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Abstract
Understanding the nature of science (NOS) has emerged as a core curricular goal
since at least the 1960s. While science education reforms around the world have
shed light on various epistemic and social underpinnings of science, how science
curriculum documents portray the nature of other related disciplines such as math-
ematics and engineering has drawn little attention. Such lack of attention is surpris-
ing, given the growing interest among educators in the integrated approach to
science, technology, engineering and mathematics (STEM) education and the fre-
quent emphasis on STEM in recent curriculum policy. The study reported in this
paper aimed to understand how recent science education reform documents from the
USA, Korea and Taiwan compare with regard to their representation of the nature of
STEM disciplines. Using the framework of the family resemblance approach (FRA),
we present a comparative analysis of three recent science education standards
documents to examine their coverage of the epistemic underpinnings of STEM
disciplines, particularly with regard to the disciplinary aims, values and practices.
The results indicate that the features specific to science and shared by science and
engineering were most frequently addressed in the standards documents, whereas
mathematics-related features were rarely mentioned. Furthermore, there was varia-
tion in the coverage in terms of the nature of STEM disciplines. Based on the
findings, we discuss the contributions of the FRA framework in analysing STEM
curricula in an interdisciplinary manner and make suggestions for integrating the
nature of STEM disciplines in science curriculum documents.
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1 Introduction

Science, technology, engineering and mathematics (STEM) education and nature of science
(NOS) are among the most significant themes that drive science education research and
practice today, as evidenced by multiple reviews of research trends (Lee et al. 2009; Lin
et al. 2018; Lin et al. 2014). From a curriculum point of view, STEM and NOS can both be
viewed as extensions of what should be taught in school science, in the sense that they are both
efforts to transcend the traditional content-oriented science curriculum that often fails to
capture and to teach authentic scientific practices. Approaches in STEM education attempt
to achieve such goals by integrating neighbouring disciplines (technology, engineering and
mathematics) into the science curriculum, whereas NOS does so by bringing ideas from the
meta-scientific, humanistic and social investigations of the scientific enterprise such as history,
philosophy, sociology and anthropology of science.

Science educators’ long-standing interest in NOS has led to a series of studies that analysed
the NOS content of science curricula in different countries. McComas and Olson’s (2002)
early review of international science education standards documents demonstrated that there
were certain aspects of NOS commonly addressed in the standards, and the documents
included a range of issues across the philosophy, history, sociology and psychology of science.
Published 16 years later, Olson’s (2018) analysis of nine international standards documents
provided the disconcerting result that NOS still appears more frequently in the supplementary
materials than as explicit learning expectations, indicating that the standards documents lag
behind the research on NOS that have stressed an explicit and reflective approach. Similar
observation was reported in a recent historical review of NOS representations in the 98 US
science education standards documents by Summers et al. (2019). Their analysis revealed that
the documents’ coverage of NOS had little improved over the 30 years, suggesting that there
may be a gap between advances in research on NOS and incorporation of research in
curriculum policy.

Building on the body of research on NOS, this article investigates how science curriculum
documents portray the nature of science, technology, engineering and mathematics. Here, the
question arises: Why is it important to consider the nature of other disciplines as represented
in science curricula rather than just NOS? One apparent reason is that scientific practice,
whether in the past or present, is inherently interdisciplinary and reliant upon other disciplines.
Hence, understanding NOS cannot be separated from understanding the features of technol-
ogy, engineering and mathematics and how they relate to each other (AAAS 1989; Honey
et al. 2014). A rich volume of literature in science studies (i.e. history, philosophy and
sociology of science) has demonstrated that scientific practice is inseparable from the practice
of technology, engineering and mathematics. Such interdependence is evidenced in many
examples that show how technological innovations yield new possibilities in science (e.g. Pitt
2000; Price 1984), how science and mathematics are interdependent in the advancement of
knowledge (e.g. Forinash et al. 2000), and how the border between science and engineering is
blurred in real contexts (e.g. Janich 1978). Another rationale for directing attention to the
nature of STEM disciplines1 comes from the fact that many core goals of science education

1 Throughout the paper, we use the term ‘nature of STEM disciplines’ to collectively refer to NOS, NOT, NOE
and NOM. This should be distinguished from what could be called ‘nature of STEM’, in that the latter would
consider ‘STEM’ as a single discipline and refer to what features it entails. Although this distinction would be an
interesting topic that merits separate discussion, for the purpose of this paper, we refer to ‘nature of STEM
disciplines’, not ‘nature of STEM’.
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today cannot be achieved without contributions from other disciplines. Moreover, relatively
new components of scientific literacy, such as the understanding of science and engineering
practices, computational thinking and systems thinking, involve cross-disciplinary skills and
competencies, blurring the boundaries between NOS and the nature of other disciplines.
Therefore, aligning these goals of science education with NOS mandates an integrated
approach in order to avoid a partial and incomplete understanding of NOS.

For these reasons, investigating the nature of STEM disciplines is of critical importance,
both in the STEM and NOS education contexts. While STEM education and NOS have both
drawn significant attention within the science education community (Lin et al. 2018), there
have been few attempts to investigate the intersection of these two research domains. In this
paper, our task is to compare the three recent science education standards from the USA, Korea
and Taiwan, especially their coverage of the nature of STEM disciplines. In so doing, the
purpose of the comparative analysis is twofold: first, to contrast the relative coverage and
characteristics of the three documents examining the implications for each country and,
second, based on this analysis, to explore the opportunities and challenges of extending
NOS frameworks to the nature of STEM disciplines at an international level. The research
question that guided the empirical data analysis was: How do recent science curriculum
standards documents from USA, Korea and Taiwan address the nature of STEM disciplines
with regard to disciplinary aims, values and practices?

2 Theoretical Background

2.1 Integrated STEM

STEM education is ‘a standards-based, meta-discipline residing at the school level where all
teachers, especially science, technology, engineering, and mathematics (STEM) teachers, teach
an integrated approach to teaching and learning, where discipline-specific content is not
divided, but addressed and treated as one dynamic, fluid study’ (Merrill 2009, p. 1). While
there is no single definition of STEM education that is widely agreed upon in both theory and
practice (Bybee 2013; Martín-Páez et al. 2019; Wong et al. 2016), the common usage of the
term today tends to involve a sense of the integration of the four constituent disciplines in
various ways and levels rather than treatment of them as disciplines isolated from one another
(Bybee 2013; Honey et al. 2014; STEM Task Force Report 2014). Within the science
education community, STEM integration has gained sustained momentum since the inclusion
of technology- and engineering-related standards in Science for All Americans (AAAS 1989),
Benchmarks for Science Literacy (AAAS 1993) and the National Science Education
Standards (NRC 1996). The recent release of the US Next Generation Science Standards
(NGSS; NGSS Lead States 2013), which introduced engineering practices as a key component
of the science curriculum, has sparked science educators’ interest in the intersection of science
and engineering. For example, Duschl and Bismack (2016) capitalised on common practices
across the STEM disciplines such as ‘systems thinking’, ‘model-based reasoning’ and ‘quan-
titative reasoning’. Similarly, Engelmann, Chin, Osborne and Fischer (2018) extensively
addressed the issue of discipline-general and discipline-specific aspects of scientific reasoning
and argumentation.

It has been pointed out that the early motivation for integrated STEM education was
primarily state-led economic imperatives, on the grounds that skills and literacy in STEM
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disciplines would be essential for the workforce to sustain economic growth of a country
(Charette 2014; Williams 2011; Wong et al. 2016). The following statement from the report of
the US Committee on Integrated STEM Education, for example, emphasises the needs of
employers and industries as a key motivation for promoting STEM education for students:

a second factor driving interest in integrated STEM education: concern about how to
better prepare U.S. students to enter the workplace, whether immediately after high
school or following postsecondary coursework. An increasing share of jobs across a
range of economic sectors, not just in science and engineering, is likely to require some
background in the STEM subjects (Carnevale et al. 2011). In addition, employers have
made clear their need for workers who can flexibly apply knowledge to solve practical
problems (AACU 2013). (Honey et al. 2014, p. 136)

More recently, arguments have been put forward to refocus the aims of STEM education from
pursuing economic profits to responding to the fundamental challenges that humanity is faced
with. Chesky and Wolfmeyer (2015), for example, criticised the idea of STEM education
rooted in the profit-driven consumerism and called for recognising the STEM’s potential for
fostering social and environmental justice and aesthetic and democratic values. Similarly,
Bybee (2013) stressed understanding the ‘characteristic features of STEM disciplines as forms
of human knowledge, inquiry and design’ and ‘awareness of how STEM disciplines shape our
material, intellectual and cultural environments’ (p. xi) as elements of what he calls ‘STEM
literacy’, a general aim of STEM education. Zeidler (2016) called for explicit attention to
socio-scientific and socio-cultural issues that can make STEM relevant to important issues that
matter in human lives. He argued that educators should aim to inform the public in order to
able to exercise prudence, morality and character. In so doing, Zeidler advocates framing
STEM topics in the broader social, cultural and political contexts—which he called ‘human-
istic contributions’ of STEM education (Zeidler 2016). Authors such as Chesky and
Wolfmeyer (2015) and Zeidler (2016) share the position that the purpose of teaching STEM
subjects cannot be reduced to fulfilling the economic needs of society but should involve the
general aims of educating democratic citizens and promoting social justice. Such themes
resonate with recent arguments on the rationale for inclusion of NOS in science education
(Yacoubian and Hansson in press).

2.2 Nature of STEM Disciplines in Science Curriculum Documents

While the significance of understanding NOS in achieving scientific literacy has been
well established and shared among science educators, mismatch has been reported
between research findings and the curriculum policy regarding NOS. One example of
such a mismatch is that while many science curriculum documents around the globe
describe NOS as their generic and higher-level goal, they tend not to identify it as an
explicit and cognitive learning outcome (McComas and Olson 2002; Olson 2018). Given
that rich empirical evidence supports teaching NOS as a cognitive and epistemic learning
(Abd-El-khalick and Lederman 2000; Akerson et al. 2000) including NOS in state-level
science education standards and curriculum documents is essential. Moreover, the ob-
servation that science teachers’ coverage of NOS in their classroom practices and
instructional approaches requires strong reliance on curriculum materials (Chiappetta
et al. 2006; Summers et al. 2019) also supports these documents being more explicit
and systematic in addressing the content and pedagogy of NOS.

W. Park et al.902



At this point, it is worthwhile to pause to address the question of what we mean by
‘nature’ of STEM disciplines when we talk about nature of science (NOS), nature of
technology (NOT), nature of engineering (NOE) and nature of mathematics (NOM).
There is no clear-cut answer to this question, since different researchers conceptualised
NOS itself from different perspectives (see Dagher and Erduran 2017 for different
coverage of NOS across science education researchers). Some researchers have focused
on several salient characteristics of science that are agreed upon (e.g. Lederman et al.
2002; McComas et al. 1998), whereas others have proposed NOS frameworks that
embrace a wider range of aspects in various sciences bearing in mind the complexities
of disagreements among scientists (Allchin 2016; Dagher and Erduran 2017; Hodson and
Wong 2017). Although a comprehensive discussion on this issue exceeds the scope of
the current paper, it would be useful at least to clarify our use of ‘nature’ that applies to
each of the STEM disciplines. In this paper, following Irzik and Nola (2014), we use
‘nature’ to refer to a set of ‘family resemblances’. For example, what counts as ‘nature’
of technology is some aspects of technology (e.g. epistemic aims, methods of inference,
use of modelling) that can be compared or contrasted with those of other disciplines such
as engineering. This way of defining ‘nature’ allows us to understand NOS, NOT, NOE
and NOM as interrelated and mutually defining rather than something that exists inde-
pendently of each other. There are of course also disciplinary differences and nuances which are
also captured by the family resemblance idea by its very definition (for an extended discussion
of how the domain-general and domain-specific aspects of family resemblance see Erduran and
Dagher 2014a, b).

Despite the abundance of research on the representation of NOS in curriculum documents,
one of the issues remaining relatively uncharted is how NOS could be linked to the nature of
other closely related subjects such as technology, engineering and mathematics. For example,
although nature of technology (NOT) and nature of engineering (NOE) started to appear in the
literature in the 1990s, it has only been recently that their importance in the K-12 science
curriculum has been highlighted in the science education research literature (Kaya et al. 2018;
Pleasants and Olson 2018). Antink-Meyer and Brown (2019) recently proposed a NOE
framework for K-12 science instruction that consists of seven features: Engineering is
solution-oriented, contextually responsive, empirically based, influenced by societal and
cultural factors, a social process, and interdisciplinary and has a personal dimension. It is
important that Antink-Meyer and Brown examined these features of engineering in relation to
the NOS rather than treating them as something disconnected from NOS. Chesky and
Wolfmeyer’s (2015) recent study on the philosophical aspects of STEM is an interesting case,
in that it was conducted by mathematics educators. Using a framework based on Badiou’s set
theory method of analysis, they analysed 38 documents about the US STEM education on
what axiological, ontological and epistemological stances are represented and how these
stances are interrelated in the documents. While a handful of studies including the above
examples have begun to address the relevance of NOT and NOE to the science curriculum,
there is still limited research on nature of mathematics (NOM) in studies on NOS in the science
education literature.

It is now widely recognised that science, technology, engineering and mathematics are
interrelated and reliant on each other. They share many features as disciplines, which is
perhaps one of the main reasons that they are referred to together as STEM. For example,
Science for All Americans (AAAS 1989) includes a very comprehensive description of the
interrelation of mathematics with both science and technology:
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Mathematics and science have many features in common. These include a belief in
understandable order; an interplay of imagination and rigourous logic; ideals of honesty
and openness; the critical importance of peer criticism; the value placed on being the first
to make a key discovery; being international in scope; and even, with the development
of powerful electronic computers, being able to use technology to open up new fields of
investigation.

Mathematics and technology have also developed a fruitful relationship with each other.
The mathematics of connections and logical chains, for example, has contributed greatly
to the design of computer hardware and programming techniques. Mathematics also
contributes more generally to engineering, as in describing complex systems whose
behaviour can then be simulated by computer. In those simulations, design features and
operating conditions can be varied as a means of finding optimum designs. For its part,
computer technology has opened up whole new areas in mathematics, even in the very
nature of proof, and it also continues to help solve previously daunting problems. (p. 18)

Similarly, A Framework for K–12 Science Education (NRC 2012) has an explicit statement on
the interdependence of science and technology, a core idea which was succeeded by NGSS:

New insights from science often catalyse the emergence of new technologies and their
applications, which are developed using engineering design. In turn, new technologies
open opportunities for new scientific investigations. (NRC 2012, p. 210)

The proximity of disciplines, however, does not necessarily mean that these disciplines have
the same sets of epistemic and non-epistemic characteristics. For example, when it comes to
epistemic aims and values, scientists usually pursue explanations of natural phenomena,
whereas engineers tend to seek practical and functional values (e.g. Gendron 1977; Kroes
2012; Pacey 1983). On the other hand, mathematics is often understood as purely logical and
non-empirical, which distinguishes it from the other three disciplines that are empirically
based. Although there often are complex circumstances that raise questions about such
simplistic divides, the diversity across STEM disciplines point to the need for an approach
that can properly reflect their similarities, differences and connections, which have rarely been
addressed in the literature (Honey et al. 2014).

In this article, we focus on the nature of STEM as reflected in the science education
standards documents published recently in three countries: USA, Korea and Taiwan. Science
education standards documents ‘represent a group’s best effort to find consensus about the
essential concepts to be learned within scientific subdisciplines’ (Haag and Megowan 2015, p.
417). At the same time, standards documents guide the textbook writing and teaching of both
science content knowledge and NOS in classrooms (Summers et al. 2019). Wilson and
Bertenthal (2005) argued that standards documents guide ‘the development of curriculum,
the selection of instructional resources, and the choices of teachers in setting instructional
priorities and planning lessons and function as the basis for developing assessments, setting
performance levels, and judging student and school performance’ (p. 54). For example, since
NGSS was published in 2013, it has led to numerous NGSS-aligned curricula, teaching
materials, assessments and teacher education programmes, not to mention the science educa-
tion research efforts informed by NGSS (e.g. Lederman and Lederman 2017; Sadler and
Brown 2018). Analysing curriculum standards documents can thus provide useful insights for
the future direction of the integration of STEM in different parts of the world.
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3 Conceptual Framework: Family Resemblance Approach to NOS

Since NOS became an agenda for science education researchers and curriculum designers, one
major concern has been making decisions on what NOS content should be taught to students.
This concern is analogous to asking how we conceptualise the scientific enterprise in the
context of school science. A classical approach to this problem has been to compile a list of the
characteristics of science on which a certain degree of consensus could be formed among
historians, philosophers and sociologists of science. Referred as the ‘consensus view’ (or the
‘general aspects view’) of science, this view has informed numerous studies on NOS during
the past two decades. The consensus approach includes the empirical, inferential, creative,
theory-laden and tentative nature of science, along with the myth of ‘the scientific method’, the
distinction between theories and laws, the social dimensions of science, and the social and
cultural embeddedness of science (Abd-El-Khalick et al. 2008; Lederman 2007).

More recent perspectives on NOS tend to highlight the diversity, plurality and domain-
specificity that are present in the scientific practice (Allchin 2017; Erduran and Dagher 2014a,
b; Hodson and Wong 2017; Irzik and Nola 2011; Matthews 2012). What these authors
emphasise in common is a view that the dissimilarities among diverse sciences are as
important as their similarities in characterising science (Hodson 2014). Hodson (2014) made
a convincing case that a large portion of the current representation of science in curricula and
textbooks comes from physics, which resulted in the diverse practices in other sciences such as
biology and geosciences being underrepresented. Similarly, there has been increasing aware-
ness among NOS scholars that there is no single scientific method applicable across scientific
domains: Not all sciences aim to test hypotheses using controlled experiments, and not all
sciences interact with society in the same manner (Matthews 2012; Park and Song 2019).

FRA is an attempt to tackle these issues in NOS by drawing on the concept of ‘family
resemblance’, which can be traced back to the early twentieth century philosopher Ludwig
Wittgenstein’s work. Consider the concept ‘game’: What are the essential conditions that are
both necessary and sufficient to characterise the activities called ‘game’? Wittgenstein noted
that it is impossible to find ‘what is common to all these activities and what makes them into
language or parts of language’ (Wittgenstein 1953/2009, p. 35), because not all games follow
rules, are competitive or have winners and losers. Instead, concepts such as game are
characterised based on the similarities between its instances and ‘a complicated network of
similarities overlapping and criss-crossing’ (p. 36). He suggests the resemblance between
family members as a more accurate analogy and concludes:

I can think of no better expression to characterise these similarities than ‘family
resemblances’; for the various resemblances between members of a family—build,
features, colour of eyes, gait, temperament, and so on and and so forth—overlap and
criss-cross in the same way—And I shall say: ‘games’ form a family. (p. 36)

In the 2010s, Irzik and Nola elaborated upon Wittgenstein’s notion of family resemblance to
explain the nature of ‘science’. On their account, science can be better understood by broadly
distinguishing it into its ‘cognitive-epistemic’ and ‘social’ dimensions, each comprising
several sub-elements listed in the following description:

Science is a cognitive and social system whose investigative activities have a number of
aims that it tries to achieve with the help of its methodologies, methodological rules,
system of knowledge certification and dissemination in line with its institutional social-
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ethical norms, and when successful, ultimately produces knowledge and serves society.
(Irzik and Nola 2014, p. 1014)

Diverse fields that belong to the umbrella of ‘science’, as in the case of ‘game’, cannot be defined
based on sufficient and necessary conditions, but at best, resemble each other in terms of their
cognitive and social aspects. Building on such pioneering work that introduced FRA as an
alternative approach to NOS, Erduran and Dagher (2014a, b) proposed an extended version of
FRA that consists of 11 categories. The authors not only unpacked these categories using
philosophy of science literature but also they linked them to empirical work from research in
science education highlighting the relevance for science education theory and practice. The
categories have been adapted by Park et al. (in press) for the purpose of conceptualising nature
of STEM disciplines (see Table 1). Their version encompasses the cognitive-epistemic NOS
aspects (aims and values, methods, scientific practices, scientific knowledge) and social certifica-
tion and dissemination, scientific ethos, social values and professional activities. An important
aspect of Erduran and Dagher's FRA account is the use of visual representations to communicate
some fairly deep ideas about NOS. The FRAwheel which summarises the entire approach consists
of three embedded wheels (Fig. 1) which are intended to capture how science works in terms of its
epistemic, cognitive, social and institutional dimensions. A review of the recent applications of
FRA in science education is available in Erduran, Dagher and MacDonald (2019).

At the heart of the FRA framework is the recognition that, when one chooses any two
disciplines under the umbrella of ‘science’, ‘for any chosen pair of these sciences, one will be
similar to the other with respect to some of these characteristics and dissimilar to one another
with respect to other characteristics’ (Irzik and Nola 2014). For example, astronomers and
particle physicists commonly construct hypotheses, collect empirical data and interpret the

Table 1 Descriptions of FRA categories in the context of STEM (Park et al. in press)

Category Description

Aims and values The key cognitive and epistemic objectives of STEM, such
as accuracy and objectivity

Methods The manipulative and non-manipulative techniques that
underpin STEM research

Practices The set of epistemic and cognitive practices that lead to STEM
knowledge through social certification

Knowledge Theories, laws and explanations that underpin the outcomes
of STEM inquiry

Social certification
and dissemination

The social mechanisms through which STEM professionals
review, evaluate and validate knowledge, for instance,
through the peer-review systems of journals

Ethos The norms that STEM professionals employ in their work as
well as in interaction with colleagues

Social values Values such as freedom, respect for the environment
and social utility

Professional activities How STEM professionals engage in professional settings
such as attending conferences and doing publication reviews

Social organisations and interactions How STEM is arranged in institutional settings such as
universities and research institutes

Financial systems The underlying financial dimensions of STEM, including
funding mechanisms

Political power structures The dynamics of power that exist between STEM
professionals and within disciplinary cultures
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meaning of the data, but only the latter conduct laboratory experiments to test their hypotheses
(Irzik and Nola 2014). On the other hand, when we compare particle physics to medical
science, while they have common aspects (collecting data, making inferences and predictions),
the latter features randomised controlled trial as a powerful method to draw conclusions about
causal relationships, which particle physicists rarely do (Irzik and Nola 2014). This means that
there is no clear set of necessary and sufficient conditions that defines the nature of science;
rather, it is the numerous similarities between the sub-areas of science that hold the sciences
together. The same account could be made for explaining STEM as a ‘family’ that comprises
four members, each of whom resembles another in some aspects but where no two members
are identical.

Although FRAwas originally proposed as a conceptualisation of ‘science’, there are several
characteristics of FRA that make it an adequate tool for analysing the nature of STEM
disciplines. First, FRA highlights the similarity and dissimilarity in defining a concept. For
this reason, when STEM disciplines are viewed through the lens of FRA, their epistemic
nature can be understood in a more comparative and interconnected manner. For example,
entrepreneurship, market and industry have traditionally been a main interest of technology
rather than science, but this dichotomy is becoming increasingly obsolete today (Kaya et al.
2018). Patents are now considered as important as research papers in many areas of natural
science, shattering the old conception that scientific knowledge are to be publicised and used
for public goods instead of being kept to specific people for their economic profits (see Sect
7.1.3 of Erduran and Dagher 2014a, b).2 Similarly, comparing the core values pursued in
science to those in technology, engineering and mathematics allows an understanding of the

2 Irzik (2007) illustrated this point by drawing on the case of biomedical research in the USA to illustrate the
changing culture of academic science in the wake of commercialisation and commodification of scientific
knowledge. He noted that while ‘basic science and technology were separate enterprises for a very long time’,
until they began to be blended in the nineteenth century. In his account, the emergence of ‘technoscience’ (e.g.
computer science, information technology and genetic engineering) in the late twentieth century accelerated the
blurring of the distinction between scientific knowledge and technological invention. For more on economics of
science, see e.g., Erduran and Mugaloglu (2013) and Kaya et al. (2018).

Fig. 1 FRA wheel: science as a cognitive-epistemic and social-institutional system (reprinted with permission
from Erduran and Dagher 2014a, p. 28)

The Nature of STEM Disciplines in the Science Education Standards... 907



aims of science that is more sophisticated than when they are studied separately. These
examples show that integrating technology, engineering and mathematics into science curric-
ula does not only broadens the scope of science education, but also has the potential to deepen
learners’ understanding of NOS. Second, FRA provides a heuristic based on which the nature
of diverse disciplines can be represented and investigated, rather than a set of declarative
statements about the disciplines. For example, let us consider the fact that science and
engineering both are bound by and interact with the wider society. When addressing this
feature of science and engineering with students, it can be approached in several different ways
(e.g. social values, social organisation and interaction, financial systems, political power
systems), and FRA provides a useful lens to examine each at a deeper level.

The theoretical framework of FRA suggests that resemblances among STEM disciplines
can be found with respect to the 11 categories of FRA (Erduran and Dagher 2014a, b). Hence,
an analysis of standards documents should ideally take into account all categories in the FRA
wheel (Fig. 1). However, such an analysis would require an extensive investigation which is
beyond the scope of this paper. We focus on the aims, values and practices categories in three
standards documents in this study because they were considered particularly important aspects
of the documents and were also mentioned relatively frequently by the documents themselves.
Table 2 presents the definitions and illustrative examples for the three categories that we
focused on. There was a reasonable amount and breadth of data to be analysed with regard to
these three categories, which allowed making qualitative comparisons both among the three
countries and across the disciplines.

4 Methods

4.1 The Context of Science Education Standards

The main motivations for this study were to examine the potential of recent science
education standards documents and thereby provide generalised implications for the
treatment of nature of STEM disciplines beyond national boundaries. With this in mind,
including NGSS for analysis was essential because of its wide influence not only across
the USA but also around the globe. In addition to NGSS, we selected the science
education standards documents from the East Asian countries of Korea and Taiwan,
because international assessment schemes have shown them to be high-achievement
countries in science and mathematics (OECD 2016; Song 2013; TIMSS and PIRLS
International Study Centre 2015) and both have recently released new science education
standards as long-term guidelines for curriculum development and instructional prac-
tice. Although the Next Generation Science Standards, the Korean Science Education
Standards and Taiwanese Curriculum Guidelines of 12-Year Basic Education—Science
all are intended to serve similar functions, their organisation and content vary because
of the different philosophical bases of the documents and different practical needs
across countries. Due to such variations, we expected that the comparative analysis
of the three documents would enable an in-depth and rich examination of how each
document represents the nature of STEM disciplines. In the following section, we
briefly introduce the background to and organisation of each document in relation to
nature of STEM disciplines.
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4.2 USA

The NGSS was developed to be a set of research-based science content standards for many states
in the USA. The standards incorporate three dimensions originally suggested in A Framework for
K–12 Science Education: science and engineering practices, core disciplinary ideas and crosscut-
ting concepts (NRC 2012). Aspects of NOS are highlighted in Appendices F and H and are often
linked either to science and engineering practices or crosscutting concepts. In addition, some
nature of STEM disciplines are addressed using connections with ideas within the disciplines of
science and engineering and with the discipline of mathematics in the Common Core State
Standards for English language arts and literacy in history/social studies, science and technical
subjects (NGA and CCSSO 2010). In addition, some appendices focus on the relationships
between science and the other three disciplines, such as references to the two sets of core ideas:

Table 2 Descriptions of each NOS aspect and illustrative examples from curriculum standards documents from
the USA, Korea and Taiwan

Category Description Illustrative examples

Aims The outcomes that STEM professionals intend to
achieve as a result of their activities

•Is the goal to answer a question? If so, students
are doing science. Is the purpose to define and
solve a problem? If so, students are doing
engineering. (NGSS, Appendix p. 49)

•The purpose of engineering investigations might
be to find out how to fix or improve the
functioning of a technological system or to
compare different solutions to see which best
solves a problem. (NGSS, Appendix p. 54)

•Science continues to advance the evolution of
civilisation. (CGBE-S, p. 5)

Values The key epistemic and non-epistemic qualities
that STEM professionals commit to through-
out their activities

•Each proposed solution results from a process of
balancing competing criteria of desired
functions, technical feasibility, cost, safety,
aesthetics and compliance with legal
requirements. (NGSS, p. 75)

•Understand the scientific values that distinguish
science from non-science, and understand the
relationship between science and other
disciplines … (KSES, p. 69)

•Understand that scientists have some common
qualities, such as logical thinking, precision,
open-mindedness, objectivity, scepticism,
replicability, and honest and ethical reporting
of findings. (CGBE-S, p. 43)

Practices The set of epistemic and cognitive practices that
lead to disciplinary knowledge through social
certification

•Describe, measure, estimate, and/or graph quan-
tities (e.g. area, volume, weight, time) to ad-
dress scientific and engineering questions and
problems (NGSS, Appendix p. 59)

•Engineers continuously modify these systems to
increase benefits while decreasing costs and
risks. (NGSS, p. 110)

•Scientific investigation uses various methods
such as observation, data collection, analysis
and experimentation. (KSES, p. 69)

•Organise existing information or data by simple
classification, charting and so on. (CGBE-S, p.
13)
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‘interdependence of science, engineering, and technology’ and ‘influence of engineering, tech-
nology, and science on society and the natural world’. Accordingly, both the main text of NGSS
and the front and back matter (including appendices) were included in our analysis for ‘aims’ and
‘values’ categories. For the ‘practices’ category, we focused on Appendix F (science and
engineering) and Appendix L (mathematics) as these were intended to explicate science engi-
neering practices and mathematical practices that were present across the document.

4.3 Korea

Inspired by the release and subsequent implementation of NGSS, the Korean Ministry of
Education (MOE) and the Korea Foundation for the Advancement of Science and Creativity
started a series of science education initiatives. Science for All Koreans was published in 2016
and was followed by the publication of the Korean Science Education Standards (KSES) in
2019. KSES was developed by a team of educators with diverse backgrounds such as science
educators, engineering educators, experts in language and global citizenship education, and
curriculum theorists (MOE et al. 2019). Intended as a groundwork for the forthcoming national
science curricula, classroom-level practices and out-of-school science education, KSES puts
emphasis on the NOS and related aspects by listing ‘nature of scientific knowledge and
method’, ‘integration of science’ and ‘interaction between science and society’ as its knowl-
edge domains (MOE et al. 2019, p. 19, 60).3 The idea of STEAM (A for ‘arts’) was also taken
seriously in the development of the standards, so KSES frequently states ‘cross-subject
integration’ as a recommended instructional method for learning outcomes. The entire docu-
ment including front and back matters were subjected to analysis.

4.4 Taiwan

The Curriculum Guidelines of 12-Year Basic Education-Science (CGBE-S) was developed as
part of the wider curriculum reform in Taiwan (MOE 2018). The core literacy of science
curriculum standards includes three domains: scientific core concepts, inquiry ability, and
scientific attitude and nature of science, which are introduced in the rationale section, outlined
in the core literacy section, elaborated in the learning performance and content section
accordance with each grade level, and related with essential literacy. (Further information
about science curriculum development on NOS in Taiwan is available in Yeh, Erduran and
Hsu, 2019.). While each discipline has a comprehensive guideline in Taiwanese curriculum,
we compared the guideline of science discipline with NGSS and KSES. In this study, we
focused on the learning performance and content sections, and found supports in the rationale
section to identify the descriptions of the nature of STEM disciplines.

4.5 Document Analysis

Although STEM is originally an acronym for four disciplines, we have chosen to take
technology and engineering as a single field in our analysis. The decision not to treat them
separately (e.g. Pleasants and Olson 2019) was made based on several theoretical and

3 KSES and CGBE-S are written in Korean and Chinese (traditional), respectively. These documents sometimes
provide English translations of their key terms, and we used these official translations in this paper when
available. All other translations were made by the authors.
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practical considerations. Theoretically, the line between technology and engineering is
often fluid in the education literature (e.g. ITEA/ITEEA 2007), as is that between NOT
and NOE (e.g. de Vries 2003). For example, most chapters in the recently published
Handbook of Technology Education (de Vries 2018) use the phrases ‘technology educa-
tion’ and ‘engineering education’ interchangeably without precisely distinguishing be-
tween the two. In addition, given that our FRA analytical framework includes a wide range
of elements that characterise a discipline, encompassing the process, products and social
contexts, it was deemed more reasonable to consider technology and engineering as one
broad field rather than two fields that can be compared with regard to their practices, social
values and so on. For example, it would have been quite a challenge to judge whether
statements in the standards documents such as ‘to achieve the best possible design’ refer to
NOT or NOE.

Based on the descriptions of the 11 FRA categories (Table 1), the entire content of
NGSS was reviewed by two coders independently to identify indicative statements of the
nature of STEM disciplines. For example, the statement ‘science investigations are guided
by a set of values to ensure accuracy of measurements, observations, and objectivity of
findings’ (NGSS Lead States, Appendix H, p. 98) was identified as it aligned with the
description of the values of science. We began by running an initial search based on the
indicative keywords provided by Kaya and Erduran (2016). For example, search strings
‘aim*’ and ‘goal*’ were used to identify the references made to the aims category in FRA.
Through this process, statements that actually describe the content of the aims (e.g. ‘solve
problems’, ‘improve systems’) were found in the documents. Since these keywords could
also be considered representations of the aims of STEM disciplines, a second round of
searching was conducted with these new keywords. This second search was necessary
because there often were statements relevant to the nature of a discipline but without
explicit words such as ‘aim’, ‘value’ or ‘practice’. The search results were then reviewed
by the two researchers to ensure that the keywords actually referred to the FRA category
and were not being used for other meanings (e.g. using ‘aim’ to refer to the aim of the
standards document itself rather than of a discipline).

After these two rounds of document searches, the entire document was read multiple
times to identify any references to the three FRA categories that were not explicitly
covered in the previous searches. The lists of keywords in NGSS were generated by each
coder and were compared to reach an agreement. To establish intercoder reliability, we had
multiple discussions where detailed criteria for inclusion and exclusion were calibrated
and could be applied consistently. These agreed-upon English keywords were then
translated into Korean and Chinese by the authors who were native speakers of each
language. The entire content of KSES and CGBE-S was searched using these translated
keywords. The set of English keywords was then further refined by the two coders based
on the results of the KSES and CGBE-S searches. The result of each search was
summarised in a table by one coder and then were checked by the other to ensure
reliability. It should be noted that repeated appearances of the same keyword in one
document were not counted multiple times, because we were primarily interested in the
coverage of each document in terms of an FRA category rather than frequency of
appearance. Another consideration was that as curriculum standards, a structural feature
of these documents is that many statements are repeated across multiple sections and
different topics, so counting repetitions would not have added much value to the analysis.
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4.6 Findings

Overall, our analysis indicates that each of the three standards documents afforded
different opportunities for addressing the nature of STEM disciplines and how they relate
to each other. The nature of STEM disciplines was addressed in various parts of the
documents such as the introduction and philosophy statement, expected learning out-
comes, frameworks and assessment guidelines. Below we first describe how the aims,
values and practices of STEM disciplines are represented in each document and then
discuss how the three countries compare in terms of these categories.

In describing the results, we used Venn diagrams as a representational tool. This choice
was based on the fact that they give a graphical summary of how each document addresses
(or does not address) the target aspects, and that it is also consistent with the original idea
of FRA which is based on set theory (Irzik and Nola 2011, 2014). In addition, they can
highlight the similarities and differences between disciplines, which are a core interest of
our study and align well with the philosophical assumption of FRA. Each Venn diagram
has three overlapping circles representing science, technology/engineering and mathemat-
ics. Intersections indicate that an aspect was mentioned with regard to two or more
disciplines. If, for example, ‘objectivity’ is included in the intersection of science and
technology/engineering, either the document includes a single statement that refers to
objectivity as a common value of science and technology or includes two statements that
refer to the objectivity of science and technology separately. An aspect being listed only in
a non-intersecting area of a discipline indicates that the document only addresses the
aspect as a characteristic of that discipline.

4.7 Aims of STEM Disciplines

In this paper, we defined the aims of a discipline as the outcomes that professionals intend
to achieve as a result of their activities. For what purposes do scientists, engineers and
mathematicians do what they do? What are the aims shared across all STEM disciplines,
and what are the ones specific to only some of them? Given that aims are one of the
definitive features of a discipline, having a good sense of these questions will be a key to
understanding the nature of STEM disciplines. Our analysis showed that all three docu-
ments included a range of descriptions of the aims of science, implying that the authors of
the three standards documents considered them important for describing science. The aims
of technology/engineering were also often mentioned to varying degrees in the three
documents, sometimes in terms of how they relate or compare to the aims of science.

NGSS provided a rich description in terms of the aims, with the individual aims of
science, engineering and mathematics all being covered to some extent (Fig. 2). The stated
aims of science ranged from relatively abstract goals such as ‘finding order’ and ‘advanc-
ing knowledge’ to more concrete goals such as ‘establishing evidence’ and ‘constructing
theories’. The aims of engineering were also extensively addressed throughout the docu-
ment. ‘Defining and finding solutions to problems’ appeared as a core engineering goal in
several different contexts. Also, many goals related to design were presented, such as
‘achieving the best design’, ‘designing causal systems’ and ‘improving/replacing techno-
logical systems’. More concrete goals were also stated, such as ‘maximising certain types
of energy output’ and ‘improving or replacing technologies’. What seemed more promis-
ing was that NGSS had statements that compared or contrasted the aims of science and
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engineering. For example, ‘finding patterns’ was stated as a common goal of all fields of
science and engineering, whereas the distinct aims of the two were also highlighted, as in
the following statements: ‘Is the goal to answer a question? If so, students are doing
science. Is the purpose to define and solve a problem? If so, students are doing engineer-
ing’ (Appendix p. 49); ‘In engineering, the goal is a design rather than an explanation’ (p.
52).

There were a few statements that indicated that the aims of mathematics were things
such as ‘describing the natural and designed worlds’, ‘representing variables and relation-
ships’ and ‘understanding and communicating relationships’. These statements often read
as the aims of mathematics in service of science and engineering rather than as its intrinsic
aims as a discipline. Also, the aims of STEM disciplines in NGSS were mostly epistemic
goals, and the social and environmental goals of science were not mentioned.

KSES referred to a number of aims specific to science (Fig. 3). These included
‘understanding the diversity and complexity of nature’, ‘understanding change, stability
and causality’, ‘describing things’ and ‘identifying problems in life’. When we compare
these to the results from NGSS, we can see that KSES has a relative focus on science as a
means of understanding and identifying the diverse aspects of nature, whereas NGSS has
more descriptions of the active roles of humans such as constructing, explaining and
predicting things.

One characteristic aspect of KSES was the frequent use of the term ‘science and
technology’ throughout the document, making the overlap between the two more explicit
than NGSS did. Such coupling of science and technology made an interesting comparison
with NGSS (where ‘science and engineering’ was coupled to underscore common prac-
tices) and CGBE-S (which mostly only spoke about ‘science’). In many places, KSES
described the nature of ‘science and technology’ instead of that of ‘science’ alone,
implying that the statement involves a common feature shared across the two disciplines.

Fig. 2 Aims of STEM disciplines in NGSS (USA) (†: mentioned explicitly as a common feature across multiple
disciplines; *: mentioned explicitly as a distinct feature of one discipline as opposed to another)
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References to the aims of ‘science and technology’ included solving problems at diverse
levels such as everyday lives, social problems and environmental problems.

Unlike NGSS, explicit descriptions of the relationship between STEM disciplines were
not found in KSES. All statements indicated in the intersections were either made while
describing science and technology as a whole (e.g. ‘science and technology aim to …’) or
area combination of two separate statements that pointed to the same aim (e.g. ‘science

Fig. 4 Aims of STEM disciplines in CGBE-S (Taiwan)

Fig. 3 Aims of STEM disciplines in KSES (Korea)
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aims to understand regularity’ and ‘mathematics aims to understand regularity’) at differ-
ent places in the document. As a result, KSES was found to have an emphasis on aims
specific to science and shared between science and other disciplines. No aims specific to
engineering or mathematics were mentioned.

CGBE-S (Fig. 4) had a pattern similar to NGSS in terms of its depiction of the aims of
science, including diverse goals that ranged from the abstract aims such as ‘studying
natural phenomena’ and ‘understanding regularity’ to more practical and epistemic aims
such as ‘supporting interpretations using evidence’. It also addressed some engineering
aims such as meeting the human needs, and solving social and environmental problems.
Although CGBE-S provided rich descriptions of the aims of respective disciplines, there
were no mentions made about the common or contrasting aims between STEM disciplines.

4.8 Values in STEM Disciplines

STEM professionals commit to various epistemic and non-epistemic values as they strive
to achieve disciplinary aims. Epistemic values come into play when professionals conduct
theoretical and empirical investigations and relate to the aim of producing reliable knowl-
edge claims about the object of the investigation (Allchin 1999; Erduran and Dagher
2014a, b). These values range from consistency, rationality, accuracy, objectivity and
generality to more abstract values such as simplicity, unification and mathematical ele-
gance (Park and Song 2019). Epistemic values are used as criteria for making choices
between the competing hypotheses that account for the available observations equally
well. At the same time, there is a range of non-epistemic values that influence profes-
sionals’ practice, such as honesty and ethics. The divide between epistemic and non-
epistemic values is oftentimes fluid and therefore artificial, because the social and cultural
norms shared in the professional community are tightly coupled with the pursuit of
epistemic values (Erduran and Dagher 2014a, b; Park and Song 2019). Overall, the three
documents showed a significant amount of overlap in terms of their descriptions of
disciplinary values, but also showed some differences in terms of which particular
discipline each of these values was attributed to.

NGSS addressed several representative examples of values in science, such as accura-
cy, objectivity, scepticism and replicability, including more social and cultural values such
as honesty and ethics (Fig. 5). Economic feasibility was mentioned as a value that
engineers are conscious of during the design process. A great number of values appeared
in the ‘science and engineering practices’ columns in NGSS. These values, coded as being
common to both science and engineering, included validity, reliability, credibility, accu-
racy, technical feasibility, cost, safety, aesthetics and compliance with legal requirements.
In the intersection of science and engineering, it should be noted that values such as
‘technical feasibility’ and ‘compliance with legal requirements’ are arguably taken more
seriously by engineers than scientists due to the practical nature of the discipline
(Bucciarelli 1994; Kroes 2012), although NGSS did not seem to explicitly address such
a difference.

KSES, in addition to the well-known values of science such as reliability, credibility
and rationality, addressed several interesting values that are not found in the other two
documents (Fig. 6). While referring to what it calls ‘scientific leadership’, which was
emphasised as a core quality of leaders in science and also scientifically literate citizens,
KSES listed innovation, adventure, sensitivity to risks, agility, producing values, futuristic
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attitude and risking challenges as the values that comprise scientific leadership. Along the
same line, KSES referred to care and ethics as elements of scientific leadership. The
relative emphasis of these social and cultural values in KSES can be understood in relation
to the inclusion of ‘participation and action’ as one of the three core dimensions that

Fig. 6 Values in STEM disciplines in KSES (Korea)

Fig. 5 Values in STEM disciplines in NGSS (USA)
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underpin the organisation of KSES (MOE et al. 2019). With the aim of ‘promoting the
participation in inquiry activities and application to real life’, which has been ‘particularly
insufficient for Korean students’ (p. 13), the participation and action dimension empha-
sises science community activities, scientific leadership, contribution to safe society,
enjoying science culture, and contribution to a sustainable society. Such an emphasis
explains at least in part the social values being addressed with regard to this core
dimension.

As opposed to NGSS and KSES, in which several engineering values were mentioned,
CGBE-S only addressed science values, but it revealed relatively diverse representation
across the epistemic, social and cultural values that scientists commit to (Fig. 7). In
particular, epistemic values such as logical thinking, accuracy and objectivity appeared
multiple times in different places throughout the document. Below are some examples
where CGBE-S referred to values in science.

The cognitive approach of science stresses empirical evidence, logic, scepticism and repeated review (p.
33)

Scientists have the qualities of perseverance, rigour, and logic (p. 22)

Understand the succinctness of scientific theory and the rigour of scientific thinking, and
learn to appreciate the beauty of science (p. 43)

4.9 Practices of STEM Disciplines

Disciplinary practice in STEM refers to the set of epistemic and cognitive practices that lead to
STEM knowledge through social certification (Table 1). Practice is an important component of

Fig. 7 Values in STEM disciplines in CGBE-S (Taiwan)
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STEM disciplines, which is gaining increasing attention in line with the shift of emphasis from
‘science as knowledge’ to ‘science as practice’ in science education (Erduran and Dagher
2014a) discussed three common examples of scientific practice: classification, observation and
experimentation. These practices occur in ‘a complex set of interactions including collection
and analysis of data, and certification of subsequent knowledge claims’ (p. 80). In technology
and engineering, there are practices shared with science, such as modelling, but some others
clearly matter more for engineers, such as optimisation and prototyping of design. With regard
to mathematical practices, Science for All Americans (AAAS 1989) emphasises abstraction,
symbolic representation and manipulation of mathematical statements as common practices
that mathematicians regularly engage in. Since the connection to the empirical world is
relatively weak in mathematics, it is unsurprising that its core practices also have some features
that are distinguished from those of science and engineering. The representation of STEM
practices in the three analysed documents showed diverse practices across disciplines, but at
the same time revealed limitations similar to those involving values in STEM.

In NGSS, argumentation and reasoning, interpreting data, using tools, measurement,
working with numbers, ratios, representations, models and units were mentioned as common
practices across the three disciplines. NGSS also addressed diverse practices shared by science
and engineering (Fig. 8), which was predictable given its emphasis of ‘science and engineering
practice’. It encompassed the practices for gathering first-hand data (e.g. observation, exper-
imentation), processing and interpreting data (e.g. statistical analysis, comparison and con-
trast), and representing and sharing the results of scientific and engineering activities (e.g.
simulation, communicating information and design ideas). In addition, NGSS often compared
and contrasted scientific practices and engineering practices. For example, it distinguishes
constructing explanations and designing solutions, and describe each as a core practice of
science and engineering, respectively. The following paragraph delineates how design as an
engineering practice is distinct from scientists’ activities to develop an explanation:

The process of developing a design is iterative and systematic, as is the process of
developing an explanation or a theory in science. Engineers’ activities, however, have
elements that are distinct from those of scientists. These elements include specifying
constraints and criteria for desired qualities of the solution, developing a design plan,
producing and testing models or prototypes, selecting among alternative design features
to optimise the achievement of design criteria, and refining design ideas based on the
performance of a prototype or simulation. (NRC 2012, pp. 68–69; quoted in NGSS
Appendix, p. 60)

In Appendix L, NGSS explicates the connections between NGSS and the Common Core State
Standards for Mathematics (NGACBP and CCSSO 2010) by illustrating how mathematical
practices are relevant to science standards.4 A range of mathematical practices that are relevant
to science and engineering were mentioned, as seen in the boxes on the right in Fig. 8. In
particular, NGSS made an explicit remark on the similarities and differences between argu-
mentation in science and mathematics:

4 The Common Core State Standards for Mathematics describes eight mathematical practices: Make sense of
problems and persevere in solving them, reason abstractly and quantitatively, construct viable arguments and
critique the reasoning of others, model with mathematics, use appropriate tools strategically, attend to precision,
look for and make use of structure and look for and express regularity in repeated reasoning (NGACBP and
CCSSO 2010).
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[As mathematics,] science too involves making arguments and critiquing them. How-
ever, there is a difference between mathematical arguments and scientific arguments—a
difference so fundamental that it would be misleading to connect any of the standards to
MP.3. here. The difference is that scientific arguments are always based on evidence,
whereas mathematical arguments never are. It is this difference that renders the findings
of science provisional and the findings of mathematics eternal. Blurring the
distinction between mathematical and scientific arguments leads to a

Fig. 8 Practices of STEM disciplines in NGSS (USA)

Fig. 9 Practices of STEM disciplines in KSES (Korea)
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misunderstanding of what science is about. For more information about argumentation in
science, see the NGSS science and engineering practice ‘Engaging in argument from
evidence’. (Appendix p. 140)

KSES addressed many practices specific to science, without particularly referring to their
relationship to practices of other disciplines (Fig. 9). Various practices were mentioned from
the conception of problems (e.g. ‘selecting and developing problems’) and processes of inquiry
(e.g. ‘experimentation’, ‘classification’, ‘modelling’) to the dissemination and sharing of
knowledge (e.g. ‘representation’, ‘presentation of ideas’). KSES interestingly defined ‘engi-
neering design ability’ as a component of scientific thinking skills. Engineering design ability
encompasses ‘dividing a problem into smaller pieces’, ‘recognising problems’, ‘identifying
available resources and constraints’, ‘optimisation’ and ‘visualisation’, which were interpreted
as common practices across science and engineering. No practices related to mathematics were
addressed in the document.

CGBE-S presented an extensive amount and variety of scientific practices throughout the
document. These practices spanned across almost all stages of scientific investigation from
questioning to constructing arguments and presenting results (Fig. 10). In particular, there were
some standards that specified an advanced level of epistemic understanding of scientific
practice. For example, the standard ‘based on the experimental results, reflect on the advan-
tages and disadvantages of the experimental process to correct experimental models or
innovative breakthroughs’ (p. 9) involves an elaborated view of scientific experimentation
that encourages students to reflect on the affordances and limits of the process. Similarly,
another standard, ‘reasonably predict the likely outcome of the activity and the possible causes
for failure’ (p. 32), requires students to recognise the limitations of a research design along
with its expected results. With regard to reasoning and argumentation, CGBE-S emphasised
using multiple methods of reasoning, stating that ‘[students] can use a combination of

Fig. 10 Practices of STEM disciplines in CGBE-S (Taiwan)
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scientific evidence and theories, as well as analogy, transformation and other deductive
reasoning’ (p. 42). However, as was true for the values category, CGBE-S made no mention
of engineering and mathematical practices.

4.10 Cross-Country Comparison

The main findings are summarised in Table 3. The occurrence of instances is represented for each
category and do not consider the frequency count of reference. This is because we were more
interested in whether or not each aspect wasmentioned in the documents, not how often theywere
mentioned. In the three documents, features specific to science and shared by science and
engineering were most frequently addressed. In NGSS and KSES, the commonalities between
science and engineering (technology) were mentioned across all three FRA categories, implying
that this overlap is emphasised in these documents. Particularly in NGSS, engineering-related
aspects were widely covered. Mathematics-related features were most evidently covered in
NGSS, whereas in other documents, they were rarely addressed. This means that the similarities
and differences between science and mathematics as academic and professional disciplines and
how the two relate to and rely on each other is not given sufficient attention that they merit.

As seen from the table, NGSS covered relatively many aspects of STEM among the three
documents.Whereas NGSS had a wide coverage across the aims, values and practices of STEM
disciplines, it tended to address the epistemic aspects of STEM rather than the social. Compared
to NGSS, KSES and CGBE-S did not include as many descriptions about the nature of
technology, engineering and mathematics. KSES frequently mentioned the common aspects
of science and technology, but as in NGSS, the differences between science and technology
were rarely represented overall. CGBE-S stated diverse aims across disciplines, but when it
comes to values and practices, it did not make any attempts at engineering or mathematics.
Some of these cross-country differences can be attributed to the different emphases of each
standards document. The emphasis on ‘science and engineering practices’ in NGSS explains
the relative abundance of statements that belong to the intersection of science and engineering
and, to a degree, also explains the absence of science- and engineering-specific practices. Also,
as mentioned earlier, KSES’s focus on ‘participation and action’ and STEAM (defined broadly
to include arts and humanities) seemed to be relevant to the inclusion of many social, cultural
and environmental values of science and engineering.

Table 3 Coverage of nature of STEM disciplines in NGSS, KSES and CGBE-S

Specific to one discipline Shared between two disciplines Shared among three
disciplines

S TE M S&TE TE&M S&M S&TE&M

NGSS Aims X X X X
Values X X X
Practices X X X X X

KSES Aims X X X
Values X X
Practices X X

CGBE-S Aims X X X
Values X
Practices X

S science, TE technology and engineering, M mathematics
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5 Discussion

In this paper, we presented a systemic analysis of how science education standards documents
represent the nature of STEM disciplines. In doing so, we used standards documents from
three different countries, which allowed a rich understanding of each document to a deeper
level. However, it is important to note that our analysis was not meant to evaluate or rank the
standards documents. Considering that the nature of STEM disciplines is an underexplored
territory, it would be unrealistic to expect that the standards documents have a sophisticated
view on this matter and address diverse aspects of STEM. Also, since we did not ‘score’ the
documents nor did we count the occurrences, the results should not be interpreted as
representing the quality of standards documents. Rather, our primary purpose for comparison
was to shed light on the relative strengths and weaknesses of each document that would not
have made visible when only one document was considered. Besides their differences, the
three documents as a whole provided several observations for science educators to integrate
NOS, NOTE and NOM as well as STEM in future curricula and standards.

The analysis of the curriculum standards documents from the USA, Korea and Taiwan
illustrated what epistemic aims, values and practices are mentioned specifically. The system-
atic study in the coverage of these components of the standards provides information of how
different curriculum standards compare and which particular features they emphasise. The
findings illustrate that there is diversity in the way that epistemic aims, values and practices are
discussed in these documents. Furthermore, they indicate what emphasis each document
places on different aspects. Despite the structural differences among the documents, at least
two important common themes were identified across the three countries. The first was the
general underrepresentation of mathematics in the standards documents. What distinct aims
mathematics has that differ from those of empirical sciences, what practices mathematicians
regularly engage in and how those practices helps achieve the aims of science are very rarely
addressed in the analysed documents. The second theme, particularly evident in NGSS and
KSES, was the overemphasis of science-engineering intersection, which seemed to have
resulted in science-specific aims, values and practices being hidden in the standards. In both
documents, the similarities between science and engineering were represented more evidently
than their differences. This seemed to have led to downplaying the subtle nuances that
distinguish the two disciplines and may give a misleading impression that science and
engineering are essentially the same. To prevent this, standards documents need to be more
explicit about what makes science ‘science’.

We have used the FRA framework to investigate curriculum documents in relation to
STEM. Although FRA has previously been used for such purposes, for instance in the analysis
of science curriculum documents from Turkey (Kaya and Erduran 2016), Taiwan (Yeh et al.
2019) and Ireland (Erduran and Dagher 2014b) as well as science textbooks (Park and Song,
2019; Park et al. 2020; McDonald 2017), the current study adopted the framework to be used
in the context of STEM related standards in science curricula. We acknowledge that the FRA
framework was originally developed within the context of NOS in order to show the
similarities and differences across different scientific disciplines. We rationalised its use in
STEM because the FRA categories produced by Erduran and Dagher (2014a) are fairly broad
and can potentially capture both the disciplinary similarities as well as the differences between
science, technology, engineering and mathematics. For example, mathematics and science can
be quite different in their specific aims and values, but the category of ‘aims and values’ itself
is what enables us to examine what these differences might be.
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Overall, then, we had a pragmatic approach in utilising the FRA as a coding tool in order to
make comparative sense of curriculum standards related to STEM disciplines. In other words,
our use of FRA is about applying FRA categories as analytical tools for empirical purposes,
and hence, limited inferences should be drawn about the theoretical underpinnings of the
applications of FRA in relation to science, technology, engineering and mathematics. Our
approach was based on the assumption that it the notion of STEM education already
presupposes some proximity among the four disciplines, potentially allowing us to consider
them as ‘family members’ from an FRA perspective. A fully justified theoretical account can
be pursued in due course by other researchers to embellish the conceptual value of using FRA
in the characterisation of STEM.

We should note that our adaptation of FRA categories as coding tools for characterising
STEM related standards in science curriculum documents does not necessarily imply that
technology, engineering and mathematics are to be approached from a scientific lens.
However, our focus is on science education and hence, the choice of science curriculum
documents is a given considering our purpose of the study which was to conduct a compar-
ative science curriculum analysis internationally. While the broad definitions of the FRA
categories were used to trace the narrative on technology, engineering and mathematics, none
of the specific features of the science-related FRA categories were imposed on the curriculum
statements about technology, engineering and mathematics. For instance, when NGSS made
reference to ‘economic feasibility’ as a value that engineers are conscious of during the design
process, our starting point in capturing this code was the key reference to engineering, not
science. Indeed, explicit references to ‘science’, ‘technology’, ‘engineering’ and ‘mathematics’
was a decisive criterion on tracing the documents so as to avoid unwarranted inferences and
biasing of the categories through the lens of science.

As we mentioned earlier, proper understanding of NOTE and NOM is not only valuable
educational aims by themselves, but also is of particular importance for a nuanced and
contextualised understanding of NOS. When students learn about the practices of science,
they should not only engage in the scientific practice themselves but also be encouraged to
reflect on whether that practice is a definitive feature of science relative to other disciplines,
how it compares to similar practices in other disciplines and how it contributes to achieving the
aims and values of scientists. Once this is done in a developmentally appropriate manner, we
believe, students will acquire a more sophisticated understanding of NOS than when it is
taught independently of other fields. While the precursor to such an idea in science education
is found in Science for All Americans (AAAS 1989) published 20 years ago (see Sect 2.2), our
analysis showed that the recent science education standards documents generally lack a
structured approach to the nature of STEM disciplines. This calls for curriculum designers
to pay attention to the intersection of NOS and STEM, and dedicate efforts to make connec-
tions between NOS and STEM in the science education standards documents.

Methodologically, we elaborated on the concept of family resemblance as a lens to look at
the nature of STEM disciplines. In general, our study suggested that FRA can be used as a lens
to reveal the emphases and omissions of standards documents in terms of the nature of STEM
disciplines, which merit curriculum designers’ attention to the development of future science
education standards and curricula. The ‘heuristic’ nature of the FRA framework (Erduran and
Dagher 2014a, b) allows understanding NOS, NOTE and NOM using a single coherent
framework, rather than treating them separately and making separate lists of features to
describe each discipline. By focusing on the ‘resemblances’ that encompass similarities and
differences among disciplines, this approach affords a nuanced description of STEM as a
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family that consists of different members. In a similar way that we recognise how the members
of a family resembles each other, students can learn about what are the features that connect
STEM as well as how they differ from each other in terms of their epistemic and social aspects.
We believe that our analysis of the three standards documents provided initial but useful clues
that should inform the implementation of NOS instruction and STEM integration based on
these documents. The missing connections among STEM should be made explicit during the
curriculum and assessment design, and classroom implementations. While the present study
focused on science education standards, future cross-disciplinary efforts will be necessary to
align these standards with technology and mathematics education standards so that they can
create synergy to better understand STEM within the school curriculum.
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