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Chapter

The Role of Mathematical
Modeling in STEM Integration
and Education

Murat Tezer

Abstract

With the rapidly developing technology, the labor force of the society has
changed direction, and in the age of informatics, creative engineering applications
have come to the forefront. Accordingly, the education levels of the labor force were
also changed. The science, technology, engineering, and mathematics (STEM)
education model in most countries aims to teach science, mathematics, technol-
ogy, and engineering in relation to primary, secondary, high school, and higher
education. STEM education, which has an impact in our country in recent years,
has an important role in acquiring new skills, supporting creativity, innovation,
and entrepreneurship, gaining the ability to transition between professions and
adapting to new occupations. Nowadays, technology is expected to have different
skills from individuals who will work in different fields with rapid development.
Also, different teaching strategies play a major role in STEM integration and train-
ing. One of them, mathematical modeling, is the process of analyzing real-life or
realistic situation using mathematical methods in the most general sense. The idea
that mathematical modeling cycles should be used in STEM education at all levels
from primary to tertiary education has gained importance in recent years, since
it increases the students’ motivation towards the lesson and they learn better by
concentrating their attention.

Keywords: mathematical modeling cycle, STEM, real-life problems, metacognition,
learning strategies

1. Introduction

Because of the quality of teaching, students find mathematics very abstract and
fear mathematics. Thus, there may be difficulties in transferring the information
learned in the classroom to the daily life. The fact that the learning environments
are teacher-centered and uniform can be one of the reasons why students have
difficulty in implementing information in their daily lives. In this sense, the subjects
taught in the course should be taught by different practices and activities in a way
that is more meaningful and related to daily life. One of these activities, mathemati-
cal modeling activities, can be said to show the relationship between real life and its
applicability to real life.

Mathematical modeling involves a complex process in which a problem state
encountered in real life is formulated mathematically and solved with the help
of mathematical models, and the solution is interpreted and evaluated in the real
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world [1]. In this process, mathematics is used to represent, analyze, predict, or
otherwise make sense of real-world situations [2]. In mathematical modeling, the
individual tries to create a mathematical model that will solve the problem that he/
she encounters in real life or in the future. The model in question includes not only
mathematical structures but also estimates, assumptions, and strategies for solution
[3, 4]. In other words, the solution plan including the assumptions, estimations,
and mathematical tools used to solve the problem is the mathematical model for the
problem. In addition to being mathematically correct, the model should be mean-
ingful and adaptable for real life. While solving the problem, the individual should
also evaluate the meaning of the solution for the real world. All these processes and
all the stages of problem-solving in addition to the individual model are mathemati-
cal modeling [5].

Science, technology, engineering, and mathematics (STEM) education with
technology age is appeared in the twenty-first century; it plays an important role in
shaping cultural and economic development, embracing innovation, caring about
creativity and problem-solving [6]. Due to the benefits of STEM education on the
development of countries, intensive efforts are being made to reach the desired level
between STEM and science education [7, 8].

The United States Bureau of Labor Statistics (2009) stated that 80% of the
professions will need technology in 2018, and 8.5 million workforce will be needed
in the STEM disciplines. STEM training can help students become problem-solvers
and innovative and technologically literate citizens [9]. As the society becomes
more dependent on technology, engineering, and mathematics, it is becoming
increasingly important that students receive an integrated STEM education.

Due to global developments in the world demanding the thinking skills neces-
sary to create a high workforce in the future, the curriculum for inter-curricular
education in schools has been implemented. Initially, the implementation of STEM
training was carried out with projects outside the formal classes. However, in the
STEM education integrated with the direct curricula like Finland, there are also
countries where many disciplines are taught.

STEM training has been implemented in many countries of the world (Korea,
Japan, Germany, China, etc.), especially in the United States (USA) and in second-
ary schools and universities starting from primary schools. As STEM Education
Coalition, there are organizations that undertake a roof in STEM education and
direct STEM education and develop policy in this context [10].

STEM training, based on the integration of the disciplines of science, technol-
ogy, engineering, and mathematics, has emerged as a result of the efforts of inte-
grating separated parts in the real-world context [11], because, only by eliminating
and integrating the boundaries between disciplines can the complex problems
encountered in real life be understood and overcome. [12]. With STEM-oriented
activities, the aim is to solve the real-life problems with the applications of technol-
ogy and engineering disciplines by using the scientific knowledge which is the
product of the basic sciences [12, 13]. For this purpose, it is necessary to remove the
boundaries between disciplines [14-16]. In other words, STEM education under-
standing can be structured in the context of real-life problems by establishing a
relationship between disciplines and focusing on a certain discipline.

Nowadays, both the training and applications related to STEM have been widely
used in the world. On the one hand, many people now agree on what STEM means,
interdisciplinary studies, and the common uses of science, technology, engineering,
and mathematics. However, Clark-Wilson and Ahmed [17] emphasized that math-
ematics was included in an integrated curriculum on how M should be interpreted.
Therefore, mathematics educators have said that mathematics in STEM should
be used more, not as a servant. Coad [18] emphasizes that the use of mathematics
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as a data presentation tool with its study may lead to discrediting mathematics.
Although mathematics is an inevitable component of STEM activities, it is also
emphasized in this study that it is important to evaluate mathematical success and
participation.

One of the most important tools for transition to STEM education is mathemati-
cal modeling [19]. Model-eliciting activities (MEA) are mathematical modeling
applications. Mathematical modeling applications are composed of concepts
related to different disciplines by their nature [20]. There is not a single definition
of mathematical modeling agreed in the literature [21]. Instead, there are defini-
tions, explanations, or shared assumptions made by individual authors. According
to Kaiser [22], mathematical modeling is seen as a creative process to interpret the
results and make changes to the model in order to define, control, or optimize the
situation in order to make the real-life situation meaningful.

One of the many challenges faced by educators is the ways in which complex
solutions to unusual problems can be taught to the student in the context of STEM
education. One of the tools for transition to STEM training is the MEA [23].

MEAs, which are integrated into curricula for students to solve complex and
difficult real-life problems, force students to build models and encourage them to
test their established models, and their theoretical structure is known as a kind of
open-ended problem-solving activities based on mathematical modeling perspec-
tive [24]. In school mathematics, MEAs have the potential to allow students to use
mathematics in a flexible, creative, and powerful way in the STEM field because
MEAs support the development of mathematical literacy [25], productive trends
in mathematics [26], and a deep and integrated understanding of mathematical
content and practices [27]. In MEAs, students clearly document their thought
processes, consider their limitations, and use science and mathematics knowledge
in the solution of the problem [28, 29]. MEAs offer students the opportunity to
work on complex real-life problems involving model development. A framework
for quality STEM integration curriculum is linked to the structure of MEAs [30].
According to the framework, the curricula (a) will serve a meaningful purpose and
an engaging context, (b) enable students to develop problem-solving skills and
engineering designs, (c) allow students to have the opportunity to redesign
and learn if they fail, (e) support student-centered pedagogy, facilitator, and coop-
erative learning, including teacher, and (f) are designed to promote communication
skills and teamwork [31].

2. Real-life problems, mathematical modeling cycles, and STEM

One of the first schemes presented as an approach to mathematical modeling is
Blum [32]. The mathematical modeling cycle here consists of the real situation and
the real world, the mathematical model, and the results in two parallel sections. In
the loop, problem-solving is often perceived as a guide for the real situation.

According to Lesh and Doerr [3], it is the basic elements that must be included
in a mathematical modeling cycle. There are three basic elements in mathemati-
cal modeling (Figure1). According to them, a real-world problem must be
started in mathematical modeling. The students generally act in the framework
of mathematics and logic with ideas that involve mathematical assumptions and
approaches. Then, the mathematics used should be accurate and also in a logical
way (Figure 2).

The mathematical modeling cycle commonly used in literature is developed by
Blum and Leif$ [33]. Similar to other models, a distinction is made between the real
world and mathematics in this model. A prerequisite for this model is that students
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Real world model Mathematical model

Real situation Mathematical results

Reality Mathematics

Figure 1.
Mathematical modeling cycle [32].
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Figure 2.
Lesh and Doerr’s modeling cycle.

should understand the mathematical problem and ensure that the model is devel-
oped in the real context. Although not mentioned here, it is important to keep in
mind that the modeling process is in a repetitive natural loop (Figure 3).

Another important element is the existence of basic questions arising from the
real-world problem in the mathematical cycle. These key questions can help to solve
and study a mathematical modeling activity. Key questions are also very important
for solving the problem. A key question can be shown as a real-life example of how
long a person may be by spreading from the footprint and the length of the step [3].
Another feature of a key issue is that it allows people to focus on the issue. It can also
bring people closer to their jobs or problems. The cycle of Perrenet and Zwaneveld
is similar to that of Lesh and Doerr, but it has some differences. We observe that
they provide more details and they emphasize three basic elements of mathematical
modeling. In the modeling they describe, being outspoken and written communica-
tion are of paramount importance.

For example, students can conduct a mathematical modeling study and elabo-
rate their solutions. Students also need to think through the modeling process so
that they can clearly explain how well they understand the subject after a certain
mathematical use. Thus, this mathematical cycle is repeated in a natural way. The
revised solution is required during each cycle. This allows students to progress in
different ways throughout the modeling cycle before developing an adequate solu-
tion. For the realization of such a process, they argue that the mathematical model-
ing activities of Perrenet and Zwaneveld must be open-ended (Figure 4).
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rest of the world

Figure 3.
Blum and Leif§ [33] modeling cycle.

Figure 4.
Perrenet and Zwaneveld’s modeling cycle.

Stohlmann and Albarracin [34] stated that there should be seven items in a
mathematical modeling. The first one is that the problem should start with a real-
world problem. Second, key questions should be addressed. The third one of these
basic elements is the logical thinking of the solution of the problem with mathemati-
cal assumptions and approximations. Fourth, the mathematics used must be related
to the real situation. The fifth of these elements plays an important role in written
communication. The sixth, which is the mathematical modeling process, is an itera-
tive process with open-ended problems. The seventh and last item is the reflections
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in the mathematical modeling used. However, the most widely used curricula are the
modeling activities based on the models and modeling perspective.

For example, let us assume that there is an overflow after a heavy rainfall in a
water-filled dam. Thus, in the case of an increase in the water level in the dam, the
walls that protect the dam may break and the nearby city may cause a flood. This
situation can be overcome by keeping the dam covers open at a certain time after
each filling. As the precipitation continues, this situation will be constantly renewed.
The important factors in this case are the water level in the dam, the amount of water
discharged when the dam covers are open and the time. If necessary, a mathematical
formula can be developed by considering the precipitation status for this problem.
Even then, different variables or parameters can be found. The formulas that need to
be considered here must be adjusted. For example, the amount, size, and time of the
caps are important.

Some changes can be made in the model recursively. For such examples and
similar representations, the example shown in the figure can be used as a math-
ematical model (Figure 5) [35, 36].

Giider and Giirbiiz [38] aimed to improve the ability of interdisciplinary rela-
tions in the fields of mathematics, science, and technology in the field of “Energy-
Saving Problem” for seventh grade students. In this problem, the concepts of
power, motor power, power units (watt-kilowatt), and their transformation into
each other are taught. In line with the purpose of the study, they tried to reveal the
development of participants from a different perspective in a conceptually enriched
environment in line with the multilayered teaching experiment [24, 39]. The multi-
tier teaching experiment is designed to help students understand the modeling
activities of teachers and teacher trainers in order to develop models for describing
and explaining mathematical structures. The models are the teaching experiments
consisting of three stages [24, 39, 40].

In this study, in the first 4 weeks of the study, thoughtful and supportive model-
ing problems are included. As a second step, the “Energy-Saving Problem” together
with the Science teacher was developed by researchers. Finally, in the third stage,
the researchers made observations and inferences during the application of the
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Figure 5.
A representation of the mathematical modeling process [37].
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problem and reported the participants’ progress in this matter. The general frame-
work used in this study is as follows (Figure 6):

Real-life problems are discussed in mathematical modeling activities. Real-life
situations are complex and cover many areas. Therefore, mathematical modeling
is suitable for the different disciplines, and it is seen as an effective tool that can be
used in STEM education [19, 41]. This type of activity, which is defined as inter-
disciplinary mathematical modeling (IMM), includes an understanding of differ-
ent disciplines. In the understanding of IMM and in the solution of the problems
of real-life situation, one or several disciplines are used together with mathematics
[19]. In their study IMM is dealt with in mathematics and science. Therefore, IMM
activities represent the activities associated with mathematics and science.

As mentioned above, the mathematical modeling process is a cyclical process
consisting of several steps. Similarly, the IMM process is a cyclical and cascading
process. However, unlike mathematical modeling, the inclusion of more than one
area of IMM activities leads to a differentiation in the modeling process. Dogan
et al. also defined a framework of the interdisciplinary mathematical modeling
process for the mathematics and science disciplines in their studies. The IMM
process begins in the real world, and first of all the individual needs to understand
the real-life problem. The first step, which is expressed as an understanding of the
problem, enters the STEM world.

A conceptual framework proposed by Daniels [42] was included in a study
conducted on theories and assumptions developed before STEM training. This
framework, which is designed as the theoretical framework of STEM integration,
has been shown as three Venn diagram using mathematical modeling applications.
While the first circle represents the elements of metacognitive theory (metacogni-
tive knowledge, processes, skills, and strategies), the second circle includes social
development theory (social mediated interaction—promoting communication).
Lastly, the third circle consists of the teaching elements which are considered as
basic for education.

If a good STEM integration is to be made, elements of the metacognitive [43]
and Vygotsky’s social development [44, 45] should also be included. As shown in
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Figure 6.
Theovetical framework of the study.
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The theoretical framework on metacognition of STEM integration from mathematical modeling perspectives.

Figure 7, STEM integration can be facilitated if the instructors implement these
selected theories. These two theories have been proposed based on the following
principles for implementation.

When Piaget [45], who explained the theory of cognitive development,
explained only the characteristics of the cognitive development age stages, he
mentioned the best level of learning and the importance of age for thinking
development. Thus, Flavell’s [47] theory (metacognitive knowledge, metacogni-
tive experience, and metacognitive strategies) can explain the students’ thinking,
strategies, and actions to solve mathematical modeling problems [46, 48]. The
problem-solving model of Polya may not be sufficient for a STEM practitioner [48].
This is because the problem is defined here in only three ways.

In particular, supporting mathematical and quantitative processes in science,
mathematics, and engineering, and thus increasing mathematical reason-
ing, is the main objective. Technology provides tools to perform quantitative
calculations more efficiently or to produce alternative visualization tools for
experimental outputs. All modeling processes share the standard features shown
in Figure 8. It has been demonstrated that there is a capability of researching
modeling techniques, mathematical reasoning to model engineering design, and
the ability to make scientific inquiry and then produce a structure. Mathematical
modeling is of particular importance because it is important to produce appro-
priate tools to predict how quantification methods, new designs, and new situa-
tions will behave [49].
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Figure 8.
Phases of STEM projects.

3. Discussion

Niss [50] stated that only theoretical mathematics knowledge is not always
sufficient to solve real-life problems. In this case, the importance of mathematical
modeling for the transfer of mathematical knowledge emerges. However, because
the rapidly developing technologies and science are keys to solving real-life prob-
lems in different disciplines, STEM activities have been spread to schools. Thus,
STEM integration has been added to the training program of many countries. In the
educational programs of some countries, the presence of STEM activities combined
with mathematical modeling also stands out [51].

Similarly, when questioning which stages of the mathematical modeling process
improve students’ problem-solving skills [49], the question of which stages of
the “mathematical modeling together with STEM activities” should students use
problem-solving skills raises too.

In the early 2000s, three and four stage cycles were used in mathematical model-
ing to solve real-life problems. However, over time, due to the need seen, these
mathematical modeling cycles have been further elaborated by adding some steps.
An example of this is Stohlmann and Albarracin [34] mathematical modeling cycle.
Using science, technology, education, and mathematics together with mathemati-
cal modeling to solve real-life problems will facilitate to solve these problems [48].
Kertil and Gurel [52] and Sokolowski [49] supported this idea and were among the
thinkers of STEM and mathematical modeling together. In the researches, teachers
stated that this kind of instruction encourages students, focuses their attention
on the subject and they learn the lesson better by leaving a positive effect on them
[31, 53, 54]. An example of this is the STEM project conducted in conjunction
with mathematical modeling to investigate the impact of student competences on
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sustainability in a university classroom [55]. In recent years, it has seen that teach-
ers have been given courses for STEM training based on model-eliciting activities
within STEM integration [30, 56].

4. Conclusion

When the studies are examined, more and more detailed explanations have
been made about the cognitive activities in the modeling process. It is seen that
technological developments are taken into consideration in the conceptualization of
the mathematical modeling process. Considering the modeling used in the math-
ematical modeling process, the emergence of different frameworks and approaches
reveals the complex structure of the process. For this reason, it is seen that the stud-
ies related to the mathematical modeling process, taking into account the different
effects of technology, are combined with STEM, and this leads to the emergence of
richer cognitive and metacognitive processes.

As a result of the importance of STEM activities in solving mathematical model-
ing and real-life problems in different disciplines, STEM activities continue to be
integrated into schools. While many countries have added STEM to their educa-
tion programs, some of them have been combining mathematical modeling with
practices. Even teacher trainings on this subject are continuing.

As aresult, it can be said that the teaching done by using mathematical model-
ing together with STEM increases the students’ motivation toward the lesson; they
learn better by concentrating their attention on the subject, leaving a positive effect
on them; and the students’ success and attitudes toward the lesson increase. Solving
real-life problems in the future through STEM and mathematical modeling will
continue to play an important role in providing innovative and creative problem-
solving perspectives in the cultural and economic development of the countries.
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