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ABSTRACT

Here we discuss the role of Computational Thinking (CT), Engineering Education Epistemology (EEE) ,
Computational Science Education (CSE) and the integration of Arts with STEM in education and more
generally in learning and teaching approaches and learning objectives. We present arguments from research
articles and we propose activities that support our model for Computational STEAM Pedagogy. The
purpose of the literature review is to outline research studies in the different forms of STEAM integration
and to highlight how CT, EEE, CSE and Arts can be used in this integration and what epistemology can
support this holistic approach . The main objective is to summarise what is currently known about the
STEAM approaches and to add to the existing literature with a primary model which connects EEE with the
Computational pedagogical knowledge mode. The bibliography presents materials covering theoretical
considerations around Computational Thinking, Engineering Epistemology, STEM Epistemology,
Computational Science in Education and Arts in STEAM. Literature review was conducted using several
web-based search engine tools like Web of Science, Google Scholar and open Google searches.

KEYWORDS: STEM epistemology, Computational pedagogy, Epistemology, Engineering epistemology,
CSP, Computational thinking, Computational experiment, Engineering education, Arts, STEAM
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1. INTRODUCTION

There is a debate in education for the STEM to
STEAM movement and the impetus to include the
arts in science, technology, engineering, and math
learning (Maeda, 2013).

Research also suggests that (Ghanbari, 2015) “the
arts are well-suited to be combined with science,
technology, engineering, and math disciplines mak-
ing the STEM acronym STEAM”. The STEAM para-
digm also emphasizes the importance of STEM edu-
cation, but argues that the arts have the ability to
open up new ways of seeing, thinking, and learn-
ing”.

Studies have also suggested that “learning
through the arts has the ability to transcend across
different disciplines and enrich learning in disci-
plines beyond the arts’ (e.g. Hetland, 2013).

STEAM can be considered as an educational
teaching and learning approach that can integrate in
a transdisciplinary epistemology STEM disciplines
with Art that can enhances students” inquiry skills,
problem solving skills and creative thinking while
the STEM to STEAM movement can offer news in-
sights and new ”“vocabulary” in transdisciplinary
thinking. This transdisciplinary coupling of broad
STEM disciplines with Culture and Arts - is unfold-
ed below in the form of literature review.

2. COMPUTATIONAL THINKING
2.1 Computational Thinking in general

In 2006, Wing published an article which coined
the term Computational Thinking, in the Journal of
the Association for Computing Machinery (ACM).
Wing suggested that computational thinking in-
volves solving problems, designing systems, and
understanding human behaviour, by drawing on the
concepts fundamental to computer science while
later (Wing, 2008). She argued that “CT is a universal
skill and attitude that complements thinking in
mathematics and engineering with a focus on de-
signing systems that help to solve complex problems
humans face” (Wing 2008).

Lu & Fletscher (2009) argue that “teaching CT
should focus on establishing vocabularies and sym-
bols that can be used to annotate and describe com-
putation and abstraction, suggest information and
execution, and provide notation around which men-
tal models of processes can be built”.

The concept that CT is a universal skill, attitude,
competency practice and problem solving approach
that impacts nearly all disciplines was suggested by
many researchers in the field.

Bundy (2007) stated that “the ability to think
computationally is essential to conceptual under-
standing in every field, through the processes of

problem solving and algorithmic thinking”. He also
spoke about “the e-Science and he stated that re-
searchers are using computational metaphors to en-
rich diverse theories while computing leads to new
kinds of questions and the acceptance of new kinds
of answers, for instance, questions that require the
processing of huge amounts of data”. The emphasis
on “big data” appears in many research papers and
currently there is a lot of research for big data and
learner analytics in education.

As we will present later, collection and analysis of
data is a fundamental skill in CT and can be used in
every discipline and is related to STEM.

Glass (2006), consider that “CT is not problem
solving, since computers rarely compute but do ma-
nipulate information and computer science concepts
can certainly be part of such a course, but problem
solving is a universal activity, and many disciplines
are capable of teaching it”.

There is a lot of discussion about the skills, atti-
tudes, competences and practices that they should be
included in CT, while there is also a discussion if CT
is a problem-solving process. NRC (2010) suggested
“20 high-level skills and practices that computational
thinking might include, like problem abstraction and
decomposition, reasoning, optimization, association
reuse or sharing (from the engineering design), cod-
ing, and knowledge of computer science concepts
like parallel processing, machine learning, systemat-
ic processing of information, symbol systems and
representations, debugging and error detection, and
recursion”. NRC (2010) speaks about concepts from
Computer Science, while many researchers put an
emphasis on the fact that “Despite the obvious rele-
vance of CT to computer science, scholars argue that
CT needs to be taught in disciplines outside of com-
puter science beginning in kindergarten” (Kotsopou-
los et al. 2017; Barr & Stephenson 2011; Yadav et al.
2011)

2.2 Computational Thinking. The concepts of
Computing, Computation and
Computational

There is a lot of research about CT and computing
and computation. Research papers use sometimes
these concepts as they are similar while some others
differentiate them (implicitly or explicitly).

We will try to delineate these terms, since their
concise definitions will help us to proceed towards
the Computational Science Education.

According to Wing (2008) “computing” is the field
that encompasses computer science, computer engi-
neering, communications, information science and
information technology. Wing (2006) also stated that
the advances in computing would allow researchers
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to envision new problem-solving strategies and to
test new solutions in both the virtual and real world.

Bundy (2007) does not define computing but he
states that “Computing has enabled researchers to
ask new kinds of questions and to accept new kinds
of answers, for instance, questions that require the
processing of huge amounts of data”.

Katehi et al. (2009) include “computing” in the
framework of engineering design, applications for
the mathematics (e.g., plotting signals, computing
Cartesian coordinates).

The report “Computing at School Working Group
(2012), report endorsed by BCS, Microsoft, Google
and Intellect, March, 2012 Retrieved from:
https:/ /www.computingatschool.org.uk/data/uplo
ads/ComputingCurric.pdf”, states that “The Com-
puting at School Working Group recognizes that
Computer Science (CS) and Information Technology
(IT) are disciplines within Computing that, like
maths or history, every pupil should meet at
school.” At this seminal report we notice that com-
puting includes Computer Science and Information
Technology.

In the report “After the reboot: computing educa-
tion in UK schools Issued: November 2017 DES4633
ISBN: 978-1-78252-297-3”, computing is a subject that
covers the areas of computer science, digital literacy
and information technology (IT). In the same report
there is a very precise terminology for Information
Technology, as “the assembly, deployment and con-
figuration of digital systems to meet user needs for
particular purposes, Digital Literacy, as the basic
skill or ability to use a computer confidently, effec-
tively and safely, including the ability to use office
software such as word processors, email and presen-
tation software, and the ability to use a web browser
and internet search engines, and Computer science,
covering principles such as algorithms, data struc-
tures, programming, systems architecture, design
and problem-solving”.

We observe that there is, yet, no widely agreed
definition of computing, and there is also no agreed
definition for the Computer Science too. Denning
(2003) posited that “computer science consists of me-
chanics (computation, communication, coordination,
automation, and recollection), design principles
(simplicity, performance, reliability and security)
and practices (programming, engineering systems,
modeling and validation, innovating, and apply-
ing)”.

However, according to Tucker at al. (2003),
“Computer Science is neither programming nor
computer literacy, but it is the study of computers
and algorithmic processes including their principles,
their hardware and software design, their applica-
tions, and their impact on society”.

Kallia (2017) states that “evaluation of students’
knowledge and learning in computing courses is
challenging where there is a notice about the compu-
ting curriculum”.

According to (ACM Pathways 2013), “by 2020,
one of every two jobs in the “STEM” fields will be in
computing”.

The term computation appears also in research
papers. For example, Jona et al. (2014) state that
“Computation is an indispensable component of
STEM disciplines as they are practiced in the profes-
sional world. In the last twenty years, nearly every
STEM field has seen the birth or reconceptualization
of a computational counterpart, from Computational
Engineering and Bioinformatics to Chemo metrics
and Neuroinformatics. In this article we notice that
computation is related to computational”.

According to Weintrop et al. (2015), “bringing
computational tools and practices into mathematics
and science classrooms gives learners a more realis-
tic view of what these fields are, better prepares stu-
dents for pursuing careers in these disciplines” and
from a pedagogical perspective, the thoughtful use
of computational tools and skill sets can deepen
learning of mathematics and science content (e.g.
National Research Council 2011a, b).

As stated in Barr & Stephenson (2011), Computer
Science is related to computational processes and
“scientists can promote understanding of how to
bring computational processes to bear on problems
in other fields and on problems that lie at the inter-
section of disciplines. For example, bioinformatics
and computational biology are different, but both
benefit from the combination of biology and com-
puter science. The former involves collecting and
analyzing biological information. The latter involves
simulating biological systems and processes”.

The concepts of computing and computational
appear in Yasar et al. (2016). Authors state that
“Computational pedagogy is an inherent outcome of
computing, math, science and technology integra-
tion”. In the same article computing is related to al-
gorithmic and programming. They also suggest that
computational modeling and simulation technology
(CMST) can be used to improve technological peda-
gogical content knowledge (TPACK) of teachers.

According to Landau (2006), deep learning is
based on problem solving and computational skills
and many science departments have created new
interdisciplinary courses, concentrations, and tracks
to prepare their majors for computing jobs while
there is a demand for computationally competent
STEM workers leading to the necessity “for a pipe-
line between Higher education and school (K-12)
education” (Yasar, 2013). There is a need to educate
in USA  future computational scientists
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(www.itr.nsf.gov). Jona et al. (2014) state that one of
the fundamental research questions in the STEM
agenda is “with the STEM approach, how can we
increase computational competencies for all students
and build interest in computing as a field in its own
right?”. Chande (2015) states that “the science that
scientists and researchers developed drawing inspi-
rations from natural processes now looks to be tak-
ing the center stage and reversely motivating them
to decipher natural processes as computational activ-
ities”. Zendler & Spannagel (2008), following a clus-
ter analysis research study, state that computer sci-
ence includes “the following central concepts: prob-
lem, data, computer, test, algorithm, process, system,
information, language, communication, software,
program, computation, structure, and model”.

Bienkowski et al. (2015), state that “Projects with
an orientation to computational science tend to em-
phasize data, modeling, and systems thinking”. In
this article there is a strong link between Computa-
tional Science: and Computational Thinking. Aho
(2012) defined CT as the “thought processes in-
volved in formulating problems so their solutions
can be represented as computational steps and algo-
rithms”.

Finally, we will discuss briefly the relation of CT
with programming. According to Voogt et al. (2015)
“the concepts of Computational Thinking (CT) and
the practice of programming are difficult to delineate
in the literature because many CT studies or discus-
sions of theory use programming as their context.
This can lead to the impression that CT is the same
as programming or that CT requires the use of pro-
gramming. Instead, research supports that CT focus-
es on developing thinking skills while within sub-
jects beyond computer science”. The same authors
provide a nice taxonomy about CT, Computer Sci-
ence and programming: “Programming, Computer
Science, and Computational Thinking are not equiv-
alent concepts, yet are intertwined. Programming is
but one context for the practice of Computer Science
and Computational Thinking. Computer Science is
the field and practice from which Computational
Thinking skills arose, however is not the only disci-
pline in which these skills can be found or applied”.
In the same spirit, Yadav et al. (2011) state that
“computational thinking is an approach that does
not necessarily need programming of computers, but
rather is an approach to problem solving that uses
strategies such as algorithms and abstraction”.

From the brief analysis presented above, it is evi-
dent that the terms computing, computation, com-
putational are used sometimes with the same mean-
ing (i.e. algorithms, make calculations etc) and in
other cases computational means something wider
than computing.

When we will discuss the Computational Science
Education epistemology we will present the cogni-
tive are of CSE and we will justify that the concept of
“Computational” is wider than that of “Computing
and Computation”.

2.3 Computational Thinking and Science-
Mathematics-Engineering

According to Weintrop et al. (2015), Science and
Mathematics are becoming computational endeav-
ors. Next Generation Science Standards (NGSS, 2013)
also suggest that ““computational thinking” is a core
scientific practice and due to the increased presence
of computation in mathematics and scientific con-
texts, a new urgency has come to the challenge of
defining computational thinking and providing a
theoretical grounding for what form it should take in
Science and Mathematics. Authors introduced a tax-
onomy consisting of four main categories: data prac-
tices, modeling and simulation practices, computa-
tional problem-solving practices, and systems think-
ing practices. We notice that modeling and computa-
tional practices are included leading to a more tan-
gible approach to introduce CT in the classroom
teaching and learning models. As we will see later,
modelling, simulation and computational practices
will be the core of our proposal for the Computa-
tional Experiment (CE) approach. There is a lot of
discussion about the mapping of CT skills and atti-
tudes onto school subjects. Barr & Stephenson (2011),
mapped a list of CT skills/concepts on conventional
school subjects.

The issue of the relation of Computer Science and
Computational Thinking has been at the core of
many research papers. According to Zendel &
Spanangel (2008), “design of computer science cur-
ricula should rely on central concepts of the disci-
pline rather than on technical short-term develop-
ments”. In contrast, Barr & Stephenson (2011), state
the objective is to articulate a set of key concepts
within computation that can be mapped across
school subjects. They proposed a set of CT concepts
across different disciplines. Authors made very im-
portant and operational specific mappings to schools
subjects but they did not map CT concepts to STEM
epistemology as content, something that will be pre-
sented below, when epistemologies of STEM will be
discussed and analyzed.

According to Common Core State Standards (Na-
tional Governors Association, 2010) it should be a
direct reference of computational thinking practices
in mathematics, and more specifically to problem
solving and abstraction

Other approaches to CT practices include the use
of CT to teach mathematics (Bienkowski et al. 2015;
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Bootstrap Materials: Curriculum and Software,

2015).
3. ENGINEERING EDUCATION

Katehi et al. (2009) report that the Committee on
K-12 Engineering Education in USA- under the aus-
pices of the National Academy of Engineering
(NAE) and the Board on Science Education at the
Center for Education of the National Research Coun-
cil (NRC)- determined the scope and nature of ef-
forts to teach engineering to the elementary and sec-
ondary students. One of the major questions ad-
dressed was “How does engineering education “in-
teract” with science, technology, and mathematics?”.

The same committee believes that engineering
education “may even act as a catalyst for a more in-
terconnected and effective K-12 STEM education
system in the USA and achieving the latter outcome
will require significant rethinking of what STEM
education can and should be”. This report faces an-
other very important objective about the description
of the ways in which K-12 engineering content has
incorporated science, technology, and mathematics
concepts, as context, to explore engineering con-
cepts, or how engineering is used as context to ex-
plore science, technology, and mathematics con-
cepts. This reciprocal relationship will be discussed a
lot in this review and is of fundamental importance
in order to define the STEM epistemology.

According to Shirey (2017), the discipline of engi-
neering can be divided into engineering content and
engineering design. “Engineering content arises
from the intersection of science, mathematics, and
encompasses a collection of tools, which engineers
can use to design solutions to specific problems
based on criteria and constraints”. Rugarcia et al.
(2000) described engineering education “as the de-
velopment of engineering knowledge (facts and con-
cepts), skills (design, computation, and analysis),
and attitudes (values, concerns and preferences)”.
Berland et al. (2013) “consider that engineering in
high schools can influence students” deep learning
and teach students the engineering design process”.

Katehi et al. (2009) sate that “perhaps the most
important for engineering is design, the basic engi-
neering approach to solving problems and when
students are engaged in the design process, they can
integrate various skills and types of thinking—
analytical and synthetic thinking and detailed un-
derstanding”. They also state that the engineering
design process is “(1) highly iterative; (2) open to the
idea that a problem may have many possible solu-
tions; (3) provides a meaningful context for learning
scientific, mathematical, and technological concepts;
and (4) provides stimulus to systems thinking, mod-
eling, and analysis while engineering design is a po-

tentially useful pedagogical strategy”. We comment
on the emphasis given from the report for the mod-
elling concept/process and the types of thinking that
are closely related to the skills included in CT.

Engineering design has been also treated as a
“pedagogical strategy to bridge science and mathe-
matics concepts in use of solving ill-defined (open-
ended) problems by developing creative thinking,
formulating solutions and making decisions, and
considering alternative solutions using scientific and
mathematical concepts” (Sheppard et al., 2009; Sha-
hali et al.,2017)

According to (Dym et al.2005) “engineering de-
sign is a systematic, intelligent process in which de-
signers generate, evaluate and specify concepts for
devices, systems, or processes whose form and func-
tion achieve clients” objectives or users’ needs, while
satisfying a specified set of constraints”. According
to National Research Council (2012a, b), there are
engineering practices, which, at school level, involve
“defining problems, developing and using models,
planning and carrying out investigations, analyzing
data, using mathematics and computational think-
ing, designing solutions, engaging in argument from
evidence, and obtaining, evaluating, and communi-
cating information”. These practices are related to
design process as they provide students with oppor-
tunities to purposefully follow a design process for
solving engineering problems or challenges.

According to Denning (2003), the “principles of
computing include: computation, communication,
coordination, recollection, automation, evaluation,
and design and we can easily recognize that compu-
ting is connected to engineering design”. According
to NRC (2012, a, b) CT is closely connected to Engi-
neering Education Epistemology (EEE). The term
“practices” appear also in Guzey et al. (2016) where
authors state that “recent reform efforts in the USA
call for teachers to integrate scientific and engineer-
ing practices into science teaching; for example, sci-
ence teachers are asked to provide learning experi-
ences for students that apply crosscutting concepts
(e.g., patterns, scale) and increase understanding of
disciplinary core ideas (e.g., physical science, earth
science)”.

In the same article there is a reference that distin-
guishes “practices” from “engineering design” and a
statement that engineering practices and engineering
design are essential elements of this new vision of
science teaching and learning. In this article we no-
tice a concrete relationship between engineering
practices and design with science and Mathematics.
Authors make also a significant observation, namely
that we need a reformed science education that can
help students to be successful because solving the
complex problems that we face in the world today,
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this requires the use of multiple disciplines (e.g., sci-
ence, engineering) and application of nonroutine
problem solving skills [e.g., communicating effec-
tively, recognizing patterns, examining a broad span
of information; National Academies of Engineering
(Guzey et al., 2016; NAE & NRC, 2014). “While in
the past an engineering design-based activity was
viewed as a design or model construction activity,
the new science education standards in USA require
students to engage in engineering design and engi-
neering practices as they learn and apply crosscut-
ting concepts and disciplinary core ideas (NGSS
2013; NRC 2012a, b)”. We notice that emphasis is
given to crosscutting effects that later will be con-
nected to the interdisciplinary and transdisciplinary
approach for STEM education.

Moore et al. (2014) distinguish two teaching ap-
proaches for engineering design and practices in K-
12 science classrooms. One approach is to use engi-
neering as a context to learn science (e.g. Kolodner et
al. 2003; NRC 2012; NGSS 2013). In this approach
students apply science laws and concepts to solve
design challenges. The iterative process mentioned
previously by Katehi et al. (2009) is implemented by
the design/redesign process in which students first
“design a prototype (e.g., a modestly working vehi-
cle), experiment with the variables to discover ways
to design a better prototype (e.g., resistance forces
act on the car), and redesign (e.g., a car that travels
farther by reducing the friction or by changing the
shape/material of the car)”. We consider this ap-
proach a highly inductive approach and we will use
this in our approach where the development of the
model will be the basic instructional unit. A second
approach to integrate engineering” is to use engi-
neering as a culminating or end of science unit pro-
ject (Moore et al., 2014)”. In this approach engineer-
ing is again used as a context, but “ultimately engi-
neering is used as an add-on to science instruction”.
This approach is not considered - pedagogically-
very helpful as would not help students see the con-
nections between science and engineering, and at the
end of unit design challenge turns to a craft activity
in which students do not apply targeted science con-
cepts.

Pedaste & Palts (2017) analyzed 31 articles were
CT models were implemented. Authors stated that
these models were not directly included in the fur-
ther analysis because none of these approaches to CT
has been used in more than one article found by the
systematic search.

On the contrary, authors suggested three ap-
proaches to form a model of CT which were found in
several articles: “ i) Interaction between a Human
and Computer, ii) Conceptual Model and iii) Engi-
neering Design (evidence found in 3 articles)”.

Pedaste & Palts (2017) include, in the first ap-
proach, the concept of computational learning “as
suggested by Cooper et al. (2010) as an iterative and
interactive process between the student and the
model of computation)”.

They explicitly present their considerations with
Figures that connect Computational Science, Com-
putational Thinking and Engineering epistemology
(through the iterative process of engineering dis-
cussed above). We consider that considerations dis-
cussed and present in this paper (not only for the
first approach but for all the three) are very funda-
ments for the connection of CT with EEE and CSE.
The reader should also look especially at Figure 1 of
this article which summarizes concisely all the ideas
about this connection.

4. STEM EPISTEMOLOGY
4.1 Epistemology in general

Generally, epistemology is defined as the ways
that people acquire, justify, and use knowledge. Ac-
cording to Chandler et al. (2011) “epistemology is a
way of reasoning and understanding the things we
encounter in the world. Education epistemology is
considered as the epistemology made up of experi-
ences, formal and informal instruction, and assump-
tions about education. Engineering epistemology is
made up of lived experiences, formal and informal
knowledge and assumptions about the discipline of
engineering”. Epistemology is also considered as a
branch of philosophy concerned with the nature and
justification of human knowledge. Educational psy-
chologists study epistemological development and
beliefs to determine how students come to know,
what beliefs they have about knowledge and how
epistemological beliefs affect cognitive processes and
critical thinking (Psycharis et al. 2017; Hofer et al.
1997, King et al. 2009). “Epistemology is usually de-
fined as the way an individual value and under-
stands knowledge and is related to the nature of
knowledge, its possibility, scope, general basis, and
justification of belief” (Honderich, 1995). Researchers
have also introduced the concept of practical episte-
mology, which is based upon the work of Wittgen-
stein and draws upon sociocultural theories and ap-
proaches, linking learning with talk, action and hab-
its (Wickman, 2004). Practical epistemology “does
not view knowledge as a matter of getting reality
right, but as a matter of acquiring habits of action for
coping with reality” (Rotry,1991). Practical episte-
mology does not insist that truth is not important,
but only put emphasis that to question truth is only
one of several ways that help people proceed with
practice (Habermas, 2001). The practical epistemolo-
gy mainly concerns students” ways of engaging with
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laboratory work and implement their practical epis-
temologies, i.e., what they count as knowledge and
how they get knowledge as acting participants in the
laboratory practice. Psycharis et al. (2017) consider
that practical epistemology aligns to engineering
education epistemology (EEE), as students are in-
volved in the design and make, which are consid-
ered essential characteristics of engineering peda-
8o8Y-

According to Borrego & Newswander (2008;2010),
(EEE) “involves the cooperation of many scientist
form various disciplines (engineers, psychologists,
social scientists etc) and research suggests that the
way an individual understands and appreciates the
nature of knowledge affects the way he or she col-
laborates with colleagues in different academic dis-
ciplines, especially when the disciplines are funda-
mentally different”.

Alongside with this important remark, and ac-
cepting that epistemology varies across academic
disciplines, “a truly interdisciplinary collaboration
must necessarily be able to change his or her epis-
temic “lens” to suit various contexts” (Borrego &
Newswander, 2008; 2010). Authors connect this ne-
cessity for change with the ideas of Spiro et al. (1987)
of cognitive flexibility which emphasizes “cognitive
training as the main facilitator of a researcher’s abil-
ity to accommodate or shift epistemologies accord-
ing to context”.

According to research, acquisition of new
knowledge depends on “personal epistemological
beliefs and research papers have reported students’
beliefs about knowledge on their learning and prob-
lem-solving in math, science, and physics but the
research on epistemological beliefs in engineering is
limited” (Yu et al., 2012).

Yu & Strobel (2011) state that “engineering epis-
temology is a topic of philosophy and engineering,
whose object is the construct ‘engineering
knowledge’ concerning the concept of ‘truth’, the
logical structure of justification, and the relationship
of engineering knowledge to ‘reality’. Epistemologi-
cal engineering beliefs mean ‘how we know what we
know in engineering’, whereas ontological engineer-
ing beliefs mean ‘what we believe is reality that en-
gineering deal with”.

4.2 The Interdisciplinary and the
Transdisciplinary approach

There are different concepts and views about the-
se terms and we will try not to present all the views
but rather we will present some views that are closer
to our purpose to connect epistemology with
STEAM. According to Toomey et al. (2015) “Multi-
disciplinarity draws on knowledge from different
disciplines but stays within their boundaries. Inter-

disciplinarity analyzes, synthesizes and harmonizes
links between disciplines into a coordinated and co-
herent whole”. “Inter-disciplinarity is not just re-
search in two or more different disciplines, nor is it
adding methodologies from other disciplines to an
already discrete project; rather, it is an integrated
approach to answering a question that recognizes
the limitations inherent in the compartmentalized
system of academic research”. “Trans-disciplinary
work moves beyond the bridging of divides within
academia to engaging directly with the production
and use of knowledge outside of the academy”. Mit-
telstarss (2011) makes an interesting remark that
“subjects and disciplines have grown through the
history of science, and that their boundaries are thus
determined neither by their objects themselves, nor
by theory, but by historical growth. Furthermore,
their identity is determined by certain objects of re-
search, theories, methods, and aims of research,
which often do not correspond univocally to the def-
initions of subjects or disciplines, but which instead
overlap these disciplines. This does not just become
apparent in the fact that disciplines are being guided
by methodical and theoretical ideas which, as with
the concepts of a law of nature, of causality, and of
explanation, are not determined to belong to anyone
discipline. It is also evident in the fact that the prob-
lems to find solutions for science serves, often do not
fit straightforwardly into a disciplinary framework”.
Mittelstarss (2011) believes that “not the objects de-
fine the discipline, but our manner of dealing with
them in theory and this is equivalent with the state-
ment that certain problems cannot be captured by a
single discipline”. Transdisciplinarity was intro-
duced to the world in 1972 at a Parisian seminar held
by the Organization for Economic Cooperation and
Development (OECD).

Balsiger (2004) states that “the concept of Trans-
disciplinarity is deduced from the principle that
Transdisciplinarity is a scientific approach with a
strong orientation towards societal problems and
successful Transdisciplinarity practice is based on
great flexibility. According to him appropriate de-
scription of the methodology of a transdisciplinary
research approach is given by the concept of “guide
and supply” based on the research programs of
Lakatos”.

In a very good report by Glyn (2009), interdisci-
plinary endeavors from the social sciences, natural
sciences and engineering are described. In this re-
port, Balsiger(2004) proposes “Supra-disciplinarity
as a generic term for all cross-disciplinary work and
proposes that Supra-disciplinarity is problem-
oriented. He then goes on to outline somewhat usual
distinctions between multi- and interdisciplinarity
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(multi is not problem oriented, inter- is a more active
collaboration)”.

Zscheischler et al. (2017) discuss transdisciplinary
research projects. Authors consider that “transdisci-
plinary research (TDR) as a collaborative process of
knowledge production that involves scientists from
different disciplines and societal actors and is aimed
at addressing highly complex, real-world problems
and can be viewed as a research-guiding principle
that integrates different knowledge types and incor-
porates processes of co-design and co-production.
As described here, TDR shows many commonalities
with action-research approaches, such as communi-
ty-based action research (CBPAR) (e.g., Horowitz et
al, 2009) and transdisciplinary action research
(TDAR) (e.g. Stokols, 2011)”. A very interesting find,
related to our approach for STEM epistemology, is
the need to integrate knowledge, perspectives and
interests not only from different disciplines but also
from related societal actors when the research pro-
ject is designed. We consider that this issue as very
important for a real STEAM epistemology imple-
mentation as societal factors should inspire STEM
research in school settings and in Higher Education
new curricula as well as for the creative industry.
One of the main conclusions of this report is that
TDR was not clearly defined and it was described as
encompassing interdisciplinary collaboration be-
tween academics and the integration of knowledge
(interdisciplinarity), in particular to join “nature sci-
entific-technological sciences with the economic and
social sciences disciplines”.

Another interesting aspect related to transdisci-
plinarity is pointed in (Després et al., 2004). Authors
argue that “disciplines are the result of a methodo-
logical reduction of reality to manageable units for
knowing and transdisciplinary work could not func-
tion without regular physical meetings; geographical
distance and cyber-contact would not work. They
link transdisciplinary research closely with the no-
tions of inter subjectivity and collaborative plan-
ning”.

Lawrence & Després (2004) believe that “transdis-
ciplinary endeavors should emerge more easily from
more ‘multidisciplinary” disciplines such as architec-
ture and planning, before outlining four key charac-
teristics of Transdisciplinarity, namely: tackling
knowledge complexity and challenging its fragmen-
tation; context-specificity; Intercommunicative ac-
tion, requiring close and continuous collaboration,
and action-orientedness, connecting with wider soci-
ety, although they emphasize that it should not be
seen as being entirely and always action-oriented”.
Nowotny (2003) argues that “knowledge and exper-
tise are inherently transgressive, and that transdisci-
plinary research is inherently about transgressing

boundaries; disciplines still exist, but new ones con-
tinue to arise and can be actively produced from in-
terdisciplinary work”.

Antola et al. (2013) provide definitions about the
different terms, based on the work of McGregor
(2006). “Monodisciplinary seeks for solutions to a
problem through the lens of a single discipline, in
Multidisciplinary professionals from two or more
disciplines contribute their separate areas of exper-
tise to a solution, in Interdisciplinary we transfer
methods from one discipline to another to address a
problem and in Transdisciplinary new approaches
are created and integrated while considering com-
plex social issues.

In the distinction between interdisciplinary and
transdisciplinary teaching reveals additional possi-
bilities for new approaches to solving social issues”.
In transdisciplinary there are chances for generating
new knowledge which lies in between disciplinary
boundaries (McGregor, 2006; Negre, 1999).

According to (Nicolescu, 2002; McGregor, 2015),
transdisciplinarity is concerned with “creating new,
integrative knowledge to address the complex prob-
lems of the world”. Antola et al. (2013) demonstrate
examples of pedagogy and learning using “transdis-
ciplinary approaches which involve multiple disci-
plines and the space between the disciplines with the
possibility of new perspectives 'beyond' those disci-
plines”.

In the report of Glyn (2009) there are many con-
cise definitions about the terms we will use. We pre-
sent only the term “transdisciplinary” as it is closely
related to STEM epistemology. “Transdisciplinary is
defined as the more common referent for work be-
yond consideration of disciplinary boundaries.
Transdisciplinarity is variously referred to “as being
based on but going beyond or transcending discipli-
nary practices (Ramadier, 2004), or being research
more concerned to transcend academic enclaves to
engage with real-world problems and there by in-
volvement different concerned publics in the re-
search process (Lawrence & Després, 2004)”.

There are mainly two approaches to ttransdisci-
plinarity. The first one -the “Nicolescuian Transdis-
ciplinarity”, was introduced by Nicolescu (1985) and
Morin (1992). They view “Transdisciplinarity as a
new methodology to create knowledge, with at-
tendant axioms for what counts as reality, logic, and
knowledge” (McGregor,2015). The other approach
(frequently referred to as the Swiss, Zurichor Ger-
man school) conceptualizes transdisciplinarity
(McGregor, 2015) “as a new type of research, called
Mode 2 research informed by the post-normal sci-
ence perspective (Nowotny 2003). This approach is
“not the express intent, nor does it advocate axioms
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for knowledge generation, as does the Nicolescuian
methodological approach”.

Transdisciplinarity is the term used by Nowotny
(2003) in defining “Mode 2 knowledge production
(knowledge production is carried out within its con-
text of application; it is transdisciplinary, heteroge-
neous, transient, socially accountable and reflexive)”.
Transdisciplinary “supports” Mode-2 where we see
the emergence of loose organizational structures, flat
hierarchies, and open-ended chains of command.

In Mode-1 system, “the focus of intellectual en-
deavor, the source of the intellectually challenging
problems, arises largely within disciplines but other
frameworks of intellectual activity are emerging
which may not always be reducible to elements of
the disciplinary structure” (Nowotny, 2003).

Hughes (1998) has stated the “change in ethos
amongst engineers, particularly in the area con-
cerned with finding solutions to complex problems
and we consider this issue as very fundamental to
the STEM epistemology, as engineering is a core
component of STEM”. According to Max-Neef
(2005), “Transdisciplinarity leads us deeper into the
realms of reality and epistemologically is based “on
three fundamental pillars: a) levels of reality, b) the
principle of the included middle and, c) complexity”.

In addition, “it recognizes as simultaneous modes
of reasoning, the rational and the relational repre-
senting a clear challenge to the binary and lineal log-
ic of Aristotelian tradition”. For a detail analysis of
the three pillars, reader should consult the classical
paper of Nicolescu (2000).

The “concept” of complexity is something that
scientists will face and it will be the new revolution
in Science, while we believe it represents a content
epistemology between many sciences. Complexity is
relevant to STEAM epistemology as it develops a
kind of recursive thinking, i.e. a thinking capable of
establishing feedback loops in terms of concepts
such as “whole/part, order/disorder, observ-
er/observed, system/ecosystem, in such a way that
they remain simultaneously complementary and
antagonistic “(Max-Neef,2005; Morin, 1992).

4.3 The STEM Epistemology

We presented some of the views related to the
terms interdisciplinary and transdisciplinary. This
“ambiguity” continues the different approaches ap-
plied in the delineation of the STEAM epistemology
since there is a lot of discussion about STEM episte-
mology.

Approaches to STEM epistemology are related to
the so called “Integrated STEM Education”. Curricu-
lum integration was based in constructivism theories
of learning. Satchwell & Loepp (2002) describe an
integrated curriculum “as one with an explicit assim-

ilation of concepts from more than one discipline”.
The idea of curriculum integration is derived from
educators’ awareness that authentic problems cannot
be faced using discrete disciplines that are taught in
schools (Czerniak et al.,, 1999) and quite often stu-
dents cannot be involved in the problem based
learning process because they cannot be engaged in
the context in which the problems are embedded
(Frykholm & Glasson, 2005; Shahali et al., 2017).
Stohlmann, Moore & Roehrig (2012) found “that in-
tegrated lessons allow for a more authentic treat-
ment of mathematics and science content”.

Wilber (2001) presented the idea that “integral re-
fers to things that are required to ensure complete-
ness of the whole”. “The word integral means com-
prehensive, inclusive, non-marginalizing, embrac-
ing” (Wilber, 2003). Integrated Curriculum is con-
nected with different epistemologies, like the inter-
disciplinary and the Transdisciplinary approach.

According to (Borrego & Newswander, 2008)
“cross-disciplinary” is a general term to “describe
collaborations involving multiple disciplines”, and
Cross-disciplinary collaborations can be enacted
through either (1) multidisciplinary approaches or
(2) truly interdisciplinary approaches. Based on this
definition, they seem to talk about an interdiscipli-
nary engineering education epistemology.

According to (Glyn, 2009), cross-disciplinary is
most commonly used as a catch-all or generic refer-
ent for work employing more than one discipline,
thus covering all of the terms like Interdisciplinary,
Mono-disciplinary, multidisciplinary, Pluri-
disciplinary, Transdisciplinary. We can easily ob-
serve that these definitions cannot converge.

According to (Shahali et al. 2017, Wang et al.,
2011) “STEM integration in the classroom is a type of
curriculum integration. STEM integration is a cur-
ricular approach that combines the concepts of
STEM in an interdisciplinary teaching approach. The
goal of integrated STEM education is to be “a holistic
approach that links the disciplines, so the learning
becomes connected, focused, meaningful, and rele-
vant to learners”.

Sanders (2009) argued that “the focuses of STEM
education should apply knowledge of mathematics,
science and engineering, design and conduct exper-
iments, analyze and interpret data, and communi-
cate and corporate with multidisciplinary teams”.

According to English (2016), one of the problemat-
ic issues for researchers and curriculum developers
lies in the different interpretations of STEM educa-
tion and STEM integration. As indicated in numer-
ous articles, STEM education has been defined vari-
ously ranging from disciplinary through to transdis-
ciplinary approaches. In acknowledging the lack of
an agreed-upon definition, the California Depart-
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ment of Education (2014) provides a broad perspec-
tive on STEM education, namely, “[STEM]... is used
to identify individual subjects, a stand-alone course,
a sequence of courses, activities involving any of the
four areas, a STEM-related course, or an intercon-
nected or integrated program of study”.

Vasquez et al. (2013) define concisely different
forms of boundary crossing along a continuum of
increasing levels of integration, with progression
along the continuum involving greater interconnec-
tion and interdependence among the STEM disci-
plines. According to the authors interdisciplinary
refers to “closely linked concepts and skills are
learned from two or more disciplines with the aim of
deepening knowledge and skills” and transdiscipli-
narity refers to “knowledge and skills learned from
two or more disciplines are applied to real-world
problems and projects, thus helping to shape the
learning experience”.

According to (Morrison 2006; Tsupros et al., 2009),
“the interdisciplinary bridging among discrete disci-
plines is treated as an entity, known as STEM. STEM
education offers students one of the best opportuni-
ties to make sense of the world holistically, rather
than in bits and pieces. STEM education removes the
traditional barriers erected between the four disci-
plines, by integrating them into one cohesive teach-
ing and learning paradigm”. Authors state that
“STEM education is an interdisciplinary approach to
learning where rigorous academic concepts are cou-
pled with real world lessons as students apply sci-
ence, technology, engineering, and mathematics in
contexts that make connections between school,
community, work, and the global enterprise ena-
bling the development of STEM literacy and with it
the ability to compete in the new economy”.

According to (Morrison, 2006) STEM education
often has been called a meta-discipline, the “creation
of a discipline based on the integration of other dis-
ciplinary knowledge into a new whole”.

According to (Roehrig et al., 2012; Moore, 2008)
STEM integration is necessary for”

1. deepening student understanding of each dis-

cipline by contextualizing concepts;

2. broadening student understanding of STEM
disciplines through exposure to socially and
culturally relevant STEM contexts; and

3. increasing interest in STEM disciplines to
broaden the pathways for students to enter
STEM fields”

There are two approaches for STEM education in-
tegration: the content integration and the context
integration. These different approaches allow teach-
ers flexibility on how they integrate STEM in their
classrooms.

Content integration (Moore, 2008) “focuses on the
merging of the content fields into a single curricular
activity or unit to highlight “big ideas” from multi-
ple content areas”. Consider for example the opera-
tion of wind turbines to illustrate the power and
possibilities of teaching within a fully integrated
STEM context. “The wind turbine design lessons
utilize robust hands-on wind turbine kits that allow
teachers and students to explore the variables that
impact electricity generation”. Teachers had direct
experiences with engineering design by considering
a model construction (or they can ask students to
create the model) selecting the variables of the phe-
nomenon and the relation between the variables.

Engineering design is included by designing a
prototype according to the scientific concepts in-
cluded and by asking questions about the material,
shape, and length etc of the blades. A full under-
standing of an optimal wind turbine design also in-
volves developing and applying physics concepts
related to electricity generation, the mathematical
concepts (related to trigonometry, rotation, and gear
system).

This STEM curriculum activity needs a series of
lectures to be implemented and faces a problem of
real life. It is usual this problem to be faced as a
whole and not in separate issues (i.e. first discussing
issues form physics, next move to mathematics etc).

A unit such this allows a teacher to teach concepts
from each discipline and highlight how these disci-
plines are all needed to solve a problem in this area.
In this example students can design and make their
artifact, test this against the experimental data and
reframe their considerations about the prototype.
This process can be implemented either by using the
computational experiment (see next section) using
physical computing (e.g. Arduino construction), or
without using computers, i.e. unplugged computing.
You can find also a very interesting example in the
article of Schnittka et al. (2010).

In the context STEM integration approach, the fo-
cus is on the content of one discipline and next con-
texts from other disciplines are “used to make the
content more relevant.” For example, a mathematics
teacher might choose a unit from probability about
Bayes theorem and then he can ask students to anal-
yses samples from a biochemistry lab in order to ex-
amine the probability for diseases using conditional
probabilities.

In another example, teacher teaches algorithms
and then ask engineering students to visit different
networks and register the response time in a net-
work with different number of nodes.

In unplugged computing (unplugged CT) stu-
dents are taught about the buoyancy force and then
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they make small submarines to test their hypothesis
and their artifact.

We have observed a lot of confuse about the terms
that describe STEM epistemology which led to dif-
ferent integrations in school education and can be
extended in Higher Education.

This is also stated in NAE and NRC report (2014)
where it is stated that “in educational practice and in
research, the term integrated is used loosely and is
typically not carefully distinguished from related
terms such as connected, unified, interdisciplinary,
multidisciplinary, cross-disciplinary, or transdisci-
plinary”.

We consider that the above-mentioned approach-
es to STEM should be also connected to the ap-
proaches of Mode-2 and “Nicolescuian” methodo-
logical approach.

We claim that STEM epistemology is closely relat-
ed to Mode-2 system as it faces problems that
emerge from different disciplines and loose organi-
zational structures, flat hierarchies, and open-ended
chains of command are dominant.

STEM integration even shares some issues along-
side with the Nicolescuian methodological ap-
proach. Realities of Nicolescuian methodological
approach can appear in personal epistemology when
students create their own model (see below for the
use of models in STEM education).

Complexity also, according to Nicolescuian meth-
odological approach, could be related to STEM con-
tent epistemology. According to (Nicolescu, 2004),
complexity “is a modern form of the ancient princi-
ple of universal interdependence, in that everything
is dependent on everything else, everything is con-
nected, and nothing is separate”. This definition of
complexity, alongside with current research efforts
to define complexity, raise awareness about issues
like emerging behavior, connection of scales etc that
could be related to STEM content, as STEM faces
complex problems.

Issues like the relationship between the interde-
pendence of the constituents of a complex system,
the structure of a complex system which spans sev-
eral scales etc can only be confronted through the
STEM contact approach.

As a conclusion, we consider that STEM episte-
mology should follow the Mode-2 Transdisciplinari-
ty as it faces problems that emerge not only form one
cognitive area. However, we cannot ignore the dif-
ferent levels of reality and complexity of the “Ni-
colescuian” methodological approach.

Our suggestion is based on the consideration that
the “whole” is qualitatively different form its parts
and this “panoramic” view sometimes focuses on
specific discipline (STEM context approach) but in
general moves with a holistic way between the dis-

ciplines. This approach put an emphasis on the
“whole” and on the correlation of concepts and phe-
nomena and not on the separate phenomena enhanc-
ing the abstraction skills as well as the modelling
practices of the CT.

We conclude by a general reference to the integra-
tion of Art with STEM. This is a rather general refer-
ence, but we hope it will highlight the reason for the
integration of Arts with STEM. It is well known that
art skills are often associated to STEM skills (Daugh-
erty, 2013). People working in creative industries
have realized that creativity is related to the design
and creation of new products and services. In the
STEAM epistemology, the arts can establish a dual
relationship with engineering (think for example
many interesting phenomena related to visual arts).

Art can be integrated in STEM content form the
primary school. Optics, Chemistry and basic algebra
and trigonometry can be in in photography, and
students can be involved in the development of arti-
facts associated with films.

According to Watson & Watson (2013) “In the
commercial world, there are many fields where the
line between art and engineering has been blurred
for years. For instance, both architecture and indus-
trial design require the knowledge of an engineer
but are driven by aesthetics. With the onset of digital
media, the commercial publishing and advertising
worlds now require engineers to have art skills and
artists to have engineering skills. This blending of
engineering and the arts had been adopted by com-
panies such as Apple and Disney (where design en-
gineers are titled “imagineers”)”.

Computers graphics use algorithms and their ef-
fectiveness needs the engagement of mathematician,
engineers and “imagineers”. Serious games use
STEM disciplines for pedagogical applications and
their production needs the cooperation between art-
ists and STEM educators.

The NSF supported also projects related to arts
and Robotics. For example, the projects “Artbotics
project “is a project combining Computing with art
and robotics (Martin et al.,2009). In school settings
also, we can implement STEAM. For example, use of
Scratch and Pencil Code can help students to devel-
op applications combining computing and music.

There are also theoretical considerations for the
integration of STEM with Arts, similar to our discus-
sions before. For example, Land (2013) states that
“Supporters of the STEAM initiative may theorize
how STEAM looks in the classroom, but it is the

educators job to develop and/or implement the
curriculum. When it boils down to it, STEAM is
cross-curricular collaboration.”
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5. THE COMPUTATIONAL SCIENCE
EDUCATION

5.1 The Computational Science in general

Computational Science (C.S.), in general, has its
origins in Monte Carlo modeling and algorithms like
Lanczos algorithm, for applications of stochastic sta-
tistical sampling for solving complex problems in
Physics (Landau et al., 2008; Psycharis, 2015).

Computational Science (C.S.) is the integration of
Mathematics, Computer Science and any other dis-
cipline to explore authentic-complex problems. It
brings together concepts from a variety of cognitive
subjects (Landau et al., 2008) and is considered to be
part of the Computational Science-Engineering
community.

In recent surveys by Dongarra & Sullivan (2000),
they list the ten top algorithms of the 20th century,
which include (Hjorh, 2007):

1. The Monte Carlo method or Metropolis algo-
rithm, devised by John von Neumann, Stani-
slaw Ulam, and Nicholas Metropolis.

2. The simplex method of linear programming,
developed by George Dantzig.

3. Krylov Subspace Iteration method for large
eigenvalue problems in particular, developed
by Magnus Hestenes, Eduard Stiefel, and
Cornelius Lanczos.

According to (Yasar, 2004; Yasar & Landau, 2003)
Computational Science( C.S.) overlaps with many
other knowledge areas, so an educational program
in Computational Science, naturally draws strength
from all of them. Nevertheless, in addition to over-
lapping with computer science, math, and science
and engineering application areas, Computational
Science has its own core knowledge area.

Although some computer science and mathemat-
ics programs have championed this new field, Com-
putational Science, also finds strong allies in other
disciplines, particularly physics and biology. Com-
putational Science and computer science have com-
mon concerns when it comes to computer perfor-
mance and application optimization; computational
science and mathematics have common concerns
when it comes to applied math technique”.

Juszczak (2015) states that Computational Science,
in both natural and social sciences, “is different than
the usage of computers to analyze complex systems
and data sets. Computational Science is a non-
empirical science. Data that is gathered in computa-
tional science is the result of simulations and virtual
experiments”.

The key distinction between a true “computation-
al science” and a science that uses computation is in
the nature of evidence: traditional science and sci-
ence experimentation that use computation to assist

in the analytic and experimental process have, as
their threshold of truth, empirical evidence. Compu-
tational Science, on the other hand, conducts exper-
iments that are only virtually true and attempts to
use data about the real world in order to conduct
real experiments in a virtual universe”.

Disciplines, cognitive
fields, didactic, engineer's
science, sociology,
psychology etc

Computer science Applied mathematics

Hardware Software Arithmetic analysis

Figure 1. The C.S. cognitive area

Using Computational Science, we accept that we
can conduct experiments and iterations that could
never be conducted in the real world with results
equivalent to the classical experiments. For this rea-
son, cognitive areas like computational psychology,
computational biology, computational astrophysics,
computational chemistry, and computational sociol-
ogy have developed over the past several decades.

5.2 The Computational Science in Education
(CSE)

Initially Computational Science was considered as
a bridge between different disciplines but after the
first phase (recognition phase) this area developed
its own methods that can be a useful and effective
tool for implementing STEM education in class.

CSE can be an effective methodology to support
learners to solve a STEM problem using computer
simulations and this includes diverse tasks, such as:
formulating the problem in a way suitable for simu-
lations using models (connection with CT); choosing
an efficient computational algorithm (connection
with CT); running the simulations and collecting
numerical data) (connection with CT); analyzing the
data obtained connection with CT); finding patterns
in order to generalize the method to other problems
(connection with CT), extracting the solution of the
problem in a form that can lead to the creation of
artifacts. According to the scientific community,
there is a clear need for CSE courses that: focus on
the science aspects of CSE/ Mathematics/ Engineer-
ing etc; provide students hands-on experience in de-
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signing, implementing, running and debugging al-
gorithms; play a role similar to that of a physical la-
boratory (hands on) courses for experiment. CSE
focuses on the form of an authentic problem to solve
and follows a scientific problem-solving paradigm
(Computational experiment - CSE-approach), with a
sequence of steps: a. Problem (from science/real
world); b. Modelling (Mathematical relations be-
tween selected variables-decomposition of the prob-
lem); c. Simulation Method (time dependence of the
state variables, discrete, continuous or stochastic
processes, selection of proper interfaces ); d. Devel-
opment of the algorithm based on numerical analy-
sis methods; e. Implementation of the algorithm (us-
ing Java, Scratch, Python, Arduino, raspberry pi etc);
and f. Assessment and Visualization through explo-

Scientific
problem
Real life
problemn

ration of the results and comparison with real data
received from authentic phenomena. CSE shares
many commonalities with CT and may serve as the
background platform to implement applications that
include the dimensions of CT. In Figure 2, we pre-
sent the problem-solving paradigm of computational
experiment (CE).

One of the crucial components of CSE) is also the
abstraction of a physical phenomenon to a conceptu-
al model and its translation into a computational
model that can be validated. This leads us to the no-
tion of a computational experiment (CE), where the
model and the computer take the place of the ‘classi-
cal’ experimental set-up and where simulation re-
places the experiment (Psycharis & Kotzampasaki,
2017; Psycharis et al. 2017a, Psycharis et al., 2018).

Programming
Implementation with
language (Easy lava
simulation, C++,
Fortran, lava etc)

Simulation
method

Arithmetic l
analysis

Data evaluation
Visualization (pattern recognition)
Data collection
Data analysis [pattern recognition) Inguire
Connection / comparison with real data
Return to model if deemed necessary - Debugging

Figure 2. The Computational Science Experiment (CE experiment)

We consider modelling as a central issue in the
CSE methodology while the CE experiment imple-
ments CT in practice in accordance to research (see
for example Isbell et al. 2010) and (Bienkowski et al.,
2015), where it is clearly stated computational sci-
ence tend to emphasize data, modeling, and systems
thinking (see also section 1.2 of this article).

5.3 The Computational Pedagogy

The term Computational Pedagogy was intro-
duced by Yasar et al (2016) as an extension of
TPACK and was called Computational Pedagogical
Content Knowledge. Yasar (2003) states that “Com-
putational modeling and simulations provide us
with a deductive pedagogical approach by enabling
us to introduce a topic from a simplistic framework
and then move deeper into details after learners gain
a level of interest to help them endure the hardships
and frustration of deeper learning. Once the learner

grasps important facts surrounding the topic, a re-
verse (inductive) process can be facilitated through
hypothetical and investigative simulations that ena-
ble discovery of relevant principles and skills. Such a
stepwise progression is in alignment with the basic
pedagogical principles and scaffolding strategy to
balance skills with challenges. Computational peda-
gogy carries both strategies as part of its nature. It
puts the learner at the center of a constructivist expe-
rience that utilizes both bottom-up (abstraction) and
top-down approaches to teaching”.

The process of abstraction is an inductive process
by which we sort out/organize details and connect
the dots to arrive at more general patterns and con-
clusions. Abstraction is also connected to pattern
recognition and is included in the CE experiment
methodology.

Yasar et al (2016) propose a model (CMST) in
which “computational modeling and simulation

SCIENTIFIC CULTURE, Vol. 4, No 2, (2018), pp. 51-72



64

S. PSYCHARIS

technology (CMST) is used to improve technological
pedagogical content knowledge (TPACK) of teach-
ers.

CMST has shown to be effective on both teaching
and learning. Results show that it helps teachers to
integrate technology into their teaching in a more
permanent, constructive, and tool-independent way.
It has also shown to improve student learning in a
constructive fashion by first enabling deductive in-
troduction of a topic from a general simplistic
framework and then guiding the learner to induc-
tively discover underlying STEM principles through
experimentation”.

Yasar et al. (2015) use the cognitive psychology to
make an argument that (CPACK) is an interdiscipli-
nary process. They state that “exposure to new con-
cepts through links to multiple views from different
fields of study is an effective retrieval strategy rec-
ommended by cognitive psychologists and this inter-
leaved retrieval practice forms a cognitive founda-
tion for the interdisciplinary computational peda-
gogical content knowledge (CPACK)”.

According to authors, when mathematics, compu-
ting, and sciences are integrated, “their integration
gives birth not only to a new content domain of
computational science, as witnessed by degree pro-
grams in the past two decades but also a particular
computational pedagogy. This multi- faceted inter-
disciplinary knowledge domain has been called
Computational Pedagogical Content Knowledge
(CPACK) domain framework” (see Figure 3).

ram—

#  Computational

Pedagogical Content xncw}

7

Coupaftional
\ Math, Science and Technology
(C-MST)

e s

4

Figure 3. The CPACK Computational Pedagogy (Yasar at
al., 2015, 2016)

In this article we adopt the model of Yasar et al.
(2016) with some slight modifications and we add to
engineering design practices to the so called compu-
tational experiment spaces. This will lead to modifi-
cations of Figure land Figure 2 and their replace-
ment by Figure 4 and Figure 5.

6. OUR PROPOSAL FOR THE
COMPUTATIONAL STEM IN
EDUCATION

NSF and NSTA (2008) suggest that -at early stag-
es-computational thinking education should “in-
volve easy experimentation (learners must be able to
quickly set up and run a model using an intuitive
user interface and high interactivity (models need to
evolve quickly and include smooth visualizations for
providing interactions and feedback to users)”.

Psycharis (2015, 2016), (Psycharis & Kotzampasa-
ki, 2017; Psycharis et al., 2017) discussed the spaces
of the computational experiment and proposed in-
quiry based activities at each space. To use the mod-
el and simulation in the inductive process of teach-
ing, we need proper environments that favor the use
of mathematics and algorithms, so the computation-
al experiment will be “equivalent” to the physical
experiment.

In our model we integrate the inquiry based
teaching and learning approach, the CE spaces (CE
experiment), CSE and EEE and, integrating Arts, we
call our model of teaching “Computational STEAM
Pedagogy”.

Inquiry-based Learning is considered a pedagogy
for improving STEM disciplines learning in many
countries (Bell et al., 2010; Asay & Orgill, 2010) and
can be defined as the “deliberate process of diagnos-
ing problems, critiquing experiments, distinguishing
alternatives, planning investigations, researching
conjectures, searching for information, developing
models, debating with peers, and forming consistent
arguments”.

Bell et al. (2010) identified nine main science in-
quiry processes, supported by different computa-
tional environments that could be used in inquiry-
based content STEAM, namely: orienting and asking
questions; generating hypotheses; planning; investi-
gating; analyzing and interpreting; exploring and
creating models; evaluating and concluding; com-
municating; predicting. In the table I below, we ex-
tend previous model suggested by (Psycharis, 2015,
2016, 2018) and we include the engineering design
and CT as well as EEE and Arts. Engineering design
and CT was added in previous suggestions by (Psy-
charis, 2015, 2016; Psycharis & Kotzampasaki, 2017;
Psycharis et al., 2017; Psycharis et al., 2018) leading
to the so called “Computational STEAM Pedagogy-
Csp”.
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Table I. Connection of the spaces of CSE with essential features of Inquiry, Dimensions of CT, CSE, and EEE

Spaces of the Essential Features of Inquiry Inquiry tools
C%r)?g;’;?;iec;ﬂal STEM content -Transdisciplinary epistemology -EEE
Hypotheses Essential Features of Inquiry Orienting and asking ques-
space Question, Provision of Art schemata and creations tions;
Dimensions of CT generating hypotheses
Abstraction, decomposition
STEM Epistemology
Use of a product from real life - Unplugged activities
EEE
Provision of Engineering products in a form of a video,
picture, artifact
Experimental Essential Features of Inquiry Planning
Space Evidence, Analyze, Explain Investigating

Dimensions of CT
Abstraction, algorithmic thinking

STEM Epistemology

Intertwine science and mathematics to model the phe-
nomenon

Creation of Code to control artefacts -maybe use of
physical computing

EEE

Design of artefact based on the simulation-revision -if
necessary- of the prototype

Cooperation of the STEM disciplines to produce Art
creations

Analysis and interpretation

Modelling

Prediction Space Essential Features of Inquiry

Connect, Communicate
Dimensions of CT
Debugging and generalization

STEM Epistemology

Generalize the methodology to other similar cases,
maybe use of remixing

EEE

Provide design patterns for future use-metacognitive
experiences

Thinking for “similar” Art creations

Conclusion-
Evaluation-

Prediction

After the discussion presented we propose the following pictures to better visualize our model.
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Figure 4. The C.S. cognitive area embedded with engineering design and CT

Model

LT J:r:iltl:?r:; Simulstion Implementation
= thod - ifac

R Decompotision MELhe with language Artlfa[.t

Real life I Algorithm Arithmetic (Easy Java construction

Programming

problem analysis simulation, C++,
Fortran, Java etc)

Mechanical
design

Figure 5. The Computational Science Experiment (CE experiment) with engineering design and CT
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Figure 6. STEM integration as content and in transdisciplinary epistemology
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7. CONCLUSIONS-RECOMMENDATIONS

In this commentary, I have argued for a focus on
STEAM integration based on Transdisciplinary
Mode-2 approach, with a more balanced focus on
each of the disciplines as a whole with a “panoram-
ic” view in disciplines and in the space between the
disciplines.

I'have also argued for the inclusion of the Compu-
tational Experiment Methodology as a proper meth-
odology for the inclusion of models and simulations
considering the computational experiment as a “re-
al” experiment with data form the physical world
but, of course, implemented virtually.

Preliminary results show that the “Computational
Content STEAM Pedagogy”, seems to be effective in
teaching and learning as well as on students’ capaci-
ty to implement this in a form of didactic scenario.
Students can use this methodology-epistemic ap-
proach to develop inquiry based scenario, to collect
and analyze data and to decompose a real-life prob-
lem. They can also be engaged in the abstraction
process and in developing code using optical and
text-based programming as well as physical compu-
ting. In addition, they can design and make artifacts
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