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Abstract

Introduction: The integration of technology in educational processes has been consolidat-
ed as areality in any context, at any stage and in any subject. This integration, beyond being
linked to the inclusion of specific content and the recognition of digital competence as a
basic skill, is linked to the consideration of technology as a tool at the service of learning,
associated with its potential as a methodological resource.

Method: Under this consideration, this paper analyses, from a bibliometric perspective, the
scientific production on the use of technology as a tool for learning mathematics in com-
pulsory schooling in the Scopus database. The sample is made up of 132 articles published
between 2015 and 2021, to which different bibliometric techniques (bibliographic coupling,
co-citation and co-occurrence) are applied.

Results: The results show an upward trend in scientific production on the phenomenon
under study, with higher indexation in the areas of social sciences and computer science.
Although most of the publications are in English-language journals, most of the research
is contextualised in Spain, followed by the United States. The co-occurrence identifies Sec-
ondary Education as the main context, although there is also a notable presence of Primary
Education, with the presence of different methodological proposals. Finally, there is a nota-
ble impact (in terms of number of citations) of the publications linked to the topic of study.

Conclusions: Thus, we conclude the relevance of technology-mediated mathematics learn-
ing in compulsory schooling, outlining an area of study of priority projection in the coming
years.

Keywords: bibliometric study, mathematics, educational technology, compulsory education.

Resumen

Introduccioén: La integracion de la tecnologia en los procesos formativos se ha ido conso-
lidando como una realidad en cualquier contexto, etapa y materia. Esta integracién, mas
alld de vincularse a la inclusién de contenidos especificos y al reconocimiento de la com-
petencia digital como una destreza basica, se vincula con la consideracién de la tecnologia
como una herramienta al servicio del aprendizaje, asociada a su potencial como recurso
metodoldgico.

Método: Bajo esta consideracién, este trabajo analiza, desde una perspectiva bibliométrica,
la produccidn cientifica sobre el uso de la tecnologia como herramienta para el aprendizaje
de las matemadticas en la escolarizacion obligatoria en la base de datos Scopus. La muestra
estd conformada por 132 articulos publicados entre 2015 y 2021, a los que se aplican di-
ferentes técnicas bibliométricas (acoplamiento bibliografico, co-citacién y co-ocurrencia).

Resultados: Los resultados muestran una tendencia al alza de la produccién cientifica so-
bre el fenémeno de estudio, con mayor indexacién en las areas de ciencias sociales y cien-
cias de la computacién. Aunque las publicaciones se encuentran de manera mayoritaria en
revistas angléfonas, la mayor parte de las investigaciones estan contextualizadas en Espa-
fia, sequidas de las realizadas en Estados Unidos. La co-ocurrencia identifica la Educacion
Secundaria como contexto mayoritario, aunque hay una presencia notable también de la
Educacién Primaria, habiendo presencia de diferentes propuestas metodoldgicas. Destaca,
por Ultimo, una repercusién notable (en nimero de citas) de las publicaciones vinculadas
al tema de estudio.

Conclusiones: Se concluye, de este modo, la relevancia del aprendizaje de las matematicas
mediado por tecnologia en la escolaridad obligatoria, dibujando una linea de accién prio-
ritaria en los préximos afios.

Palabras clave: analisis bibliométrico, matemadticas, tecnologia educativa, escolaridad obli-
gatoria.
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Pe3tome

BBegeHwe: NHTerpauus TexHonoruii B 06pasoBate/ibHble NPoLecChl CTAHOBUTCS peanbHO-
CTb0 B 0OOM KOHTEKCTe, Ha Nt06oM 3Tane 1 B 10O6OM npeameTe. 3Ta UHTerpauus, no-
MUMO BK/TOYEHWS KOHKPETHOrO COAePXaHWs U NPU3HaHWS LMGPOBO/ KOMMETEHTHOCTN B
KauyecTBe 6a30BOro HaBblKa, CBSI3aHa C PaCCMOTPEHMEM TEXHOMOMMIN KakK MHCTPYMEHTa Ha
cnyx6e 06yyeHus, CBA3aHHOTO C ee MOTEHLMANOM B KauecTBe MeTOA00rMYeckoro pecyp-
ca.

MeToz: B COOTBETCTBMM C 3TUM COOBPaxeHNeM B JaHHON CTaTbe MPOBOAUTCS 61banome-
TPUYECKUIl aHaNN3 HayYHO NPOAYKLMM MO NCMONb30BAHMIO TEXHONOTM Kak UHCTPYMeH-
Ta AN U3yYeHNs MaTemMaTuKn B 0693aTeNlbHOM LUKOIbHOM 06pa30BaHuM B 6a3e AaHHbIX
Scopus. Bbibopka coctonT 13 132 cTaTeid, ony6amMKoBaHHbIX B nepuog ¢ 2015 no 2021 rog, K
KOTOPbIM 6blIM NPUMeEHEHbI Pa3NnyHble bubanomeTpuyeckne MeToabl (brbanorpaduye-
CKasi CBSi3b, COBMECTHOE LIMTMPOBaHKE U COBMaAeHue).

Pe3ynbTatbl: Pe3ynbTaTthl MOKa3biBAKOT TEHAEHLMIO K POCTY HayYHOM NPOAYKLUK NO 13y-
yaemMoMy iBNIeHUIO, C 6o/ee BbICOKON MHAeKCaLMel B 061aCTaX COLMabHbIX HAayK U NH-
dopmaTnKm. XOTS BOMBbLUMHCTBO NYBAMKALMIA MYBAVKYETCS B aHII0A3bIYHbIX XypHanax,
60NbLUVHCTBO UCCIeA0BaHUIA NOCBALLEHO VicnaHnw, 3aTemM ciefytoT nccnesoBaHuns, npo-
BeAeHHble B CLLA. CoBMecTHOe 1Mcnonb3oBaHWe onpejenseT cpejHee 06pa3oBaHMe Kak
OCHOBHOI KOHTEKCT, XOTS Takxe 3aMeTHO MPUCYTCTBME HayalbHOr0 06pa3oBaHus, C Ha-
NNYNEM Pa3NYHbIX METOAONOMMYECKMX MPeAnoXeHni. HakoHel, BblfenseTcs 3ameTHoe
BIVSIHME (MO KONNYECTBY LIUTUPOBAHWIA) Ny6ANKaLMIA, CBA3AHHbIX C TEMOI NCCIeA0BaHNS.

BblBOAbI: TakMM 06pa3oM, AeNaeTcst BbiBOA 06 akTyaabHOCTU TEXHOMOTMYECKI OMOCPEA0-
BaHHOrO 06YyUeHNst MaTeMaTuke B 06513aTe/IbHOM LUKO/IbHOM 06pa3oBaHuni.

Knroueseie cnoea: 6UbAMOMETPUYECKNIA aHaNN3, MaTemMaTka, 06pasoBaTenbHble TeXHOIO-
riu, obs3aTenbHOe LKObHOe 06pa3oBaHye.
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Introduction

During the past two decades, technology has gained more and more importance in
the development of our daily life. Indeed, technology has an influence on many of our
day-to-day activities in the different areas of our life (academic, professional, social,
and personal), and has become a key element when performing different tasks both
at work and in the educational environment, including communication, socialisation,
and the creation of interpersonal relationships.

In the educational sphere, digitisation has been taking different shapes. At a physi-
cal level, schools have progressively transformed their rooms to house devices and
software which are used in teaching and learning. Thus, desktop and laptop comput-
ers, projectors, digital whiteboards, and tablets are a tangible reality in most schools
around the world. Furthermore, technology has been integrated into the curriculum,
either as a separate subject area or as a cross-cutting topic to be addressed within
other subject areas. This reality explains the political and institutional interest in en-
suring that students, at different educational stages, develop specific skills. Also linked
to this issue, on a supranational level, digital competence is recognised as a skill that
citizens need to develop throughout their life. Therefore, beyond the formal educa-
tional sphere, the idea is that people ought to have a series of skills that enable them
to develop in an appropriate way in the hyper-connected society in which we live.

These three issues have influenced in different ways the phenomenon analysed in this
study proposal: technology-mediated mathematics learning in compulsory education.
First of all, focusing on the more global to the more specific aspects, it is worth start-
ing from the EU guidelines which have identified the key competences that people
should have. The point of reference is here the Community guidelines proposed by the
Commission and the European Council in 2006, and revised in 2018, which explicitly
showed the two main key points of our proposal. On the one hand, mathematics has
traditionally been an area of knowledge in the academic curriculum, with a historical
presence in different educational contexts and stages. This relevance is reflected in EU
documents, which identify mathematical competence in synergy with science, tech-
nology, and engineering skills. Specifically, mathematical ability is described as the
skill to deploy and employ mathematical reasoning to solve problems in everyday life,
specifically in calculation, logical, and spatial thinking and representation (formulas,
graphs, etc.). Moreover, technology and engineering related skills are geared towards
the application of this knowledge to everyday life, as an individual and as a citizen. Fur-
thermore, and apart from these proposals, digital competence is seen as another of
the skills for lifelong learning and it is considered a skill in its own right. This is related
to instrumental and literacy issues (communication, content creation, participation,
problem solving, etc.), but also to other attitudinal matters, where the safe and critical
use of technologies, digital well-being, and cybersecurity are key.

This reality is framed within a general context that acknowledges not only the rele-
vance of technology for the development of the individual and of society, but also the
need for every citizen to be competent in both mathematical and technological areas.
Moreover, this framework has been used as a reference for education systems in dif-
ferent countries to shape their curricula at different educational stages. This is why
mathematics is a compulsory subject in compulsory schooling (primary and second-
ary education), while technology is usually taught in a cross-curricular way in primary
education, while in secondary education it has a dual function: it can either be still
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a cross-curricular subject integrated into the rest of the subjects; or it is taught as a
subject in its own right.

Furthermore, beyond the strictly curricular sphere, the two areas analysed in this pa-
per (mathematics and technology) are linked by a methodology that is on the rise:
STEM (Science, Technology, Engineering & Mathematics). This focuses on learning
scientific disciplines through active methodologies and with a practical purpose, and
thus fulfilling social demands (Arabit & Prendes, 2020). Mathematics plays a funda-
mental role in this methodology, as it is considered the foundation for the develop-
ment of the other areas (Maass et al., 2019).

Given that the integration of technology in mathematics is given consideration within
the curriculum, there is another issue that clearly affects its feasibility: the availability
of equipment and digital resources (devices, software, and any other type of techno-
logical tool). In this regard, it should be noted that technology can be implemented in
different formats, providing different possibilities for the implementation of mediated
learning processes. Thus, there is general technology (which is not directly aimed at
learning mathematics) that is used for this purpose, but there are also specific tools
that have been designed ad hoc for this purpose. In the first case, some studies sup-
port the use of augmented reality (Jesionkowska et al., 2020; Petrov & Atanasova,
2020), which has shown remarkable potential, for example, for the understanding of
conceptual issues, motivation, autonomous learning, research skills, and socialisation,
aspects that are also enhanced by the use of robotics (Aris & Orcos, 2019). Also, the
use of virtual reality (Buentello-Montoya et al., 2021), as well as immersive virtual re-
ality (Menjivar et al., 2021; Silva-Diaz et al., 2021), helps improve attitudes towards
mathematics, while the use of generic tools such as YouTube, search engines, blogs,
forums, and instant messaging in training activities related to mathematics (Garcia-
Martin & Cantén-Mayo, 2019; Gil-Quintana et al, 2021; Juarez et al., 2020) can improve
academic performance, as well as on the interaction and the level of learning devel-
oped in terms of mathematical thinking. Also not to be ignored are video games and
gamification as methodological resources, given their increased integration into ed-
ucational processes in any area and at any level. Studies such as Curto et al. (2019)
and Umboh et al. (2021) evaluate the use of Kahoot, concluding that it promotes the
development of skills such as self-requlation of individual and autonomous work as
well as the achievement of the academic objectives. Other authors show the useful-
ness of simulators (Diaz, 2018) for improving academic performance in mathematics.
Likewise, studies such as those by Kim and Fe (2017), Molina et al. (2020) and Pellas et
al. (2021) conclude that, generically, these recreational resources contribute to more
meaningful learning and have a direct impact on the improvement of arithmetic prob-
lem solving.

Besides, when focusing on technologies designed ad hoc for learning mathematics,
other generic proposals also support their potential for improving academic perfor-
mance (Martinez-Garrido, 2018) and for meaningful learning (Zeynivandnezhad et
al., 2020). In terms of specific resources, the use of Geogebra (Del Cerro, & Morales,
2021; Weinhandl et al., 2021), a tool on which much of the scientific literature on this
study phenomenon is based, stands out above the rest. Authors such as Alabdulaziz
et al. (2021), Birgin and Acar (2020) and Zulniadi et al., (2019) found its use improves
mathematical skills at different educational stages, as well as academic performance.
Moreover, Garcia et al. (2020), among others, stated that it is also beneficial for the
improvement of interpersonal relations.
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Furthermore, other studies such as Rodriguez-Cubillo et al. (2021) and Kristianti et al.
(2017) highlight the existence of other resources beside Geogebra, such as mobile
applications designed specifically for mathematics, which help improve attitudes to-
wards this academic area, foster motivation and the development of critical thinking.

This analysis leads to the conclusion that, regardless of how the technology is em-
ployed, scientific literature does seem to confirm that it is widely used in mathematics
learning (Gémez-Garcia et al., 2020), especially after the COVID-19 pandemic (Hos-
sein-Mohand et al., 2021; Iglesias et al., 2020).

Thus, the aim of this study is a bibliometric analysis of the scientific production of
technology-mediated mathematics learning in compulsory education, hosted in the
international database Scopus.

Based on these premises, the following research questions will be answered:

1. Considering the variables year of publication, area of indexation, journals, coun-
try, and most cited publications, what are the characteristics of the scientific pro-
duction under study?

2. What are the main lines of research related to field of study?

3. Who are the authors with the most influential publications in academia?

Methodology

This study is a bibliometric analysis aimed at identifying the research on the learning
of mathematics through technology in compulsory education. This technique is based
on a meta-analysis of scientific production (Gonzalez et al., 2020) and its evolution con-
sidering some pre-established criteria. These criteria, of a quantitative and descriptive
nature, highlight issues such as the area of knowledge in which the publications are
indexed, the year in which they are published and the authorship. This technique has
been validated by research that supports its usefulness and efficacy (Colomo et al.,
2020; Ros-Garrido & Chisvert-Tarazona, 2018).

Considering the fact that there are variations in the way each database covers scien-
tific fields and journals (Aria & Cuccurullo, 2017), and that the choice is therefore not
neutral (Waltman, 2016), the search for publications has been carried out using the
international database Scopus. For this study, the potential sample consisted of only a
small the number of papers due to the limited use of technologies within the subject
of mathematics in the various stages of compulsory education, together with the pa-
rameters and filters that needed to be applied to the search. Considering this, only the
Scopus database was used as it is recognised as a tool of academic quality because of
its comprehensiveness and academic criteria (Caviggioli & Ughetto 2019). Scopus’ sci-
entific production is also subject to rigorous quality criteria, which is a relevant reason
for its exclusive use (Khanra et al., 2020); it is also better, compared to Web of Science,
in terms of finding descriptors of more specific scientific fields (Rodriguez-Sabiote et
al., 2020), as in the case of this study. In addition, a decision was made not to use oth-
er databases simultaneously as most of the papers were duplicates or incorporated
research published in journals that did not meet the requirements and quality criteria
of the most prestigious international databases.
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The descriptors and Booleans used for the search command were “mathematics” OR
“maths” AND “learning” AND “primary education” OR “secondary education” OR “com-
pulsory education” OR “obligatory education” AND “technology” OR “ICT". This search
was carried out in the title, keywords, and abstracts, yielding a total of 317 documents
up to 27 September 2021; the publications included papers, book chapters, and con-
ferences, among others.

Different screening criteria were applied on the 317 resulting documents, according
to the object of study and following the PRISMA statement (Figure 1). Initially, the type
of publications was restricted to papers only, omitting documents referring to books,
book chapters, reviews or conferences. This narrowed the sample to 181 documents.
In addition, only papers published between 2015 to the present day (i.e., 7 years) were
included, omitting those published prior to that. The final product, after applying the
different filters and restrictions, was 132 papers (120 in English, 9 in Spanish, 1 in
Portuguese, 1 in Chinese, and 1 in Turkish). This was exported from Scopus in comma
separated values (.csv) for subsequent bibliometric analysis.

Figure 1
Phases of the publication selection process based on the PRISMA declaration
g N\ ' I ' N
Identification Studies in Scopus n=317
\ J \ J \ J
( 3 4 A 4 A
. Studies selected for Excluded - No articles
Screening possible inclusion (n=136)
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Studies selected for
Elegibility the bibliometric E"C'”d?g;,;';;e'z‘)”
analysis
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Total included studies
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Different bibliometric techniques were applied: firstly, the scientific production was
analysed in order to study the trend of the publications according to variables such
as the year of publication, the area of indexation, the periodicity, the country, and the
number of citations. Then, bibliometric analyses were applied while maintaining the
conceptual, intellectual, and social structure (Aria & Cuccurullo, 2017). The conceptual
structure was elaborated through a co-occurrence analysis, where, by examining the
set of words, it was possible to identify the key descriptors or keywords that make up
the contents of the proposals analysed. The intellectual structure was examined by
co-citation analysis, which reveals the frequency with which different papers are co-cit-
ed. Finally, the social structure was obtained by applying the technique of bibliograph-
ic coupling, which allows to determine the impact of a publication in the scientific field
according to its similarity (shared references) with other studies on the same subject.
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The VOSviewer software was used to investigate the relationships between the papers
of the sample. This software allows a visual representation of the existing relational
nodes according to the factor examined, and it is especially useful for displaying large
bibliometric maps (Aria & Cuccurullo, 2017).

In terms of the analysis of the scientific production, the following types of variables
were included: year of publication, to assess the evolution of scientific production
over time; indexing areas, to determine to which subject areas the papers belong;
periodicals, to identify the journals that published the most papers on the field of
study; country, to find out which countries have given more importance to research
on mathematics learning in compulsory education; most cited publications, to identify
the publications with the most impact in this field. To this end, the inclusion/exclusion
criteria are set out for each of the variables mentioned in order to carry out the analy-
sis of the scientific production (Table 1).

Table 1
Analysis variables and inclusion/exclusion criteria

Variables Inclusion/exclusion criteria

Year of publication All publications between 2015 and 2021
Indexation areas All areas with minimum 12 publications
Periodicals All journals with minimum 4 publications
Country All countries with minimum 6 publications
Most cited publications All publications with minimum 38 citations
Results

In order to specifically address the objectives of this paper, the results presented below
are structured according to the bibliometric techniques used to answer the research
questions. Thus, the analysis is firstly carried out on the scientific production, then the
results of bibliographic coupling and, finally, on co-citation and co-occurrence.

Analysis of the Scientific Production

Taking the 132 papers that make up the study sample as a starting point, the analysis
of the different study variables proposed above is presented below.

As for the year of publication, the time range of this study is from 2015 to 2021. During
this time, scientific production has followed an upward trend, with 11 papers in the
first year and 20 in the last. During this period, except for a drop in publications in
2016 (with only 6), there has been a steady increase in papers, with 11 in 2017, 20 in
2018, 24in 2019 and a peak of 40 in 2020. In the last year analysed (2021), 20 papers
were found, which is understandable considering that the analysis did not include the
entire year.
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Figure 2
Papers per year of publication
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With regard to indexation, the inclusion criterion for this variable, as noted above, is
set at a minimum of 12 publications. It should also be pointed out that a publication
may be assigned to more than one area of knowledge (multi-classification criterion)
and included in several of them. It is for this reason that total amount of papers in the
different areas is higher than the 132 publications analysed (Table 2).

Table 2
Indexation areas

Area Number of publications
Social Sciences 108
Computer Science 46
Engineering 18
Psychology 18
Mathematics 12

The area with the highest number of proposals was social sciences (108), accounting
for most of the allocation. Secondly, the papers are in the area of computer science
(46), followed by engineering (18) and psychology (18), and finally in mathematics (12).
This distribution responds to two fundamental questions: on the one hand, many of
the papers focus on didactic proposals that analyse the impact of different methodol-
ogies on the learning of mathematics. This offers a response to the more pedagogical
area of knowledge and, therefore, of social and, in part, psychological knowledge. On
the other hand, the association to technological areas (computing and engineering)
means that emphasis is put on the use of technology for learning and, therefore, the
use of equipment, software, and other digital resources. It is curious, however, that
the affiliation to the mathematical area is residual, considering that all the proposals
are linked to this area of knowledge.
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In any case, looking at periodicals and considering the exclusion criterion of a mini-
mum of 4 papers related to the subject (Table 3), there are five journals that meet this
criterion, all of them in English. The journal Computers and Education of the Elsevier
Group (UK) stands out with 15 publications, followed by two journals of the Swiss MDPI
group (Education Sciences and Sustainability), with 8 and 7 publications respectively.
The International Journal of Technology and Design Education (by the Springer Group)
and Mathematics (again by MDPI) are at the bottom of the list with 4 publications.

Table 3
Most prolific journals indexed in Scopus on the subject under study

Name of the journal Number of publications
Computers and Education 15
Education Sciences 8
Sustainability 7
International Journal of Technology and 4

Design Education

Mathematics 4

In terms of the country, there are a total of six countries that meet the inclusion cri-
terion, with 6 or more publications on the subject under study (Table 4). As can be
observed, there is a predominance of papers whose authors are affiliated with institu-
tions located in Spain (43 in total), followed by the United States with 21 entries.

Table 4
Countries with the highest scientific production in Scopus

Country Number of publications
Spain 43
United States 21
Australia 8
Turkey 8
UK 7
Greece 6

Finally, with regard to the most cited publications, the analysis of the impact and the
relevance of the publications according to the number of citations is subject to the
criterion of a minimum of 38 total citations (Table 5).
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Table 5
Most cited papers in Scopus

Average
number
Authors Year Title Journal Citations of
citations
per year
Applying “First Principles
of Instruction” as a
. design theory of the Computers and
II:IOEIV\S.E'FLIE' CW. 2018 flipped classroom: Education 56 14
T Findings from a collective 118, 150-165
study of four secondary
school subjects
Technology usage in
Bray, A., mathematics education Computer; and
2017 ; Education 50 10
Tangney, B. research - A systematic
; 114, 255-273
review of recent trends
Tablets and apps for International
Dorouka, P., promoting robotics, Journal
Papadgkls, S:, 2020 mathgmatlcs, §TEM ofMobl/e a4 2
Kalogiannakis, education and literacy Learning and
M. in early childhood Organisation
education 14(2), 255-274
Slnclal.r, .N" . Recent research on ZDM -
Bartolini Bussi, eometry education: an  Mathematics
M.G., deVilliers, 2016 9S> oY : ot 40 6.7
M., (..), Leung, ICME-13 survey team Education
A. Owens, K. report 48(5), 691-719
Nadelson, L.S., AmIa STEM Studies
McGuire, S.P., professional? in Hiaher
Davis, K.A., (...), 2017 Documenting STEM gn 38 7.6
X ) Education
Nagarajan, R., student professional 42(4), 701-720
Wang, S. identity development !
Cascales- Using an augmented Eurasia
. reality enhanced tabletop Journal of
Martinez, A., ;
Martinez. system to promote Mathematics,
2017 learning of mathematics:  Science and 38 7.6
Segura, M.-J., .
i . A case study with Technology
Pérez-Lopez, D., ) . .
students with special Education
Contero, M.

educational needs

13(2), 355-380

First of all, it is worth noting that among the papers that meet this criterion, there are
publications from 2016 to 2020; however, the year of publication is not an unequivocal
response variable for higher citation. Likewise, international authorship stands out
under this criterion, with only one paper by a Spanish author among the most cited.
Furthermore, all the proposals with the highest impact are published in international
journals, with Computers and Education being the one that stands out for having pub-
lished the two papers with the highest impact (106 citations between the two).
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The most cited paper (56 in total and 14 per year on average) is by Lo et al. (2018)
followed by the one by Bray and Tangney (2017), with a total of 50 citations and an
average of 10 citations per year. The paper in the third place (Dorouka et al., 2020)
was published in 2020, but has already reached a total of 44 citations and an average
of 22 per year, which is an outstanding result. The results are rounded off by the
works by Sinclair et al. (2016) with 40 total citations and an average of 6.7 per year,
and the publications by Nadelson et al. (2017) and by Arregle et al. (2017) both with
38 total citations and an average of 7.6 per year.

Conceptual structure: co-occurrence analysis

The conceptual structure makes it possible to examine the main lines of research of
a subject by using keyword co-occurrence analysis as the bibliometric technique. This
analysis helps to identify the core descriptors of the publications. In this way, the fre-
quency of sets of words yields information about their conceptual linkage. This anal-
ysis makes it possible to identify the lines of research linked to technology-mediated
mathematics learning in compulsory education.

By analysing the co-occurrence of descriptors, out of the 132 papers in the study sam-
ple, the authors suggested 456 keywords and the papers were indexed with 436 key-
words, reaching a total of 802. Of these, 35 keywords appeared more than 5 times in
the papers under study (Figure 3). Four co-occurrence clusters were generated, deter-
mined by the relationships between the descriptors used as keywords.

Figure 3
Concurrence of keywords in scientific production
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The terms with the highest concurrence were secondary education (47) and mathemat-
ics (27), matching the search descriptors, together with students (27), which is the key-
word with the highest concurrence intensity (total link strength 133). The key word
STEM is also worth highlighting (31 concurrences when the acronyms are grouped
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together with the descriptor of the terms the word consists of), as a pedagogical ap-
proach to global and holistic learning of science. Other descriptors, such as e-learning
(7), robotics (7) and augmented reality (5), reflect different strategies and methodolo-
gies to approach mathematics learning through technology.

Intellectual Structure: Co-citation Analysis

The intellectual structure helps identify the knowledge base of a subject by applying
co-citation analysis. This makes it possible to identify the subjects linked to the existing
literature on a particular topic. This analysis complements the co-occurrence analysis,
so that the papers cited together provide information on thematic areas of research.

In terms of co-citation, the criterion for the analysis was to have 10 or more citations,
which was met by 52 items (Figure 4). As a result, 6 co-citation clusters were generated
from co-cited papers. It is worth mentioning the co-citation intensity in the papers
by Csapo (total link strength 871), Molnar (total link strength 876) (Csapé & Molnar,
2019), and Hoyles (total link strength 440) (Hoyles, 2018), as these are the authors
ranking second, third and fourth in terms of citations (33, 26, and 23, respectively). The
most cited author is Fraser (Koul et al., 2018), with a lower co-citation intensity (total
link strength 180).

Figure 4
Co-citacién, unit of analysis “authors”

Social Structure: Analysis of Bibliographic Coupling

By using the bibliographic coupling technique, the social structure makes it possible to
know who the main authors are and their relationships within a thematic community.
This analysis allows to identify the influence of a paper on the overall scientific output
under study. Specifically, the relationship and similarity with the rest of the publica-
tions is analysed by looking at the number of references that the publications under
study have in common and establishing a backward citation chain. This technique al-
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lows to identify the authors who can be regarded as referents in the phenomenon
under study. Thus, the authors are used as the unit of analysis for the bibliographic
coupling, by setting as inclusion criterion at least 2 papers and 8 citations per author,
which was met by 10 items. Figure 5 reflects the resulting relational nodes.

Two sets of authorships were established based on their coupling relationship. It is
worth highlighting the intensity of the coupling (total link strength 532) generated be-
tween the papers by authors belonging to the red cluster (Vossen et al., 2018, 20203,
2020b), even though they are not the most cited papers. In contrast, the green cluster
(Bray & Tangney, 2016, 2017) has lower intensity (coupling) although they share the
most citations (79).

Figure 5
Bibliographic coupling, unit of analysis “authors”
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Discussion and Conclusions

A bibliometric analysis of the scientific literature on technology-enhanced mathemat-
ics learning in compulsory education has shown that this is a growing phenomenon
at international level. Considering the results, it is relevant to point out that journals
written in English are the most important ones, regardless of the authors’ geographi-
cal context and the countries where the research is carried out.

Thus, at a general level, scientific production has grown progressively over the past
five years (pending complete data for 2021), with social sciences and computer sci-
ences as the predominant areas of indexation. It is precisely the most prolific journal
in terms of publications and citations (Computers and Education) which is an example
of synergy between these areas of knowledge, and it has become a point of reference
on the use of technology as a tool for learning mathematics in primary and secondary
education. It is precisely the papers with the highest number of citations that analyse
this issue, highlighting the potential of possibilities such as the flipped classroom (Lo
et al., 2018), robotics (Dorouka et al., 2020), augmented reality (Cascales-Martinez et
al., 2017) or other trends (Bray & Tangney, 2017) in training processes in this field, as
well as in the development of professional identity (Nadelson et al., 2017).

In terms of the main lines of research linked to the field of study, most research focus-
es on the use of technology as a means of improving mathematics learning (Benton et
al., 2018; Bray & Tangney, 2017; Hoyles, 2018; Larkin & Calder, 2016; Papadakis et al.,
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2016), with research on teachers and the factors that affect this praxis being key (Mc-
Culloch et al., 2018). Alongside these, attention must be paid to the works that focus
specifically on mathematics (Benton et al., 2017; Leroy & Bresoux, 2016), meaning that
proposals for improvement using technologies are the result of knowing the magni-
tude and reality of the problem with this subject. Linked to this, there are multiple
references to research on STEM as a way of addressing the mathematical knowledge
domain, integrating mathematics and technology, science and engineering (Dasgupta
et al., 2019; Dorouka et al., 2020; Nadelson et al., 2017; Psycharis, 2018). Finally, it is
worth highlighting the research that focuses on specific tools or methodologies for
learning mathematics through technology, such as the use of the Flipped Classroom
(Adams & Dove, 2016; Bhagat et al, 2016; Clark, 2015; Kirvan et al., 2015); augmented
reality (Cascales-Martinez et al., 2017; Demitriadou et al., 2020); and the impact of the
use of iPads (Harrison & Lee, 2018) and tablets (Schacter & Jo, 2017) when learning
mathematics.

In terms of the authorship of the most influential papers in the sample, the work of
Bray and Tangney (2016, 2017) should be pointed out, as they focus on the use of
technology as a means for learning mathematics. In this respect, the 2017 paper is
one of the most cited (in 2nd place). Also relevant are the works by Vossen et al. (2018,
2020a, 2020b), which focus mainly on the STEM method, addressing knowledge devel-
opment, attitudes, and perceptions of both students and teachers.

One of the limitations and also line of future work, is the inclusion of a single database
for the bibliometric study (Scopus), with the possibility to extend the study with other
resources such as ERIC or Web of Science. This will allow a more global vision of the
topic analysed, although as mentioned in the methods section, the characteristics of
this search meant that only Scopus was used in this case. Another option to be con-
sidered is to use Biblioshiny as a tool for bibliometric analyses, given that it allows the
inclusion of statistical tests with R.

In addition, it would be useful to analyse the literature prior to 2015, as well as the
whole year 2021, with the possibility to highlight both the projection of the scientific
literature and the evolution of technology as a tool at the service of learning mathe-
matics.

In line with this last point, a systematic review of the literature focusing on the papers
in this study could contribute to deepening and materialising the specific tools that
are being implemented in education that are linked to the teaching and learning of
mathematics, as well as the specific impact they have on training processes.
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