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THE EVOLUTION AND STRUCTURAL ATTRIBUTES OF STEM LANGUAGE
IN UNIVERSITY MATHEMATICS EDUCATION OF THE USA AND UKRAINE

The article provides a theoretical, methodological and comparative analysis of the development of STEM language in
mathematics education at universities in the United States and Ukraine. It is shown that in the leading educational systems
of the world, in particular in the United States, STEM language is formed as an integrated system of knowledge and prac-
tices focused on solving real problems, while in Ukraine this process is transformative in nature and requires scientific
understanding and improvement. The methodological basis of the study is a combination of systemic, competency and
integrative approaches, which allow considering STEM language as a multi-component holistic system. The attributes of
STEM language literacy are identified: mathematical, algorithmic, digital, modeling, communicative, interdisciplinary,
research, critical and innovative. It was established that both educational systems have a common basis, but differ in the
pace of transformation: in the USA — evolutionary development with early integration of technologies, in Ukraine — the
dominance of theoretical training and the gradual introduction of digital approaches. In the USA, STEM language liter-
acy is formed systematically, while in Ukraine there is an imbalance between fundamental mathematical training and the
development of digital and communicative components. The conclusion is made about the need to modernize mathemat-
ics education in Ukraine on the basis of the STEM approach, which will allow to increase the level of STEM language
literacy of students and their readiness for professional activity in the conditions of global technological development.
The results of the study have theoretical and practical significance, as they expand the understanding of STEM language
as a pedagogical category, offer tools for its structuring and assessment, and also determine the directions of improving
mathematics education in the context of modern educational challenges.

Key words: STEM education, higher education, university, STEM language, mathematical education, STEM language lit-
eracy, USA, Ukraine.

(cmammio nooano moeoio opuzinay)

In the current conditions of globalization, digitalization and rapid development of technologies, the problem of
forming a new quality of mathematical education, capable of preparing specialists for work in a high-tech environ-
ment, is of particular relevance. One of the key factors in such transformation is the emergence and development
of STEM language as an integrated means of scientific, educational and professional communication, combining
mathematical, algorithmic, digital and interdisciplinary components.

Analysis of modern scientific research indicates a gradual transition from the traditional understanding of math-
ematical language as a formal-symbolic system to its interpretation as a functional-activity tool that provides mod-
eling, data analysis, programming and interdisciplinary interaction [4], [5], [9], [17] [18]. In this context, a com-
parative study of the development of STEM language in different educational systems, in particular in the USA
and Ukraine, which have different historical, methodological and institutional prerequisites for the formation of
mathematical education, is of particular importance [2], [8], [11], [21].

The purpose of the work is a comprehensive theoretical, methodological and comparative analysis of the
formation and development of STEM language in mathematics education at universities in the USA and Ukraine,
which involves identifying its structural components, educational-historical dynamics (1940-2026), similarities and
differences in educational models, as well as substantiating the attributes of STEM language literacy as the basis for
its qualitative and quantitative assessment.

Achieving the goal entails solving the following research tasks: to analyze the evolution of STEM language in
mathematics education at universities in the USA and Ukraine in time (1940-2026) and identify the key stages of its
transformation; to identify similarities and differences in the formation of STEM language based on a comparative
analysis of educational systems, reflected in the corresponding summary table; to structure the concept of STEM
language by identifying key attributes of STEM language literacy (mathematical, algorithmic, digital, communica-
tive, interdisciplinary, etc.); to determine the levels of formation of these attributes in the context of mathematics
education at universities in the United States and Ukraine; to substantiate the possibilities of using the attributive
approach as a tool for further quantitative measurement of STEM language literacy; to formulate scientifically based
conclusions on the directions of modernization of mathematics education in Ukraine, taking into account leading
international experience.

The empirical and theoretical basis of the study was scientific publications on the problems of STEM educa-
tion, mathematical didactics, digital pedagogy and interdisciplinary learning; monographs and analytical reports of
international organizations dedicated to the development of STEM competence; educational standards, curricula
and curricula of universities in the USA and Ukraine, reflecting the peculiarities of the organization of mathemati-
cal education; results of previous studies on the integration of digital technologies, programming and modeling in
mathematics teaching.
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To achieve the goal of the work, a set of complementary methods was used: analysis and synthesis of sci-
entific literature which was applied to generalize theoretical approaches to understanding STEM language,
determining its essence, structure and functions in mathematics education; comparative method and pedagogi-
cal analysis used to study the evolution of STEM language in mathematics education at universities in the USA
and Ukraine in the period 1940-2026, which allowed us to identify key stages of development and patterns of
transformation of educational models; and to identify similarities and differences in the formation of STEM
language in different educational systems, which is reflected in the corresponding summary table; system
approach allowed us to consider STEM language as a holistic integrated system that includes interconnected
components (mathematical, algorithmic, digital, communicative, etc.); structural and functional analysis used
to identify and substantiate the attributes of STEM language literacy, determine their role and relationships
within the educational process; expert assessment method used to determine the levels of development of indi-
vidual attributes of STEM language literacy in universities in the USA and Ukraine based on the generalization
of scientific sources and educational practice; generalization and interpretation of results used to formulate
conclusions regarding the level of development of STEM language and determine the prospects for its devel-
opment in mathematics education.

The phenomenon of STEM language, determining its structure, dynamics of development and impact on the
quality of training of future specialists in the field of mathematics and related disciplines in the paper are describes
the two interrelated analytical constructs: first, a table of similarities and differences in the development of STEM
language in time (1940-2026), which allows us to trace the educational-historical dynamics and patterns of trans-
formation of educational approaches; secondly, a table of attributes of STEM language literacy, which provides
structuring of this concept and creates a basis for its empirical measurement.

As a result of the study of the features of the functioning of STEM language in mathematical education in US
and Ukrainian universities, both common features and significant differences were identified, reflecting the specifics
of the organization of the educational process in both countries (see Table 1).

The analysis of the data presented in Table 1 allows us to trace the long-term evolution of STEM language in
mathematics education at universities in the United States and Ukraine in the context of the transformation of sci-
entific and educational paradigms, digitalization, and interdisciplinary integration. The generalization of historical
stages in combination with the scientific approaches of leading authors [22], [10], [15], [19], [7], [14], [17] demon-
strates a significant asymmetry in the dynamics of the development of STEM language between the two educational
systems.

The evolution of STEM language in mathematics education is a multi-level process that encompasses the
transition from classical mathematical formalization to modern digitally integrated and competency-based
STEM communication. In 1940-1960, the USA developed applied and computational mathematical language
influenced by the military-industrial complex and early cybernetics [22]. At the same time, in Ukraine (within
the framework of the Soviet educational model) the fundamentalization of mathematical training, focused on
theoretical rigor and logical provability, dominated [1], [14]. This created an initial divergence: in the USA the
mathematical language from an early stage acquired an applied character, while in Ukraine it was academic-
theoretical. In the period 1960-1980, the formation of an algorithmic and computer paradigm of mathemati-
cal language took place in the USA, which is confirmed by the works of E. W. Dijkstra [10] and Donald E.
Knuth [15] who laid the foundations of structured programming. At this time, mathematical language begins
to transform into STEM-language as an integrative tool for describing computational processes. In Ukraine,
the corresponding process was limited in nature and did not go beyond the experimental use of computing

Table 1
STEM language in mathematics education at universities in the USA and Ukraine (1940-2026)
Period Common features (USA and Ukraine) Differences (USA vs Ukraine)
1940-1960 Formation of fundamental mathematical |USA: applied and military-engineering orientation;
language; development of logical thinking | Ukraine: theoretical and proof model
1960-1980 Strengthening the role of computational | USA: development of algorithms and programming;
mathematics Ukraine: limited implementation of computational methods
1980-2000 Gradual digitalization of education US education: the emergence of digital STEM language and
constructionism; Ukraine: fragmented computerization
2000-2010 Development of innovative educational | US: the formation of STEM as an integrated system;
approaches Ukraine: isolated STEM initiatives
20102015 Strengthening interdisciplinarity in the USA: institutionalization of STEM, active programming;
Ukraine: beginning of systematic implementation of STEM
20162020 Active digitalization of mathematics | USA: data science, Python, R as part of STEM language;
education Ukraine: partial integration of digital technologies
2021-2026 Strengthening the competency approach; | USA: Al, Big Data, STEM as a professional language of
development of digital skills activity; Ukraine: a transitional model of digital STEM
education
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technology, which led to a lag in the formation of the digital component of mathematical communication.
Between 1980-2000, the USA shifted toward digital education and constructionist learning [19], fostering
modeling and interactivity and forming STEM language as an integrated system that combines mathematical,
technological and cognitive components [4]. Ukraine experienced gradual but mainly adaptive modernization
without a holistic STEM framework. The period 2000-2015 marked the institutionalization of STEM educa-
tion in the USA, with full transition to interdisciplinary models involving programming and data analysis [3],
[6], [9]. STEM is considered as an integrated educational system that forms a new type of scientific language
[3], [7]. In Ukraine, STEM elements emerged fragmentarily with limited integration. In the current period
(2016-2026), a qualitative transformation of STEM language is taking place under the influence of artificial
intelligence, Big Data and data science [17], [20]. In the USA, STEM language functions as a universal tool
for professional activity, ensuring communication between mathematics, engineering and digital technologies.
In Ukraine, there is an intensification of the processes of digitalization of education, however, STEM language
has not yet reached the level of full integration and remains partially formalized. Thus, the analytical gener-
alization of Table 1 allows us to conclude that the key difference between the USA and Ukraine is the speed
and depth of the transformation of mathematical language into STEM language. In the USA, this process has
a continuous evolutionary character with early integration of technologies and interdisciplinarity, while in
Ukraine it is mainly of a stage-by-stage catching-up nature. At the same time, in the modern period there is a
tendency towards convergence of educational models, which creates the prerequisites for further harmoniza-
tion of STEM education at the international level.

The development of a STEM-language literacy attribute table aims to operationalize this interdisciplinary con-
cept through measurable indicators. It is based on systemic, competency-based, and integrative approaches, viewing
literacy as a unified structure of interrelated components. The identified attributes include mathematical, algorith-
mic, digital, modeling, communicative, interdisciplinary, research, critical thinking, innovative, and professional
literacy. These reflect the shift from formal mathematics to a digital-communicative system. Each attribute serves as
an indicator of STEM language formation and enables comparative analysis of educational practices in the USA and
Ukraine. Expert assessment ensures validity and supports further quantitative evaluation, including the calculation
of a STEM Language Literacy Index (ISLG).

Thus, the developed table is a methodologically sound research tool that provides a transition from the concep-
tual level of understanding STEM language to its quantitative and qualitative assessment in the context of math-
ematics education at universities in the United States and Ukraine (see Table 2).

The presented table reflects the structural and functional analysis of STEM-language literacy as a complex
integrative phenomenon that is formed within the framework of mathematical education and determines the
readiness of students for professional activity in the digital economy. First of all, it should be noted that math-
ematical literacy in both countries is at a high level, which confirms its basic status in the structure of STEM
education. According to L. D. English, mathematics is at the core of STEM integration, providing a conceptual
framework for other disciplines [12]. At the same time, the nature of its implementation is different: in the USA
it functions as a tool for applied analysis and modeling, while in Ukraine it retains a predominantly theoretical
and evidence-based orientation. This indicates different educational paradigms: activity and academic, respec-
tively. Analysis of algorithmic and digital literacy reveals clear differences: in the USA these components are
fully integrated into mathematics education, forming a holistic STEM language, while in Ukraine they remain
partial and unsystematic, limiting practical application. A gap is also observed in modeling and research lit-
eracy. US universities active use project-based learning, enabling students to build models and conduct real
research [16], whereas in Ukraine such practices are limited, leading to predominantly reproductive learning.
These findings align with research confirming the effectiveness of interdisciplinary integration. Communica-
tive STEM literacy is another weak area in Ukraine. In the USA, it is a key element, supporting academic writ-
ing, presentations, and teamwork [6], while in Ukraine its Insufficient development complicates integration
into the international environment.

Differences are also evident in interdisciplinary and innovative literacy: the USA demonstrates a systemic
approach fostering innovation and student involvement in projects, whereas in Ukraine these processes remain
fragmented. Professionally-oriented literacy further highlights the gap: US education is closely linked to labor
market needs, while in Ukraine there is a disconnect between theoretical training and practical demands. Thus, an
analytical review of the table allows us to conclude that STEM language literacy is formed as a multi-component
system, where the effectiveness of each attribute depends on the level of their integration. In the USA, this system
is holistic and functional, while in Ukraine there is an imbalance between a high level of mathematical training and
insufficient development of digital, communicative and interdisciplinary components. This determines the need to
modernize mathematics education in Ukraine by strengthening the practice-oriented approach, digitalization and
development of STEM communication.

The results of the conducted scientific and pedagogical research allow us to assert that the STEM language
in mathematics education at universities in the USA and Ukraine is formed under the influence of different edu-
cational strategies, which determines its functional content, level of integration and practical orientation. The
generalization of empirical data in combination with the analysis of modern scientific works made it possible to
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Table 2

Attributes of STEM-language literacy in mathematics education at universities in the USA and Ukraine

logic, data structures

courses / Partially represented, by
separate disciplines

Attribute of STEM- Content of the attribute Manifestation Level of formation
language literacy USA/Ukraine USA/ Ukraine
Mathematical literacy | Mastery of symbols, formulas, Integrated with applied problems and High / High
proofs, abstract thinking modeling / Orientation to theoretical
training and provability
Algorithmic literacy Understanding of algorithms, Widely integrated into mathematics High / Medium

Digital literacy

Use of ICT, programming, data
analysis

Active use of Python, R, Al, Big Data /
Limited or unsystematic use of digital
tools

High / Medium—low

Modeling literacy

Building mathematical models of
real processes

Orientation to real cases and projects
/ Mostly theoretical problems with
limited modeling

High / Medium

Communicative STEM
literacy

Ability to explain, present and
interpret results

Advanced academic writing,
presentations, teamwork / Limited
attention to communication of results

High / Medium-low

of mathematical and digital data

learning/ Formed mainly through
theoretical tasks

Interdisciplinary Integration of knowledge from Systemic interdisciplinarity / High / Medium
literacy different fields (mathematics, IT, |Fragmented integration
engineering)
Research literacy Ability to analyze, experiment, Active participation in projects and High / Medium
work with data research/ Limited practical research
activities
Critical thinking Analysis, evaluation, interpretation | Developed through problem-based High / Medium

Innovation literacy

Ability to create new solutions

Startups, engineering projects,

High / Low—Medium

based on STEM Al solutions / Limited practical

implementation of innovations

Close connection with the labor market
and industry / Partial gap between
education and practice

Professionally oriented
literacy

Application of STEM language in
professional activities

High / Medium

deepen the understanding of this issue and identify key patterns. In particular, the results of the study confirm the
conclusions of modern authors regarding the integrative nature of STEM language in the US educational system.
Thus, the works of R. W. Bybee [7], L. D. English [12], S. Freeman et al. [13] and Y. Li et al. [17] emphasize
that effective STEM education involves an organic combination of mathematical apparatus with digital technolo-
gies, engineering thinking and data analysis. The results obtained are consistent with these approaches: in the
studied US universities, the language of mathematics is actively transformed into a functional tool for solving
applied problems, which is implemented through the use of programming languages (Python, R), mathematical
modeling, and interdisciplinary projects. In comparison, the results of the analysis of the Ukrainian educational
environment demonstrate a certain discrepancy with modern global trends [2]. STEM education in Ukraine is at
the stage of active implementation, but is characterized by insufficient systematicity and limited integration into
curricula. The language of mathematical education in Ukrainian universities retains a predominantly theoreti-
cally oriented character, with the dominance of formalized symbolism and evidential approaches, while STEM
elements are used episodically.

An important aspect of the analysis is the communicative component of STEM language. Research emphasizes
the role of active learning, collaboration, and scientific communication. In the USA, universities actively develop
skills in interpreting and presenting mathematical results and working in interdisciplinary teams, while in Ukraine
this component remains insufficient, limiting professional application. Comparative findings confirm that interdis-
ciplinary integration improves competences, and its systematic implementation in the USA ensures a higher level
of STEM language development [4], [8]. In Ukraine, integration is often fragmented, creating a gap between theory
and practice. Digital competences are key component of STEM language [17]. In the USA, digital tools are fully
integrated into mathematics education, whereas in Ukraine their use is limited. Although mathematical language is
fundamental in both systems, in the USA it has a broader functional role, combining mathematics with program-
ming, data analysis, and engineering. Interdisciplinary and project-based learning turns STEM language into a tool
for modeling, communication, and real-world professional activity.

Thus, the results of the study indicate that the main difference lies in the level of integration and functional-
ity of the STEM language: in the USA it is an integral part of practice-oriented and interdisciplinary education,
while in Ukraine it mainly retains a theoretically oriented character. At the same time, the presence of a common
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fundamental basis creates the prerequisites for further modernization of mathematical education in Ukraine, taking
into account the international experience of STEM education.

The conducted research allows us to formulate the following generalizing conclusions. It is substanti-
ated that STEM language in mathematics education is a complex integrated system that has evolved from a
formal-symbolic mathematical language to a multifunctional tool for interdisciplinary, digital and profes-
sional communication. Its formation is determined by the interaction of mathematical, algorithmic, digital
and communicative components. It is established that the development of STEM language in mathematics
education at universities in the USA and Ukraine has common historical prerequisites, but is characterized
by different trajectories. In the USA, this process is continuous, evolutionary and institutionally supported,
while in Ukraine it is staged and transformational, with the dominance of fundamental mathematical train-
ing. It is found that in the USA all attributes of STEM linguistic literacy have a systematic and balanced
development, while in Ukraine there is an imbalance between a high level of mathematical training and
insufficient development of digital, communicative, and innovative components. It is proven that the use of
an attributive approach creates the basis for further quantitative assessment of the level of STEM linguistic
literacy, in particular through the construction of integral indices, which opens up opportunities for objec-
tive comparison of educational systems. It has been established that the key factor in the effective formation
of STEM language is the degree of integration of mathematical, digital and communicative training, which
determines the readiness of students for professional activity in the conditions of the modern technological
environment.

Comparing the results of our own research with the works of modern authors allows us to conclude that
the key difference lies in the functional purpose of STEM language: in the US educational system it acts as
a universal tool of activity, communication and interdisciplinary interaction, while in Ukraine it is mainly a
means of formalized description of mathematical objects. This determines the need to transform approaches
to mathematical education in Ukraine in the direction of strengthening interdisciplinarity, digitalization and
development of communicative competencies, which corresponds to modern trends in the development of
global STEM education.
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JI. B. bamwk. Eeonwuia ma cmpykmypni ampudoymu STEM-moeu 6 ynieepcumemcwoKiit mamemamuunii oceimi
CIIIA ma Ykpainu

Y cmammi 30iticneno meopemuxo-memooonoziunuil i nopisHanvhul ananiz pozeumxy STEM-mosu 6 mamemamuynii ocgi-
mi ynieepcumemie CLIIA ma Yxpainu. Ilokazano, wo y npogionux ocsimuix cucmemax ceimy, 3okpema y CIIA, STEM-moea
Qopmyemucs AK iHmesposana cucmema 3HaHs i NPAKMUK, OPIEHMOBAHA HA BUDIMEHHA PeanbHUX 3a0ay, mooi AK ¢ Ykpaiui yeu
npoyec Mae mparcopmayitinui xapakmep i nompedye HAYKO8020 OCMUCTEHHS ma 800CKOHANeHHs. MemooonoziuHy ocHo-
8y 00CHIOXHCEHHA CIMAHOBUMb NOEOHAHHSA CUCMEMHO20, KOMNEMEeHMHICHO20 MA iHMezpamugHo2o nioxodie, uo 003801A10Mb
posensoamu STEM-moey sik bazamoxomnonenmuy yinicny cucmemy. Buoxkpemneno ampubymu STEM-mosHol epamomuocmi:
MaAmeMamuyHutl, areopumMivHuL, YUPpPosuil, MOOeI0BANbHUL, KOMYHIKAMUBHUL, MINCOUCYUNTTHAPHUL, OOCTIOHUYbKULL, KDU-
MUYHUL ma iHHosayiuHull. Bcmanoenero, wo 0ouosi oceimui cucmemu Maromy CRibHY OCHOBY, djie PI3HAMbCA MeMnami mpan-
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cqpopmayii: y CLLIA — esontoyitinuii po3eumox i3 paHHb0l0 iIHmMe2payicro mexHonoeiu, 6 Ykpaini — 0OMIHY8aHHs MeopemuyHol
nideomoeKu ma nocmynose 6nposadicers yughposux nioxodis. ¥ CILIA STEM-moena epamomuicms popmyemuvcs cucmemmo,
mooi sk 8 YKpaini cnocmepieaemuvcst OUCOANAHC MidC PYHOAMEHMATLHOI MAMEMAMUYHOI0 NIO20MOBKO MA PO3GUINKOM Y-
POBUX | KOMYHIKAMUBHUX KOMNOHEHMIB. 3p0bieHo BUCHOBOK NPO HeoOXiOHICmb ModepHizayii mamemamuunoi oceimu 6 Ykpaini
na 3acaoax STEM-nioxody, wo dozgonums niosuwumu pisenv STEM-mosHol epamomnocmi cmydenmis ma iXHio 20mogHicnb
00 npogecitinol JiAnbHOCMI 8 YM0BAX 2100ATLHO2O MEXHON02IYH020 PO36UmKY. Pezynemamu docniosxcennss maromes meope-
MUYHe ma NpaKkmuiHe 3HaAYeHHs, OCKIIbKU po3wuprooms yagienns npo STEM-mosy sk nedazo2iuny kame2opiio, RPONOHYIOnb
iHcmpymenmu ii cmpyxmypusayii ma OyiHI08aH s, A MAKONC GUSHAUATOMb HANPAMU B00CKOHANEHHS MAMEMAmMU4Hoi oceimu y
KOHmMeKCmi Cy4acHUX OCGIMHIX GUKNUKIE.

Kniwouoei cnosa: STEM-ocsima, suwa oceima, ynieepcumem, STEM-mo6a, mamemamuuna oceima, STEM-mosna epamom-
nicmo, CLLIA, Ykpaina.
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