T.C.
BAHCESEHIR UNIVERSITY
GRADUATE SCHOOL OF

THE DEPARTMENT OF EDUCATIONAL TECHNOLOGY

THE EFFECT OF SOLVING ENVIRONMENTAL PROBLEMS WITH
SYSTEMS THINKING TOOLS ON EIGHTH-GRADE STUDENTS’
LINEAR EQUATIONS ACHIEVEMENT AND SYSTEM THINKING
COMPREHENSION

MASTER’S THESIS

ECE UNSAL

ISTANBUL 2024



T.C.
BAHCESEHIR UNIVERSITY
GRADUATE SCHOOL OF
THE DEPARTMENT OF EDUCATIONAL TECHNOLOGY

THE EFFECT OF SOLVING ENVIRONMENTAL PROBLEMS WITH
SYSTEMS THINKING TOOLS ON EIGHTH-GRADE STUDENTS’
LINEAR EQUATIONS ACHIEVEMENT AND SYSTEM THINKING
COMPREHENSION

MASTER’S THESIS

ECE UNSAL

THESIS ADVISOR

GURSU ASIK

ISTANBUL 2024



M

h 4

T.C.

BAHCESEHIR UNIVERSITY
GRADUATE SCHOOL
MASTER THESIS APPROVAL FORM

Program Name: Educational Technology (EN,T)

Student's Name

) Ece UNSAL
and Surname:

The effect of solving environmental problems with systems

_Nl_ﬁm? of the thinking tools on eighth-grade students’ linear equations
esis:
achievement and system thinking comprehension

Thesis Defense

Date: 06.06.2024

This thesis has been approved by the Graduate School which has fulfilled
the necessary conditions as Master thesis.

Dog. Dr. Yiicel Batu SALMAN

Institute Director
This thesis was read by us, quality and content as a Master's thesis has been

seen and accepted as sufficient.

Title/Name Institution Signature
i isor' Bahgesehir
Thesis Advisor's Asst. Prof. Giirsu ASIK University
ond Member: Bahgesehir

Asst. Prof. Defne YABAS University

rd : 5 Maltepe
3 Member: | ot Dr. Hasret NUHOGLU University




I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. | also
declare that, as required by these rules and conduct, | have fully cited and

referenced all material and results that are not original to this work.

Name, Last Name:

Signature:



ABSTRACT

THE EFFECT OF SOLVING ENVIRONMENTAL PROBLEMS WITH
SYSTEMS THINKING TOOLS ON EIGHTH-GRADE STUDENTS’ LINEAR
EQUATIONS ACHIEVEMENT AND SYSTEM THINKING
COMPREHENSION

Unsal, Ece

Master’s Program in Educational Technology

Supervisor: Giirsu ASIK

June 2024, 75 pages

The objective of this study is to examine the impact of integrating systems
thinking into mathematics lessons on the mathematical achievement,
comprehension of systems thinking, and attitudes towards teaching mathematics
with systems thinking of eighth grade students. The study group consisted of 44
eighth grade students enrolled in a foundation middle school in Istanbul. A two-
group post-test design was employed in the study. During the course of the study,
lesson plans were implemented with the experimental group using systems thinking
approach tools, while the control group was given the same lesson plans without
using these tools. The Scientific Achievement Test (SAT) was administered to the
experimental and control group students as a post-test to measure their achievement
in linear equations. The System Dynamics Comprehension Test was administered
to the experimental group students to measure their level of comprehension of
system dynamics tools. In addition, the System Dynamics Comprehension Test was
employed to assess the attitudes of the experimental group students towards system
dynamics in mathematics. The findings of the study indicated that there was a
statistically significant difference between the experimental and control groups in
terms of scientific achievement test scores. There was a moderate relationship

between the scientific achievement test and the System Dynamics Comprehension



Test. Over half of the students indicated that the use of system dynamics tools

enhanced their understanding of the subject matter in mathematics lessons.

Keywords : Linear Equations, Systems Thinking, System Dynamics, Mathematics
Education
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CEVRE PROBLEMLERINI SISTEM DINAMIKLERI iILE COZMENIN
SEKIZINCI SINIF OGRENCILERININ DOGRUSAL DENKLEMLERI
COZME BASARISI VE SISTEM DINAMIKLERINI ANLAMALARINA
ETKISI

Unsal, Ece
Egitim Teknolojileri Yiiksek Lisans Tezi

Tez Danismani: GURSU ASIK

Haziran 2024,75 sayfa

Bu calismanin amaci, sistem diisiincesi yaklasiminin matematik dersinde
dogrusal denklemler konusunda kullanilmasinin, 8.sinif 6grencilerinin matematik
basarilarina, sistem diislincesi yaklagimini kavramalarina ve sistem diisiincesi
yaklasimiyla matematik dersleri islenmesine yonelik tutumlarina etkisini
arastirmaktir. Calisma grubu, Istanbul ilinde bir vakif ortaokulunda 6grenim goren
44 sekizinci siif 6grencisinden olugmaktadir. Arastirmada iki gruplu sontest deseni
kullanilmistir. Aragtirmanin uygulanmasi sirasinda deney grubuna sistem diisiincesi
yaklasimi araglar1 kullanilarak ders planlari uygulanmis, kontrol grubuna ise bu
araglar kullanilmadan ayni ders planlart uygulanmistir. Bilimsel Basar1 Testi
(SAT), deney ve kontrol grubu 6grencilerine 6grencilerin dogrusal denklemler
konusundaki basarilarini 6lgmek icin son test olarak uygulanmistir. Deney grubu
Ogrencilerinin sistem dinamikleri araglarin1 kavrama diizeylerini 6lgmek icin
Sistem Dinamikleri Kavrama Testi uygulanmistir. Ayrica, Sistem Dinamikleri

Kavrama Testi dahilinde deney grubu oOgrencilerinin sistem dinamikleri ile

Vi



matematik dersleri islenmesine iliskin tutumlar1 dlgiilmiistiir. Calismanin sonucu,
bilimsel basar1 testi puanlarina bakildiginda, deney ve kontrol grubu arasinda
istatistiksel olarak anlaml bir fark oldugunu gostermistir. Bilimsel basar1 testi ve
Sistem Dinamikleri Kavrama Testi arasinda orta diizeyde bir iligki goriilmiistiir.
Ogrencilerin yarisindan fazlasi, sistem dinamikleri araglari ile ders islenmesinin

matematik derslerinde konunun anlagilmasina destek oldugunu belirtmistir.

Anahtar Kelimeler : Dogrusal Denklemler, Sistem Diislincesi, Sistem

Dinamikleri, Matematik Egitimi
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Chapter 1

Introduction

1.1 Statement of the Problem

Mathematics has been defined many times in the literature until today. For
example, the definition of mathematics in the Turkish Language Association is given
as “The common name for the sciences that examine the properties of quantities based
on principles such as arithmetic, algebra, and geometry” (Turkish Language
Association, 2023). However, when we consider how mathematics as a science
influences societies and in what ways, the definition of mathematics is much broader
than this sentence (Bishop, 1991).

Mathematics has always been one of the main tools individuals utilize to
address difficulties in their daily lives (Krantz, 2010). It gives one the capacity to take
a multifaceted approach to problems, cultivate an analytical mindset, and make
predictions (Korkmaz, Diindar & Yaman, 2016). However, mathematics in school
often appears as a disconnected, abstract entity from students' everyday problems,
making it challenging for them to understand (Bishop, 1991). This is why it's essential
to make mathematical concepts concrete from an early age, bring problems from daily
life into the classroom, and present them in their context (Lopes, Grando, &
D'Ambrosio, 2017). When looking at the mathematics curriculum in Turkey, it
primarily focuses on improving students' procedural skills while not allocating
enough time to the application of higher-order thinking skills (Altiner, 2021).

Since 2018, the mathematics curriculum has included "contextual problems”
which are questions that are contextualized in real-world settings. Additionally,
contextual problems make up the majority of the content of central high school
entrance tests (Ministry of National Education (MoNE), 2023). When examining the
curriculum as a whole, it is evident that the lesson material falls short of providing
students with the necessary skills to address these complex issue types (Ari, 2022).
Additionally, Turkey takes part in the PISA exam, which is given every three years
as part of the Programme for International Student Assessment. This test is a



significant international evaluation of students' proficiency in the natural sciences and
mathematics and reading. The results tend to indicate the overall quality of a country's
education system (Putri & Hiltrimartin, 2020). PISA is an assessment that focuses on
the ability to reason mathematically to solve problems, to use mathematical concepts
and operations to explain and predict events in real-life situations (Organization for
Economic Co-operation and Development (OECD), 2019). When we examine the
PISA 2018 reports for Turkey, the level of achievement in mathematics, although it
has increased compared to each previous exam, remains below the Organization for
Economic Co-operation and Development (OECD) average (MoNE, 2019). In the
report, under the topic of mathematical literacy, Turkey is stuck at the second level of
proficiency, which involves performing simple mathematical operations such as
extracting information from a single source and using this information in a single
representation. The PISA 2018 report indicates that Turkish students have weak skills
in interpreting mathematical knowledge, relating it to everyday life, transferring it,
and developing strategies, especially in the context of mathematics lessons (OECD,
2019). When examining Figure 1 of the 2022 Pisa results, it appears that Turkey's
math average has approached the OECD average. However, it is important to note
that the OECD average has decreased due to the inclusion of countries with low math

averages among OECD countries (MoNE, 2023).

450 /,,/_\/—
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Figure 1. Averages for age 15 years PISA mathematics scale.

Indeed, a similar situation is observed in the standardized exam for the

transition to high school. When we look at the results of these exams, which consist



of contextual problems, we see that the lowest average is in the mathematics subject
(MoNE, 2022). According to the PISA results and other research, students are better
equipped for the 21st century by learning how to comprehend, analyze, transfer, and
synthesize knowledge when mathematics lessons are integrated into everyday life
within a context and incorporate elements of Bloom's Taxonomy (Bloom, 1956)
(Hasibuan & Fauzi, 2019; Rosana, Widodo, Setianingsih & Setyawarno, 2020)

What does it mean to convey mathematical concepts within their context? The
world is an intricate system made up of numerous interconnected systems (Senaras &
Sezen, 2017). A clearly stated problem is the first step towards building a framework
that can produce solutions to complicated problems. Students must first comprehend
these difficulties in order to apply the mathematical knowledge they learn in the
curriculum to real-life situations (Squires et al., 2011). Examining the issue from all
aspects is necessary when defining complex problems. It takes interdisciplinary
thinking to approach problems from all angles. Real-world issues are, in fact,
intrinsically multidisciplinary (Yanitsky, 2020). Students need to learn an
interdisciplinary approach and the ability to look at things holistically to acquire these
thinking practices (Lyneis, 1995).

The systems thinking approach encourages examining and evaluating the
problems created by the complexity of a problem, paves the way for holistic thinking,
and enhances the ability to reach better solutions (Maani & Maharaj, 2001). It
develops students' thinking patterns in terms of how to address a problem, how to
approach it, and which tools are appropriate (Ehrlinger & Eibach, 2011).

A problem may not have a simple linear cause-and-effect relationship. The
solution to one problem can be the cause of another problem. On the other hand, a
problem that seems to be solved in the short term may turn out to be a bigger problem
in the long term. Systems thinking serves as a means to see all the cause-and-effect
relationships in problems and to look at the whole picture rather than individual pieces
(Ackoff, Addison & Carey, 2010). System dynamics tools facilitate the practical
application of systems thinking in education, employing computer simulation to
evaluate and refine mental models (Fisher & Systems Thinking Association, 2023).
These tools are adaptable to different branches, suitable for all age levels, and useful.
Students can better delineate real-life problems they encounter by designing

numerical models using system dynamics tools within a simulation program. They



can observe the movements of dynamic problems with behavioral graphs over time.
In this way, they have the opportunity to find more sustainable solutions to problems
(Goktepe, 2022). Furthermore to all of this, it is known that technological applications
integrated into lessons in a way that contributes to learning increase students'
motivation (Ginzburg & Barak, 2023; Pogan, Altay & Yasaroglu, 2023; Watson-
Huggins & Trotman, 2019). The use of a simple simulation program (like the
STELLA Online) that will help students see these relations and describe these

relations numerically will also motivate students in this sense.

Simulation environments are created using system dynamics tools. In
simulation environments, students experience a simulation of the real world with
models. Multiple alternative experiments can be created in this simulation
environment, and multiple experiments can be conducted. Students can generate
solutions by experimenting with various scenarios they would not have the
opportunity to try under different conditions in this simulation (Richmond & Peterson,
2001).

According to Assaraf and Orion (2010), in order to foster holistic thinking in
students, systems thinking should be presented to them at a young age. Students will
be more equipped to understand the intricate relationships behind the dynamic, social,
economic, and environmental challenges they face and will be more driven to address

them if they can make systems thinking a personal ability (Maani & Maharaj, 2004).

The Turkish education system should also be supported with approaches to self-
directed learning and holistic thinking (Bulut, 2022). In Turkey, the Ministry of
National Education (2006) aims to address this issue by incorporating constructive
learning methods in new curriculum designs, but the educational programs and
practices have not yet reached an adequate level (Arslan, 2007). The system dynamics
approach, based on the philosophy of constructive learning, supports this framework
as an interdisciplinary learning approach. Extending the examples and incorporating
the systems dynamics method into the mathematics and other disciplines’ curricula
will help students investigate, define, and come up with comprehensive answers to

the issues in their environment (Nuhoglu, 2008).

The functioning of mathematical competencies in the current situation is

modeled by the researcher in Figure 2. The mathematics curriculum in Figure 2 is



centered on the Bloom Taxonomy's (Bloom, 1956) lower-order thinking skills
(LOTS) (Figure 1) (Bloom, 1956). In Figure 2, the stock represents LOTS of a
student. In other words, it refers to the fundamental concepts of a subject. We can
consider processing skills within the context of mathematics lessons. The inflow of
this stock is an increase in LOTS. One of the factors that increases the inflow is the
teaching of lessons based on LOTS. In order to bridge the gap between the targeted
success regarding LOTS and the existing achievement, it is necessary to process
lessons focused on these skills. If these lessons are conducted, an increase in these

skills will be observed, resulting in an inflow to the stock.

In contrast, Figure 3, which was modeled by the researcher, demonstrates that
higher-order thinking skills (HOTS) are deliberately developed in addition to lower-
order thinking skills (LOTS) in order to cultivate individuals with 21st-century skills.
These skills are defined as the ability to analyze, synthesize, and transfer knowledge

(Figure 2) as well as the capacity for autonomous learning (Bloom, 1956).

LOTS and HOTS appear as two skills that complement each other in Figure
3.. Similar to Figure 2, in Figure 3, the gap between the targeted success in terms of
HOTS of a student and the existing achievement can be closed by processing lessons
that enhance HOTS. Additionally, when the stock of LOTS reaches a level of
readiness to acquire high-level thinking skills, it will also increase the inflow of
HOTS. In Figure 3, HOTS form a stock. When this stock improves with transfer

skills, it will also increase LOTS.

outcomes for lower
order thinking ski f)

lessons for lower
order thinking skills desired lower
Lower Order order thinking skills
N

11 Thinking Skills
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Figure 2. Mathematics competencies current situation.
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Figure 3. Mathematics competencies desired situation.

Lesson plans that support 21st-century skills lead to an increase in students'
higher order thinking skill levels (Zainil, Kenedi, Indrawati & Handrianto, 2023). The
increase in HOTS, in turn, nurtures LOTS. The current mathematics curriculum
exhibits a discrepancy between the transfer of lower-level skills to higher-level skills
and the mutual reinforcement of these two skills (Ar1, 2022). This thesis contends that
the gap between desired and current higher order skills will be reduced by
incorporating and implementing the systems thinking approach into lessons, one of
the educational approaches that will contribute to the development of the described
skill.

Among the concepts that are challenging for students to grasp are algebra and,
in conjunction with algebra, the system of linear equations. The transition from the
concrete to the abstract can be confusing for students. Pulungan (2019) posits that
when solving problems in the form of a system of linear equations, students encounter
difficulties in comprehending the problems and in responding to the problems,
particularly in mathematical modeling or strategizing. This may be attributed to
students' inadequate conceptual comprehension of linear equations (Widada, et al.,
2020). This thesis posits that system dynamics tools can facilitate conceptual

understanding of linear equations.



1.2 Purpose of the Study

The aim of this study is to explore the effect of using system dynamics tools
on understanding and comprehension of linear equations among 8th-grade middle
school students. When we look at examples in the literature, we can see that the
systems thinking in education contributes to the skills of the 21st century that are
evolving in the light of technological advancements, and when integrated into lessons
in a way that enhances learning, it increases student achievement in various skill
areas (Richmond, 2010; Thornton, Peltier & Perreault, 2004). In light of these
studies, the purpose of the study has been shaped as follows:

1. Enhancing students' skills in drawing linear graphs using numerical data in
the digital simulation environment of STELLA Online, interpreting real-life
situations as linear or non-linear through graphs, predicting the behavior of
events over time, and drawing conclusions,

2. The objective is to facilitate students' capacity to interpret and comprehend
causal relationships between variables through the use of models (Kim,
1999).

3. Increasing students' success in solving contextual problems related to linear
equations,

4. It will enabling students to understand the systems thinking approach; To
enable stock-flow and factors, which are basic tools of system dynamics, to
establish their relationships with behavior graphs over time,

5. Lesson plans to be implemented with the systems thinking approach are
inherently interdisciplinary (Yanitsky, 2020). Increasing students' motivation
in mathematics classes through interdisciplinary lesson plans centered around
real-life environmental problems adapted from real life,

6. Raising awareness and a sense of responsibility toward their environment
among students through the integration of real environmental issues into the
applications,

7. Observing potential issues during the implementation of the study and
collecting data to minimize these issues in future similar applications,

8. The aim is to present examples of mathematics lesson plans created using the

system dynamics approach in a way that serves as a model for mathematics



teachers and teacher candidates, with the goal of promoting the wider use of

the system dynamics approach in education.

1.3 Research Questions

The purpose of this study is to investigate the impact of the system dynamics
approach on students' achievement and system thinking comprehension in the
learning of linear equations within the algebra unit in 8th-grade mathematics classes.

The research questions that will form the basis of this study are as follows:

1. Is there a significant difference in the mathematical achievement scores
related to linear equations, which are part of the algebra unit, between the
experimental group and the control group students after the experimental
process?

2. Is there a correlation between the scientific achievement test results of the
experimental group students and their system dynamics comprehension test
results?

3. How does teaching mathematics using the System Dynamics approach affect

eighth-grade students' attitudes towards linear equations?

1.4 Significance of the Study

This study serves as an example of the use of systems thinking in education.
The purpose of this research is to investigate how system dynamics-based lesson
plans affect eighth-grade math students' understanding of systemic thinking and their

achievement to solve linear equations throughout the algebra unit.

It was advised to use lesson plans created with a constructive approach that
enhances higher-order learning skills, such as analyzing acquired knowledge,
applying it to daily life, and interdisciplinary collaboration, in the Ministry of
National Education's 2006 report (Aydin & Yilmaz, 2010). Despite the fact that this
strategy has been used in many different ways since then, the 2018 PISA report
shows that Turkish students have not improved in abilities including finishing simple
mathematical operations and utilizing data from a single source (MoNE, 2019). The

significance of the study lies in the proposal of a method, as system dynamics, which



supports constructive teaching, can potentially bridge the gap between the current
mathematics curriculum and a curriculum with lesson plans and outcomes that

include higher order thinking skills.

There are many examples of the use of systems dynamics in education in
Turkey and other countries (Fisher & Systems Thinking Association, 2023).
Numerous research has been conducted, particularly in the scientific fields (Atmaca,
2019; Blatti et al., 2019). One of the factors contributing to the perceived difficulty
of learning mathematics, compared to other subjects, including the natural sciences,
is its more abstract nature (Reusser, 2000). Therefore, the importance of
interdisciplinary studies in mathematics classes has increased (Sarsengeldin,
Satabaldiyev, Meirambek & Guvercin, 2013). Additionally, one of the tools that
enhances students' interest and motivation in the subject is the appropriate use of
technology (Raja & Nagasubramani, 2018). This study consists of lesson plans based
on creating numerical models using the simulation program in a digital environment,
starting from real-life problems like environmental issues. Therefore, this study is
also significant in highlighting the engaging and student-centered aspects of

mathematics and algebra.

In the light of this study, it can be seen that activities created using system
dynamics can be integrated into mathematics classrooms, and the findings of this

study provide information for teachers, teacher candidates and researchers.

1.5 Definitions of Important Terms

Systems Thinking : Systems thinking is a comprehensive method that
emphasizes understanding the relationships between the various aspects of a system,
looking at external influences on the system, and viewing the system as a whole

rather than just its component pieces (Richmond & Peterson, 2001).

System Dynamics : System dynamics complements systems thinking by
quantifying the interrelationships in a system and developing an image of the time-
dependent behavior of the system. Computer-based and simulation models are used
to illustrate the complex relationships between variables (System Dynamics Society,
n.d.).



Systems Thinking in Education : System dynamics tools can be used for
Systems Thinking applications. It is recommended to start using the basic tools of
system dynamics from preschool to create numerical models in the following years.
This transition from the conceptual dimension to the numerical dimension helps to
bridge the gap between system thinking and system dynamics (Systems Thinking
Association, 2016).

STELLA (System Thinking Educational Learning Laboratory with
Animation) Online: Stella Online is a simulation development program that consists
of stock, flows, converter, and connector elements and enables you to see the
interaction of variables in the system (Richmond, & Peterson, 2001).

System Dynamics Basic Tools:

Stock and Flow Diagram : “A visual depiction of the stock, flow and auxiliary
(converter) variables in a system and how they are connected.” (Ford, 2019, p.9).

The basic stock flow diagram is shown in Figure 4.

Converter 1 Converter 2

O O D Stock O >©

inflow . outflow
, Accumulation ,
Actions Actions

Figure 4. Stock - flow diagram.

- Stock : Stock is anything that can increase, decrease, change or accumulate
(Fisher & Goktepe, 2021).

- Flow : Flow refers to actions that cause an increase or decrease in stock and
accumulations, expressing changes (Fisher, 2018).

- Converter : includes connections or data that impact flow rates or the
composition of another converter (Fisher, 2018).

- Feedback Loop : A feedback loop occurs when the inflows or output flows

of a stock are affected by changes in that stock. A feedback loop is the flow
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of causal links from a stock as a result of stock-dependent decisions, rules, or
physical laws, which in turn affect the stock through the flow (Meadows,
2008).

- Behavior (Change) Over Time Graph (BOTG) : Line graphs are a useful tool
for visualizing the behavior of a model over time. They show how one or
more elements of a system change over time, with the horizontal axis
representing time and the vertical axis representing a measurable,
quantifiable, or abstract concept (Kim, 1999). An example of Behavior
(Change) Over Time Graph is shown in Figure 5.

600| What's Changing?

300

Figure 5. Behavior (Change) over time graph (BOTG).

Scientific Achievement Test : Eighth grade students' achievement scores
obtained from the linear equations achievement test (SAT) consisting of 4 items
prepared by the researcher based on the eighth grade linear equations learning
objectives of MoNE (2018).

Systems Dynamics Comprehension Test : The post-test on system dynamics

tools was administered to the students in the experimental group.
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Chapter 2

Literature Review

This section presents a review of studies that are directly or closely related to
the effects of using system dynamics tools in mathematics lessons on students'
mathematics achievement, on students' understanding of system dynamics tools, and
on students' attitudes towards mathematics. The review is presented in five sections:
systems thinking, systems thinking in education, systems thinking and environmental
problems, systems thinking and mathematics education, and finally, previous studies

on the systems thinking approach.

2.1 Systems Thinking

A system is a complex structure formed by interdependent components with
a specific purpose. The critical word is "relationship,” and there must be a
relationship among all the components (Barlas, 2007). When there is no
interdependent relationship among the components, even if they come together, they

cannot create a system; they only form a collection of parts (Kim, 1999).

Systems have a purpose, and this purpose manifests as the system's own goal,
the purpose of the system cannot be defined by the individual goals of its parts.
Systems strive to sustain themselves through feedback. Feedback is the transmission
of information and its subsequent return to the system. For instance, after a person
runs or climbs stairs quickly, their heart rate increases. If we think of the human body
as a system, the system uses feedback to bring the heart rate back to its normal level
(Kim, 1999).

Understanding systems and becoming a systems thinker involves grasping
the purpose of systems and the relationships between their components (Anderson &
Johnson, 1997). There are numerous descriptions of systems thinking in the
literature. As we review Richmond's evolving conceptions of systems thinking, he
has stated that systems thinking is the art of uncovering the understanding beneath

something and deepening that understanding to make predictions about behavior
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(Richmond, 1994). In later years, Richmond added the analogy of “thinking from
10,000 meters high, focusing on the forest rather than local trees” to his definition
(Frank, Shaked & Kordova, 2016). According to Frank (2010), systems thinking is a
highly developed cognitive ability that enables individuals to carry out system-
related tasks successfully. He claims that systems thinking enables one to see the big
picture or the overall issue rather than just the specifics of the system. In a similar
vein, systems thinking, according to O'Connor and McDermott (1997), is about
detecting deeper patterns than what may initially appear to be isolated and
independent events. According to Senge (1990), systems thinking is a discipline for
perceiving the big picture and provides a framework for seeing links rather than

individual objects and dynamic patterns rather than static images.

Although there isn't a universally accepted single definition of systems
thinking, the mentioned definitions all point to several common elements. Systems
thinking is a holistic approach that focuses on seeing the whole rather than just the
parts, explaining the relationships between the components that make up a system,
and considering external factors that influence the system (Richmond & Peterson,
2001).

System Dynamics, which complements systems thinking and quantifies
interactions between components, is a methodology that generates insights into the
behavior of systems over time. It creates computer models to represent and simulate
complex problems that change over time. These models allow us to see the forms of
relationships between components, dynamic elements, and undesired outcomes
(Fisher, 2005). As a result, the systems thinking approach shows promise as a
powerful technique for comprehending complex issues at their root and providing
answers (EIm & Goldenson, 2012).

The recent COVID-19 pandemic provides an illustrative example of a
complex problem. In order to identify the root cause of this problem and develop
sustainable solutions to the pandemic, systems engineers created a business response
model based on systems thinking during the pandemic. The model, when provided
with sufficient data, is capable of comprehending the complexities of the COVID-19
crisis and can be utilized in the future by incorporating additional variables when

confronted with such challenges (Zigba, 2022). A systems thinking approach is
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essential for comprehending dynamic problems such as the ongoing pandemic, as
Senge (1990) posits.

2.2 Systems Thinking in Education

With the rapid development of science and technology, new competencies
and skills that can keep pace with these advancements are emerging. What we refer
to as 21st-century skills, such as creative and computational thinking, modeling,
graphic reading, information transfer, and technology utilization, are continually
evolving. At the same time, technological progress is giving rise to new systems and
leading to the formation of interconnected, much more complex systems. Changes
made in one country have a much greater impact on other countries. Therefore, the
importance of understanding the systems we are in is steadily increasing (Arnold &
Wade, 2015).

The report released by the World Economic Forum (WEF) (2023) is based on
research seeking to identify expected changes in jobs, competencies, and strategies
between 2023 and 2027. Among the 26 competencies listed in this report, one of
them is systems thinking and holistic thinking. The report emphasizes that the
importance of systems thinking, especially among companies in the electronic,
education, and training industries, is increasing, and it is considered a fundamental
skill for employees. Additionally, the report highlights that systems thinking
contributes to the teaching of skills in areas such as analytical and creative thinking,
literacy (WEF, 2023)

The underlying holistic approach at the core of systems thinking inherently
calls for an interdisciplinary perspective, and an interdisciplinary approach fosters
holistic thinking (Sterman, 2002). When we look at the prevailing understanding in
the education system in Turkey, many topics and units are compartmentalized into
distinct sections. This approach aims to deliver information within these
compartments most effectively. Therefore, students tend to view the world as if it
were made up of multiple knowledge boxes (Nagarajan & Overton, 2019). One of
the most important questions is: "Does imparting this information to students prepare
them for the competencies of the 21st century?"A review of the mental models
employed in the knowledge acquisition process reveals that these models consist of

discrete pieces of information that are not related to each other. In the process of
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acquiring knowledge, students do not consider how these pieces of information
interact with each other or the elements that may be involved in this interaction. This
is because the education system leaves it to students to find or establish the
relationships that exist between these isolated pieces. Furthermore, students are
unable to perceive interdisciplinary interactions, or to think in a holistic manner. This
thinking pattern is more reliant on cause-and-effect relationships and follows a one-
way, linear approach. It's like X affects Y, Y affects Z, and Z affects V, and so on.
The problem with this approach is that it provides a very limited framework for
understanding why and how events occur (Kim, 1999). However, the world is too
complex to be linear. Understanding problems within the complexity of the real
world and generating sustainable solutions to these problems can only be achieved
by seeing the problem from all aspects (Squires et al., 2011). Systems thinking
provides students with the skills to consider all aspects of something/behavior/event
and helps us better understand the behavior of the system (Senge, 2006). This
thinking style is based on the "feedback loop™ approach. It acknowledges that events
are connected through interrelated and feedback loops, such as X affecting Y, Y
affecting Z, and Z affecting X (Kim, 1999).

The vehicle for the use of systems thinking in education is system dynamics.
System dynamics is a powerful method and computer simulation modeling technique
used to frame, analyze, and discuss complex issues and problems (Richardson, 1999).
Forrester (1995) states that system dynamics will be fundamental for all disciplines
from kindergarten to university. Research suggests that system dynamics offers an
applicable worldview for various disciplines, including mathematics, physics,
biology, environmental issues, social sciences, and many more (Forrester, 1995). To
apply system dynamics, it's essential to have knowledge of the basic tools, which
include stocks, flows, converters, stock-flow diagrams, and behavior over time

graphs.

2.2.1 Systems thinking basic concepts. Stock; anything that can increase,
decrease, or change can be called a stock. In a piggy bank system, the money
accumulated in the piggy bank is a stock. Examples of stocks include population,
water in a dam, knowledge level, temperature, and blood sugar level (Monat and
Gannon, 2015).
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Flow refers to actions that cause an increase or decrease in behavior,
expressing changes. In the piggy bank system, flows are the actions of putting money
into the piggy bank and taking money out of it. If we consider a person's reputation
as a stock, then the person's good or bad behaviors are flows that change the stock
(Forrester, 2009).

Births and deaths, incomes and expenditures, learning and forgetting, inflow
of sugar into the bloodstream, and output of sugar from the bloodstream are examples

of flows (Monat & Gannon, 2015). Stock flow diagram is represented as shown in

Figure 6.
Stock
O O > O >O
inflow outflow
(increases stock) (decreases stock)

Figure 6. Stock-Flow diagram.

Causal factors are variables that influence flows. For example, in a model
where the stock is the population, births are an inflow, and there is a birth rate that

influences this flow. This is illustrated in Figure 7.

Flows can also be influenced by the stock they are connected to, creating a
feedback loop. An example could be population dynamics. The Stock-Flow diagram

for population is shown in Figure 7.

birth ratio

G

Population death ratio

birth death

Figure 7. Population model.
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The population has two flows: births and deaths. The birth flow increases the
stock, while the death flow decreases it. Both flows are influenced by the population
stock, and the stock determines what will happen to both flows. The population (and
birth rate) determines how many births there will be, and the birth flow determines
how much population there will be in the following period. The same holds true for
the death flow. This interconnected relationship between stocks and flows creates a
feedback loop that influences population dynamics (Nuhoglu, Goktepe & Yararbas,
2022).

Behavior Over Time Graph (BOTG) helps us visualize the behavior of a
model over time. In this graph, the horizontal axis represents time. It allows us to see
how the elements that make up the system change over time. Moreover, it shows us
the relationships between the elements of the system. By adding numerical data to
these relationships, we can make predictions and interpretations about the possible
future behaviors of the elements (Nuhoglu et al., 2022). The following diagram and
graph ( Figure 8.) illustrate the behavior of a model over time. The graph indicates
that the water in the dams is increasing linearly. This suggests that the inflow into

the stock is greater than the outflow from the stock.

600

precipitation

! 300

Water in Dams

0 | | 1
0 3 5 9 12
year
—— Water in Dams

water comsumption

X

Figure 8. Stock-Flow diagram and BOTG - water in dams.
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Using the basic tools of system dynamics, it is possible to create both very
simple and highly complex models. Forrester (2009) shares the insights of a master's

student after experiencing system dynamics:

In my differential equations class we used calculus to figure out the behavior
of populations. I realized just how much simpler system dynamics made that thought
process. Elementary scholars can understand the same things by using system

dynamics modeling” (p.16).

It is anticipated that a relatively short amount of time would be sufficient for
K-12 teachers to start using systems thinking tools in their lessons, and significant

progress is expected in students' holistic thinking as a result (Forrester, 2009).

2.3 Systems Thinking in Education and Environmental Problems

Although the philosophy of systems thinking dates back to ancient times
(Frodeman, Klein, & Pacheco, 2017), the use of system dynamics based on a systems
thinking approach in many fields is relatively recent. System dynamics involves
modeling time-varying stocks and flows. This modeling has increased, particularly
since the publication of the report titled "The Limits to Growth' by the Massachusetts
Institute of Technology team commissioned by the Club of Rome in 1970
(Strapasson et al., 2022). The team analyzed the factors that determine and limit
global growth in their report (Meadows, Meadows, Randers, & Behrens, 1972). A
series of global development scenarios were constructed based on the
aforementioned factors, with a particular focus on future scenarios pertaining to
environmental events that may undergo change over time. To simulate the scenarios,
they used the system dynamics simulation programmes recently established by
Professor Jay Forrester (Turner, 2008). The report stated that the ongoing growth in
global economies would lead to a collapse beyond the limits of the population and
economic system in the 21st century. However, it also conveyed the message that
this situation could be balanced with urgent policy and technological interventions
(Meadows, Meadows, Randers, & Behrens, 1972). The publication of the report
during this period made environmental issues and sustainability discussions even

more important (Turner, 2008).

The use of system dynamics in education, including environmental education,

can be traced back to the 1970s, when Professor Jay Forrester made significant
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contributions (Strapasson, 2022). Since then, system dynamics has been widely used
in various fields such as mathematics, physics, social sciences, history, economics,

biology, and literature, ranging from early childhood education to postgraduate level.

Environmental problems are generally dynamic and complex, requiring
systemic solutions (Capra & Luisi, 2014). The structures within which environmental
problems exist are not static, but constantly change over time, with variables
intertwined (Doganga, 2013). Therefore, understanding the effects, structures, and
future behaviors of these problems depends on recognizing the systems. In order for
students to understand the fundamental purpose of environmental education and
broaden their perspectives, a systemic approach is necessary (Doganga & Saysel,
2012). Systemic thinking is concerned with thinking about relationships and contexts
and being able to see the world from a holistic perspective (Richmond & Peterson,
2001). For instance, instead of viewing climate change as solely an environmental
issue, students should understand climate as a system and comprehend the
connections between factors such as economics, politics, the natural sciences, and

social life (as cited in Karaarslan Semiz & Teksoz, 2020).

Nevertheless, the education system is composed of fragmented disciplines
(Brown, 1992). Environmental sustainability education, on the other hand, cannot be
attained merely by acquiring knowledge about environmental issues (Assaraf &
Orion, 2005). The fragmented nature and knowledge-centric focus of the education
system further complicate students' understanding of the dynamics and complexity
of the environment. The concept of systems thinking enables students to focus on the
causes of events and understand that complex systems have many fundamental causal
relationships that cannot be superficially resolved. Additionally, as a general problem
definition and solving approach, it helps them develop skills such as discovering new
problems by observing the environment, modeling and analyzing these problems
using a scientific approach. Furthermore, the World Economic Forum (WEF) study
from 2023 highlights how the systems thinking method helps teachers educate
students abilities like literacy, analytical and creative thinking (WEF, 2023). For this
purpose, there should be comprehensive tools that enable them to perceive
environmental education in a holistic way, and these tools must incorporate a systems
thinking approach. Tools for system dynamics satisfy these requirements. With tools

like the Behavior Graph Over Time, Stock-Flow Diagram, and Causal Loop
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Diagram, system dynamics is applicable to all educational levels and is simple to
comprehend and implement. These tools enable numerical modeling in computer-
based simulation programs. By using numerical data to model complex
environmental problems, it is possible to predict their future behavior through a

behavior graph over time (as cited in Fisher, 2018).

Sustainable Development Education (SDE) exhibits an approach based on
systems thinking (Booth-Sweeney, 2017). It utilizes systems thinking to understand
complex environmental issues, recognize future threats, effectively utilize natural
resources, and address issues such as global warming and biodiversity loss (Wals,
2012).

In a study, it was found that teachers perceived ecological topics as simple
for students, despite students having misconceptions about dynamic ecological
problems in different classes (Grotzer & Basca, 2003). Additionally, there are limited
educational materials that support students' development (Zaraza and Fisher, 1999).
Therefore, system dynamics materials produced to understand and solve dynamic
and complex problems should be increased at every level and in every field.
Following this approach can students gain a complete understanding of

environmental issues and develop practical solutions (Forrester, 1994).

Forrester (1992) argues that education presents a static image of dynamic
real-world problems. System dynamics provides rich tools to transform education
and, consequently, ecological problems from a static image to an integral part of real
life.

2.4 Systems Thinking and Mathematics Education

Mathematics provides an approach that is used to systematically reveal
structures or orders in any field (Ugurel & Morali, 2008). Mathematical theories, on
the other hand, are the product of relationships between mathematical concepts, and
all relationships constitute mathematics, so it is necessary to understand that

mathematics is a system (Michener, 1978).

Conceptual understanding refers to the close relationships between facts, laws
and rules that form the basis of mathematical knowledge (Tashtoush et al., 2023).
When students are able to see the relationships between mathematical concepts, show
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different representations of concepts and give examples of these concepts - that is,
when they have conceptual understanding - they can carry out the procedures of using
these concepts in a problem and solving the problem (Ferrini-Mundy, 2000; English,
2012).

A definition of problem solving from PISA (Programme for International
Student Assessment) is as follows:

n

. individuals' cognitive capacity to confront and solve interdisciplinary
situations that do not fall within a single domain of applicable literacy or curricular
areas of mathematics, science, or reading is known as problem-solving ability."”
(OECD, 2004, s. 26).

Shirawia and his colleagues (2023) define solving a mathematical problem as
solving the abstracted state of the problem translated from the contextual level to the
abstract level and translating the solution back to the original context of the problem.
However, if we look at mathematics education, the applications are limited and
students can create very limited mental models of concepts to solve problems.
Therefore, they have difficulty in establishing relationships between other
mathematical knowledge (Hubbard & West, 1997).

The systems thinking approach allows students to comprehend the problem
before solving it and establish relationships between concepts by creating interactive
models. Systems thinking is an approach that starts with a problem, represents the
relationships of the factors affecting the problem, and moves towards the goal by
continuously monitoring progress. It can be considered a unique form of problem-
solving, similar to the problem-solving process (Adis et al., 2017). The integration
of systems thinking activities into the curriculum from an early age, specifically in
preschool and primary school, has been shown to enhance students' problem-solving
abilities (Richmond, 2010). At the kindergarten and primary school levels, students
are introduced to a range of system dynamics tools, from the relatively simple
behavior graphs over time to the more complex stock-flow diagrams. The utilization
of stock-flow diagrams by students to solve problems and develop this skill has been
demonstrated to facilitate the acquisition of solutions to more complex numerical

models in subsequent years (Opfer et al., 2018).
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The following example (Yigitgil, 2016) illustrates the use of stock-flow
diagrams in primary school-level lessons for the purpose of teaching addition and

subtraction. It is based on a problem written by a student.

Example Problem : | had 20 apples. | ate 8 of them. Then my mom bought

4 more apples. How many apples did | have?

Prior to solving the problem, students must first identify the stock and
determine the flows that affect it. They then proceed to the solution by entering the
given numerical values into the stocks and flows (Demir, 2016). Figure 9 illustrates
the stock-flow diagram created by the student to solve the problem. At this age,
students typically create the diagram by manually drawing the stocks and flows on
paper, without utilizing the Stella Online application. Once the model has been
constructed, the student determines the final number of apples by performing the
following calculations: 20 + 4 = 24 and 24 - 8 = 16.

+ Number of Apple
1 e 20 5
O O D O DO
the apple my mom gave me the apple | ate
4 8

Figure 9. Elementary school level math problem stock - flow diagram (Yigitgil,
2016).

The example presented above represents a solution to a problem written by a
student. However, students may also work with pre existing problems. In addition to
comprehending existing problems and developing solutions, the systems thinking
approach also provides students with experience in generating and solving their own
questions or scenarios at an early age. The work that begins with these examples can
be transformed into graphs of appropriate mathematical equations and can be utilized

to solve more complex problems (Goktepe, 2022).

Algebra is often challenging for students as it marks the transition from
concrete to abstract thinking, using symbols instead of numbers. Additionally, it

serves as the foundation for systems of linear equations, which can also pose
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difficulties for middle and high school students. Difficulties in understanding linear
equations can stem from a lack of conceptual understanding, an inability to establish
relationships between concepts, and an inability to use concepts in problem-solving.
Additionally, creating graphs to represent linear equations and determining the
intersection points of variables can also pose challenges (Tashtoush et al., 2023). A
study on the system of linear equations in two variables supports these findings. The
study revealed that students were able to perform mathematical operations but
struggled with using mathematical modeling, elimination method, substitution
method, and mixed methods to solve linear equations in two variables (Widada,
2020). When solving problems, students often make direct calculations that are
detached from the real context of the problem (Salado, Chowdhury & Norton, 2019).
These behaviors suggest that students may be applying rules without fully
comprehending the underlying concepts, and simply memorizing information

without a deeper understanding.

In her book, Fisher (2001) describes the system dynamics tools and experiences
that can be applied in Algebra and Calculus subjects as a result of his studies with

students. She mentions the relationship between algebra and system dynamics :

“Systems dynamics provides what I believe a powerful framework for
synthesizing the most important concepts that span Algebra, Pre-Calculus,
and Calculus courses. By looking at functions from the standpoint of their
behavior over time, one gains an understanding of the function itself, how it
is different from other functions, and how it can be applied to understanding
real-world phenomena. | think this is the primary purpose of the study of

algebra..” (p.1).

Fisher provides examples (Figure 10) of how to explain algebraic lessons
starting from the basics using system dynamics tools in her book. Furthermore,
Fisher suggests that writing an equation for a physical situation, such as water
flowing from a faucet, can be challenging for a student without these types of model

representations (Fisher, 2001).

The following are examples of models created with the STELLA application

for teaching algebra using system dynamics tools.
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Example problem: "There is an empty barrel under a tap. Interpret the
behavior of the water in the barrel when the tap is opened to a constant flow
of 2 dm?® per minute." (Fisher, 2001).

The text describes how a stock-flow diagram can be used to introduce algebra
in a physical situation involving water in a barrel and a faucet. It emphasizes the
importance of concretizing algebra by putting it in context.

(inflow) \ater in the Barrel

O 5 D (stock)

inflow from faucet

Figure 10. Stock-flow diagram of water in the barrel (Fisher, 2001).

The equation to determine the amount of water in the barrel after time t is :
Initial Stock Value + 2t. Students can also create two graphs to illustrate the behavior
of the water in the barrel over time. The graphs illustrate the change in water level in
the barrel every minute, providing a clearer representation of the algebraic expression
or equation written. Figure 11 illustrates two scenarios where the initial stock value

is either zero or a value that differs from zero.

(Initial Stock Value = 0) (Initial Stock Value = 4)
3 30
24 24
18 18
12 12
6 6
0

8 9 12 0 3 6 9 12

minutes minutes
—— Water in the Barrel —— Water in the Barrel

Figure 11. Behavior over time graphs (BOTG) of water in the barrel (Fisher,
2001).

Figure 12 presents a model with one factor affecting the outflow, unlike the
model in Figure 11. The stock, which refers to the water in the barrel, decreases over

time. The draining rate determines the level of reduction. Students can discuss the
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factors that contribute to the decrease of water in this model and determine the
amount of water in the barrel at time t by writing an equation. The equation to
determine the amount of water in the barrel after time t is : Initial Stock value -
(draining rate x t). Figure 12 illustrates the linear decrease in water content in the
stock over time due to desiccation. The outlet flow is influenced by a drying rate that

affects drying.

draining rate 10

OO
gy 0
0 3 6 9 12

draining minutes
Water in the Barrel —— Water in the Barrel

Figure 12. Water in the barrel 2 and BOTG of water in the barrel 2 (Fisher,
2001).

As problems become more complex, models progress from simple to complex.
In the example model shown in Figure 13, there is a stock that directly affects the
output flow, unlike the models above. Although novice algebra students may struggle
to write the equation for this model, they can interpret it and discuss the factors that
affect the situations. For experienced students, this model is ideal for discussing
exponential expressions and nonlinear equations. Figure 13 illustrates a decreasingly
decreasing model. This is due to the fact that the output flow is not constant but rather

decreases in proportion to the value received from the stock per unit time.
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draining rate

draining

Water in the Barrel 0 3 6 9 12
minutes

— Water in the Barrel

Figure 13. Water in the barrel 3 and BOTG of water in the barrel 3 (Fisher,
2001).

Moreover, system dynamics tools facilitate the transition from abstract to
concrete concepts for students, as well as the creation of their own scenarios. This
process involves the decomposition of complex problems into their constituent parts
and the analysis of the relationships between models and graphs that illustrate
changing behaviors over time. It also serves to reduce misconceptions. With these

features, students are better able to comprehend the subject matter (Richmond, 2010).

2.5 Related Studies

Jay W. Forrester is considered to be the pioneer of the system dynamics
approach that emerged in the United States during the 1950s. He created the system
dynamics field, which involves computer modeling of systems thinking, to
understand complex systems that change over time. Forrester developed computer-
aided models using system dynamics (Forrester, 1968). System dynamics has been
applied to various social systems, including the economy, environment, and health.
In 1989, the Waters Foundation was established under the influence of Jay Forrester,
which led to the application of system dynamics in the field of education (Waters
Centre for Systems Thinking, n.d). Jay Forrester subsequently founded the 'Creative
Learning Exchange' foundation to apply systems dynamics in K-12 education shortly
after the establishment of the Waters Foundation (Creating Learning Exchange,
1991). Since their inception, both communities have worked to promote systems
thinking and develop related skills among students and teachers. Thanks to these

communities, interest in systems thinking studies has increased in various countries,
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particularly in the USA (Kii¢iikoglu, Nuhoglu & Tas¢1, 2023). STELLA (short for
Systems Thinking, Experimental Learning Laboratory with Animation), the system
dynamics software described in Richmond's book 'Introduction to Systems Thinking'
(2004), has led to a greater application of system dynamics in education (Elmas et
al., 2021).

In Turkey, the study of the systems thinking approach gained momentum in
1997 with the 15th System Dynamics Conference organized by Professor Dr Yaman
Barlas. In 2008, Hasret Nuhoglu published the first doctoral dissertation on systems
thinking in Turkey. In this study, she employed system dynamics tools to assess
students’ achievement, attitudes, and diverse skills in elementary science and
technology courses. Since the establishment of the Systems Thinking Association in
2016, studies on systems thinking in education have increased significantly, from

primary school to university level (Sistem Diisiincesi Dernegi, 2016).

The integration of the systems thinking approach into many disciplines and its
application at all age levels has led to research into the impact of the approach on
students. Feriver and Goktepe (2022) conducted a study with preschool students and
observed that using the systems thinking approach to expand mental development in
students around the age of five during the process of establishing cause-effect
relationships yielded positive results. In a study conducted in a pre-school setting,
the aim was to enhance students' environmental awareness through the use of system
dynamics tools. It was observed that students with limited environmental awareness
were able to define the environment more easily after receiving lessons that

incorporated system dynamics tools (Kaya, Ellez & Ellez, 2019).

A study was conducted with second-grade primary school students in Turkish
language lessons to investigate the effect of using a systems thinking approach on
their reading comprehension skills. The results of the study showed that the use of
system dynamics tools had a positive impact on the students’ ability to extract deeper
meaning from texts. Furthermore, in the tests administered after some time had
passed, it was observed that the students provided similar answers, indicating that
permanent learning had been achieved. In addition to facilitating in-depth learning
of the subject, this approach also positively contributed to long-term retention of the
material (Ulus, 2023).
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Similar studies have been conducted at secondary, and high school levels. The
study conducted by Doganca and Saysel (2018) found that 7th grade students who
used system dynamics to study the food chain were more successful in understanding
the concept and identifying feedback loops compared to the control group.
Furthermore, the students did not face any difficulty in conducting similar studies
even after some time had passed. Similar to the research findings above, the study
suggests that the use of system dynamics can lead to permanent learning. In another
study conducted by Riess and Mischo (2010), it was observed that the achievement
scores of the 6th grade experimental group students working on the subject of forest

ecosystem with system dynamics were significantly higher than those of the control

group.

A study similar to the one carried out with the 2nd grade students in the Turkish
language course was carried out with the high school students in the literature course
on the topic of work analysis. The students in the experimental group who used
system dynamics tools were able to look at the texts more broadly and holistically
and to read more deeply (Celikten, 2022). Fisher (2023) worked with high school
students in a mathematics course and obtained positive results using system
dynamics tools. These tools helped students recognise basic calculus concepts, create
stock-flow with differential equations to obtain new equations, and gain a better
understanding of the subject (Fisher & Systems Thinking Association, 2023).

The studies mentioned above have a common feature: system dynamics tools
help students to achieve a deeper understanding of the subjects, to better comprehend
the relationships between phenomena and have a positive impact on long-term
learning. Concurrently, Asik and Doganga (2021) posit that system dynamics
facilitate the deployment of metacognitive abilities, including the identification of
the task, analysis, and the formulation of a solution plan. It is important to identify
the lessons where the systems thinking approach can be effectively applied, select
appropriate tools for the students' level, and ensure that practitioners are competent
in the systems thinking approach and system dynamics tools. Failure to do so may
increase students' cognitive load and negatively impact their learning. The model in
Tablo 1 displays the system dynamics tools available to students in different age
ranges and their cognitive ability to identify relationships (Fisher & Systems
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Thinking Association, 2023). This table can be incorporated into lesson plans

involving system dynamics.

Table 1

Systems Thinking Concepts for K-12 Students (Fisher & Systems Thinking
Association, 2023).

ST Concepts

Kindergarten

Primary School

Middle School

High School

Recognizing
interconnections

One-to-one, many-
to-one relations

many-to-one relations

one-to-many relations

many-to-many
relations

Identifying
feedback

no feedback

one loop

few loops

many loops (group
and individual
model building)

linear behavior,

exponential behavior,

exponential behavior, s-

various behaviors,

and variables

Understanding all exogenous mostly exogenous shaped behavior, mostly
dynamic behavior variables variables some endogenous endogenous
variables variables
Differentiating
types of flows one stock two stocks many stocks many stocks

Using conceptual

behavior over time
graph with one
variable,
stock-flow diagram
of the variable in
the graph (variable

behavior over time graph
with two variables,
stock-flow diagram of the
variable in the graphs
(variables as stocks),
causal loop diagram of

behavior over time
graph with many
variables,
stock-flow diagram of
the variable in the
graphs (variables as

behavior over time
graph with many
variables,
stock-flow
diagram of the
variable in the

software

as stock) the two stocks stocks or flows), graphs (variables
models i
causal loop diagram of as stocks or
the stocks in the s-f flows),
diagram causal loop
diagram of the
elements in the s-f
diagram
Creating no quantitative simple arithmetic quantitative models with quantitative
simulation modeling operations using system feedback having one models with
models dynamics simulation stock feedback having

many stocks

Testing policies

talking about what-
if questions on
behavior over time
graphs and stock-
flow diagrams

formulating problems
with SD software and
testing different scenarios
by changing exogenous
variables

simple structural
changes in quantitative
models and observing
the results

structural changes
in quantitative
models and
comparing the
results,
recommending
policies
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Chapter 3

Methodology

This study aims to investigate the impact of system dynamics tools on the
comprehension of linear equations in the 8th grade secondary school mathematics

course. The research questions for this study are:

1. Is there a significant difference in the mathematical achievement scores
related to linear equations, which are part of the algebra unit, between the
experimental group and the control group students after the experimental
process?

2. Is there a correlation between the scientific achievement test results of the
experimental group students and their system dynamics comprehension test
results?

3. How does teaching mathematics using the System Dynamics approach affect

eighth-grade students' attitudes towards linear equations?

3.1 Research Design

The study employed a two-group posttest design, with one group serving as
the control and the other as the experimental group. Statistical analyses were
conducted on the scores obtained from the post-test instruments. To support the
findings, the researcher conducted interviews with students from both groups whose
solutions were not understood or interpreted due to low processing in the scientific
achievement post-test and the dynamics of the cognitive system post-test. Ericsson
and Simon (1993) argue that the Think Aloud Protocol they used enables students to
articulate their thoughts out loud while solving problems, allowing researchers to
gain insights into students' cognitive processes. In this study, students were asked to
explain the methods they used to solve the questions and their purposes using the
think-aloud method after the tests. The aim was to obtain information about the

cognitive processes of students whose solutions were not clearly understood or did
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not show the procedural steps. This method also supported obtaining more reliable

results. The study's process map for data collection and analysis is provided below.

Selection and Intervention Final Evaluation
Preliminary
Evaluation Control Group
Intervention of the
Program without
System Dynamic: Posttest

Determining thy

Tools
ste s the
S ‘ Feed Back
Sample Based on Scientific
Mathematics Exam Achievement Test
Results Experimental Group
Intervention of the Scientific

Program with System Achievement Test

Dynamics Tools Analysis based on
SOLO Taxonomy

Feed Back Posttest /
‘\ System Dynamics -
Comprehension Test System Dyr)amlcs
Comprehension Test
Analysis based on
SOLO Taxonomy

Figure 14. The process map of the data collection and data analysis.

3.2 Study Group

The study's target population is eighth-grade students enrolled in a foundation
school in Sartyer/Istanbul. The school study conducted is a boarding school that
admits students through an exam. The students come from various provinces of

Turkey.

Additionally, the study utilizes the Stella Online application as a simulation
program, which requires students to use a tablet or computer during each session.
The school where the research was conducted teaches with tablets, and each student
has a personal tablet. The study involved a control group and an experimental group,
each comprising 22 participants. The school has three classes with similar math grade
point averages (GPAs) and one class with students who have higher math GPAs. For
this study, classes 8C and 8D with similar GPAs were chosen. The math GPA of the
control group, class 8D, was 79.57 (sd=12.69), while that of class 8C was
79.30(sd=11.0). The researcher selected class 8C as the experimental group because
it had a more suitable mathematics lesson program. A total of 44 students, consisting
of 26 boys and 18 girls aged 13-14 years, participated in the study. There were 13

boys and 9 girls in each group.
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The scientific information obtained during the study was only used in
scientific publications and academic presentations by the researchers. Information
obtained from participants was not shared with anyone outside the research team.
Permission was obtained from the students, their parents, and the school

administration before conducting the study with the students.

3.3 Researcher’s Role

In the fall semester of 2023-2024, the researcher implemented a study on both
the control and experimental groups of students. The lesson plans, previously
designed with the System Thinking Association and applied at different levels, were
reorganized by the researcher to fit the 8th grade level. The experimental group
received the modified lesson plans, which were applied for four days, with two hours
of lessons each day. Post-test applications were made on the fifth day, and the study
was completed in a total of nine lesson hours. The students received an introduction
lesson to the Stella Online application, which was included in the nine hours. The
control group encountered environmental problems in the form of problem questions
without using the Stella Online application. The plans were implemented for a total
of 5,5 lesson hours over 3 days, with 2 lesson hours each day, for the control group
students. The post-test was administered during the first 20 minutes of the 6th hour.
The 3.5-hour difference between the two groups is attributed to the introductory
lesson on the use of the digital application Stella Online, the process of creating
digital models and graphics during the applications, and the administration of the

'System Dynamics Comprehension Test' scale to the experimental group.

Both groups began the topic with a study of the depth of the Aral Lake,
connecting linear equations to daily life. The students were shown videos and visuals
depicting the change in the lake's depth over the years as a warm-up for the lesson.
The researcher conducted the activities in the lesson plans and guided in-class
discussions. As the researcher worked with both groups for the first time, she
observed the class carefully. At the beginning of each lesson, she would take notes
and review any points that she believed were not fully comprehended in the previous

lesson.
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3.4 Data Collection

The objective of this study is to examine the impact of system dynamics tools
on the understanding and comprehension skills of 8th grade students regarding linear
equations. The control and experimental groups were administered scientific
achievement tests on linear equations as a data collection tool, while the
experimental group was given system dynamics comprehension tests. Post-test
questions and data analysis were selected using SOLO Taxonomy. This section
provides a detailed account of the data collection and analysis methods employed in
the study.

3.4.1 Data collection instruments. This section presents the scientific
achievement test utilized as a post-test in the data collection process, the test for
understanding system dynamics, and a detailed description of the SOLO Taxonomy
employed in data collection and analysis. The SOLO taxonomy is a structure
employed in the creation of the SAT test and in the analysis of test results. As the
SOLO taxonomy is also emphasized in the explanation of the details of the test, this
section will first explain the SOLO taxonomy and then proceed to explain the tests

in detail.

3.4.1.1 SOLO taxonomy. SOLO (Structure of the Observed Learning
Outcome) Taxonomy is a hierarchical structure consisting of five levels. It was
developed by Biggs and Collis in 1982 to explain the structure of observable learning
outcomes (Mulbar, Rahman & Ahmar, 2017). In SOLO taxonomy, the quality and
structure of students' answers to questions are evaluated to assess their thinking
processes regarding a specific topic (as cited in Biggs & Collis, 1989). The answers
are analyzed based on predetermined criteria to determine the level of
comprehension. As the level increases, the quality of versatile thinking and learning
also increases. The first three levels of the taxonomy correspond to surface learning,
while the last two levels are associated with deep learning (Biggs, Tang & Kennedy,
2022).

The aim of the research is to measure students' comprehension of linear
equations using system dynamics tools and scales. System dynamics is a
methodology that enables us to identify the components of a system and the

connections between them, and to approach events from a holistic perspective
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(Richmond & Peterson, 2001). Upon analyzing the SOLO Taxonomy steps, it
becomes apparent that the steps are based on either existing or non-existing
relationships. For instance, the unistructural and multistructural steps do not have
any relationship, but the relational step mentions the relationship of information.
Thus, the SOLO Taxonomy steps can aid in evaluating applications created with the
systems thinking approach (See Table 4). Additionally, according to Biggs and Collis
(1982), cognitive response progresses from simple to abstract, and the SOLO
Taxonomy was developed based on this theory. The SOLO Taxonomy's hierarchical
structure enables more effective measurement of students' cognitive levels. The
identified verbs for each level of the taxonomy aid in writing clear and concise
learning outcomes (Biggs, Tang & Kennedy, 2022). Analyzing scale questions with
these verbs further simplifies the process. Additionally, Ilhan and Gezer (2017) has
found that the SOLO taxonomy is a more effective tool for measuring students'
cognitive levels than Bloom's taxonomy, which has a similar approach (ilhan &
Gezer, 2017). For these reasons, the study preferred the use of SOLO Taxonomy in
its evaluation. The model supports the relationship between system dynamics and the
SOLO taxonomy (Figure 15).

Competence SOLO Taxonomy

F

tp?
WAl RN

Prestructural Unistructural Multistructural Relational Extended
Abstract

System
Systems (whole, Transfer of
Perspective Part Parts parts and System
relations)

Figure 15. Alignment of SOLO taxonomy with systems thinking (Systems
Thinking Association, 2024).
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3.4.1.2 The scientific achievement test. The researcher created the Scientific
Achievement Test (SAT) to assess the post-test of the experimental and control
group students on linear equations, taking into account the learning outcomes in the
mathematics curriculum (MoNE, 2018). The test questions were selected from the
multiple-choice questions under the title of 'Contextual Problems' shared on the
website of the Ministry of National Education and were applied as open-ended
questions by deleting the choices (MoNe, 2022).The table (3.4.1) below provides a
detailed explanation for the selection of questions in the post-test from the contextual
problems prepared by the Ministry of National Education. In addition, similar linear
equation questions measuring the same skills were included in the lesson plan and
solved during class. Two of the four selected questions were modified to become
higher-level questions according to the SOLO taxonomy. The test asked for the
process steps in response to the questions. The scientific achievement test consisted
of four questions and was completed in 20 minutes. Details about the objectives and
sub-items can be found in Table 2. The questions for the scientific achievement test
are located in Appendix A. The reliability and validity of this test are detailed in the

findings, which can be found on page 54.
Table 2

Outcomes Corresponding to the Questions in the Scientific Achievement Test

Solo
Question Outcomes Reason for Selection | Taxonomy
Level

M.8.2.2.3. Expresses how
one of the two variables,
which have a linear
relationship between
them, changes depending
on the other, with a table
1 and an equation.

This question evaluates
the ability to interpret 0-4
two distinct graphs with | (No Score-
varying data and identify | Extended
the correlation between Abstract)

M.8.2.2.5. Creates and
them.

interprets equations, tables
and graphs of real life
situations with linear
relationships.
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Tablo 2 (cont.d)

Solo
Question Outcomes Reason for Selection Taxonomy
Level
M.8.2.2.3.  Expresses
how one of the two
variables, which have a
linear relationship
between them, changes | |n this question, the skill of
depending on the other, | expressing the heights of | 0-3
2a  |with a table and an | palloons changing over time | (No Score -
equation. ~ M.8.2.2.5. | on a graph with a linear | Relational)
Creates and interprets | equation is measured.
equations, tables and
graphs of real life
situations with linear
relationships.
For this task, students are
M.8.2.2.5. Creates and | required to interpret the
interprets equations, balloons on the same graph N OS- 4
2b tables and graphs of real | in relation to each other and (Eot cgrz )
life situations with determine a general term A)k() ende
linear relationships. based on the difference stract)
between them.
In this question, the student
M'8'2'2'5' Crea_tes and | jg expected to read the time
interprets equations, when the change in money 0-3
3 tgble§ anc_l graph_s of real spent and the change in (No S_core -
I!fe situations Wl_th money remaining over time Relational)
linear relationships. are equalized on the graph.
M.8.2.2.3. Expresses This question requires the
how one of the two reader to interpret a graph
variables, which have a | displaying the toner levels
linear relationship and number of shots for
between them, changes | two photocopiers. The
depending on the other, | question assesses the ability 0-3
4a with a table and an to follow multiple (No Score -
equation. processes and establish Relational)
M.8.2.2.5. Creates and | relationships between
interprets equations, variables. Additionally, the
tables and graphs of real | reader must calculate fees
life situations with by establishing a proportion
linear relationships. with the given information.
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Table 2 (cont.d)

Solo
Question Outcomes Reason for Selection Taxonomy
Level
M.8.2.2.3. Expresses Using the provided
how one of the two information, it is
variables, which have a | necessary to compare the 0-3
linear relationship two machines and select
4b . (No Score -
between them, changes [ the preferred option based .
. X e Relational)
depending on the other, | on the given criteria.
with a table and an
equation.

3.4.1.3 The system dynamics comprehension test. The System Dynamics
Comprehension Test (SDT) was administered as a post-test to measure the
experimental group students' understanding of the basic concepts of system
dynamics. SDT was originally designed by Hasret Nuhoglu (2007) for her doctoral
dissertation (2007) and was restructured and applied by the researcher in accordance
with her own study. The test consists of six questions. The first five questions include
various question types, such as multiple choice, fill-in-the-blank, model and graph
construction, and model completion. Question 6 is an open-ended inquiry that
solicits feedback from students regarding the most significant aspect of mathematics
lessons that incorporate system dynamics tools (See Appendix B). The purpose of
this question is to collect data that can be utilized to enhance future implementations.
The SDT was piloted with two 9th grade students who had previously worked with
system dynamics tools in various fields, including mathematics and science. The

instructions for the questions were reorganized based on the students' feedback.

The researcher organized the objectives of the questions in the test before the
application. Expert opinion was sought to ensure compatibility between the
objectives and the questions, resulting in the final version of the objectives. Prior to
implementation, a Test Blueprint was created for the System Dynamics
Comprehension Test using both Bloom's Taxonomy (Bloom, 1956) and SOLO
Taxonomy (Biggs, 1999). The objectives of the questions in the System Dynamics
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Comprehension Test were aligned with the sections in this taxonomy. Table 3 and

Table 4 are located below.
Table 3

Bloom’s Revised Taxonomy

Learning Objectives Remember Understand Apply Analyze Evaluate Create

Identify the concept of Classify. choose
stock, which is one of the
fundamental tools of identify
System Diynamics.
Choose stock over other

Relate the connections
hetween the hasic toals
of system dynamics,
stocks and behaviour
graphs over time
relate

Design a model
consisting of stocks and design
flows in the Stella
Online program and
draw the behavior graph
over time.

Relate the connections change
between the concepts of
stocks and flows,
interpret the states of

change. interpret
relate

Relate the connections
between the basic tools
of system dynamics,
tocks, flows, and factors
in the given model.
relate

Table 4
SOLO Taxonomy

Learning Objectives Unistructural Multistructural Relational Extended abstract

Identify the concept of stock, identify describe
which is one of the
fundamental tools of System
Dynamics. Choose stock
over other tools.

Relate the connections integrate
between the basic tools of
system dynamics, stocks and
behaviour graphs over time

Design a model consisting of
stocks and flows in the Stella create
Online program and draw

the behavior graph over
time, solve a problem

Relate the connections analyse. explain
between the concepts of
stocks and flows, interpret
the states of change.

Relate the connections analyse. explain
between the basic tools of
system dynamics, stocks,

flows, and factors in the
given model.
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3.4.2 Data collection procedures. The study selected students from two

classes of 8th grade students in a private foundation school during the fall semester

of the 2023-2024 academic year as the experimental and control groups. The

experimental group was taught the subject of 'Linear Equations' using system

dynamics tools, while the control group was taught without the use of such tools.

The aim of this study was to determine if there was a significant difference in the

use of system dynamics tools between the two groups. Table 5 summarizes the

content and duration of the lessons with the students.

Table 5

Lesson Plans Implemented with Experimental and Control Group Students

Experimental Group Lesson Control Group Lesson
Lessons L esson Plan Hours | Lessons Lesson Plan Hours
(40%) 40°)
Lesson | Stella Online 50°
1 Introduction Course
Introduction to Introduction to
Lesson Linear Equations: Linear Equations:
5 Changes in Aral 80’ Lesson 1 Changes in Aral 60’
Lake Depth Over Lake Depth Over
Time Time
L esson Water Level Changes
5 in Istanbul's Dams 40’
Over Time
Lesson | Changes in Carbon 40°
4 Emissions Over Time
Water Level
Changes in
Lesson | Basic Level Linear 60’ Lesson 2 Istanbul's Dams 20’
5 Equations Problems Over Time + Basic
Level Linear
Equations Problems
Lesson | Contextual Linear 50° Lesson 3 Contextual Linear 40°
6 Equations Problems Equations Problems
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Table 5 (Cont.d)

. Lesson Lesson
Lessons Grga(pelrérsr;?)rr]]tgllan Hours Lessons Cﬁzgg:]%grl:p Hours
P (40°) 40’
Post_—Tests (Scientific Post-Test
Achievement Test Lesson (Scientific
Lesson 7 | and System 20" +20° . 20’
g 4 Achievement
Dynamics Test)
Comprehension Test)
Total Lesson 9 lesson Total Lesson o
lesson
Hours hours Hours h
ours

The table above indicates that the experimental group practiced for 9 lesson

hours, while the control group practiced for 5 lesson hours. The difference in course

hours can be attributed to the following reasons:

e An

introduction course on Stella Online was conducted with the

experimental group students for one class hour. The lesson covered basic

information about the systems thinking approach and the technical features

of the Stella Online application.

e During the lesson plans for Lake Aral, Istanbul's Dams, and Carbon

Emissions, students used the Stella Online application to model the

problems. The use of models extended the lesson time, but also helped to

solve the problems.

e Inaddition to the scientific achievement test, the experimental group students

were given a system dynamics comprehension test as a post-test.

34.21

Intervention programme.

The

implementation  with

the

experimental group lasted for 9 hours and with the control group lasted for 5 hours

is described in detail below. Prior to the Stella Online Introduction lesson, students

were contacted via email and requested to register for the Stella Online application.

3.4.2.1.1 Stella Online introduction course. Stella Online Introduction course

is implemented only with the experimental group. The researcher presented the

systems thinking approach in a 10-minute session. The presentation included basic

information about systems thinking and its application in education. Afterward, the
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students were instructed to open the Stella Online application to learn about system
dynamics tools. Together, the students modeled the "Water in the Bathtub' problem

using the Stella Online application (Systems Thinking Association, n.d).

3.4.2.1.2 Introduction to linear equations: Changes in Aral Lake depth over
time. To pique students' interest in environmental issues and raise their awareness of
the impact of human activity on the environment, the lesson began with a news video
about the reduction in the depth of Lake Aral since 1960. The presentation
introduced the concept of a linear relationship by analyzing the change in the lake's
depth over time. Tables, equations, and graphs were created to illustrate the change
in the depth of Lake Aral between 1960 and 1970. The discussion included the
dependent and independent variables. The following questions were posed to the

students:

Problem 1: In 1960, Lake Aral had a depth of 5500 centimeters. However, due
to drying, the lake's depth has been decreasing by an average of 50 centimeters per

year. Based on this information;

- Complete the table with the change in depth of Lake Aral between 1960 and
1970 and write the corresponding equation.
- Use ordered pairs to express the data from the table and plot them on the
graph.
- Analyze the resulting graph by connecting the points and identifying.
- Write the dependent and independent variables.
The questions above were answered with the students on the board. The
students in the control group proceeded to work on Problem 2 after completing this
section. In contrast, the students in the experimental group followed a different

process:

Upon opening the Stella Online application, students were prompted to create
a stock-flow diagram and its corresponding graph to interpret the change in the depth
of Lake Aral over time. The application required students to complete the following

questions:

- Create the model and graph in the Stella Online application.

- In 2023, determine the depth of Lake Aral in centimeters.
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- Based on the graph, determine the projected timeline for the complete
depletion of Lake Aral.

Following Problem 1, students were allotted time to solve Problem 2. The

researcher provided assistance to students who encountered difficulties. The details

of Problem 2 are provided below:

Problem 2 : In 1913, the total area of cotton fields cultivated in Uzbekistan was
3000 km?. From 1913 to 1990, this area increased by 240 km? per year. Accordingly,

- The task is to complete a table and create an equation that represents the
changes in cotton production in Uzbekistan from 1913 to 1990.
- Use ordered pairs to express the data presented in the table.
Display the resulting ordered pairs on the graph and analyze the graph that is
formed when connecting the points.
- Write the dependent and independent variables.
Both groups answered Problem 2 with guidance from the researcher. The
control group concluded with a wrap-up, while the experimental group used the

Stella Online application to model the question below.

- The model and graph should be created using the Stella Online application.

At the conclusion of the lesson, students in the experimental group were
requested to provide feedback via a Google Form. The form consisted of two
questions: “List two things you learned in today's lesson' and 'If there is an area that
needs improvement in today's lesson, please share your opinion.”. Some students
suggested that the application was slow when creating a model, so more time should
be allocated for this task. Consequently, the model building time was increased for

the next lesson.

3.4.2.1.3 Water level changes in Istanbul's dams over time. The experimental
group students followed the plan outlined below. Meanwhile, the control group
students completed Problem 1 and Problem 2 questions in the “Istanbul’s Dams”
plan, which was included in the “Basic Level Linear Equations Problems”

worksheet.

To review the previous lesson, the instructor began by asking the students what

they recalled about Lake Aral. The lesson covered the concepts of linear
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relationships, dependent and independent variables, stock, flow, and factor.

Following this, the lesson plan titled 'Istanbul's Dams' was presented.

The discussion revealed that the water levels in the dams have decreased over
the years due to various reasons. During the presentation, students were shown
visuals depicting the current state of water in Istanbul's dams and were asked to
interpret the information. The students were then presented with a problem question
regarding the change in water levels between 2010 and 2020 and were asked to

answer related questions.

Problem 1: In 2010, the dams in Istanbul held 2120 m? of water. On average,
these dams are filled with 790 million m® of water each year from precipitation. In
the same year, Istanbul consumed 810 million m® of water. Based on this

information;

- Atable depicting the change in water levels in Istanbul's dams between 2010
and 2020, along with the corresponding equation, was created.

- The model and graph were generated using the Stella Online application.

- It was determined how much water would remain in the dams if the same

consumption rate of 810 million m® per year continued until 2020.

The researcher gave the students time for Problem 1, during which time she
walked around the classroom and guided the students. It was interpreted with the
students that the water in the dams of Istanbul decreased linearly over the years.

Then Problem 2 was given to the students:

Problem 2: In 2010, the dams in Istanbul held 2120 m® of water. On average,
790 million m® of water is added to the dams each year through precipitation. In
2010, Istanbul consumed 810 million m® of water annually. From 2010 to 2020,

water consumption increased by 31 million m® per year. Based on this information;

- A table depicting the change in Istanbul's water consumption between 2010
and 2020 and the corresponding equation has been created.
- Create the model and graph in Stella Online application.

- Find the year in which Istanbul's dams will run out of water.

In Problems 1 and 2, we compared models with the students. In Problem 2, we

discussed the model of water in Istanbul's dams, which does not decrease linearly
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but rather incrementally as water consumption constantly increases. This helped
students better understand the difference between linear and nonlinear graphs. We

also shared with them that the real data is much closer to the non-linear graph.

At the conclusion of the lesson, the experimental group students were provided
with a Google Form containing identical questions to those in the previous lesson.
The purpose of this was to obtain feedback on the lesson. No suggestions for

improving the course were provided by any of the students.

3.4.2.1.4 Changes in carbon emissions over time. This lesson plan was only
applied to the experimental group of students. Its aim is to help students establish a
better connection between stocks, flows, and change over time graphs, which are
system dynamics tools, and to improve their understanding of the factors that affect
stocks and flows. Therefore, after the introduction to the lesson, the students
constructed a stock-flow diagram with the climate crisis as a stock, without
numerical data. To maintain students' interest in the lesson, it began with a video
titled 'Extinction of a Species'. Following the video, the discussion shifted to the
impact of fossil fuels on the climate crisis. Following the video, the discussion
shifted to the impact of fossil fuels on the climate crisis. Students were given the
opportunity to express their opinions on the factors contributing to the crisis,

revealing that carbon emissions are a direct cause.

Following that, the influence of the Industrial Revolution was discussed with
the students throughout the presentation, leading to an imbalance in carbon
emissions. Prior to the lecture, the researcher structured the carbon emission graphs
of Germany and the rest of the world in a linear fashion to approximate the actual
statistics. Students were given global and German carbon emission graphs during
the lesson, and they were asked to analyze the changes (Figure 16). Next, using the
Stella Online application modeling was carried out with students based on the

graphics.
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Figure 16. Global carbon emissions (left) and carbon emission in Germany (right).

Students looked over the provided graphs and their own models at the
conclusion of the class. There was discussion of the causes of both the global rise in
carbon emissions and the decline in carbon emissions in Germany. The inflow in the
global carbon emission model and the output flow in the German carbon emission

model's graphs were changed, allowing students to make connections between them.

3.4.2.1.5 Basic level linear equations problems. For Experimental Group
Students : A worksheet was created that contains 14 open-ended, fill-in-the-blank,
and multiple-choice questions on the subject of linear equations, selected from the
students' mathematics textbooks. The first question was solved on the board as a
reminder, and then students were given time to solve the remaining questions. At the
end of the time limit, students were given the opportunity to solve the questions on
the board. Each question was solved, and the correct solutions were made visible to

all students.

For Control Group Students: In this worksheet, the control group students,
in addition to the experimental group students, completed Problem 1 and Problem 2
that the experimental group students solved in the "Istanbul's Dams™ lesson plan
without using the Stella Online application. They discussed the reasons for the
decrease in water levels in Istanbul's dams. It was explained that the problems were

based on real data.

3.4.2.1.6 Contextual problems. A worksheet consisting of six contextual
guestions on linear equations, along with questions from previous years, was shared

on the website of the Ministry of National Education. Each student was given time
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to solve the questions individually. Afterwards, the students were given the
opportunity to present their solutions on the board and compare them with the correct
answers. In the worksheet of the experimental group, the researcher added a link to
two questions modeled in the Stella Online application before the lesson, which was
not present in the control group's worksheet. The aim was to help the students better
understand the questions by using the model to solve the problems. Experimental

students benefited from the shared model in solving two questions.

3.4.2.2 Implementation of the post-tests. At the start of the lesson, the
experimental group students were informed that they would take the Scientific
Achievement Test and the System Dynamics Comprehension Test, while the control
group students would only take the Scientific Achievement Test. They were
instructed that the tests were not graded, so they need not worry. During the test,
they were asked to note down all their thoughts about the questions. The tests were
administered with a time limit of 20 minutes each, and collected upon completion.
The experimental group was given a 5-minute break between the two tests. After the
break, the second post-test was distributed and another 20 minutes were allotted for
completion, after which the papers were collected. All students completed the tests

without issue.

3.4.3 Data Analysis Procedures. The study analyzed the mathematics exam
averages of the experimental and control groups during the fall semester of the 2023-
2024 academic year as a pre-test. After the experiment, the scientific achievement
test was administered to both groups, while the experimental group students also
took the system dynamics comprehension test as a post-test. This section provides

detailed information about the data analysis.

3.4.3.1 Analysis of the scientific achievement test. Prior to the application,
the mathematics exam averages of the experimental and control groups for the fall
semester of 2023-2024 were accepted as pretests and analyzed. The independent
sample t-test was run in the SPSS program, revealing no significant difference
between the two groups. Therefore, it was concluded that the two groups had equal
achievement level (The”Findings” section provides a detailed account of the

results.).
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The scientific achievement test includes four open-ended questions, two of
which require higher thinking skills based on the SOLO Taxonomy. The questions
were evaluated using the four steps of the SOLO Taxonomy: Unistructural,
Multistructural, Relational, and Extended Abstract. The researcher used a rubric to
examine the relationship between each step taken by the students and the steps in the
SOLO Taxonomy. The language used is clear, concise, and objective, adhering to
formal register and avoiding biased or ornamental language. The text is
grammatically correct and follows conventional academic structure and formatting.
Each question was scored on a scale of 0 to 4. If the students' solutions were unclear,

interviews were conducted to better understand their thought process before scoring.

The scientific achievement test scores of the experimental and control groups
were analyzed using an independent t-test in the SPSS program to determine if there

was a significant difference between the averages.

3.4.3.2 Analysis of the system dynamics comprehension test. The
experimental group students underwent a post-test on their comprehension of system
dynamics. The test consisted of six questions, five of which assessed their logic and
use of system dynamics tools. The final question asked for their evaluation of the

mathematics lessons taught with system dynamics.

The evaluation of the system dynamics comprehension test was based on the
SOLO Taxonomy, as used in scientific achievement tests. The researcher used a
rubric to associate student answers with the steps of the SOLO Taxonomy and score

each question between 0 and 4.

A correlation test analysis was performed in the SPSS program to determine
if there is a relationship between the scientific achievement test results and the

system dynamics comprehension test results.

3.4.3.3 Content analysis of the students’ attitudes towards linear equations.
In the final question of the System Dynamics Comprehension Test, administered to
the experimental group as a posttest, students were asked to evaluate the contribution
of teaching mathematics with system dynamics tools. Based on their responses, the

impact of system dynamics tools on mathematics lessons was assessed.
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3.4.4 Reliability. The reliability of a measurement tool refers to its ability to
consistently measure the intended variable or produce error-free results (Klassen et
al., 2012).

The study's statistical analyses were conducted by the researcher, with regular
feedback provided by an expert engineer from the Systems Thinking Association.
The solutions of students who used different methods than those in the rubric were
evaluated alongside the expert's. Additionally, the practitioner conducted one-on-
one interviews with students who provided unclear solutions, did not demonstrate
clear steps, and utilized multiple solution methods. The practitioner asked the
students to explain why and how they performed the operations on the test paper.
The students' responses contributed to a more objective analysis, avoiding subjective
evaluations such as 'the student may have adopted this way of thinking' based on the
students' answers. In light of these considerations, the analysis was designed to

mitigate potential biases.

Table 6 displays the item difficulty indices and discrimination indices of six
items for the experimental group's scientific achievement test results (I1lhan & Gezer,
2018).

Table 6

Item Difficulty and Discrimination Index

Item 1 Item?2a Iltem2b Iltem3 Item4a Item4b

Item Difficulty 0.89 0.86 0.36 0.64 0.70 0.34

Item
Discrimination 0.10 0.40 0.50 0.40 0.40 0.70

Upon examination of the table, it is evident that the test results exhibit a range
of difficulty levels, with both challenging and straightforward items. The questions
are arranged in order of difficulty, allowing for a suitable analysis. The first question,
Item 1, was predicted to be answered correctly by the majority of students, and the
actual result was in line with this prediction. Items 2a, 3, and 4a showed moderate

discrimination, while the most discriminative items were Items 2b and 4b.
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Items 2b and 4b are items that require skills at the relational and extended
abstract levels of the SOLO Taxonomy and were added by the practitioner as a
second option to two of the conceptual questions. The reason for adding these
options was to deepen the question and to see the student's ability to make

relationships and generalizations.

3.4.5 Validity. Joppe (2000) explains what is meant by validity in

quantitative research as follows:

“Validity determines whether the research truly measures that which it was

intended to measure or how truthful the research results are” (p.1).
The sections below outline the study's internal and external consistencies.

3.4.5.1 Internal validity. This study is a robust experimental study because
it includes both an experimental group and a control group. Students in the
experimental group and the control group are at the same level, and both classes'

average grades on the mathematics exam are quite similar.

The lesson plans, previously implemented in other levels and classes, were
revised by the researcher to fit their own subject and level. Three contextual
questions from the website of the Ministry of National Education and one from the
high school entrance exam were selected for the Scientific Achievement Test scale.
The researcher included additional items in the two contextual questions to provide
more depth. Expert opinions from the Systems Thinking Association were obtained
for all lesson plans to be implemented with the students. Both scales were solved by
two 9th grade students from the same school who had experience with system
dynamics tools prior to the application. Feedback was received on the instructions,

which were organized based on the students' feedback.

Given that the topic of linear equations represented a novel experience for
students, it was deemed inappropriate to administer a pretest. Bias in data collection
was eliminated by using the same researcher to collect data for both groups. Both
classes have the same number of students. The applications and post-tests were
completed by every student in the classes. Students without a background in systems
thinking courses make up both groups. Conflict could occur if the same researcher

scores the data while the data is being analyzed. For this reason, the scientific
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accomplishment test is scored using the Solo Taxonomy steps in order to ensure

greater impartiality in scoring.

The SOLO Taxonomy was developed by Biggs and Collis in 1982 to clarify
the structure of observable learning outcomes (Mulbar, Rahman & Ahmar, 2017).
In order to obtain feedback on the taxonomy, John Burville Biggs, one of the creators
of the SOLO Taxonomy, was contacted via email. Biggs provided feedback stating
that the scores in the scientific achievement test were determined using the SOLO
Taxonomy levels. The problematic question is included in Appendix C, along with

John Biggs' evaluation.

Researcher: “My general research question is, whether there is a relation
between systems thinking and mathematical problem solving skills. I'm trying
to find the effect of systems thinking on mathematical problem solving skills if
there is any. For this, | selected some questions that seemed to require higher
order thinking skills from exams of the Ministry of National Education for 8th
grade students. | want to use SOLO taxonomy for evaluating the students’
responses. For this, | did a pilot study with one of my students and made an
interview (a think-aloud session) to see how she thinks when solving the
problem. | took some notes of her reasoning. Based on these notes | tried to
attach the verbs that are given as manifestations of SOLO stages to the part of
the notes. Could you please let us know if we are on the right track?
Additionally, any suggestions on how we can improve would be greatly

appreciated.”

John Burville Biggs: “Yes, | believe you are on the right track. The verbs

seem to have anchored your classifications appropriately . Nice work.”

3.4.5.2 External validity. The study sample comprised 44 eighth-grade
students enrolled in a foundation school. Convenience sampling was used in the
study since it was carried out at the researcher's school. The research school admits
students from various provinces of Turkey through an entrance exam. Although this
may limit the generalizability of the results, the researcher did not select the control
and experimental groups from the classes with the highest grade point averages in

mathematics at the eighth grade level. Instead, the researcher selected classes with
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lower grade point averages. This may actually increase the generalizability of the

results.

Additionally, students were instructed to utilize Stella Online, a no-cost
simulation program, independently during the application process. Through this
program, students generated stock-flow diagrams and graphs. As a result, it is
advisable to provide each student with access to a computer or tablet during class
hours. The study was conducted in a school that offered tablet training. In schools
that lack tablets or computers, the logic of system dynamics tools can be
implemented by drawing stock-flow diagrams on paper. This approach may have
less impact on the generalizability of the application and results.
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Chapter 4

Findings

Data were collected and analyzed based on the following research questions
provided. This section will analyze the results of the performed tests.

1. Is there a significant difference in the mathematical achievement scores
related to linear equations, which are part of the algebra unit, between the
experimental group and the control group students after the experimental
process?

2. Is there a correlation between the scientific achievement test results of the
experimental group students and their system dynamics comprehension test
results?

3. How does teaching mathematics using the System Dynamics approach affect
eighth-grade students' attitudes towards linear equations?

In the study, to address the research questions, a scientific achievement test
was administered to the experimental and control groups, and a system dynamics

comprehension test was administered to the experimental group.
4.1 Results of the Pre-Scientific Achievement Test (SAT)

The selection of the experimental and control groups was based on the
students' mathematics grade point averages for the fall semester of 2023-2024, which
were analyzed and accepted as a pre-test. Table 7 contains the descriptive statistics

results of the pre scientific achievement test.
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Tablo 7

Descriptive Statistics Results of the Pre-SAT

Min Max Mean Std. Sig. Skewness  Kurtosis

Experimental 22 6150 95.00 79.57 11.00 0.07 -0.35 -1.30
group
Control group 22 4950 9650 79.30 12.69 0.12 -0.82 -0.05

Table 7 shows that both groups had 22 students. The experimental group (M =
79.57, SD = 11.0) had a minimum and maximum score of 61.5 and 95.0,
respectively, while the control group (M = 79.30, SD = 12.69) had a minimum and
maximum score of 49.5 and 96.5 on scientific achievement test, respectively.

The aim of this study was to investigate whether there was a significant
difference between the pretests of the experimental and control group students. To
achieve this, an independent samples t-test was conducted using the SPSS program.
The stages of the application are summarized below.

Upon examining Table 7, it is evident that the Shapiro-Wilk test yielded
significant values of 0.07 and 0.12. As both values exceed the alpha value of 0.05, it
can be concluded that the distribution is normal. Additionally, the Skewness and

Kurtosis values fall within the acceptable range of -2 to 2.

4.1.1 Independent samples t-test for the pre-SAT. An independent samples
t-test was conducted to compare the average scores of the experimental group (M =
79.57, SD =11.00) and the control group (M =79.29, SD = 12.69). The t-test revealed
no statistically significant difference between the groups (t(42) = 0.47, p =0.94). The
study found that the effect sizes were very small (Cohen's (1988) d = 0.12) indicating
that there was no practically significant difference between the two groups. Table 8

contains the results of the pre scientific achievement test.
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Table 8
Independent Samples t-test for the Pre-SAT

Levene’s Test t-test Confidence
interval

F Sig. t df Sig. Lower  Upper
Equal 0.23 0.63 0.08 42 0.94 -6.95 7.50
variances
assume
Equal 41.17 0.94 -6.96 7.50
variances not
assumed

Additionally, Levene’s Test for equality of variances was run before interpreting the
results of t testing. Because the significance value was greater than .05 in Levene’s

Test (.63), equal variances were assumed.

4.2 Descriptives Statistics of the Post-Scientific Achievement Test (SAT)

The scientific achievement test consisted of six items, including four open-
ended questions, two of which had additional sub-items. The test was administered

to both the experimental and control groups.

The test was scored based on the four levels of the SOLO Taxonomy:
unistructural (1 point), multistructural (2 points), relational (3 points), and extended
abstract (4 points). Table 9 displays the scoring table for the test. At the unistructural
level of the SOLO Taxonomy, students comprehend only one aspect of the subject.
At the multistructural level, students comprehend many related features but are
unable to relate them to each other. At the relational stage, students can combine
parts to form a coherent whole with meaning. In the extended abstract stage, students
can generalize structures by considering new and abstract features. This represents a
higher level of understanding (Biggs and Tank, 2011). The varying intervals between
the questions are due to the measurement of skills at different levels. The maximum

score achievable is 20 points, while the minimum is O points in the SAT.
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Tablo 9

Scoring Table for the Post-SAT

Items Item Score Interval
1 0 - 4 (No Score - Extended Abstract)
2a 0 - 3 ( No Score - Relational)
2b 0 - 4 (No Score - Extended Abstract)
3 0 - 3 ( No Score - Relational)
4a 0 - 3 ( No Score - Relational)
4b 0 - 3 ( No Score - Relational)

Table 10 shows that the experimental group students had a mean score of 13.4

(sd=4.15) while the control group students had a mean score of 9.27 (sd=3.43). The

minimum and maximum scores for the experimental group were 4 and 19,

respectively, and for the control group were 4 and 14. Figure 10 shows the

completion rates for all questions.
Table 10

Descriptive Statistics Results of the Post-SAT

N Mean  Median Std. Min Max
Experimental Group 22 13.41 14.50 4.25 4 19
Control Group 22 9.27 10.00 3.61 4 14
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Scientific Achievement Test - Assessment Results
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Figure 17. Completion rates for SAT.
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When scoring the scientific achievement test, additional steps were taken to
increase the reliability of the scoring. Students whose answers were not clearly
understood were interviewed for 5 minutes each. During the interview, they were
asked about the reasons for their actions in the related questions and were allowed to
think aloud. The model below presents the average scores of the students interviewed
from the experimental and control groups and compares them. All students with

ambiguous responses were interviewed.
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The rates and percentages of correct answers for the scientific achievement test

questions are presented in detail below.

Furthermore, in the analysis of the scientific achievement test using the SOLO
Taxonomy, the scores of students who made computational errors in the questions or

showed simple inattention when reading graphs were not affected. The table below

shows the error rates of the students (Figure 19).
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Figure 19. Error graph of the SAT.
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4.2.1 Question 1. The outcomes of the first question on the scientific

achievement test are as follows:

“M.8.2.2.3. Expresses how one of the two variables, which have a linear
relationship between them, changes depending on the other, with a table and an

equation.

“M.8.2.2.5. Creates and interprets equations, tables and graphs of real life

situations with linear relationships”.

This question assesses the ability to interpret two different graphs with varying

data and identify the correlation between them.

Table 11 shows the answer percentages of the question based on the SOLO

Taxonomy steps.
Table 11

Percentage of Answered Questions for Question 1

Extended
Abstract
(4 point) %

No Unistructural Multistructural  Relational
Score (1 point) % (2 point) % (3 point) %

Experimental 0 0 0 0 0

Group %0 %0.05 %4.54 %9.09 %77.27
Item 1

Control Group  %9.09 %18.18 %0 %13.63 %59.09

After analyzing the responses to the first question, it was found that 77.27% of
students in the experimental group and 59.09% of students in the control group
answered in the 'Extended Abstract' category. The experimental group had a higher
percentage of responses at the extended abstract level than the control group, and
there were no students at the 'No Score' level in the experimental group, while the

percentage of students at the ‘Unistructural’ level was very low.

4.2.2 Question 2. The scientific achievement test's second question

comprises two items. The outcomes of the second question's item “a” are as follows:
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“M.8.2.2.3. Expresses how one of the two variables, which have a linear
relationship between them, changes depending on the other, with a table and an

equation.

M.8.2.2.5. Creates and interprets equations, tables, and graphs of real life

situations with linear relationships.”

In this question, the skill of expressing the heights of balloons changing over

time on a graph with a linear equation is measured.
The outcome of the second question's item “b” are as follows:

M.8.2.2.5. Creates and interprets equations, tables and graphs of real life

situations with linear relationships.

For this task, students are required to interpret the balloons on the same graph
in relation to each other and determine a general term based on the difference

between them.

Table 12 shows the answer percentages of the question based on the SOLO

Taxonomy steps.
Table 12

Percentage of Answered Questions for Question 2

Unistructural Multistructural ~ Relational Extended
NoScore ) nointy% (2 point) % (3 point) 96 ADstract
P ° P 0 P ? (4 point) %
Experimental 0 0 0 0
Group %%9.09 %9.09 %0 %081.81
Item 2a
Control
Group 0013.63 %0 0013.63 0%72.72
Experimental 0 0 0 0
Group %36.36 004.54 %0 %50 %09.09
Item 2b
Control
Group %77.27 %0 %0 %18.18 %4.54
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In relation to question 2a, both groups had the highest rate of answering the
question in the 'Extended Abstract' category. Additionally, the presence of the 'No
Score' category in both groups indicates that there were participants who were unable

to answer the question or express their answer correctly.

In relation to question 2b, the experimental group demonstrated a higher
cognitive level than the control group, as evidenced by their higher percentages in
the 'Relational’ and 'Extended Abstract' categories and lower percentages in the ‘No
Score' and 'Unistructural’ categories. The researcher added this item to measure the
high cognitive level steps of the SOLO Taxonomy. The highest category in the
control group is 'no score', while in the experimental group, it is the second-highest
category. Moreover, the percentage of answers in the 'multistructural’ and 'extended
abstract' categories in the experimental group was more than half of the percentage

of answers in the same categories in the control group.

4.2.3 Question 3. The outcomes of the third question on the scientific

achievement test are as follows:

“M.8.2.2.5. Creates and interprets equations, tables and graphs of real life

situations with linear relationships.”

In this question, the student is expected to read the time when the change in
money spent and the change in money remaining over time are equalized on the

graph.

Table 13 shows the answer percentages of the question based on the SOLO

Taxonomy steps.
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Table 13

Percentage of Answered Questions for Question 3

No Unistructural  Multistructural er2uonal

Score  (Lpoint)% (2 point) % (()/3 point)

0

ggssmenta' %13.63 %9.09  936.36 9640.90
Item
3 Control

Group 936.36  %4.54 913.63 9645.45

Both groups answered the question in the 'Relational’ category at the highest
rate. The control group scored higher than the experimental group in the 'Relational’
step. However, the experimental group scored higher than the control group in the
total scores for the 'Multistructural’ and 'Relational’ steps. It is worth noting that some
students in both groups were unable to answer the question correctly. The
experimental group had a three-fold advantage in the number of students who
answered the question correctly.

4.2.4 Question 4. The scientific achievement test's fourth question comprises

two items. The outcomes of the fourth question's item “a” are as follows:

“M.8.2.2.3. Expresses how one of the two variables, which have a linear
relationship between them, changes depending on the other, with a table and an

equation.

M.8.2.2.5. Creates and interprets equations, tables and graphs of real life

situations with linear relationships.”

This question requires the reader to interpret a graph displaying the toner levels
and number of shots for two photocopiers. The question assesses the ability to follow
multiple processes and establish relationships between variables. Additionally, the
reader must calculate fees by establishing a proportion with the given information.

The outcome of the fourth question's item “b” are as follows:

M.8.2.2.3. Expresses how one of the two variables, which have a linear
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relationship between them, changes depending on the other, with a table and an

equation.

Using the provided information, it is necessary to compare the two machines

and select the preferred option based on the given criteria.

Table 14 shows the answer percentages of the question based on the SOLO

Taxonomy steps.

Table 14

Percentage of Answered Questions for Question 4

No Unistructural  Multistructural e 2tional

Score  (Lpoint)% (2 point) % (()/3 point)

0

Experimental %18.18 %4.54

Group %18.18 %59.09
Item 4a

Control

0, 0, 0,
Group 0045.45 %%36.36 %4.54 %13.63
gXpe”me”ta' %54.55 %0 %22.73 %22.73
roup

Item 4b

Control

Group %77.27 %0 %9.09 %13.63

The comprehension level of the experimental group was higher than that of the
control group. This is supported by the higher percentages of the experimental group
in the 'Multistructural’ and 'Relational’ categories, and the lower percentages in the

'‘No Score' and 'Unistructural’ categories.

Additionally, in item a of the 4th question, the experimental group had a 4-fold
ratio advantage over the control group in the 'relational’ step.

Item b of the question is a challenging task in the test. The researcher included
this item to assess the higher cognitive level steps of the SOLO Taxonomy. The step
with the highest percentage in both groups was the 'No Score' step. Additionally, the
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experimental group had a sum percentage of 'Multistructural' and 'Relational’ steps

close to 50%, while the control group had only about half of this value.

4.3 The Results of the Post-Scientific Achievement Test

To answer the first research question, “Is there a significant difference in the
mathematical achievement scores related to linear equations, which are part of the
algebra unit, between the experimental group and the control group students after the
experimental process?” an independent t-test between the two groups was applied in

the SPSS program.

4.3.1 Test of normality of the post-SAT. Tables 15 display the distribution
of scientific achievement test averages for the experimental and control groups.

Table 15

The Results of Shapiro-Wilk Test and Skewness/Kurtosis Values for the Post-SAT

Shapiro-Wilk Descriptives
Statistic  df Sig. Skewness  Kurtosis
Experimental (.19 22 0.06 0.87 0.02
Average group
score Control 0.18 22
group 0.02 -0.33 -1.29

The Shapiro-Wilk test yielded significant values of 0.06 and 0.02. The data
exhibited a normal distribution. It is recommended to examine the 'Skewness and

Kurtosis' values, which should ideally fall within the range of -2 to 2.

4.3.2 Independent samples t-test for the post-SAT. To answer the research
question of the study, an independent samples t-test was conducted to determine if
there was a significant difference in mathematical achievement scores related to
linear equations, which are part of the algebra unit, between the experimental group
and the control group students after the experimental process. Table 16 contains the

results of the post scientific achievement test.
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Table 16

Independent Samples T - Test for the Post-SAT

Levene’s Test t-test Confidence
interval
F Sig. t df Sig. Lower  Upper
Equal 0.17 0.69 3.48 42 0.001 1.74 6.54
variances
assume
Equal 40.94 0.001 1.73 6.54
variances not
assumed

An independent samples t-test was conducted to compare the average scores of
the experimental group (M = 13.41, SD = 4.25) and the control group (M = 9.27, SD
= 3.61). The t-test revealed a statistically significant difference between the groups
(t(42) = 3.48, p=0.001). The effect size, as measured by Cohen’s d (1988), was d =
0.21, indicating a medium effect.

Additionally, Levene’s Test for equality of variances was run before interpreting the
results of t testing. Because the significance value was greater than .05 in Levene’s

Test (.69), equal variances were assumed.

4.4 Descriptives Statistics of the Systems Dynamics Comprehension Test

The System Dynamics Comprehension Test was administered only to the
experimental group students as a posttest. It consisted of six questions, including two
multiple-choice questions, one fill-in-the-blank question, one question requiring the
drawing of a graph and writing an equation, and one question requiring the
completion of a stock-flow diagram. The final question was open-ended and asked
for the students' evaluation of the mathematics lessons taught with system dynamics.
The initial five questions of the system dynamics comprehension test were assessed

using the same SOLO Taxonomy steps as the scientific achievement test. The
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evaluation range and percentage of students who answered each question are

provided below.

Upon analyzing the answer percentages of the students, it is evident that all
students answered items 1 and 2 correctly. These items pertain to the concepts of
stock, flow, and behavior graph over time, and it is apparent that all students have a
basic understanding of these fundamental concepts.

Table 17

Percentage of Answered Questions for the SDT

. . . Extended
No Unistructural Multistructural Relational Abstract
Score PRI R C N
(1 point) % (2 point) % (3 point) % (4 point) %
Item1l %0 %0 %100
Item 2 %0
%100
Item3 %0 %036.36 %063.63
Item4 %0 %036.36 %063.63
Item5 %0 %100 %0

Question 3 required students to draw a stock-flow diagram of a given problem
situation, construct a graph of behavior over time, and write the equation of the graph.
Many students struggled with writing the equation, leading to mistakes in their

anNSWEers.

For Question 4, which required them to fill in the blanks for inflow, stock, and
outflow flows. Specifically, students had difficulty understanding how inflows and
output flows affected the stock, with many making errors related to the output flow.
This same issue was also observed in Question 5, where students were asked to place
factors in a problem situation using a stock-flow diagram. Most students were unable

to correctly identify all the factors. Many assumed that factors leading to a decrease
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in stock would be listed in the inflow for positive events and in the outflow for

negative events.

4.5 Correlations between Systems Dynamics Comprehension and

Scientific Achievement Test

To determine whether there is a correlation between the experimental group
students' scientific achievement test results and their system dynamics
comprehension test results, a correlation test was conducted using the SPSS
program. Table 18 and Table 19 provide descriptive statistics and correlation

scores for the two tests.

Table 18

Descriptive Statistics for the SDT and SAT for Experimental Group

Mean Sd. N
Total Score SDT 13.27 0.70 29
Total Score SAT
(experimental group) 1341 4.25 22

The System Dynamics Comprehension Test consists of 5 items (M = 13.27, SD =
0.70). The Scientific Achievement Test has 6 items with question choices (M = 13.41,
SD = 4.25).

Table 19

Correlation Between SDT and SAT Scores

SDT score SAT score
SDT score 1 0.57
SAT score 0.57 1

Table 19 shows a moderate correlation (r = 0.57) between the Total Score SDT

and Total Score SAT of the experimental group. This suggests that participants in
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the experimental group with high Total Score SDT also tend to have high Total Score

SAT, indicating a statistically significant relationship between the two measures.

4.6 Students' Attitudes Towards Linear Equations

This question was answered by only the students in the experimental group,
which consisted of 22 individuals. To answer the research question, 'How does
teaching mathematics using the System Dynamics approach affect eighth-grade
students' attitudes towards linear equations?'. The following are the students'
responses to the 6th question of the System Dynamics Comprehension Test.

Supporting the
Understanding of the
Logic of the Subject

Expanding Perspective
on Events

Making Graphs Easier
to Understand through
Models and

Increased Sensitivity to
Environmental Issues

Models Enhance
Memorability

Students Reviews

Processing the subject
with real data
examples.

Students participate
actively in enjoyable
lessons.

0 5 10 15

Number of Reviews

Figure 20. Students reviews for SDT.

Upon examination of the figure, it is evident that over 50% of the students
noted that the most significant aspect of the mathematics lesson process utilizing
system dynamics was its ability to aid in their comprehension of the subject's logic.
Seven students expressed that the systems thinking approach expanded their
perspectives, while five students stated that the modeling of linear graphs in the
STELLA Online application helped them to better understand the graphs and solidify
their understanding of the subject. In addition, 2 students stated that their

environmental sensitivity increased when the topic of linear equations was taught
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around environmental problems. Drawing graphs with real data, models increasing

memorability and student-centered lessons are also comments made by one student.
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Chapter 5

Discussion and Conclusions

The purpose of this study was to investigate the effect of system dynamics tools
on students' achievement, understanding of system dynamics, and attitudes toward
the linear equations course in mathematics This section will discuss the results of
scientific achievement tests (SAT), the correlation between the results of the system
dynamics comprehension test (SDT) and the results of the scientific achievement
test, and students’ attitudes towards the teaching of linear equations with system

dynamics tools and suggestions for future studies are made.

The scientific achievement post-test results indicate that the control group
achieved a score of 9.27, while the experimental group achieved a score of 13.41. A
statistically significant difference was observed between the two groups. These
findings suggest that the use of system dynamics tools in the mathematics course,
specifically in the subject of linear equations, has an impact on students' mathematics
achievement. This suggests that integrating system dynamics tools into the
mathematics course, specifically in the subject of linear equations, can enhance

student achievement.

The relationship between a linear equation and its corresponding linear graph
is often a challenging concept to grasp. Many students encounter difficulties in
comprehending linear equations due to a lack of conceptual understanding, inability
to relate concepts, and difficulty in applying concepts to solve problems. System
dynamics tools are employed to elucidate relationships between phenomena through
numerical models created by students. The behavior of the models over time is
plotted to facilitate the interpretation of the linear relationship. In the final question
of the Systems Dynamics Comprehension Test, the experimental group was asked to
evaluate the effectiveness of teaching mathematics with systems dynamics tools.
Over 50% of the students indicated that the tools assisted them in comprehending the
subject matter, while over 25% of the students reported that the systems thinking
approach broadened their perspectives. Additionally, over 20% of the students found

linear graphs more comprehensible through the models. The findings indicate that
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system dynamics tools can assist students in comprehending linear equations.
Furthermore, the integration of system dynamics tools in linear equations has the
potential to enhance students' attitudes towards mathematics courses. Additionally,
the study aimed to enhance students' capacity to interpret and comprehend causal
relationships between variables through the use of models, as well as to facilitate
their ability to predict the behavior of events over time and draw conclusions. It was
observed that these objectives were successfully achieved. Another objective of the
study is to enhance students' awareness and sense of responsibility towards the
environment by integrating authentic environmental issues into the curriculum. In
the final question of the system dynamics comprehension test, two students indicated
that the incorporation of real-world environmental problems was an effective method
for heightening their sensitivity to environmental concerns. The integration of such
examples into each academic discipline has the potential to enhance the awareness

of a broader range of students.

The results of the system dynamics comprehension test indicated that a
significant proportion of the questions required the students to demonstrate their
understanding of the graphs of stock, flow, and behavior, which change over time,
and to establish relationships between models and graphs. This suggests that one of
the objectives of the study, which was to enable students to understand the systems
thinking approach and to establish the relationships between the basic tools of system
dynamics such as stock-flow and the behavior graphs of factors over time, was

achieved.

A moderate correlation (r = 0.57) was observed between the results of the
system dynamics comprehension test and the scientific achievement test
administered to the experimental group. This relationship suggests that the use of
system dynamics tools may influence mathematics achievement, or that students who
perform well have a more comprehensive understanding of system dynamics tools
(Figure 21).
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Figure 21. Correlation between system dynamics tools and mathematics

achievement.

Grant (1998) supports the research results and states that the systems thinking
approach provides a ‘“common conceptual framework and vocabulary” for
interdisciplinary education programmes (p. 70). These findings are in line with
previous research. A study conducted by Amida, Hung, and Algarni (2023)
highlighted that students demonstrated the greatest improvement in their
understanding of the concepts of interconnection, linearity, and wholeness. The
research findings indicate that modeling with systems thinking can assist students in
identifying inconsistencies between given and targeted problem situations.
Additionally, Nguyen and Santagata (2021) found that using the systems thinking
approach improves students' ability to provide consistent cause-and-effect statements
when explaining their ideas and evidence. Salado, Chowdhury, and Norton (2019)
also reported a positive impact of the systems thinking approach on problem-solving
skills.

Four of the six questions in the scientific achievement test were derived from
the sample questions published by the Ministry of National Education. The
remaining two questions were included by the researcher as additional options for
two of these questions. In both groups of the study, the two items that measured high-
level learning skills according to the SOLO Taxonomy and were added to the
scientific achievement test by the researcher were the questions that were least
correctly answered by the students. The reason for this result is that these items are
challenging and require advanced cognitive abilities. The problem identification part
of the study emphasized the difference between higher and lower thinking skills,
which was also evident in the test results. Students found it difficult to cope with
questions that required the application of basic concepts, rules, and formulas, but
they also had difficulty with questions that required more advanced cognitive skills
such as abstraction, generalization, and thinking about multiple relationships. This

indicates that the utilization of system dynamics tools facilitates the development of

71



higher-order thinking abilities, as evidenced by the superior performance of the
experimental group students in comparison to the control group students. Upon
analysis of the test results, which include the two items added by the researcher and
identified as challenging and discriminating questions, it becomes evident that the
skills-oriented tests lack the necessary discriminatory capacity to accurately assess

higher-order thinking abilities.

The mathematics curriculum in Turkey aims to develop higher order thinking
skills, such as problem-solving, knowledge transfer, and interdisciplinary and critical
thinking skills, referred to as 21st-century skills. However, the current curriculum
content and assessments are inadequate in achieving this goal (Gelen, 2017)
(depicted as A in Figure 22). A systems thinking approach and system dynamics tools
can be recommended to develop students' higher-order thinking skills (depicted as B
in Figure 22). This can help bridge the gap between the current and desired

curriculum.

outcomes for outcomes for
lower order higher order
thinking skills thinking skills

difference between lessons for ifference between
desired and actual higher ord, esire:

lassona for for lower order aner erfer or hi

lower order thinking skills thinking skills e ok ;

thinking skills

desired
) . lower order
increase in thinking skills
lower order

increase in

higher order

thinking skills thinking skills dosired

higher order
Higher Order thinking skills

ﬁ Lower Order
O \_/ D Thinking Skills . Thinking Skills

readiness
\Ieve' /

transfer
skills

Figure 22. Mathematics competencies desired situation with research results and

intervention.

When the lesson plans created and implemented with system dynamics tools
are analyzed, it was observed that the use of such tools had a more positive impact
on long-term achievement (Karaarslan, Semiz & Teksoz, 2024). Because systems
thinking is a way of thinking about a problem, it requires time to be fully understood
(Fisher, 2016). The more students are exposed to lesson plans prepared with a
systems thinking approach, the more easily they can think in systems. It is possible

to become a systems thinker by engaging more with systems thinking. It is a habit to
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think systematically (Sistem Diisiincesi Dernegi, 2021). Initially, finding the most
appropriate solution for a problem may be challenging. However, as you define the
problem better and experiment with the solution, the habit of thinking systematically
develops. Each trial is a step towards achieving the desired result. As this habit is
acquired, students progress towards becoming system thinkers. Richmond (1994)
defined systems thinking as the understanding of the underlying structure in depth
over time and drawing reliable conclusions about behavior. Forrester (2009)
highlights that the use of these tools, from kindergarten to university level, empowers
students to modify their own cognitive processes. Based on all this, the education
system should increase the use of the systems thinking approach in order to expose

students to this way of thinking.

If Stella Online is considered within the framework of technological tools, the
implementation of technology-supported projects often necessitates the formation of
student groups, which facilitates the development of students' collaboration and
communication skills. Students are able to share models, discuss results, and solve
problems collectively. This collaborative environment is analogous to many modern
workplaces and is therefore conducive to the preparation of students for future
careers where teamwork and technology are essential (Dillenbourg, Jarveld &
Fischer, 2009).

Technologies such as Stella Online are appropriate tools to create this
environment. The use of Stella Online transforms traditional mathematics lessons
into interactive sessions where students can actively engage with the material.
Students can manipulate models, run simulations, and see the results of their changes
immediately (Sokolowski & Banks, 2011). This hands-on approach can increase
student engagement and motivation, and at the same time make mathematics lessons
more attractive and less intimidating. Furthermore, lessons can be tailored to
accommodate the diverse needs of students. Educators can develop models that vary
in complexity to provide suitable challenges for varying skill levels. Students can
work at their own pace, explore models that align with their interests or align with
their current level of understanding, and personalize their learning experience
(Tomlinson, 2001).

Moreover, online applications such as Stella Online can be accessed from any

location with an internet connection, thereby affording students greater flexibility in
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terms of the manner and location of their learning. This is particularly advantageous
in distance or hybrid learning environments (Means et al., 2009). Furthermore, the
incorporation of technology into homework assignments or independent study
projects allows for the extension of learning beyond the classroom.

In conclusion, integrating Stella Online into mathematics lessons transforms
the use of technology from a supplementary tool to a central component of the
learning process. It enhances visualization, promotes interactivity, demonstrates real-
world applications, develops critical skills, supports differentiated instruction,
encourages collaboration, and offers flexibility. These changes not only enhance the
accessibility and engagement of mathematics for students, but also better prepare
them for a future in which technology will play an increasingly prominent role (De
Jong, Linn, & Zacharia, 2013).

5.1 Recommendations

This study implemented lesson plans that focused on the acquisition of linear
equations using system dynamics tools. Regular exposure to system dynamics and
time spent with these tools are necessary to become a systems thinker. The lesson
plan was effective in understanding the subject matter and increasing students'
achievement. However, to be more effective in the long run, it is recommended that
system dynamics tools be implemented simultaneously in all disciplines. A careful
selection of subjects for the application of system dynamics tools, along with longer
lesson hours, can further enhance their effectiveness. The study also revealed some
misconceptions: that outflows always decrease the stock value and inflows always
increase the stock value. These misconceptions can be eliminated in long term
applications. Additionally, if the Ministry of National Education increases the
content aimed at developing high-level thinking skills, the impact of these tools will
be even more pronounced in such courses. The recently published curriculum
introduces a systems thinking approach, which focuses on developing and assessing
various types of literacy skills. This could be a promising starting point (MoNE,
2024).

To integrate system dynamics tools into various disciplines, teachers require

support through in-service training on the systems thinking approach and system
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dynamics tools. The Ministry of National Education and school administrations have
a significant role to play in this regard. In addition to the substantive material, the
integration of inquiries and evaluative instruments designed to gauge high-order
cognitive abilities stands as a pivotal stride in fostering skill development.

One of the objectives of this study is to present examples of mathematics
lesson plans created using the system dynamics approach as a model for mathematics
teachers and pre-service teachers. The aim is to encourage the wider use of the system
dynamics approach in education. This study can serve as a model for pre-service

teachers and teachers in mathematics or science courses.
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