement may lead to a higher level of mathematical literacy [69,70]. Zhao et al. found
that student background was an important predictor of students’ math performance [71].
Clark et al. found a strong association between potential executive control and math perfor-
mance at age 3, and the relationship between EC and math performance was stronger for girls
than boys [72]. Ryan et al. found that negative stereotypes create situational stress in students
that inhibits their performance in math [73]. In addition, Fleckenstein et al. found greater and
faster improvements in math scores among immersion students than traditional students [74].

4.2 4. Teaching Strategies for Generating Mathematical Literacy

Many countries regard the generation of mathematical literacy as the primary goal
of mathematics education, so the teaching strategy for the generation of mathematical
literacy is also the focus of many researchers. This type of research mainly includes
mathematics education (#4) and cognitive development (#8) in the cluster diagram, and
mainly focuses on empirical research. Relevant experimental research shows that applying
realistic mathematics education teaching methods has a significant role in promoting the
development of children’s mathematical literacy [75]. The teaching strategies, such as
integrating computers [76—78] into mathematics education and using Eduball physical
exercise courses [79], can improve students” mathematical literacy.

4.3. Research Evolution Trend Analysis

To better show the evolution trend of mathematical literacy research, CiteSpace was
used to obtain the clustering time chart for this field (Figure 7). According to the first cluster
of high-frequency keywords, we found that high-frequency keywords, such as language,
children, and cognition, appeared in the cluster of working memory (#1). Further analysis
shows that these keywords are related to the next keyword nodes on the clustering axis.
This means that some scholars also use these keywords as the main line of their research in
the next steps.
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Furthermore, we also assessed the cluster working memory (#1). The keywords in
this cluster are related to the keywords of other clusters, such as those in the mathematical
education (#4) cluster. This indicates that the working memory (#1) cluster lays an important
foundation for other research hotspots of mathematical literacy. Meanwhile, the cluster
research on working memory (#1) has the longest duration and a trend of continuous
attention, indicating that working memory is a major research hotspot in mathematical
literacy. According to the time distribution of high-frequency keyword nodes, it is found
that the time of the first occurrence of high-frequency keywords is mainly from 1995 to 2010,
and there has been a very close relationship between these high-frequency keywords and
other high-frequency keywords in recent years, indicating that the research in this period
has laid the foundation for subsequent research. After 2010, although the number of high-
frequency keywords decreased, there were more keyword nodes and more connections
between keywords. This indicates that the related research on mathematical literacy has
gradually expanded from concentrated research to a segmented field over time. Working
memory (#1), mathematical education (#4), fractions (#7), and precinct beliefs (#6) cluster
according to a similar rule. In particular, the evolution laws of working memory (#1) and
mathematical education (#4) are the most obvious. For example, the high frequency words
in the cluster of working memory (#1) and mathematical education (#4) decrease over time,
while the number of relatively small nodes increases, which further confirms the evolution
law of the extension of the research topic to the subdivision domain. However, not all
clusters evolve in this way. Parietal cortex (#2), math performance (#3), early childhood
(#5), cognitive development (#8), and student (#9) are some examples. These clusters did
not show large keyword nodes during the whole study period.
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Figure 7. The timeline view of keywords clusters.

5. Conclusions and Future Works

In this study, the CiteSpace and HistCite software were used to visually analyze the
literature in the field of mathematical literacy research, and the research hotspots and
evolution trends in this field were obtained. This study addresses an important issue that
arose in previous reviews in this field; namely, there has not been a holistic analysis of the
field of mathematical literacy research from multiple perspectives through a large body
of literature, nor has any study fully revealed the changes over time. The main conclu-
sions are as follows: (1) It is found that during the whole research period, the quantity of
published mathematical literacy research has shown a steady upward trend, which can be
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divided into three stages—the germination stage (1957-2001), the slow development stage
(2001-2011) and the prosperous development stage (2011-2022). (2) It is found that the
United States, the United Kingdom, Germany, Australia, and other developed countries
have published a large number of papers on mathematical literacy research, especially
the United States, which is in the leading position. Among developing countries, China
has the largest number of publications. In addition, the United States is outstanding in
international cooperation, and Germany, Australia, the United Kingdom, and China have
also shown good performance in international cooperation. At the same time, it is also
found that the University of Utrecht, Purdue University, and Vanderbilt University have
important academic influences on mathematical literacy research. At the same time, it is
also found that the University of Utrecht, Purdue University, and Vanderbilt University
have important academic influences on mathematical literacy research. It is also found that
the scholar Purpura has the highest number of publications, and LCS and GCS are also
high. Although LeFevre does not have the highest number of posts, its LCS and GCS are
relatively high. It can be seen from the author’s cooperation network that scholars do not
show high cooperation intensity on the whole. In the future, developing countries should
further study the field of mathematical literacy research, and researchers should further
strengthen cooperation to promote the development of mathematical literacy research.
(3) The research on mathematical literacy focuses on four areas—working memory and
mathematical literacy, brain science and mathematical literacy, mathematical achievement
and mathematical literacy, and mathematical literacy generation strategy. It mainly covers
10 clusters, including working memory (#1), parallel cortex (#2), math performance (#3),
mathematics education (#4), early childhood (#5), parent belief (#6), fractions (#7), cogni-
tive development (#8), and student learning (#9). (4) The mathematical literacy research
evolution trend has been discovered; there are different evolution trends among different
clusters in the mathematical literacy research time axis. Working memory (#1), mathemati-
cal education (#4), fractions (#7), and parental beliefs (#6) form clusters, which gradually
expand from focused research to subdivision fields with the evolution of time. The parietal
cortex (#2), math performance (#3), early childhood (#5), cognitive development (#8), and
students (#9) clusters did not show large keyword nodes during the whole study period.

The current research has some limitations. First, we only selected the literature on
mathematical literacy research from the SCI-E and the SSCI databases of the Web of Science,
and the conclusions may not fully represent the situation of global mathematical literacy
research. In the future, we will search for more literature on mathematical literacy research
and analyze it. Second, our analysis of the research hotspots and evolution trends of
mathematical literacy may not be in-depth enough. In the future, we will further explore
the hotspots and evolution trends of mathematical literacy research using visual software
and quantitative and qualitative analysis. Third, we will look at the research trends in the
field of mathematical literacy in the future.
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