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The myriad of problems facing the world today are increasingly complex, dynamic, 

and transcend multiple domains necessitating the need for an equally complex and 

transdisciplinary approach to solve these problems. Systems thinking promises to 

provide the skills necessary for all citizens of the world, not just the experts, to handle 

these types of problems. The challenge is fostering the awareness and understanding of 

systems thinking necessary to cultivate a systems-literate society. Systems literacy is a 

promising and ongoing effort to establish a common systems language among all 

people, which requires establishing both the concepts and the path necessary to reach 

systems literacy. Systems thinking is founded on a set of four underlying concepts, or 

skills, that every systems thinker uses (distinctions, systems, relationships, and 

perspectives). The systems thinking learning path follows a process comprised of three 

levels – sensibility (awareness of systems), literacy (knowledge of systems), and 

capability (understanding of systems) – repeated across multiple phases. Recent 

educational curriculum has been developed to directly and indirectly teach these 

concepts to initial learners, or non-experts. However, no method to measure whether 

these initial learners are learning the underlying systems thinking concepts according 

to this learning process has been attempted. Hence, this research defines and measures 

the initial systems thinking learning process for non-experts. An experiment was 



 

 

conducted with 97 middle and high school students from the Science and Math 

Investigative Learning Experiences (SMILE) Program at Oregon State University to 

measure initial learning using the four systems thinking concepts across the three 

systems thinking learning levels. During the experiment, students were asked to 

complete a fish-tank system drawing while considering elements, interactions, and 

roles/purposes (Drawing A). Students were then taught about the systems thinking 

concepts and asked to complete a second fish-tank system drawing (Drawing B). 

Drawing A and B for each student were analyzed using a classification structure that 

classified each element, interaction, and role/purpose drawn according to the three 

systems thinking learning levels. Experimental results provide evidence to conclude 

that there is a statistically significant difference in the number of elements, interactions, 

roles/purposes, and the total of all three drawn by students from Drawing A to B. This 

indicates that teaching students to apply the systems thinking concepts as skills 

increases student learning of systems thinking. These exploratory results have the 

potential to support both future research efforts on systems thinking learning and 

educators who design systems thinking curriculum. 
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Chapter 1 

1 Introduction 

 

1.1 Background 

Much of the foundation for scientific practice was established during the philosophical 

movement of logical positivism introduced by the Vienna Circle in the early 1900s (Suppe, 

1977). Although this movement largely ceased by the 1970s, a way of thinking introduced 

by some Vienna Circle members called the reductionist approach is still common today as 

an approach to analyzing systems (Vienna Circle, 2016). The reductionist approach, or 

reductionism, breaks a system down into constituent parts and analyzes each part separately 

to gain an understanding of each part. From this understanding of each part, an 

understanding of the whole system is formed. Reductionism can be useful as a starting 

point in analysis; it is a way to simplify and begin to understand the parts of a system. 

However, when reductionism is relied upon to explain a system (a complex interrelated 

whole) in terms of its parts, a fallacy is committed (Sloane, 1945). Systems cannot be 

understood simply by gaining an understanding of the parts because a system is greater 

than the sum of its parts (Jackson, 2003). A system provides purpose for the parts and, 

more importantly, the interactions between the parts. Understanding these purposeful 

interactions yields an understanding of the whole system. 

 

The alternative to a reductionist approach is a holistic approach. The holistic approach, or 

holism, seeks to understand the network of purposeful interactions between parts and how 

a system emerges as a result of the interactions (Jackson, 2003). In essence, the difference 

between reductionism and holism is a matter of perspective, or a difference in worldview, 

namely a reductionist perspective and a systemic perspective. A reductionist perspective 

adopts a reductionism worldview where parts explain systems, whereas a systemic 

perspective adopts a systemism worldview where everything is a system and systems 

explain parts (Bunge, 2000). If a worldview is simply a way of thinking, then systems 

thinking is a way of thinking about the world in terms of systems (Checkland, 1981). 
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Reductionism is limited to a mono-disciplinary approach for analyzing systems which 

often fails to provide the level of thinking necessary as complexity increases (Hofkirchner, 

2016). Alternatively, systems thinking is able to provide multi-, inter-, and even trans-

disciplinary approaches which can account for rising complexity. Complex problems, such 

as those that span multiple agencies and that constantly evolve, cannot be solved by 

breaking down and solving each part individually. Systems thinking promises to solve 

complex problems by establishing a common language for all people to collaborate and 

understand each other and the world as a whole. The systems thinking language provides 

a common perspective and can help align how people think real-world systems work with 

how systems actually work (Cabrera & Cabrera, 2015). Uniting the world using a common 

language is certainly a challenge, but like many challenges it begins with creating 

awareness. 

 

Crowell (1992) and Tuddenham (2017) have advocated for the idea of systems literacy, 

which is an ongoing effort to foster awareness and understanding about systems among all 

people by establishing a common language. The systems literacy vision aligns with the 

ideas proposed by Ison and Shelley (2016) that systems thinking occurs across three levels: 

sensibility, literacy, and capability. Ison and Shelley (2016) posit that an investment in the 

fostering of systemic sensibility, or the awareness of systems, is a vital first step on the 

path to reach systems literacy and to affect the current trajectory of many complex 

problems facing the world today. 

 

Although systems thinking lacks a unified definition, Cabrera (2006) is widely recognized 

for developing a robust definition of systems thinking by employing formal scientific 

methods. Cabrera, Colosi, and Lobdell (2008) propose that systems thinking is actually not 

a task to be performed, as it may seem, but rather the result of applying four simple rules 

to thinking. Cabrera (2006) first defined these four rules in the DSRP framework: 1) 

Distinction making (D), 2) Interrelating (R), 3) Organizing Systems (S), and 4) Perspective 

taking (P). These rules have been expressed in complex mathematical terms, but recent 
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work by Cabrera and Cabrera (2015) has focused on making the four rules accessible and 

applicable for all audiences (p. 52): 

 

 Distinctions Rule (D): Any idea or thing can be distinguished from the other ideas 

or things it is with; 

 Systems Rule (S): Any idea or thing can be split into parts or lumped into a whole; 

 Relationship Rule (R): Any idea or thing can relate to other things or ideas; and 

 Perspectives Rule (P): Any thing or idea can be the point or the view of a 

perspective. 

 

DSRP underlies all cognitive thought and is capable of empowering individuals to apply 

systems thinking to effect meaningful changes in the world. In the next section, an 

explanation for why systems thinking is not creating more systems thinkers is presented in 

order to establish the problem that this research addresses. 

 

1.2 Problem Statement 

The evolution from a reductionist perspective to a systems perspective is arguably one of 

the most crucial steps toward addressing the complex problems facing the world today and 

in the future. However, this evolution is not simple. The problem is rooted in complexity 

and the gap between reductionism and systemism in dealing with increasing degrees and 

kinds of complexity as conceptualized in Figure 1-1. Reductionism is the usual method of 

choice for analyzing systems and solving problems; it feels like a logical starting point to 

break a system or problem down into constituent parts to make it easier to understand. This 

method can become a fallacy, what Kahneman (2011, p. 158) calls “fail[ing] to apply a 

logical rule that is obviously relevant”, when it is relied upon to explain the whole system. 

Sloane (1945) calls reductionism a general fallacy rooted in social habit and tradition. The 

gap between reductionism and systemism might be explained by theory-induced blindness, 

or the widespread acceptance of a way of thinking that makes it difficult to notice any 

shortcomings (Kahneman, 2011, p. 277). 
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Figure 1-1: Gap between Reductionism and Systemism 

 

Arguably, the most important and critical opportunity to overcome this gap is the education 

of the next generation of thinkers and problem-solvers in primary and secondary education 

(K-12). The growing need to integrate systems thinking into the curriculum has been 

recognized in K-12 education and has been addressed in recent educational standards such 

as the Next Generation Science Standards (NGSS Lead States, 2013). These standards are 

a positive step toward growing systems literacy; the standards have the ability to create the 

impetus for teachers and educators to implement systems thinking concepts into their 

curriculum. However, more systems thinking curriculum does not equate to more systems 

thinkers (Cabrera & Cabrera, 2015). Although increased curriculum equates to more 

awareness, it is still unclear whether this curriculum is creating more systems thinkers or 

whether this curriculum instills the underlying skills necessary to be a systems thinker. 

 

In order to measure whether systems thinking curriculum equates to more systems thinkers, 

the fundamental concepts necessary to foster systems thinking learning must be identified 

and understood. However, before the concepts can be determined, the process by how a 

learner learns systems thinking, especially non-expert learners, must be understood. One 
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way to understand this process is to measure it. Hmelo-Silver, Eberbach, and Jordan (2014) 

and Hmelo-Silver, Liu, Gray, and Jordan (2015) have measured K-12 student’s 

understanding of complex systems according to a conceptual framework called the 

structure, behavior, function (SBF) framework. In studies with K-12 students, Hmelo-

Silver et al. (2014) and Hmelo-Silver et al. (2015) found increased student understanding 

of aquarium systems using the SBF conceptual framework. This research provided greater 

understanding about how students learn systems thinking concepts, but this research did 

not directly measure the underlying skills to become a systems thinker or define the 

systems thinking learning process. Liu and Hmelo-Silver (2009) suggest that other 

conceptual frameworks, other than SBF, may exist to help students learn about systems. 

One such framework that exists is the DSRP framework developed by Cabrera (2006) 

which defines the underlying, or fundamental, systems thinking concepts. Since the 

systems thinking learning process is largely undefined for non-experts, there is an 

opportunity to define and measure this process according to those underlying skills 

necessary for a non-expert to become a systems thinker. Hence, the problem addressed in 

this thesis is the undefined and unmeasured initial systems thinking learning process for 

non-experts. 

 

1.3 Research Questions 

In order to address the research problem, the following four questions need to be answered. 

 

1.3.1 First Question 

Is there a statistically significant difference between the elements identified by non-experts 

in a fish-tank system drawing before and after learning about the systems thinking concept 

of distinctions? 

 

1.3.2 Second Question 

Is there a statistically significant difference between the interactions identified by non-

experts in a fish-tank system drawing before and after learning about the systems thinking 

concept of relationships? 
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1.3.3 Third Question 

Is there a statistically significant difference between the roles/purposes identified by non-

experts in a fish-tank system drawing before and after learning about the systems thinking 

concept of perspectives? 

 

1.3.4 Fourth Question 

Is there a statistically significant difference between the totals of elements, interactions, 

and roles/purposes identified by non-experts in a fish-tank system drawing before and after 

learning about the three systems thinking concepts of distinctions, relationships, and 

perspectives? 

 

1.4 General Hypotheses 

In order to answer the four research questions, the following four hypotheses need to be 

addressed. 

 

1.4.1 First Hypothesis 

There is a statistically significant difference between the elements identified by non-experts 

in a fish-tank system drawing before and after learning about the systems thinking concept 

of distinctions. 

 

1.4.2 Second Hypothesis 

There is a statistically significant difference between the interactions identified by non-

experts in a fish-tank system drawing before and after learning about the systems thinking 

concept of relationships. 

 

1.4.3 Third Hypothesis 

There is a statistically significant difference between the roles/purposes identified by non-

experts in a fish-tank system drawing before and after learning about the systems thinking 

concept of perspectives. 
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1.4.4 Fourth Hypothesis 

There is a statistically significant difference between the totals of elements, interactions, 

and roles/purposes identified by non-experts in a fish-tank system drawing before and after 

learning about the three systems thinking concepts of distinctions, relationships, and 

perspectives. 

 

1.5 Research Purpose 

The purpose of this research is to define and measure the initial systems thinking learning 

process for non-experts in the context of a fish-tank system to support future systems 

thinking curriculum development by and for non-experts. 

 

1.6 Research Objectives 

The objectives of this research were: 

 

 To conceptualize the systems thinking curriculum development process by and for 

non-experts. 

 To define the initial systems thinking learning process for non-experts. 

 To design and conduct an experiment to measure the initial systems thinking 

learning process for non-experts. 

 To contribute to the growth of systems literacy – which is the fostering of awareness 

and understanding of systems – in primary and secondary education (K-12). 

 

1.7 Delimitations 

In this section the limitations and assumptions for this research are presented. 

 

1.7.1 Limitations 

There were two limitations identified for this research. The first limitation was that the 

experiment conducted during this research was limited to middle and high school students 

participating in a pre-existing event hosted by the Science and Math Investigative Learning 

Experiences (SMILE) Program. Since only students from the SMILE Program were 
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included in the experiment, the inferences drawn from the results of the experiment were 

limited to the SMILE student population and could not be generalized to all middle and 

high school students. The second limitation was that the experiment was conducted as part 

of a pre-existing event, where the SMILE Program expected that students were taught 

about systems thinking, so no control group could be included in the design of the 

experiment. The lack of a control group limited the separation of the results into expected 

student learning attributable to the repeated task of drawing a fish-tank system and systems 

thinking learning attributable to teaching students about the systems thinking concepts. 

 

1.7.2 Assumptions 

The assumptions made for this research were: 

 

 Non-experts are individuals who have not received formal education on systems 

thinking and who lack an advanced level of awareness, understanding, and 

appreciation for systems. Non-experts have little to no systemic sensibility. 

 Non-experts are capable of learning the systems thinking concepts of distinctions, 

systems, relationships, and perspectives. 

 Drawing A and Drawing B of a fish-tank system used during the experiment were 

capable of measuring systems thinking learning. 

 The systems thinking concept of systems (S) within the DSRP framework from 

Cabrera (2006) was measured for the initial learning phase of systems thinking as 

the total of the other three concepts of distinctions (D), relationships (R), and 

perspectives (P). 

 Totals was equal to the sum of elements, interactions, and roles/purposes. 

 

1.8 Relevance of this Study 

In this section the needs for this research, from both a theoretical and practical perspective, 

and the benefits of this research are presented. 
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1.8.1 Need for this Research 

There was a need to understand how to teach systems thinking to non-experts, what systems 

thinking concepts should be taught to non-experts, and how non-experts learn systems 

thinking in order to grow systems literacy in K-12 education. Therefore, a need existed for 

this research both theoretically and practically. 

 

1.8.1.1 Theoretical Research Needs 

The systems thinking learning process was largely undefined, especially the initial learning 

phase for non-experts with little to no systemic sensibility (or awareness of systems). 

Research that was able to define this process and measure the effect of teaching the 

underlying systems thinking concepts to non-experts would establish a theoretical starting 

point for teachers and educators to develop and adapt curriculum to teach systems thinking 

to non-experts. 

 

1.8.1.2 Practical Research Needs 

The real-world problems facing society today, like climate change and extreme poverty, 

are complex and dynamic. However, the real problem is how society thinks about these 

problems (Cabrera & Cabrera, 2015). Instead of people who overly rely on linear, static 

ways of thinking, the world needs more people who can think using a systems perspective 

and who can teach others how to think in this way. Research that focuses on fostering 

systemic sensibility as a way to grow toward a systems-literate society is paramount to 

alter the current trajectory of many problems facing society today (Ison & Shelley, 2016). 

 

1.8.2 Benefits of this Research 

This research had two benefits. First, this research benefitted the systems literacy 

movement by fostering greater systemic sensibility through increased awareness of the 

underlying systems thinking concepts and skills of every systems thinker. Second, since 

this research was exploratory, it benefitted future research endeavors focused on 

understanding how all people learn systems thinking and on improving how systems 

thinking is taught. 
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1.9 Research Outputs and Outcomes 

The outputs and outcomes of this research were: 

 

 A conceptual framework to help non-experts develop systems thinking curriculum 

for other non-experts. 

 A conceptual model that defines the systems thinking learning process. 

 Data and results from an experiment to measure initial systems thinking learning 

for non-experts in the context of a fish-tank system. 

 One peer-reviewed conference paper that presents the conceptual framework for 

developing systems thinking curriculum by and for non-experts and the conceptual 

model for defining the systems thinking learning process. 

o Target Conference: American Society for Engineering Management 2018 

International Annual Conference 

o See the full paper in Appendix A: ASEM Conference Paper 

 One peer-reviewed journal article that presents the results from the experiment. 

o Target Journal: Systems 
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Chapter 2 

2 Literature Review 

 

2.1 Introduction 

In this chapter the background knowledge for this research and for systems thinking 

education is presented, and the systems thinking curriculum development framework and 

systems thinking learning model are presented. 

 

2.2 Background 

In this section the three foundational concepts for this research are presented: systems, 

thinking, and systems thinking. 

 

2.2.1 What is a System? 

To understand the scope of the term “system”, one only needs to explore the sheer number 

of entries for the term in the International Encyclopedia of Systems and Cybernetics by 

Charles François (2004). The typical answer to the question of “what is a system?” has 

been to create a specialized definition to suit the needs of a given context. However, the 

proliferation of these specialized definitions has hindered the transferability of systems 

knowledge and language across disciplines and is one reason why systems concepts are not 

more widely adopted and consistently applied. In response to this problem, and in an effort 

to standardize the systems language, Rousseau, Billingham, and Calvo-Amodio (2018) 

provided an initial outline for an “Ontology of Systemology”. This ontology (which 

structures and organizes systems concepts and defines relationships between the concepts) 

establishes a general framework to answer this question. 

 

There are two types of systems identified in the ontology, concrete systems and conceptual 

systems (Rousseau et al. 2018). Concrete systems are characterized by a persistent structure 

or persistent process and conceptual systems are characterized by persistent meaning. Both 

types of systems are composed of parts (also concrete or conceptual) which give rise to a 

specific system, or a whole, based on the structure and interrelationships of the parts 
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(Rousseau et al. 2018). Each system has a boundary which separates the parts and the 

system from the environment and the context in which the system lies. Additionally, each 

system can be viewed from a certain perspective which varies based on the viewer 

(Rousseau et al. 2018). Although the ontology continues past this point, the systems 

concepts provided here are the basic concepts necessary to recognize a system and are 

sufficient for this thesis. 

 

2.2.2 What is Thinking? 

The scope for the concept of thinking is as varied as the scope for the concept of a system. 

To limit the scope, only ways in which thinking was related to systems were considered. 

One way of thinking about systems, which was discussed in section 1.1, is reductionism. 

Reductionism is a simple and easy way of thinking about systems in order to reduce higher 

complexity to lower complexity (Hofkirchner, 2011). For example, thinking about a 

complex system, such as a living organism, easily elicits thinking in terms of the less 

complex parts that comprise the organism, such as organs or appendages. This 

simplification allows for identification of the complex system in terms of its parts, but this 

comes at the cost of diminishing complexity of the whole system. This is the main reason 

why a different approach other than reductionism is needed to think about and solve 

complex problems. The world and the problems facing it are increasing in complexity and 

therefore a way of thinking, like systems thinking, that is able to deal with this rising 

complexity is needed (Hofkirchner, 2017). 

 

The gap between reductionist thinking and systems thinking might also be related to 

learning. Learning provides a way to challenge the traditional ways of thinking for without 

learning, new ways of thinking will be difficult to integrate across society. Deming (1994) 

eloquently expressed the relationship between thinking and learning as the theory of 

knowledge. Deming (1994) cautions that if the ways of thinking about the world, or 

theories, are not challenged then there is nothing to revise and therefore nothing to learn. 

 



13 

 

 

Ackoff (1999) has defined the content of learning by drawing distinctions between data, 

information, knowledge, understanding, and wisdom. Ackoff (1999) argues that these 

terms are not interchangeable and actually represent a distinct hierarchy with increasing 

value. Data is simply the basic form of learning, but data has no value until it is processed 

into the useful information. For example, think of data as a temperature, such as 90 degrees, 

and information as the temperature scale. Without the scale, a temperature is not useful 

because 90 degrees Fahrenheit is different than 90 degrees Celsius. Therefore, without 

information the right action to take based on data cannot be determined, such as how to 

dress for the weather. Therefore, data and information represent answers to questions of 

“what” (Ackoff, 1999). However, data and information cannot answer questions of “how” 

because this represents knowledge. Knowledge is obtained and revised based on 

experiences and theories, or ways of thinking. Therefore, knowledge represents how people 

think about the world and about systems (Ackoff, 1999). The acquisition of knowledge is 

facilitated by understanding. Understanding is able to answer questions of “why” (Ackoff, 

1999). When current ways of thinking are not able to explain a problem, people seek to 

understand why in order to revise knowledge or the way of thinking about a problem. Data, 

information, knowledge, and understanding all contribute to wisdom which is an evaluated 

understanding of our way of thinking (Ackoff, 1999). Wisdom is knowing the best way to 

think about a problem and then being able to do the right things to address the problem. 

Wisdom can only be acquired as a result of challenging the current ways of learning and 

thinking, and systems thinking promises to provide an opportunity to challenge the 

reductionist ways of thinking. 

 

2.2.3 What is Systems Thinking? 

Similar to the concept of a “system”, there are a significant number of specialized 

definitions for systems thinking. A general definition for systems thinking is that it is a 

systemic approach to studying all types of systems. The potential power of systems 

thinking rests on the transdisciplinary nature of systems thinking and how it can be used to 

draw from and apply ideas and concepts from all domains (Jackson, 2003). According to 

Checkland (1981), systems thinking is a particular way of, or a perspective for, thinking 
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about the world; systems thinking uses the concept of a system to explain and understand 

complexity in the world. These answers to the question of “what is systems thinking?” 

offer an excellent starting point to understand systems thinking and how it relates the 

concept of systems with the concept of thinking. However, these definitions lack a way to 

apply systems thinking. 

 

A robust definition of systems thinking is not complete without considering the underlying 

applications for this way of thinking. Rousseau et al. (2018) refer to Cabrera (2006) for 

developing the most robust definition of systems thinking. Cabrera (2006) first proposed 

four underlying rules for systems thinking called DSRP: 1) Distinction making (D), 2) 

Interrelating (I), 3) Organizing Systems (S), and 4) Perspective taking (P). Cabrera and 

Cabrera (2015) have refined the DSRP rules to make each one more accessible and 

applicable for everyone (p. 52): 

 

 Distinctions Rule (D): Any idea or thing can be distinguished from the other ideas 

or things it is with; 

 Systems Rule (S): Any idea or thing can be split into parts or lumped into a whole; 

 Relationship Rule (R): Any idea or thing can relate to other things or ideas; and 

 Perspectives Rule (P): Any thing or idea can be the point or the view of a 

perspective. 

 

Systems thinking is actually not a task to be completed, but rather it is something achieved 

as a result of applying these four rules (Cabrera, Colosi, & Lobdell, 2008). Although all 

people implicitly use these four rules to guide thinking, a greater explicit understanding 

and use of these rules is a prudent challenge if the potential of systems thinking can help 

solve problems facing the world. Cabrera et al. (2008) posit that system thinking is easy to 

learn and practice, and, since it is applicable to any discipline or problem situation, it can 

even be algorithmically applied. 
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2.3 Systems Thinking Education 

In this section the area of opportunity, or the gap, in systems thinking education for non-

experts addressed by this research is presented. 

 

2.3.1 Systems Thinking in Educational Standards 

An effort to integrate systems thinking into the greater educational system is evident within 

recent educational standards such as the Next Generation Science Standards for primary 

and secondary education (K-12) (NGSS Lead States, 2013). The NGSS consist of three 

dimensions to learning: practices, core ideas, and crosscutting concepts. Systems and 

systems thinking concepts appear throughout the standards, but these concepts appear 

mostly in the dimension of crosscutting concepts. Learning that involves patterns, systems 

and system models, cause and effect, and structure and function are all systems concepts 

expressed in the NGSS (NGSS Lead States, 2013). The inclusion of systems and systems 

thinking concepts in these standards is a positive step toward fostering systemic sensibility. 

However, an explicit focus on the underlying systems thinking skills is not apparent in the 

standards and there is no mention of how to evaluate systems thinking learning. 

 

2.3.2 Systems Thinking Education for Non-Experts 

Although there is no evidence yet for widespread, established systems thinking courses in 

K-12, there are several localized examples of systems thinking in education. In this section 

three of those examples are presented to illustrate the area of opportunity in systems 

thinking education that this research addresses. 

 

The first example of systems thinking education is the Creative Learning Exchange (CLE) 

which focuses on creating systems citizens by teaching K-12 students about systems 

thinking and systems dynamics concepts (CLE, 2019). The CLE was created in 1991 by 

Jay Forrester who is the founder of systems dynamics. The CLE offers an active, learner-

based approach to teaching students by providing free access to curriculum that covers 

many systems and systems thinking topics. The CLE also connects its curriculum to 
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established educational standards like the NGSS to complement what K-12 students learn 

in the classroom. 

 

The second example of systems thinking education is the Open University (OU) in the 

United Kingdom. The OU specializes in distance (online) learning and offers several 

certificates and even advanced degrees for systems thinking practice, including an array of 

courses focused on the application of systems and systems thinking concepts (OU, 2019). 

Although this example is not targeted at K-12 audiences, as it is intended for college-level 

students, the curriculum from the OU demonstrates that systems thinking education spans 

all learning levels and is accessible to learners who have the drive and ability to pursue it. 

 

The third example of systems thinking education is the work by Hmelo, Holton, and 

Kolodner (2000), Hmelo-Silver and Pfeffer (2004), Jordan, Hmelo-Silver, Liu, and Gray 

(2013), Hmelo-Silver, Eberbach, and Jordan (2014) and Hmelo-Silver, Liu, Gray, and 

Jordan (2015). Hmelo et al. (2000) designed methods of teaching to facilitate student 

learning about complex systems. This method centered around the framework of the SBF 

Theory, which stands for structures (S), behaviors (B), and functions (F). Structures were 

defined as the physical parts of a system, behaviors were defined as the purposes of the 

system or of the parts, and functions were defined as the mechanisms that allow structures 

to fulfill their functions (Hmelo et al., 2000). This theory demonstrated a promising 

conceptual framework to help students learn about complex systems. Hmelo-Silver and 

Pfeffer (2004) explored the differences between non-experts and experts in understanding 

complex systems such as an aquarium system. Hmelo-Silver and Pfeffer (2004) found that 

in drawings of an aquarium system, non-experts and experts differed the most in their 

understanding of system behaviors and functions and that non-experts struggled the most 

with understanding the invisible and dynamic processes associated with behaviors. Jordan 

et al. (2013) conducted a study with over one hundred middle school students to evaluate 

pre and post treatment understanding of an aquarium system using the SBF framework. 

Jordan et al. (2013) discovered that incorporating the SBF framework into instruction and 

explicitly targeting system relations significantly improved student understanding of all 
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factors, especially for behaviors and functions. Hmelo-Silver et al. (2014) and Hmelo-

Silver et al. (2015) developed and refined a scoring system to measure K-12 student’s 

understanding about complex systems using the SBF framework. This scoring system 

distinguished between lower and higher levels based on the presence or lack of structures, 

behaviors, and functions in student descriptions of an aquarium system. 

 

2.3.3 Systems Literacy 

The idea of systems literacy was first introduced by Crowell (1992) as the capability for 

humans to understand and communicate about the world using systems. This paints 

systems literacy as a common language for all humans. Tuddenham (2017) defines systems 

literacy as an ongoing effort by all humans to foster awareness and understanding about 

systems. Although not explicitly called systems literacy, Cabrera and Cabrera (2015) 

recognize the promise that systems thinking has to establish a common language that 

facilitates shared understanding and collaboration. In essence, the goal of systems thinking 

education is to foster systems literacy. This opens the question of, how can systems literacy 

be achieved? 

 

The roadmap for realizing systems literacy might be provided by Ison and Shelley (2016), 

who argue that systemic sensibility is available to all humans; humans understand, whether 

consciously or not, that all things are connected together. This idea of systemic sensibility 

is defined as our ability to see and be aware of systems in daily life. However, many people 

seem to lack the sensibility innately within us. Ison and Shelley (2016) note that the 

contexts, or educational outlets, that allow systemic sensibility to be fostered for all people 

is missing, and that society must make a shift in thinking from sensibility, to literacy, to 

capability as presented graphically in Figure 2-1. These three “levels” of systems thinking 

provide the foundation to define the systems thinking learning process. 
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Figure 2-1: Systems Literacy Roadmap (adapted from Ison & Shelley, 2016). 

 

To understand the three levels of sensibility, literacy, and capability each level can be 

defined in the context of thinking and learning about systems. According to Merriam 

Webster, one of the definitions for the word sensibility is “awareness of and responsiveness 

toward something” (Sensibility, n.d.). From this definition, and from the definition of 

sensibility related to systems provided by Ison and Shelley (2016), achieving sensibility 

about systems equates to achieving awareness about systems. The definition for literacy 

according to Merriam Webster is “the quality or state of being literate” (Literacy, n.d.), and 

one of the definitions for literate is “having knowledge or competence” (Literate, n.d.). 

Therefore, achieving literacy about systems equates to achieving knowledge about 

systems. The definition of capability according to Merriam Webster is, “the quality or state 

of being capable” (Capability, n.d.). The word capable has many meanings, one of which 

is “comprehensive” (Capable, n.d.). One of the definitions for the word comprehensive is 

“having or exhibiting wide mental grasp” (Comprehensive, n.d.). The word comprehensive 

is an adjective and the noun form of the word is comprehension, which means “the act or 

action of grasping with the intellect: understanding” (Comprehension, n.d.). Therefore, 

achieving capability about systems equates to achieving understanding about systems. 

  

Capability

Literacy

Sensibility
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2.3.4 The Gap in Systems Thinking Education 

In the previous sections the current work to integrate systems thinking into education and 

society was presented. Although the reference to systems and systems thinking concepts in 

educational standards is positive, systems thinking without systems thinkers will not create 

widespread change in how people see and solve problems in the world (Cabrera & Cabrera, 

2015). The work by Hmelo et al. (2000), Hmelo-Silver and Pfeffer (2004), Jordan et al. 

(2013), Hmelo-Silver et al. (2014) and Hmelo-Silver et al. (2015) is also positive, but this 

work lacks both a connection to the systems thinking skills underlying all systems thinkers 

and a connection to a defined systems thinking learning process. Liu and Hmelo-Silver 

(2009) demonstrated that conceptual representations are a powerful way to affect student, 

or non-expert, learning about complex systems and suggest that other representations may 

exist with the same effect. The DSRP framework by Cabrera (2006) is another framework 

that can facilitate student learning about systems with a focus on those underlying skills. 

By connecting this framework to the systems literacy roadmap, the potential to bridge the 

gap between the systems thinking learning process and the underlying systems thinking 

skills is possible. 

 

2.4 Systems Thinking Curriculum Development Framework for Non-Experts 

In this section the systems thinking curriculum development framework for non-experts 

and the concepts that inform the framework are presented. 

 

2.4.1 Framework Origins 

The systems thinking curriculum development framework originated with the process 

design methodology created for a Capstone Senior Design course at Oregon State 

University. This 20-week course serves as a culminating project experience for senior 

undergraduate engineering students. The process design methodology for the course was 

created to address the unique needs of process-oriented projects assigned to industrial 

engineering students. For process-oriented projects, only a general idea of the problem is 

known at the onset of the project. This places a greater emphasis on student understanding 

of the current state of the problem and the processes and systems that the problem is 
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embedded in before students can finalize a set of customer requirements. Due to the variety 

and level of complexity of projects, it became evident that incorporating systems thinking 

concepts into the design methodology could lead to increased student and project success. 

The traditional design process for Capstone projects follows the five-step problem-solving 

procedure of DMAIC (see section 2.4.3). Bolstering this structured process with a more 

systemic process like Soft Systems Methodology (Checkland, 1981) (see section 2.4.4) 

allowed students to better identify root causes of the problem during the initial stages of 

the project. Incorporating the System of Profound Knowledge (Deming, 1994) (see section 

2.4.5) provided students with different perspectives to guide them through the current state 

analysis. These perspectives allowed students to more systemically analyze the current 

state and propose innovative project solutions. One of the projects involved with this course 

tasked students with creating systems thinking lessons, or curriculum, for non-experts 

which, after repeated success, has been developed into a framework composed of the 

systems thinking concepts briefly described here. In the following sections, each of the 

concepts that informed the framework are presented in greater detail.  

 

2.4.2 Human-Activity Systems 

The development of educational curriculum is an endeavor that interrelates both humans 

and human activities. As such, the development of curriculum entails designing a human-

activity system. Checkland (1981) and Jackson (2003) both recognize human-activity 

systems as a key system type alongside natural, designed, and social systems. What makes 

a human activity system special is that it contains both people and activities and it 

intentionally pursues a purpose. Human activity systems emerge from a purpose, 

boundaries, relationships, and context (Calvo & Rousseau, 2019). Therefore, developing 

curriculum depends on designing a human-activity system. 

 

2.4.3 DMAIC (Define, Measure, Analyze, Improve, Control) 

The five-step, systematic problem-solving procedure known as DMAIC is commonly used 

by quality and process improvement practitioners. DMAIC is an acronym with each letter 

standing for one of the five steps: Define (D), Measure (M), Analyze (A), Improve (I), and 
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Control (C). Although this procedure is often associated with quality and process 

improvement activities (e.g. Six Sigma), it can be applied in any case where a general 

procedure is needed to manage and complete projects (Montgomery, 2013a). The goal of 

DMAIC is to identify problems (or opportunities), to determine root causes in order to 

correct processes or systems, and to develop and implement sustainable solutions. The 

main objectives for each step of the DMAIC procedure are detailed in Table 2-1. 

 

Table 2-1: DMAIC Steps and Objectives (adapted from Montgomery, 2013a) 

Step of DMAIC Step Objectives 

Define (D) 

 Identify the problem or opportunity 

 Define customer requirements 

 Understand the relevant processes and systems 

Measure (M) 

 Evaluate the current state of the problem or 

opportunity 

 Collect data to measure current state performance 

Analyze (A) 

 Determine cause-and-effect relationships of the 

problem or opportunity based on data collected 

 Identify potential root causes 

Improve (I) 

 Create solution alternatives to address the problem or 

capitalize on the opportunity 

 Evaluate alternatives and select a final solution 

 Test and implement the final solution 

Control (C) 

 Monitor process and system performance after 

implementation 

 Ensure the implemented solution is sustained 

 

Montgomery (2013a) and many practitioners tend to diagrammatically represent the 

DMAIC process in a linear, step-by-step fashion. However, the DMAIC process involves 

iteration and thus, can also be represented as a cycle (Sokovic, Pavletic, & Pipan, 2010). 

According to Montgomery and Woodall (2008), DMAIC is a generalization of the Plan-

Do-Check-Act (PDCA) cycle that originated from the Shewart cycle which is “a dynamic 

scientific process of acquiring knowledge” (Shewart, 1939, p. 45). The DMAIC process is 

represented as a cycle in Figure 2-2. Representing the DMAIC process in this way 

established it as the backbone of the curriculum development framework and allowed it to 

be combined with more systemic, cyclical methodologies like Soft Systems Methodology. 



22 

 

 

 

Figure 2-2: The DMAIC Process Represented as a Cycle 

 

2.4.4 Soft Systems Methodology 

Checkland (1981) developed Soft Systems Methodology (SSM) as a seven-stage cyclical 

learning system which is illustrated in Figure 2-3. The SSM system is an iterative process 

that allows a practitioner to learn about and understand a problem situation, or the domain 

in which the problem lies, as a system (Checkland, 1981). This process begins in the “real 

world” mode to identify key stakeholders and view the problem situation from different 

perspectives. The process then moves into the “systems thinking about the real world” 

mode to formulate root causes and create conceptual models of the system before returning 

to the “real world” mode to evaluate the models, define changes to be made, and take 

action. A popular method of SSM is known as CATWOE which aids in problem definition 

by identifying key stakeholders and considering multiple viewpoints. CATWOE, as 

described by Checkland (1981), is an acronym with each letter standing for a different 

perspective that should be considered: 

 

 (C) Customer – A person who benefits or suffers from the system’s activity. 

 (A) Actor – A person who performs activities in the system. 

DEFINE

MEASURE

ANALYZEIMPROVE

CONTROL



23 

 

 

 (T) Transformation – The conversion of inputs into outputs for a human activity 

system. 

 (W) Weltanschauung – The world view that makes the human activity system 

meaningful to study. 

 (O) Owner – A stakeholder who has the power to modify or destroy the system. 

 (E) Environmental – The external constraints for a given system. 

 

 

Figure 2-3: Soft Systems Methodology (adapted from Checkland, 1981, p. 163) 

 

2.4.5 System of Profound Knowledge 

Deming (1994) proposed the System of Profound Knowledge (SoPK) as a theory to help 

people understand the systems they are a part of. Deming (1994) argues that a system 

cannot understand itself and therefore requires an outside view, or perspective, which is 

provided by the SoPK. This theory of understanding systems is formed by four interrelated 
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and inseparable parts, or perspectives, as depicted in Figure 2-4. Summarized, the four 

perspectives are: 

 

(1) Appreciation for a system – “… a system is a network of interdependent 

components that work together to accomplish the aim of the system.” (Deming, 

1994, p. 95). The aim of a system is required otherwise no system can be defined. 

To fully appreciate a system, both the interdependence and the obligation of each 

component must be understood. The greater the interdependence in a system, the 

more important it will be for the system to communicate and coordinate. Individual 

components in a system must contribute their best to the system rather than seek to 

maximize their own self-interest. 

(2) Knowledge about variation – “Life is variation.” (Deming, 1994, p. 98). An analyst 

of a system must understand when system variation is from normal or non-normal 

(special) causes. If a system is stable, then its behavior can be predicted. 

(3) Theory of knowledge – “The theory of knowledge helps us to understand that 

management in any form is prediction.” Deming, 1994, p. 101). Knowledge is 

formed from theory. If a statement conveys some knowledge, can predict a future 

outcome while risking that the knowledge might be wrong, and past observations 

do not refute the statement, then that statement is a theory. Without theories, and 

revising those theories, no new knowledge can be generated and no learning can 

occur. 

(4) Psychology – “Psychology helps us to understand people, interaction between 

people and circumstances…” (Deming, 1994, p. 107). The psychology perspective 

helps to understand the interactions between people and circumstances and between 

people and a system. 
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Figure 2-4: System of Profound Knowledge (adapted from Deming, 1994). 

 

2.4.6 The Systems Thinking Curriculum Development Framework 

The systems thinking curriculum development framework for non-experts was originally 

published as the “systems thinking lesson development model” by Taylor, Calvo-Amodio, 

and Well (2018) (see Appendix A: ASEM Conference Paper). The framework couples the 

systematic processes of DMAIC and SSM with the systemic approach of SoPK as shown 

in Figure 2-5. The combination of DMAIC and SSM forms a robust systems-based 

approach for a non-expert to develop curriculum. The SoPK provides the essential outside 

lens necessary for a non-expert to understand the human-activity system the curriculum is 

designed for. Notice that DMAIC is presented in the framework as DMAIIC. The first 

letter “I” stands for Innovate – to develop solution alternatives – and the second letter “I” 

stands for Implement – to select a solution alternative to implement. These two 

modifications were made to align stages 4, 5, 6 from SSM where conceptual models are 

created and compared to determine the best possible and feasible solution. 
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Figure 2-5: The Systems Thinking Curriculum Development Framework for Non-Experts 

(Taylor, Calvo-Amodio, & Well, 2018) 

 

2.5 Systems Thinking Learning Model 

In this section the learning curve which informed the shape of the systems thinking learning 

model is described before the complete model that defines the systems thinking learning 

process is presented. 

 

2.5.1 S-Shaped Learning Curve 

The design of the systems thinking learning model presented in this section is based upon 

an S-shaped learning curve. The mathematical basis for this type of curve is explained by 

the logistic equation introduced by Pierre-François Verhulst (Bacaër, 2011). This equation 
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is a generalization of the equation for exponential growth, but with a limit on the maximum 

value to that growth. Although the logistic equation is used to model population growth, 

learners experience this same type of growth when learning a subject area. This growth is 

defined by a slow, then rapid increase represented by a positive curvature which appears 

convex in shape. At some point, this growth reaches an inflection point where growth 

continues to increase rapidly before levelling off at a maximum value to produce a negative 

curvature which appears concave in shape. Thus, this creates the distinctive S-shape curve 

(Bacaër, 2011). This curve represents the exponential growth associated with learning a 

subject and the “limit” to the knowledge one can acquire about a certain subject. 

 

2.5.2 The Systems Thinking Learning Model 

The systems thinking learning model was originally published by Taylor, Calvo-Amodio, 

and Well (2018) (see Appendix A: ASEM Conference Paper). The model illustrates the 

systems thinking learning process as shown in Figure 2-6. The model defines three distinct 

phases of learning along the S-shaped curve. The first learning phase is characterized by 

slow, initial learning and defined as Initial Learning (IL). The second learning phase is 

characterized by steep, exponential learning and defined as Rapid Learning (RL). The third 

learning phase is characterized by slowing, near-capacity learning and defined as Mastery 

Learning (ML). 
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Figure 2-6: Systems Thinking Learning Model 

 

Within each phase i, the systems thinking learning process goes through the three systems 

thinking learning levels of sensibility (S), literacy (L), and capability (C). All three levels 

are present concurrently during the systems thinking process. Therefore, a learner’s path 

through each phase depends on a combination of all three levels. Performance (X) in each 

phase i can be measured according to Equation 2-1. A learner must demonstrate 

performance in all three levels to progress from one phase to the next. Of course, each 

learner is different so the time in each phase (t) can change. With this model, the systems 

thinking learning process has been defined and a general way of measuring that process 

has been proposed. In the following chapters, the methods used to define and measure the 

initial learning phase in the context of a fish-tank system are presented. 

 

Equation 2-1: Measurement for each Systems Thinking Learning Phase 

�⃑�𝑖 = {

𝑆𝑖

𝐿𝑖

𝐶𝑖

} 
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Chapter 3 

3 Methodology 

 

3.1 Introduction 

In this chapter the research methodology is presented including, the research design, the 

testable research hypotheses, the collection and treatment of data, and the methodological 

issues and constraints. 

 

3.2 Research Design 

In this section the research design is presented including, the type of research, the research 

focus, the qualitative and quantitative methodologies, and the testable hypotheses. 

 

3.2.1 Type of Research 

The design of this research was a mix of both qualitative and quantitative methods. 

According to Leedy and Ormrod (2016), a mixed-methods research design can be 

employed for studies of human behavior where a combination of qualitative and 

quantitative methods will more completely answer a question than either approach could 

do individually. Since this research focused on student learning, it was well suited for a 

mixed-methods research design. The type of mixed-methods design used for this research 

was an exploratory design comprised of two phases, a qualitative phase first and 

quantitative phase second (Leedy & Ormrod, 2016). 

 

During the qualitative phase of this research, data was collected during an experiment with 

middle and high school students to evaluate systems thinking learning (see section 3.3.1 

for data collection details). The experiment consisted of asking students to draw two fish-

tank systems while considering elements, interactions, and roles/purposes. Students were 

asked to complete the first fish-tank system drawing (Drawing A) at the beginning of the 

experiment. Then, students were asked to complete the second fish-tank system drawing 

(Drawing B) after students had been taught about the three systems thinking concepts of 

distinctions, relationships, and perspectives. According to Leedy and Ormrod (2016), this 



30 

 

 

experimental design combines a one-group pretest-posttest design and a within-subjects 

design because of the order and timing of the drawings (A and B) and the treatment (i.e. 

teaching students about the systems thinking concepts). Utilizing this design allowed 

conclusions to be drawn about whether teaching the three systems thinking concepts helped 

students draw more elements, interactions, and roles/purposes for a fish-tank system 

because the treatment only affected the way students thought about fish-tank systems and 

did not affect their prior knowledge about fish tanks. After conducting the experiment, the 

collected drawings were analyzed using a content analysis. A content analysis was chosen 

because it allowed for a systematic examination of the contents of each drawing in order 

to code and record the frequency of elements, interactions, and roles/purposes drawn 

(Leedy & Ormrod, 2016). The content analysis methods are described in more detail in 

section 3.2.3. To improve the validity and reliability of the qualitative methods, an inter-

coder agreement analysis was also conducted with two independent coders (see section 

3.2.4 for details). 

 

During the quantitative phase of this research, the frequency of elements, interactions, and 

roles/purposes recorded during the content analysis were analyzed using three inferential 

statistical tests (see section 3.2.5 for details). Analyzing the data using these tests allowed 

each of the testable hypotheses (presented in section 3.2.6) to be tested and allowed for 

conclusions to be drawn about whether there was a statistically significant difference 

between each drawing for each systems thinking concept. Additionally, the quantitative 

methods allowed inferences about systems thinking learning to be drawn with respect to 

the greater student population based on the groups of students in the experiment. 

 

3.2.2 Research Focus 

The focus of this research was to define and measure the initial systems thinking learning 

process for non-experts. This learning process was defined in section 2.5.2 as being 

comprised of three levels: 1) sensibility (awareness of systems), 2) literacy (knowledge of 

systems), and 3) capability (understanding of systems). An experiment was conducted to 

measure this process by asking students to draw a fish-tank system before (Drawing A) 
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and after (Drawing B) learning to apply the systems thinking concepts of distinctions, 

relationships, perspectives, and systems (DSRP), proposed by Cabrera (2006), as skills. 

Students were taught the concept of distinctions as the skill of identifying elements in a 

system. Therefore, to measure student learning of distinctions the frequency of elements 

drawn was measured. Students were taught the concept of relationships as the skill of 

identifying interactions in a system. Therefore, to measure student learning of relationships 

the frequency of interactions drawn was measured. Students were taught the concept of 

perspectives as the skill of identifying roles/purposes in a system. Therefore, to measure 

student learning of perspectives the frequency of roles/purposes drawn was measured. 

Although students were not explicitly taught the concept of systems, student learning was 

measured by measuring the total frequency of elements, interactions, and roles/purposes. 

Measuring the systems thinking concepts in this way allowed for conclusions to be drawn 

about whether teaching students to apply these concepts as skills resulted in a statistically 

significant difference in systems thinking learning between Drawing A and Drawing B. 

 

3.2.3 Qualitative Methods 

The first step in a mixed-methods research design is a qualitative analysis to extract useful 

information from the collected data in preparation for a quantitative analysis (Leedy & 

Ormrod, 2016). For this research, a content analysis was used to identify patterns within 

the collected drawings in order to clearly define the different classifications of elements, 

interactions, and roles/purposes which could result from each pattern. This established a 

consistent and reliable classification structure, or methodology, which was used to classify 

each element (distinction), interaction (relationship), and role/purpose (perspective) that a 

student drew according to one of the three systems thinking learning levels (sensibility, 

literacy, or capability). Once each element, interaction, and role/purpose were classified, 

the frequency of each concept was recorded for each student in both Drawing A and 

Drawing B. In the following three sections, the methods for deriving the classification 

structure for each of the three systems thinking concepts are presented. 
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3.2.3.1 Classifying Distinctions (Elements) 

The process of classifying distinctions meant classifying elements, which are the result of 

applying the systems thinking concept of distinctions. In the context of a fish-tank system, 

it was conceivable to define the elements that could be found inside the system boundary 

(i.e. within the fish tank) or that could interact with the system from outside the boundary. 

Therefore, the first step toward classifying elements was to define the elements for a fish-

tank system. Table 8-1 in Appendix B: Element Classification Tables presents a list of 

forty-nine (49) elements that students could conceivably identify in a fish-tank system 

drawing based on an encyclopedia about marine aquariums by Mills (1987). Upon 

examining the list of elements, there are five distinguishable patterns: 

 

(1) The first pattern is that some elements are visible while other elements are not 

visible (i.e. the element is invisible). For example, a plant is visibly identifiable in 

a fish-tank system whereas, bacteria are not visibly identifiable (i.e. cannot be seen 

with the naked eye). 

(2) The second pattern is that some elements are inherently found inside of the fish 

tank (i.e. within the boundary of the fish tank) and some elements are inherently 

found outside of the fish tank. For example, elements like rocks and filters are found 

inside the system boundary while elements like a human and a thermostat are found 

outside the system boundary. 

(3) The third pattern is that some elements are crucial in order to define a system as a 

fish-tank system. Without a fish, a tank, or water the system is unable to be defined 

as a fish-tank system whereas, the absence of a defined filter or a heater does not 

preclude defining a system with a fish, a tank, and water as a fish-tank system. 

(4) The fourth pattern is the role that some elements have with the problem situation 

of the water in the fish tank turning green. In the context of this problem, some 

elements can be identified as underlying causes of that problem while many 

elements cannot be identified as underlying causes. The most likely underlying 

causes of green water in a fish-tank system include too much light or sunlight, 
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excess fish waste, decaying organisms, overfeeding resulting in uneaten food, and 

a broken or dirty (ineffective) filter or filtration system (Sharpe, 2019). 

(5) The fifth pattern is that some elements are systems themselves, or at least can be 

defined or labeled as such. For example, the filter is actually just one element that 

belongs to the greater filtration system which can contain filter media, filter tubes, 

an impeller, and other elements. 

 

The first pattern of visible or invisible was used to classify elements as either concrete 

elements (visible) or conceptual elements (invisible). Rousseau, Billingham, and Calvo-

Amodio (2018) define concrete elements, or systems, as having a persistent structure and 

conceptual elements as having a persistent meaning. Rousseau et al. (2018) define 

conceptual elements as non-physical elements so it may seem that this classification logic 

is not appropriate. However, elements like bacteria or electricity, although each has a 

physical structure at some level, cannot be seen with the naked human eye. Additional 

reasoning for this classification logic was drawn from a study about student learning of 

complex systems by Hmelo-Silver and Pfeffer (2004) who determined that students tend 

to recall “perceptually salient” structures, or elements, more readily than less salient 

structures or elements. Therefore, classifications to distinguish visible, more salient 

elements from invisible, less salient elements were needed to fully classify elements in a 

fish-tank system. 

 

The second pattern of inside or outside the system boundary (i.e. the fish tank) was used to 

classify elements that are either internal or external. Similar to elements that are visible, 

elements that are inside the fish-tank system are more salient than elements that are outside 

the fish-tank system. When considering a fish-tank system, thinking about internal 

elements is more likely to occur first than thinking about elements in the external 

environment around the fish tank. Therefore, classifications to distinguish internal 

elements from external elements were needed to fully classify elements in a fish-tank 

system. 
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The remaining patterns of 3) elements being critical to the system definition, 4) elements 

being underlying causes of the problem situation, and 5) elements being sub-systems within 

the greater fish-tank system were used to create three more element classifications. 

Examining these three patterns revealed a connection to three of the ideas from the content 

of learning by Ackoff (1999): data and information, knowledge, and understanding. 

Elements that are critical to define a fish-tank system represent the essential data or 

information used to define what type of system is being observing (Ackoff, 1999). Defining 

essential elements demonstrates an awareness of what elements are necessary to define a 

system as a fish-tank system. Therefore, a classification to distinguish essential elements 

from other elements was needed to fully classify elements in a fish-tank system. Elements 

that are underlying causes of the problem situation or elements that are sub-systems 

represent an advanced understanding of why a system behaves a certain way (Ackoff, 

1999). Defining advanced elements demonstrates an understanding of why elements might 

be causing the green water problem situation in a fish-tank system. Therefore, a 

classification to distinguish advanced elements from other elements was needed to fully 

classify elements in a fish-tank system. Elements that do not meet the essential or advanced 

classification definitions still contribute knowledge about how a system works (Ackoff, 

1999). Defining these secondary elements demonstrates knowledge about the elements 

needed to explain how the system is working. Therefore, a classification to distinguish 

secondary elements from other elements was needed to fully classify elements in a fish-

tank system. The connections between the five patterns and the seven element 

classifications are summarized in Table 3-1. 

 

Table 3-1: Element Patterns and Element Classifications 

Pattern Classification Definition 

(1) Visible or 

invisible 

elements 

Concrete 

Elements 

A concrete element is visible (i.e. it can be seen with the 

naked human eye). Examples: fish, plants, filter. 

Conceptual 

Elements 

A conceptual element is invisible (i.e. it cannot be seen 

with the naked human eye). Examples: bacteria, Oxygen, 

Nitrogen. 
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Pattern Classification Definition 

(2) Elements 

inside or outside 

the system 

boundary 

Internal 

Elements 

An internal element is located primarily inside of the 

system boundary (i.e. the fish tank). Examples: rocks, fish 

food, air/water pump. 

External 

Elements 

An external element is located primarily outside of the 

system boundary (i.e. the fish tank) in the environment. 

Examples: fish net, sunlight, tank stand. 

(3) Elements 

that are critical 

to the system’s 

definition; 

 

(4) Elements 

that are 

underlying 

causes of the 

problem; 

 

(5) Elements 

that are labeled 

as systems 

Essential 

Elements 

An essential element is crucial data or information used to 

define what a fish-tank system is. Without an essential 

element, the system cannot be defined as a fish-tank 

system. For a fish-tank system, the essential elements are 

fish, tank, and water. 

Secondary 

Elements 

A secondary element enhances knowledge about how a 

fish-tank system works. The addition or removal of a 

secondary element does not affect the definition of a fish-

tank system. Examples: filter, algae, human. 

Advanced 

Elements 

An advanced element enhances understanding about why 

the fish-tank system is behaving the way it is. Advanced 

elements include all conceptual elements, elements that 

are underlying causes of the problem situation, and 

elements that are labeled as sub-systems within the greater 

fish-tank system. Examples: ammonia, bacteria, filtration 

system, dead organisms. 

 

In order to classify each element according to one of the three systems thinking learning 

levels, the combinations of classifications that belonged at each level needed to be defined. 

In section 2.3.3 the three levels were defined as: 1) sensibility – awareness of systems, 2) 

literacy – knowledge of systems, and 3) capability – understanding of systems. These 

definitions were congruent with the three element classifications of essential, secondary, 

and advanced respectively. Therefore, essential elements were classified at the sensibility 

level, secondary elements were classified at the literacy level, and advanced elements were 

classified at the capability level. Since essential elements were constrained to fish, tank, 

and water, which are all concrete and internal elements, this resulted in only one 

combination of classifications for elements at the sensibility level. Secondary elements 

cannot be classified as conceptual, but these elements can be classified as internal or 

external. This resulted in two combinations of classifications for elements at the literacy 
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level. Advanced elements can be classified as conceptual and also as concrete, and, just 

like secondary elements, advanced elements can be classified as internal or external 

elements. This resulted in four combinations of classifications for elements at the capability 

level. The element classification combinations for each systems thinking learning level are 

summarized in Table 3-2. 

 

Table 3-2: Element Classifications and Systems Thinking Learning Levels 

Learning 

Level 
Classification Description 

Sensibility 

1. Concrete, 

Internal, Essential 

Elements 

All elements at the sensibility level are essential, meaning 

these elements are necessary in order to define a system as 

a fish-tank system. Additionally, all elements at this level 

are visible and are found inside the fish-tank system 

boundary. 

Literacy 

1. Concrete, 

Internal, 

Secondary 

Elements 

All elements at the literacy level are secondary, meaning 

these elements enhance knowledge about how the fish-tank 

system works. Additionally, all elements at this level are 

visible and can be found both inside and outside the fish-

tank system boundary. 

2. Concrete, 

External, 

Secondary 

Elements 

Capability 

1. Concrete, 

Internal, Advanced 

Elements 

All elements at the capability level are advanced, meaning 

these elements enhance understanding about why the fish-

tank system is behaving the way it is. Additionally, 

elements at this level can be either visible or invisible and 

can be found both inside and outside the fish-tank system 

boundary. 

2. Concrete, 

External, 

Advanced 

Elements 

3. Conceptual, 

Internal, Advanced 

Elements 

4. Conceptual, 

External, 

Advanced 

Elements 
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The classification structure was now used to classify each of the elements defined for a 

fish-tank system according to the systems thinking learning levels. The element 

classification flowchart used during the classification process is presented in Figure 3-1. 

 

 

Figure 3-1: Element Classification Flowchart 
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The list below provides three (3) examples of how the element classification process works 

using the flowchart. The classifications for all forty-nine (49) elements defined prior to the 

data analysis are presented in Table 8-2 in Appendix B: Element Classification Tables. 

 

(1) Fish 

 Concrete? Yes, a fish is concrete, or visible with the naked human eye. 

 Internal? Yes, a fish is located primarily inside the fish-tank system boundary. 

 Essential? Yes, a fish is a necessary element to define a fish-tank system. 

 Therefore, a fish is classified as a concrete, internal, essential element which is 

classified at the sensibility level. 

(2) Human 

 Concrete? Yes, humans are concrete, or visible with the naked human eye. 

 Internal? No, humans are located primarily outside the fish-tank system 

boundary which makes a human an external element. 

 Underlying? No, humans may play a role in causing the green water problem, 

but humans are not an underlying cause. 

 Sub-system?  No, however, technically humans are a system. If a student used 

the label of “human system” a human would be considered a system, but if 

labeled as just “human” this was not considered a sub-system. 

 Therefore, a human is classified as a concrete, external, secondary element 

which is classified at the literacy level. 

(3) Electricity 

 Concrete? No, electricity, or the flow of electrons, is not visible with the naked 

human eye. 

 Internal? No, electricity is located primarily outside the fish-tank system 

boundary. 

 Therefore, electricity is classified as a conceptual, external, advanced element 

which is classified at the capability level. 
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The element classifications were now used to analyze each drawing and record the 

frequency of elements drawn according to specific rules in preparation for the quantitative 

analysis. The rules used to classify and record elements are described in Table 3-3. 

 

Table 3-3: Rules for Classifying and Recording Elements 

Rule 

# 

Rule 

Description 

Example 

(if necessary) 

1 
An element must be drawn or described 

using words to be recorded. 
 

2 
An element does not need to be labeled 

using words to be recorded. 
 

3 

An element must be drawn, labeled, and/or 

described in a “distinguishable” manner to 

be recorded. A “distinguishable” element is 

recognizable or identifiable at first glance 

without extra effort. 

 

4 

An element that is drawn and labeled using 

words shall be recorded exactly as the label 

is written. 

Suppose the element “air/bubbles” are 

drawn and labeled as “oxygen”. 

Therefore, the element “oxygen” is 

recorded and not the element “bubbles”. 

5 

Elements must be classified independently 

for each drawing (i.e. elements classified in 

Drawing A cannot influence the elements 

classified in Drawing B, and vice versa, for 

the same student or between students). 

Suppose student j draws an 

undistinguishable “blob” in Drawing A 

with no label. In Drawing B, the student 

draws the same “blob” with the label of 

“food”. The “blob” in Drawing A should 

not be recorded as the element “food” 

since it is an undistinguishable element 

when evaluated independently 

6 

If an element is not drawn, labeled and/or 

described in a distinguishable manner, or if 

the element is not relevant for a fish-tank 

system, the element shall not be recorded. 

The element “cat” is not considered 

relevant to a fish-tank system unless it is 

explicitly connected to other elements or 

the system. For example, if a student 

describes how a “cat” tries to get the fish 

this means the cat is relevant to the 

system and can be classified (if 

necessary) and recorded. 

7 

If two (2) or more instances of the same 

element are drawn, labeled, and/or 

described, only one (1) instance of that 

element shall be recorded per drawing. 

If a student draws multiple elements that 

look like “plants” only one (1) instance 

of the element “plants” is recorded. 



40 

 

 

Rule 

# 

Rule 

Description 

Example 

(if necessary) 

8 

If an element that is not included in the 

defined list of elements (see Table 8-1 and 

Table 8-2 in Appendix B: Element 

Classification Tables) prior to analysis is 

drawn, labeled, and/or described, and the 

element is relevant to a fish-tank system, 

the element shall be classified using the 

flowchart (Figure 3-1) and recorded. 

The element “cat” as described in rule 

#5. 

9 

An element classified at the sensibility 

level is assigned a score of one (1). 

An element classified at the literacy level is 

assigned a score of two (2). 

An element classified at the capability level 

is assigned a score of three (3). 

For sensibility: fish, tank, water 

For literacy: filter, human, fish food, 

plants, etc. 

For capability: electricity, bacteria, 

broken filter, filtration system, etc. 

10 

The “tank” element shall always recorded 

for Drawing B because it is pre-drawn on 

the worksheet, even if the “tank” is not 

labeled and/or described. 

 

11 

The “tank cover (lid)” element shall only 

be recorded if it is described or labeled in 

words as “tank cover” or “tank lid”. A 

“tank cover (lid)” element that is drawn 

shall not be recorded. 

 

12 

The “filtration system” element shall only 

be recorded if it is described or labeled in 

words as “filter system” or “filtration 

system”. 

 

13 

The “impeller” element shall only be 

recorded if it is drawn, labeled, or 

described separately from a “filter” or 

“filtration system” element. 

Suppose an impeller is drawn inside a 

filter, therefore the “impeller” element 

shall not be recorded as a separate 

element. 

 

3.2.3.2 Classifying Relationships (Interactions) 

The process of classifying relationships meant classifying interactions, which are the result 

of applying the systems thinking concept of relationships. In the context of a fish-tank 

system, it would be conceivable to define all the possible interactions that could take place 

between elements. However, defining all of these interactions was not realistic. Suppose 
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that each of the forty-nine (49) elements defined in Table 8-1 in Appendix B: Element 

Classification Tables had at least one interaction with every other element. This would 

result in forty-eight (48) interactions per element meaning, at a minimum, 482 = 2,304 

interactions would need to be defined. Instead of defining an exhaustive list of all possible 

interactions, the classification structure developed for interactions was based upon the 

simple patterns necessary to classify all potential interactions that students could 

conceivably identify for a fish-tank system. 

 

The simple patterns of interactions were determined from the systems thinking concept of 

relationships (R) within the DSRP framework from Cabrera (2006). Cabrera and Cabrera 

(2015) define relationships as the interplay between action and reaction, which are the two 

underlying concepts required for all relationships. The expression of a relationship at the 

simplest level means using a line to connect two elements together. However, this 

connection lacks any knowledge or understanding about the action and the reaction that is 

occurring between the two elements. Using a line to connect two elements only 

demonstrates awareness that a relationship exists, which aligns with the sensibility level of 

systems thinking learning. To reach the upper two levels of systems thinking learning, one 

must demonstrate knowledge (literacy) about how the elements are interacting or about 

how a relationship between elements causes an effect and understanding (capability) about 

why certain actions cause certain effects (i.e. a cause-and-effect relationship). Therefore, 

the patterns identified for interactions focused on the presence of or the lack of actions and 

reactions, and the combination of those two concepts for each interaction, which resulted 

in four patterns: 1) non-action, non-reaction interactions; 2) action, non-reaction 

interactions; 3) non-action, reaction interactions; and 4) action, reaction interactions. 

 

The first pattern of non-action, non-reaction interactions immediately established two 

classifications to distinguish interactions. The first classification was for non-action 

interactions, or an interaction that lacks a clearly defined action, and the second was for 

non-reaction interactions, or an interaction that lacks a clearly defined reaction. The 

combination of these two classifications is synonymous to drawing a line between two 
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elements to demonstrate awareness of a relationship, which does not define a clear action 

or reaction. As explained previously, an interaction that only demonstrates awareness 

resides at the sensibility level of systems thinking learning. Cabrera and Cabrera (2015) 

describe a line connecting two elements as a simple way to visualize relationships. 

Therefore, a classification to distinguish simple interactions from other interactions was 

needed to fully classify interactions for a fish-tank system. 

 

The second pattern of action, non-reaction interactions and the third pattern of non-action, 

reaction interactions immediately established two additional classifications to distinguish 

interactions. The first classification was for action interactions, or an interaction that 

includes a clearly defined action, and the second was for reaction interactions, or an 

interaction that includes a clearly defined reaction. Both of these patterns tell only half the 

story for an interaction, either an action without a reaction or a reaction without an action. 

As explained previously, these types of interactions reside at the literacy level of systems 

thinking learning because these interactions express knowledge about how elements are 

interacting or about how a relationship causes a reaction. Therefore, a classification to 

distinguish half-developed, or intermediate, interactions from other interactions was 

needed to fully classify interactions for a fish-tank system. 

 

The fourth pattern of action, reaction interactions tells the full story for an interaction. As 

explained previously, interactions with both a clearly defined action and reaction reside at 

the capability level because these interactions express understanding of why a specific 

action between elements causes a specific reaction. Similar to the classification for 

advanced elements, this level of thinking about interactions is also advanced. Therefore, a 

classification to distinguish advanced interactions from other interactions was needed to 

fully classify interactions for a fish-tank system. The connection between the four patterns 

and the seven interaction classifications are summarized in Table 3-4. 
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Table 3-4: Interaction Patterns and Interaction Classifications 

Pattern Classification Definition 

(1) Non-action 

and non-

reaction 

interactions 

Non-action 

Interactions 

A non-action interaction does not explain how or why 

two or more elements are interacting. No clear action is 

defined. 

Non-reaction 

Interactions 

A non-reaction interaction does not explain the effect(s) 

of an interaction between two or more elements. No clear 

reaction is defined. 

Simple 

Interactions 

A simple interaction demonstrates awareness that two or 

more elements relate, or that the elements are interacting 

in some way, but no clear action and no clear reaction is 

defined. 

(2) Action and 

non-reaction 

interactions 

Action 

Interactions 

An action interaction does explain how two or more 

elements are interacting. A clear action is defined. 

Intermediate 

Interactions 

An intermediate interaction demonstrates awareness that 

two or more elements relate, or that the elements are 

interacting in some way, and also demonstrates 

knowledge about either the action (how two or more 

elements are interacting) or the reaction (the effect(s) of 

an interaction between two or more elements). 
(3) Non-action 

and reaction 

interactions Reaction 

Interactions 

A reaction interaction does explain the effect(s) of an 

interaction between two or more elements. A clear 

reaction is defined. 

(4) Action and 

reaction 

interactions 

Advanced 

Interactions 

An advanced interaction demonstrates both the awareness 

that two or more elements relate and the knowledge of 

actions and reactions, and also demonstrates the 

understanding of the interplay between the action and 

reaction (i.e. the cause-and-effect relationship). 

 

Additional evidence for why simple, intermediate, and advanced interactions should reside 

at the systems thinking learning levels of sensibility, literacy, and capability respectively 

was drawn from a similar study by Hmelo-Silver, Eberbach, and Jordan (2014) who 

distinguished different structures, behaviors, and functions (SBF) across multiple levels of 

thinking while classifying aquarium system drawings (see section 2.3.2 for background 

details on SBF). The lower level of thinking was classified as only the identification of 

some relationship between structures, but the lack of any elaboration (Hmelo-Silver et al., 

2014). The middle level of thinking was classified as the identification of a structure in 

relation to either a behavior or a function (Hmelo-Silver et al., 2014). For example, a 
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connection between a behavior and a structure described how a structure performed its 

function, such as “fish swim in water”, while a connection between a structure and a 

function described the effect of a structure’s behavior, such as “fish move around the tank”. 

The upper end of thinking was classified as the identification of a structure in relation to 

both a behavior and a function (Hmelo-Silver et al., 2014). This level of thinking 

demonstrated both how a structure performed its function and the effect of that behavior, 

such as “fish swim in water to move around the tank”. From each of these levels of thinking 

by Hmelo-Silver et al. (2014), comparisons could be drawn to each of the systems thinking 

learning levels defined in this research. From the lower level, comparisons could be drawn 

to awareness of simple relationships and the classification of sensibility. From the middle 

level, comparisons could be drawn to knowledge of separate action and reaction 

relationships and the classification of literacy. From the upper level, comparisons could be 

drawn to understanding of the cause-and-effect relationships and the classification of 

capability. The interaction classification combinations for each systems thinking learning 

level are summarized in Table 3-5. 

 

Table 3-5: Interaction Classifications and Systems Thinking Learning Levels 

Learning 

Level 
Classification Description 

Sensibility 

1. Non-action, 

Non-reaction, 

Simple 

Interactions 

All interactions at the sensibility level are simple, meaning 

interactions only demonstrate an awareness that two or 

more elements relate. Interactions at this level do not 

explain how two or more elements are interacting or the 

effect(s) of the interaction between two or more elements. 

No clear action or reaction is defined. 

Literacy 

1. Action, Non-

reaction, 

Intermediate 

Interactions 

All interactions at the literacy level are intermediate, 

meaning interactions demonstrate awareness that two or 

more elements relate and knowledge about either how two 

or more elements are interacting or the effect(s) of the 

interaction between two or more elements. In case (1) 

where a clear action is defined, no clear reaction is defined. 

Alternatively, in case (2) where a clear reaction is defined, 

no clear action is defined. 

2. Non-action, 

Reaction, 

Intermediate 

Interactions 
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Learning 

Level 
Classification Description 

Capability 

1. Action, 

Reaction, 

Advanced 

Interactions 

All interactions at the capability level are advanced, 

meaning interactions demonstrate both awareness that two 

or more elements relate and knowledge about the actions 

and reactions between two or more elements, and also an 

understanding of why the action causes the reaction. A 

clear cause-and-effect relationship is defined. 

 

The classification structure could now be used to classify potential interactions identified 

by students for a fish-tank system. The interaction classification flowchart used during the 

interaction classification process is presented in Figure 3-2. While analyzing each drawing, 

interactions were classified and recorded according to specific rules in preparation for the 

quantitative analysis. The rules used to classify and record interactions are described in 

Table 3-6. 

 

Table 3-6: Rules for Classifying and Recording Interactions 

Rule 

# 

Rule 

Description 

Example 

(if necessary) 

1 

An interaction must involve two (2) 

or more distinguishable elements to 

be recorded. 

“The fish swims” is not an interaction because 

only one element (“fish”) is involved. This 

statement would not be recorded as an 

interaction. 

2 

An interaction must be denoted 

(drawn) either with arrows/lines or 

described using words to be recorded 

(an interaction might be denoted 

using both arrows/lines and written 

descriptions). 

A line drawn between the elements of “fish” 

and “food” denotes an interaction between 

these two elements (at the sensibility level). 

The description “the fish eats the food” also 

denotes an interaction between the elements of 

“fish” and “food” (at the literacy level). 

3 

An interaction must be drawn and/or 

described in a “distinguishable” 

manner to be recorded. A 

“distinguishable” interaction is 

recognizable or identifiable at first 

glance without extra effort. 
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Rule 

# 

Rule 

Description 

Example 

(if necessary) 

4 

Only one (1) interaction shall be 

assigned between two elements. If 

multiple interactions are assigned 

between two elements, then only the 

interaction classified at the higher 

systems thinking learning level shall 

be recorded. 

Suppose two interactions, “fish eat food to 

gain energy” and “fish play with food”, have 

been assigned between the two elements of 

“fish” and “food”. Since the interaction of 

“fish eat food to gain energy” is classified at a 

capability level (both an action and a reaction 

are defined), only this interaction shall be 

recorded between the two elements “fish” and 

“food”. 

5 

Interaction descriptions must be 

phrased using verbs, with the 

exception of the verbs: add, make, 

give, gave, get, got, keep, help, is, are, 

allow, or provide. Descriptions using 

these verbs shall be recorded as a 

role/purpose and not an interaction. 

The description “the fish swims in the water” 

is recorded as an interaction. However, the 

description “the fish is swimming in the 

water” is recorded as a role/purpose because 

the linking verb “is” is used in the description. 

6 

A part of a drawing or a description 

that is recorded as an interaction 

cannot also be recorded as a 

role/purpose unless both an 

interaction and a role/purpose are 

distinguishable. 

Suppose a student includes two descriptions 

that are identical, such as “fish eat food”, 

where one description is denoted using the 

word “interaction” and the other description is 

denoted using the words “role/purpose”. 

Therefore, the interaction between the 

elements “fish” and “food” is recorded as “fish 

eat food” and the role/purpose of the element 

“fish” is recorded as “fish eat food”. 

7 

If two (2) or more instances of the 

same interaction are drawn and/or 

described only one (1) instance of that 

interaction shall be recorded per 

drawing. 

If a student draws multiple “fish” elements 

and connects them all to the element of “food” 

only one (1) instance of the “fish-food” 

interaction is recorded. 

8 

An interaction classified at the 

sensibility level is assigned a score of 

one (1). 

An interaction classified at the 

literacy level is assigned a score of 

two (2). 

An interaction classified at the 

capability level is assigned a score of 

three (3). 

For sensibility: A line connecting the elements 

“fish” and “food”. 

For literacy: A line connecting the elements 

of “fish” and “food” and the description 

“eating” which defines an action between the 

elements. 

For capability: A line connecting the elements 

of “fish” and “food” and the description “eats 

to get energy” which defines an action and a 

reaction between the elements. 
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Figure 3-2: Interaction Classification Flowchart 

 

3.2.3.3 Classifying Perspectives (Roles/Purposes) 

The process of classifying perspectives meant classifying roles/purposes, which are the 

result of applying the systems thinking concept of perspectives. In the context of a fish-

tank system, it would be conceivable to define all the possible roles/purposes for each 

element. However, defining all of these roles/purposes, like with interactions, is not 

realistic. Suppose that each of the forty-nine (49) elements defined in Table 8-1 in 

Appendix B: Element Classification Tables (which also includes at least one potential 

role/purpose for each element according to Mills (1987)) were assigned a role/purpose 

from each of the three systems thinking learning levels. This would result in three (3) 

roles/purposes per element meaning, at a minimum, 49*3 = 147 roles/purposes would need 

to be defined. Instead of defining an exhaustive list of all potential roles/purposes for each 
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element, the classification structure developed for roles/purposes was based upon the 

simple patterns necessary to classify all potential roles/purposes that students could 

conceivably identify for a fish-tank system.  

 

The simple patterns of roles/purposes were determined from the systems thinking concept 

of perspectives (P) within the DSRP framework from Cabrera (2006). Cabrera and Cabrera 

(2015) define perspectives fundamentally as “a point from which we are viewing and the 

thing or things that are in view” (p. 50). In other words, perspectives are a point-of-view 

or a lens through which a specific element in a system is viewed. There are many 

perspectives that could be applied for any given situation, but what if there were only three 

different levels of perspective-taking, one for each systems thinking learning level, that 

could apply to elements in a fish-tank system? Evidence to answer that question was drawn 

from a related study by Hmelo-Silver, Liu, Gray, and Jordan (2015) who defined five 

aquarium mental models to characterize student learning outcomes for aquatic systems. 

The first three of these mental models defined by Hmelo-Silver et al. (2015) characterize 

learning outcomes for perspectives that could be reasonably expected of learners in the 

initial learning phase of systems thinking. Drawing upon these three mental models 

informed the three patterns that were used to classify roles/purposes: 

 

(1) The first pattern was drawn from the first mental model presented by Hmelo-Silver 

et al. (2015) called “egocentric”. This mental model is characterized by adopting 

the perspective of an observer of a fish-tank system. In the case of this research 

study, the observer of the system was the student drawing the fish-tank system. 

(2) The second pattern was drawn from the second mental model presented by Hmelo-

Silver et al. (2015) called “simple healthy fish”. This mental model is characterized 

by adopting the perspective of a fish in the fish-tank system. In other words, all 

roles/purposes for elements focus on helping the fish in some way. 

(3) The third pattern was drawn from the third mental model presented by Hmelo-

Silver et al. (2015) called “good tank”. This mental model is characterized by 
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adopting the perspective of the fish-tank system as a whole. In other words, all 

roles/purposes for elements focus on helping the fish-tank system in some way. 

 

The first pattern describes an individual’s point-of-view of elements in a fish-tank system. 

This point-of-view sees elements through the lens that the role/purpose of each element is 

to enhance the observer’s experience with the system (Hmelo-Silver et al., 2015). The 

second pattern describes an element’s point-of-view of other elements in a fish-tank 

system. This point-of-view sees elements through the lens that the role/purpose of each 

element is related to other elements in the system. The third pattern was describes the 

system’s point-of-view of elements in a fish-tank system. This point-of-view sees elements 

through the lens that the role/purpose of each element is related to the system as a whole. 

Therefore, classifications to distinguish individualistic roles/purposes, from elementalistic 

roles/purposes, from systemic roles/purposes were needed to fully define roles/purposes in 

a fish-tank system.The connections between the three patterns and the three classifications 

are summarized in Table 3-7. 

Table 3-7: Role/Purpose Patterns and Role/Purpose Classifications 

Pattern Classification Definition 

(1) Observer’s 

point-of-view of 

role/purpose 

Individualistic 

Roles/Purposes 

An individualistic role/purpose is viewed through the 

observer’s own lens. In this situation, the observer 

views the role/purpose of an element in a system as it 

relates to them observing a fish-tank system. 

Examples: A fish is a pet; the rocks are for decoration. 

(2) Element’s 

point-of-view of 

role/purpose 

Elementalistic 

Roles/Purposes 

An elementalistic role/purpose is viewed through an 

element’s lens. In this situation, the observer views the 

role/purpose of an element in a system as it relates to 

other elements in the fish-tank system. 

Example: The filter keeps the water clean. 

(3) System’s 

point-of-view of 

role/purpose 

Systemic 

Roles/Purposes 

A systemic role/purpose is viewed through the 

system’s lens. In this situation, the observer views the 

role/purpose of an element in a system as it relates to 

the fish-tank system as a whole. 

Example: The aerator provides water circulation to 

keep the water from becoming stagnant. 
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Each of the three role/purpose classifications naturally align with one of the three systems 

thinking learning levels. An individualistic role/purpose resides at the sensibility level 

because this point-of-view only demonstrates an awareness that elements have a role or 

purpose, but this point-of-view is limited to the observer of the system. An elementalistic 

role/purpose resides at the literacy level because this point point-of-view demonstrates 

knowledge about how a specific element’s role/purpose is related to other elements in the 

system, but this point-of-view is limited to the elements in the system. A systemic 

role/purpose resides at the capability level because this point-of-view demonstrates 

understanding about why a specific element exists in the system. The role/purpose 

classifications for each systems thinking learning level are summarized in Table 3-8. 

 

Table 3-8: Role/Purpose Classifications and Systems Thinking Learning Levels 

Learning 

Level 
Classification Definition 

Sensibility 
Individualistic 

Roles/Purposes 

A role/purpose at the sensibility level demonstrates 

awareness that an element in a fish-tank system has a role or 

purpose, but that role/purpose is individualistically focused. 

Roles/purposes at this level are viewed from the observer’s 

point-of-view of the fish-tank system. 

Literacy 
Elementalistic 

Roles/Purposes 

A role/purpose at the literacy level demonstrates knowledge 

about the role/purpose of an element in a fish-tank system, 

but that role or purpose is elementalistically focused. 

Roles/purposes at this level are viewed from the element’s 

point-of-view to explain how that role/purpose relates to 

other elements in the fish-tank system. 

Capability 
Systemic 

Roles/Purposes 

A role/purpose at the capability level demonstrates 

understanding about the role/purpose of an element in a fish-

tank system, but that role is systemically focused. 

Roles/purposes at this level are viewed from the system’s 

point-of-view and explain why elements exist in the fish-tank 

system. 

 

The classification structure could now be used to classify potential roles/purposes 

identified by students for a fish-tank system. The role/purpose classification flowchart used 

during the classification process is presented in Figure 3-3. While analyzing each drawing, 
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roles/purposes were classified and recorded according to specific rules in preparation for 

the quantitative analysis. The rules used to classify and record roles/purposes are described 

in Table 3-9. 

 

Table 3-9: Rules for Classifying and Recording Roles/Purposes 

Rule 

# 

Rule 

Description 

Example 

(if necessary) 

1 

A role/purpose must be assigned to 

at least one (1) distinguishable 

element or system to be recorded. 

The description “the tank is for holding 

everything” can be recorded as a role/purpose, 

whereas the statement “holds everything” 

cannot be recorded as a role/purpose unless the 

statement is assigned to a distinguishable 

element (see Rule #2). 

2 

A role/purpose must be written in 

words. A role/purpose can either be 

assigned as a written label connected 

to a distinguishable element using 

lines/arrows or as a written 

description next to a distinguishable 

element. 

 

3 

A role/purpose must be labeled 

and/or described in a 

“distinguishable” manner to be 

recorded. A “distinguishable” 

role/purpose is recognizable or 

identifiable at first glance without 

extra effort. 

 

4 

Only one (1) role/purpose shall be 

assigned to each element. If multiple 

roles/purposes are assigned to the 

same element, then only the 

role/purpose classified at the higher 

systems thinking learning level shall 

be recorded. 

Suppose the element “fish” has been assigned 

both the role/purpose of “to swim around the 

tank” and “to be a pet”. Since the role/purpose 

of “to swim around the tank” is classified at a 

literacy level (from the element’s point-of-

view), only this role/purpose shall be recorded 

for the element “fish”. 
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Rule 

# 

Rule 

Description 

Example 

(if necessary) 

5 

A label or description that includes 

the prepositions to or for or the 

pronoun so is always recorded as a 

role/purpose. 

A line connecting the distinguishable element 

of “fish” to the description “to swim” is 

recorded as “the role/purpose of the fish is to 

swim”. The description of “so fish can live” 

written next to the distinguishable element of 

“water” is recorded as “the role/purpose of 

water is so fish can live”. 

6 

Descriptions that include the verbs 

add, make, give, gave, get, got, keep, 

help, is, are, allow, or provide are 

recorded as a role/purpose. 

Descriptions using other verbs are 

recorded as an interaction and not a 

role/purpose. 

The description “the fish swims in the water” is 

recorded as an interaction. However, the 

description “the fish is swimming in the water” 

is recorded as a role/purpose because the 

linking verb “is” is used in the description. 

7 

A part of a drawing or a description 

that is recorded as a role/purpose 

cannot also be recorded as an 

interaction unless both a 

role/purpose and an interaction are 

distinguishable. 

Suppose a student includes two descriptions 

that are identical, such as “fish eat food”, where 

one description is denoted using the word 

“interaction” and the other description is 

denoted using the words “role/purpose”. 

Therefore, the interaction between the elements 

“fish” and “food” is recorded as “fish eat food” 

and the role/purpose of the element “fish” is 

recorded as “fish eat food”. 

8 

If two (2) or more instances of the 

same role/purpose are labeled or 

described only one (1) instance of 

that interaction shall be recorded per 

drawing. 

If a student draws multiple “fish” elements and 

labels each with the description “fish make 

waste” only one instance of the role/purpose of 

a fish is to “make waste” is recorded. 

9 

A role/purpose classified at the 

sensibility level is assigned a score 

of one (1). 

 

A role/purpose classified at the 

literacy level is assigned a score of 

two (2). 

 

A role/purpose classified at the 

capability level is assigned a score 

of three (3). 

For sensibility: “Rocks are decoration” is a 

role/purpose assigned to the element “rocks” 

from the observer’s point-of-view. 

 

For literacy: “Rocks allow fish to hide” is a 

role/purpose assigned to the element “rocks” 

from the element’s point-of-view. 

 

For capability: “The air pump helps circulate 

the water to improve tank and water health” is a 

role/purpose assigned to the element “pump” 

from the system’s point-of-view. 
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Figure 3-3: Role/Purpose Classification Flowchart 
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3.2.4 Inter-coder Agreement 

An inter-coder agreement analysis was conducted for this research to determine the extent 

to which two independent coders reached the same conclusions about the contents of the 

fish-tank system drawings using the qualitative methodology described in section 3.2.3. 

This type of analysis is widely considered as a critical component for research 

methodologies that employ a content analysis and without this analysis, any resultant data 

cannot be considered valid (Lombard, Snyder-Duch, & Bracken, 2002). The index chosen 

to measure inter-coder agreement in this research was Krippendorff’s Alpha because it 

accounted for chance agreements between coders and it was simple to calculate by hand 

using binary data from two coders with no missing data (Krippendorff, 2011). There is no 

established standard for the acceptable level of agreement for an inter-coder agreement 

analysis, but Neuendorf (2002) suggests that 90% or greater agreement “would be 

acceptable to all” and that 80% or greater agreement “would be acceptable in most 

situations” (p. 145). Therefore, for this research the minimum acceptable level of 

agreement between both coders was set at 80% or greater. 

 

The inter-coder agreement analysis was conducted in three parts. The first part of the 

analysis was conducted following the design of the initial methodology for classifying the 

contents of the fish-tank system drawings. Inter-coder agreement was assessed informally 

with two independent coders who were trained to use the methodology and who each 

evaluated the same drawings from five (5) randomly selected students. Each student 

completed two drawings (Drawing A and Drawing B), therefore the two coders evaluated 

ten (10) total drawings. The total level of agreement for part one was only 68%. Since this 

result was less than the minimum accepted value of 80%, the methodology was refined 

following a debrief with both coders and the researcher to combine similar elements (for 

example: “filter tubes” and “filter” were combined to be just “filter”) and clarify which 

verbs constituted whether a description was recorded as an interaction versus a 

role/purpose (for example: descriptions including the verbs give, gave, got, and get were 

miss-recorded as interactions when these descriptions should have been recorded as 

roles/purposes).  
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The second part of the analysis was conducted following the refinement of the 

methodology. Inter-coder agreement was assessed again with the same two independent 

coders who were trained to use the refined methodology and who each evaluated a new set 

of drawings from five (5) randomly selected students (ten (10) total drawings). The total 

level of agreement for part two improved to 83%. Since this result was greater than the 

minimum accepted value of 80%, this indicated that a larger sample of drawings could be 

evaluated to formally assess inter-coder agreement. After a debrief between both coders 

and the researcher, the methodology was refined again to combine similar elements (for 

example: “air” and “bubbles” were combined to be “air and/or bubbles”) and to add 

additional rules to simplify the number of interactions and roles/purposes that could be 

recorded (for example: if multiple roles/purposes were assigned to the same element, only 

the role/purpose that was classified at the higher learning level was recorded). 

 

The third part of the analysis was conducted following the second refinement of the 

methodology. Inter-coder agreement was assessed again with the same two independent 

coders who were trained to use the refined methodology and who each evaluated a new set 

of drawings from twenty-five (25) randomly selected students (fifty (50) total drawings). 

This number was chosen because it accounted for over 25% of the ninety-seven (97) total 

students in the experiment which was determined to be an appropriate representative 

sample based on this sample size and the time required to evaluate each drawing. The total 

level of agreement for part three improved to 88%. Since this result was greater than the 

minimum accepted value of 80%, this indicated an agreement that “would be acceptable in 

most situations” (Neuendorf, 2002, p. 145). The results from the inter-coder agreement 

analysis are presented in Table 3-10 for all three parts in terms of each drawing (Drawing 

A and Drawing B) and combined (A + B) for elements (E), interactions (I), roles/purposes 

(R), and totals (T). 
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Table 3-10: Inter-Coder Agreement Results 

Item Coded 

Part #1 

(5 students; 

10 drawings) 

Part #2 

(5 students; 

10 drawings) 

Part #3 

(25 students; 

50 drawings) 

Elements 

(E) 

A: 67% A + B: 

70% 

A: 88% A + B: 

91% 

A: 90% A + B: 

91% B: 74% B: 95% B: 93% 

Interactions 

(I) 

A: 100% A + B: 

68% 

A: 100% A + B: 

87% 

A: 96% A + B: 

85% B: 37% B: 73% B: 74% 

Roles/Purposes 

(R) 

A: 80% A + B: 

65% 

A: 100% A + B: 

72% 

A: 96% A + B: 

88% B: 50% B: 44% B: 80% 

Totals 

(T) 

A: 82% A + B: 

68% 

A: 96% A + B: 

83% 

A: 94% A + B: 

88% B: 53% B: 71% B: 82% 

 

The results for each part of the analysis indicate a clear distinction between Drawing A and 

Drawing B. Inter-coder agreement for Drawing A was always less than inter-coder 

agreement for Drawing B for elements. This result is likely due to the increase in labeled 

elements in Drawing B compared to Drawing A, meaning students used a written label to 

identify a drawn element instead of only drawing an element, which likely increased inter-

coder agreement in those cases. Conversely, inter-coder agreement for Drawing A was 

always greater than inter-coder agreement for Drawing B for interactions and 

roles/purposes. This result was likely due to the significant difference in the number and 

complexity of potential interactions that students drew in Drawing A compared to Drawing 

B. Students drew significantly less interactions and roles/purposes in Drawing A compared 

to Drawing B, meaning that there were less opportunities for the independent coders to 

disagree for these two concepts, which may have increased the inter-coder agreement for 

Drawing A. 

 

The results also indicate that inter-coder agreement for interactions and roles/purposes for 

Drawing B were only able to reach 76% to 80%, which barely met (or did not meet) the 

minimum acceptable agreement value of 80%. This result was likely due to how the 

worksheets used in the experiment were designed to allow for open-ended drawings, 

meaning students could draw, label, or describe interactions and roles/purposes in a fish-

tank system in any way they wanted. Compared to elements, which were more limited in 
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number, the potential number of possible interactions and roles/purposes that could be 

drawn by students were less bounded which may have caused the inter-coder agreement to 

be decreased for these two concepts. 

 

Final coding for all drawings was conducted by the researcher. For the drawings included 

in part one and part two of the inter-coder agreement analysis, each drawing was re-coded 

by the researcher using the finalized methodology (presented in section 3.2.3). For the 

drawings included in part three of the inter-coder agreement analysis, each drawing was 

coded according to the results from the two independent coders with any disagreements 

between the two coders decided by the researcher according to the finalized methodology. 

The remaining drawings not included in the inter-coder agreement analysis were coded by 

the researcher according to the finalized methodology. The results of the final coding for 

all drawings concluded the qualitative methods portion of the methodology and allowed 

for the data to be analyzed using the quantitative methods presented in the next section. 

 

3.2.5 Quantitative Methods 

The design of this research was based upon a content analysis which necessitated the use 

of both qualitative and quantitative methods to interpret the collected data (Leedy & 

Ormrod, 2016). The qualitative methods of the content analysis, including the development 

of the classification structures for each of the three systems thinking concepts (distinctions, 

relationships, and perspectives), were described in section 3.2.3. The classification 

structures were used to classify elements, interactions, and perspectives according to the 

three systems thinking learning levels (sensibility, literacy, and capability) and the 

frequencies of each were recorded for both collected drawings (Drawing A and Drawing 

B) for each student. In this section, the quantitative methods of the content analysis used 

to analyze the differences in recorded frequencies between both drawings for each concept 

and student are described. The three inferential statistical tests chosen to conduct the 

analysis were: 1) the two-sample t-test, 2) the paired comparison test, and 3) the Wilcoxon 

signed ranks test. The following three sections provide details about each test. For a list of 
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the variables used in these tests, readers should refer to Table 9-1 in Appendix C: Glossary 

of Variables. 

 

3.2.5.1 Two-Sample t-Test 

The two-sample t-test is a statistical test used to draw inferences about the differences in 

means for a randomized design that involves sampling from two levels of a factor, where 

both levels are assumed to be from independent normal populations (Montgomery, 2013b) 

(see section 3.3.3 about data normality assumptions). The factor of interest for this 

statistical test was systems thinking learning and the levels corresponded to each of the 

fish-tank system drawings (Drawing A and Drawing B) that students were asked to 

complete during the experiment. 𝑦𝑖𝑗 was used to represent a sample from a systems 

thinking learning concept of interest for each i drawing [A, B] and j student. The values 

of 𝑛𝐴 and 𝑛𝐵 were equal to the sample sizes for each drawing and �̅�𝐴 and �̅�𝐵 were equal to 

the sample means for each drawing. With these variables established, the test statistic 𝑡0 in 

Equation 3-1 was calculated to test for differences in the means of the two samples. The 

variable 𝑆𝑝 = √𝑆𝑝
2, where 𝑆𝑝

2 was calculated according to Equation 3-2 as an estimate of 

the common variance between the two individual samples each having sample variances 

of 𝑆𝐴
2 and 𝑆𝐵

2 (Montgomery, 2013b). The two-sample t-test assumes that the true variances 

of both samples are unknown but equal, which is a reasonable assumption if 𝑆𝐴
2 and 𝑆𝐵

2 are 

similar (see section 3.3.3 about equal variance assumptions). 

 

Equation 3-1: Test Statistic for the Two-Sample t-Test 

𝑡0 =
�̅�𝐴 − �̅�𝐵

𝑆𝑝√
1

𝑛𝐴
+

1
𝑛𝐵

 

Equation 3-2: Estimate of Common Variance between Drawing A and Drawing B 

𝑆𝑝
2 =

(𝑛𝐴 − 1)𝑆𝐴
2 + (𝑛𝐵 − 1)𝑆𝐵

2

𝑛𝐴 + 𝑛𝐵 − 2
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To test whether the mean of Drawing B (𝜇𝐵) was greater than the mean of Drawing A (𝜇𝐴), 

a two-sided hypothesis test was conducted with the null (𝐻0) and alternative (𝐻1) 

hypotheses stated as: 𝐻0: 𝜇𝐴 = 𝜇𝐵 and 𝐻1: 𝜇𝐴 ≠ 𝜇𝐵. 𝐻0 was rejected only if |𝑡0| >

𝑡𝛼 2⁄ ,𝑛𝐴+𝑛𝐵−2 for a specified significance level  (Montgomery, 2013b). If 𝐻0 was rejected, 

there was evidence to show that the means of the two drawings were different meaning that 

one-sided hypothesis tests needed to be conducted to determine whether the mean of 

Drawing A or Drawing B was greater. 

 

The null and alternative hypotheses for the one-sided test to determine whether the mean 

of Drawing B was greater than Drawing A (or the left-tailed test) were stated as: 𝐻0: 𝜇𝐴 ≥

𝜇𝐵 and 𝐻1: 𝜇𝐴 < 𝜇𝐵. 𝐻0 was rejected only if 𝑡0 < −𝑡𝛼,𝑛𝐴+𝑛𝐵−2 for a specified significance 

level  (Montgomery, 2013b). If 𝐻0 was rejected, there was evidence to show that the 

mean of Drawing B was greater than the mean of Drawing A. Alternatively, the null and 

alternative hypotheses for the one-sided test to determine whether the mean of Drawing A 

was greater than Drawing B (or the right-tailed test) were stated as: 𝐻0: 𝜇𝐴 ≤ 𝜇𝐵 

and 𝐻1: 𝜇𝐴 > 𝜇𝐵. 𝐻0 was rejected only if 𝑡0 > 𝑡𝛼,𝑛𝐴+𝑛𝐵−2 for a specified significance level 

 (Montgomery, 2013b). If 𝐻0 was rejected, there was evidence to show that the mean of 

Drawing A was greater than the mean of Drawing B. Conducting these hypothesis tests for 

the two-sample t-test provided evidence to conclude whether teaching the systems thinking 

concepts resulted in a greater number of and a greater score for elements, interactions, and 

roles/purposes drawn by students for Drawing B compared to Drawing A. 

 

3.2.5.2 Paired Comparison Test 

The paired comparison test (or paired t-test) is another statistical test used to draw 

inferences about the differences in two sample means, but this test uses a paired comparison 

design (Montgomery, 2013b). A paired comparison design is used when two tests are 

conducted on the same “specimen” to measure and compare the results. In this research, 

the specimens were the students and the two tests were the fish-tank system drawings 

(Drawing A and Drawing B) used to evaluate systems thinking learning. 𝑦𝑖𝑗 was defined 



60 

 

 

as a sample from a systems thinking learning concept of interest for each i drawing [A, B, 

BA] and j student. Equation 3-3 was used to calculate the paired difference 𝑑𝑗 for each 

student. Pairing these two samples assumes that the sample sizes for each drawing, 𝑛𝐴 

and 𝑛𝐵, are equal resulting in a paired sample size of 𝑛𝐵𝐴 where the subscript of i = BA is 

the paired difference between Drawing B and Drawing A. 

 

Equation 3-3: Paired Difference between Drawings 

𝑑𝑗 = 𝑦𝐵𝑗 − 𝑦𝐴𝑗      𝑓𝑜𝑟 𝑗 = 1, 2, … , 𝑛𝑖 

 

The paired comparison test was able to draw inferences about the difference in the means 

for the two drawings (𝜇𝐵 − 𝜇𝐴) by drawing inferences about the mean of the difference 𝜇𝑑 

(Montgomery, 2013b). Therefore, the null hypothesis of 𝐻0: 𝜇𝐴 = 𝜇𝐵 for the two-sided test 

used in the two-sample t-test was equivalent to testing the null hypothesis of 𝐻0: 𝜇𝑑 = 0. 

For the two-sided test, the alternative hypothesis was stated as: 𝐻1: 𝜇𝑑 ≠ 0. 𝐻0 was rejected 

only if |𝑡0| > 𝑡𝛼 2⁄ ,𝑛𝐵𝐴−1 for a specified significance level  (Montgomery, 2013b). The 

test statistic 𝑡0 was calculated according to Equation 3-4, where �̅� was the sample mean of 

the differences and 𝑆𝑑, the sample standard deviation of the differences, was calculated 

according to Equation 3-5. 

 

Equation 3-4: Test Statistic for the Paired Comparison Test 

𝑡0 =
�̅�

𝑆𝑑

√𝑛𝐵𝐴
⁄

 

 

Equation 3-5: Sample Standard Deviation of the Differences 

𝑆𝑑 = [
∑ 𝑑𝑗

2𝑛𝐵𝐴
𝑗=1 −

1
𝑛𝐵𝐴

(∑ 𝑑𝑗
𝑛𝐵𝐴
𝑗=1 )

2

𝑛𝐵𝐴 − 1
]

1
2⁄
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If 𝐻0 was rejected, there was evidence to show that the difference in means between the 

two drawings was not equal to zero (i.e. the means of the two drawings were different) 

meaning that one-sided hypothesis tests needed to be conducted to determine whether the 

mean of Drawing A or Drawing B was greater. The null and alternative hypotheses for the 

one-sided test to determine whether the difference in means were less than zero (or the left-

tailed test) were stated as: 𝐻0: 𝜇𝑑 ≥ 0 and 𝐻1: 𝜇𝑑 < 0. 𝐻0 was rejected only if 𝑡0 <

−𝑡𝛼,𝑛𝐵𝐴−1 for a specified significance level  (Montgomery, 2013b). If 𝐻0 was rejected, 

there was evidence to show that the difference in means were less than zero (i.e. the mean 

of Drawing A was greater than the mean of Drawing B). Alternatively, the null and 

alternative hypotheses for the one-sided test to determine whether the difference in means 

were greater than zero (or the right-tailed test) were stated as: 𝐻0: 𝜇𝑑 ≤ 0 and 𝐻1: 𝜇𝑑 > 0. 

𝐻0 was rejected only if 𝑡0 > 𝑡𝛼,𝑛𝐵𝐴−1 for a specified significance level  (Montgomery, 

2013b). If 𝐻0 was rejected, there was evidence to show that the difference in means were 

greater than zero (i.e. the mean of Drawing B was greater than the mean of Drawing A). 

 

The paired comparison test is similar to the two-sample t-test, but conducting this test 

eliminated the variability between students by blocking, or pairing, the two observations 

for each student (Montgomery, 2013b). This test offered additional evidence to determine 

whether teaching specific systems thinking concepts resulted in a greater number of and a 

greater score for elements, interactions, and roles/purposes drawn by students for Drawing 

B compared to Drawing A by analyzing the differences in samples instead of the samples 

individually. 

 

3.2.5.3 Wilcoxon Signed Ranks Test 

The Wilcoxon signed ranks test is a non-parametric statistical test used to draw inferences 

about differences in medians for situations where two samples can be paired (Conover, 

1999). This test was similar to the paired comparison test presented in section 3.2.5.2, but 

it differs in that the paired differences for samples from Drawing A and Drawing B are 

used to determine whether the samples come from populations with the same median and 
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mean. This test begins, similar to the paired comparison test, with the calculation of the 

paired difference 𝑑𝑗 = 𝑦𝐵𝑗 − 𝑦𝐴𝑗 where 𝑦𝑖𝑗 is defined as a sample from a systems thinking 

learning concept of interest for each i drawing [A, B, BA] and j student (see Equation 3-3). 

Unlike the paired comparison test, however, the Wilcoxon signed ranks test, since it is a 

nonparametric test, does not assume an underlying population probability distribution. 

Instead, this test assumes that the distribution of paired differences is symmetric (Conover, 

1999). This assumption allows for inferences about the mean to be drawn because it 

coincides with the median in a symmetric distribution. Although the assumption of 

symmetry is not as strong as the assumption of normality found in the paired comparison 

test, this test is valid for situations where the underlying probability distribution is unknown 

or cannot be reasonably assumed as normal (Conover, 1999) (see section 3.3.3 about data 

normality assumptions). 

 

The test statistic for this test was calculated by determining ranks from the paired 

differences of (𝑦𝐴𝑗 , 𝑦𝐵𝑗). Paired differences equal to zero (for the case when 𝑦𝐴𝑗 = 𝑦𝐵𝑗 

or 𝑑𝑗 = 0) were omitted from the calculation of the test statistic. Ranks were assigned to 

the remaining 𝑑𝑗 from 1 to 𝑛𝐵𝐴
′ (where 𝑛𝐵𝐴

′ = the number of pairs remaining after omitting 

the pairs equal to 0) based on the magnitude of the absolute differences |𝑑𝑗|. The rank of 1 

was assigned to the pair with the smallest absolute difference and the rank of 𝑛𝐵𝐴
′ was 

assigned to the pair with the largest absolute difference. If any ties occurred between pairs 

(i.e. two or more pairs had the same absolute difference), then according to Conover 

(1999), “assign to each of these pairs the average of the ranks that would have otherwise 

been assigned” (p. 352-353). For example, if the ranks of 10, 11, and 12 were to be assigned 

to three tied pairs, then each pair was assigned the average rank of (
1

3
) ∗ (10 + 11 + 12) =

(
1

3
) ∗ (33) = 11. Once the ranking of each pair was complete, 𝑅𝑗 was used to denote either 

the rank assigned to (𝑦𝐴𝑗 , 𝑦𝐵𝑗) if 𝑑𝑗 > 0 (i.e. a positive difference) or the negative of the 

rank assigned to (𝑦𝐴𝑗 , 𝑦𝐵𝑗) if 𝑑𝑗 < 0 (i.e. a negative difference). Since the sample size 𝑛𝐵𝐴 
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> 50 for this research, the normal approximation was used to calculate the test statistic T 

shown in Equation 3-6 (Conover, 1999). 

 

Equation 3-6: Normal Approximation of Test Statistic for Wilcoxon Signed Ranks Test 

𝑇 =
∑ 𝑅𝑗

𝑛𝐵𝐴
′

𝑗=1

√∑ 𝑅𝑗
2𝑛𝐵𝐴

′

𝑗=1

 

 

To test whether the difference in medians and means between Drawing A and Drawing B 

were equal to zero, the two-sided null and alternative hypotheses were stated in terms of 

the expected value of the paired difference (d) as: 𝐻0: 𝐸(𝑑) = 0 and 𝐻1: 𝐸(𝑑) ≠ 0. 𝐻0 was 

rejected for a specific significance level α if |𝑇| > 𝑧1−𝛼 2⁄ , where z was determined from a 

cumulative standard normal distribution. If 𝐻0 was rejected, there was evidence to show 

that the expected value for the difference in medians and means between the two drawings 

was not equal to zero (i.e. the medians and means of the two drawings were different) 

meaning that one-sided hypothesis tests needed to be conducted to determine whether the 

median and mean of Drawing A or Drawing B was greater. 

 

The null and alternative hypotheses for the one-sided test to determine whether the 

difference in medians and means were less than zero (or the left-tailed test) were stated 

as: 𝐻0: 𝐸(𝑑) ≥ 0 and 𝐻1: 𝐸(𝑑) < 0 where 𝐻0 was rejected for a specific significance level 

α if 𝑇 < −𝑧1−𝛼. If 𝐻0 was rejected, there was evidence to show that the expected value for 

the difference in medians and means were less than zero (i.e. the median and mean of 

Drawing A was greater than the median and mean of Drawing B). Alternatively, the null 

and alternative hypotheses for the one-sided test to determine whether the difference in 

medians and means were greater than zero (or the right-tailed test) were stated 

as: 𝐻0: 𝐸(𝑑) ≤ 0 and 𝐻1: 𝐸(𝑑) > 0 where 𝐻0 was rejected for a specific significance level 

α if 𝑇 > 𝑧1−𝛼. If 𝐻0 was rejected, there was evidence to show that the expected value for 

the difference in medians and means were greater than zero (i.e. the median and mean of 

Drawing B was greater than the median and mean of Drawing A). 
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Although this test was similar to both the two-sample t-test and the paired comparison test, 

the inferences drawn from this test did not rely on the assumption of normality which may 

not have been a valid assumption for the populations included in this research (see section 

3.3.3 for normality assumptions). Therefore, this test offered evidence from a non-

parametric statistics perspective to determine whether teaching specific systems thinking 

concepts resulted in a greater number of and a greater score for elements, interactions, and 

roles/purposes drawn by students for Drawing B compared to Drawing A. 

 

3.2.6 Testable Hypotheses 

The four research questions and corresponding research hypotheses presented in sections 

1.3 and 1.4 respectively are restated here in pairs for convenience: 

 

(1) First Question: Is there a statistically significant difference between the elements 

identified by non-experts in a fish-tank system drawing before and after learning 

about the systems thinking concept of distinctions? 

o First Hypothesis: There is a statistically significant difference between the 

elements identified by non-experts in a fish-tank system drawing before and 

after learning about the systems thinking concept of distinctions. 

(2) Second Question: Is there a statistically significant difference between the 

interactions identified by non-experts in a fish-tank system drawing before and after 

learning about the systems thinking concept of relationships? 

o Second Hypothesis: There is a statistically significant difference between 

the interactions identified by non-experts in a fish-tank system drawing 

before and after learning about the systems thinking concept of 

relationships. 

(3) Third Question: Is there a statistically significant difference between the 

roles/purposes identified by non-experts in a fish-tank system drawing before and 

after learning about the systems thinking concept of perspectives? 

o Third Hypothesis: There is a statistically significant difference between the 

roles/purposes identified by non-experts in a fish-tank system drawing 
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before and after learning about the systems thinking concept of 

perspectives. 

(4) Fourth Question: Is there a statistically significant difference between the totals of 

elements, interactions, and roles/purposes identified by non-experts in a fish-tank 

system drawing before and after learning about the three systems thinking concepts 

of distinctions, relationships, and perspectives? 

o Fourth Hypothesis: There is a statistically significant difference between 

the totals of elements, interactions, and roles/purposes identified by non-

experts in a fish-tank system drawing before and after learning about the 

three systems thinking concepts of distinctions, relationships, and 

perspectives. 

 

To answer these questions and address the corresponding hypotheses, each question-

hypothesis pair was translated into a testable hypothesis based on the qualitative and 

quantitative methodologies covered in the previous sections. The testable hypotheses for 

each general question-hypothesis pair, and for each statistical test, are presented in Table 

3-11 in the form of a two-sided hypothesis test. For a glossary of variables used in the 

testable hypotheses, readers should refer to Table 9-1 in Appendix C: Glossary of 

Variables. 
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Table 3-11: Testable Hypotheses 

General 

Question-

Hypothesis 

Pair 

Testable 

Hypothesis for 

Number (x) 

Testable 

Hypothesis for 

Score (z) 

Statistical 

Test 

(1) 

Distinctions 

- 

Elements 

(E) 

𝐻0: 𝜇𝑥𝐴𝐸
= 𝜇𝑥𝐵𝐸

 

𝐻1: 𝜇𝑥𝐴𝐸
≠ 𝜇𝑥𝐵𝐸

 

𝐻0: 𝜇𝑧𝐴𝐸
= 𝜇𝑧𝐵𝐸

 

𝐻1: 𝜇𝑧𝐴𝐸
≠ 𝜇𝑧𝐵𝐸

 

Two-Sample t-Test 

(section 3.2.5.1) 

𝐻0: 𝜇𝑑𝑥𝐸
= 0 

𝐻1: 𝜇𝑑𝑥𝐸
≠ 0 

𝐻0: 𝜇𝑑𝑧𝐸
= 0 

𝐻1: 𝜇𝑑𝑧𝐸
≠ 0 

Paired Comparison 

Test (section 3.2.5.2) 

𝐻0: 𝐸(𝑑𝑥𝐸
) = 0 

𝐻1: 𝐸(𝑑𝑥𝐸
) ≠ 0 

𝐻0: 𝐸(𝑑𝑧𝐸
) = 0 

𝐻1: 𝐸(𝑑𝑧𝐸
) ≠ 0 

Wilcoxon Signed 

Ranks Test (section 

3.2.5.3) 

(2) 

Relationships 

- 

Interactions 

(I) 

𝐻0: 𝜇𝑥𝐴𝐼
= 𝜇𝑥𝐵𝐼

 

𝐻1: 𝜇𝑥𝐴𝐼
≠ 𝜇𝑥𝐵𝐼

 

𝐻0: 𝜇𝑧𝐴𝐼
= 𝜇𝑧𝐵𝐼

 

𝐻1: 𝜇𝑧𝐴𝐼
≠ 𝜇𝑧𝐵𝐼

 

Two-Sample t-Test 

(section 3.2.5.1) 

𝐻0: 𝜇𝑑𝑥𝐼
= 0 

𝐻1: 𝜇𝑑𝑥𝐼
≠ 0 

𝐻0: 𝜇𝑑𝑧𝐼
= 0 

𝐻1: 𝜇𝑑𝑧𝐼
≠ 0 

Paired Comparison 

Test (section 3.2.5.2) 

𝐻0: 𝐸(𝑑𝑥𝐼
) = 0 

𝐻1: 𝐸(𝑑𝑥𝐼
) ≠ 0 

𝐻0: 𝐸(𝑑𝑧𝐼
) = 0 

𝐻1: 𝐸(𝑑𝑧𝐼
) ≠ 0 

Wilcoxon Signed 

Ranks Test (section 

3.2.5.3) 

(3) 

Perspectives 

- 

Roles/ 

Purposes 

(R/P) 

𝐻0: 𝜇𝑥𝐴𝑅
= 𝜇𝑥𝐵𝑅

 

𝐻1: 𝜇𝑥𝐴𝑅
≠ 𝜇𝑥𝐵𝑅

 

𝐻0: 𝜇𝑧𝐴𝑅
= 𝜇𝑧𝐵𝑅

 

𝐻1: 𝜇𝑧𝐴𝑅
≠ 𝜇𝑧𝐵𝑅

 

Two-Sample t-Test 

(section 3.2.5.1) 

𝐻0: 𝜇𝑑𝑥𝑅
= 0 

𝐻1: 𝜇𝑑𝑥𝑅
≠ 0 

𝐻0: 𝜇𝑑𝑧𝑅
= 0 

𝐻1: 𝜇𝑑𝑧𝑅
≠ 0 

Paired Comparison 

Test (section 3.2.5.2) 

𝐻0: 𝐸(𝑑𝑥𝑅
) = 0 

𝐻1: 𝐸(𝑑𝑥𝑅
) ≠ 0 

𝐻0: 𝐸(𝑑𝑧𝑅
) = 0 

𝐻1: 𝐸(𝑑𝑧𝑅
) ≠ 0 

Wilcoxon Signed 

Ranks Test (section 

3.2.5.3) 

(4) 

Totals 

(T) 

𝐻0: 𝜇𝑥𝐴𝑇
= 𝜇𝑥𝐵𝑇

 

𝐻1: 𝜇𝑥𝐴𝑇
≠ 𝜇𝑥𝐵𝑇

 

𝐻0: 𝜇𝑧𝐴𝑇
= 𝜇𝑧𝐵𝑇

 

𝐻1: 𝜇𝑧𝐴𝑇
≠ 𝜇𝑧𝐵𝑇

 

Two-Sample t-Test 

(section 3.2.5.1) 

𝐻0: 𝜇𝑑𝑥𝑇
= 0 

𝐻1: 𝜇𝑑𝑥𝑇
≠ 0 

𝐻0: 𝜇𝑑𝑧𝑇
= 0 

𝐻1: 𝜇𝑑𝑧𝑇
≠ 0 

Paired Comparison 

Test (section 3.2.5.2) 

𝐻0: 𝐸(𝑑𝑥𝑇
) = 0 

𝐻1: 𝐸(𝑑𝑥𝑇
) ≠ 0 

𝐻0: 𝐸(𝑑𝑧𝑇
) = 0 

𝐻1: 𝐸(𝑑𝑧𝑇
) ≠ 0 

Wilcoxon Signed 

Ranks Test (section 

3.2.5.3) 
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3.3 Collection and Treatment of Data 

In this section the methods for how data was collected and treated are presented. 

 

3.3.1 Data Collection 

Data was collected for this research using an experiment conducted during a pre-existing 

two-day event hosted by the Science and Math Investigative Learning Experiences 

(SMILE) Program on the Oregon State University (OSU) campus in Corvallis, Oregon. 

Since this research was conducted with human subjects, the research protocol was 

submitted to and approved by the OSU Human Research Protection Program (HRPP) and 

Institutional Review Board (IRB) prior to data collection under the study number IRB-

2019-0090 (see section 10.1 and section 10.2 in Appendix D: Research Study Documents). 

The first day of the experiment was the SMILE High School Challenge on Friday April 26, 

2019. The second day of the experiment was the SMILE Middle School Challenge on 

Saturday April 27, 2019. During both days students participated in a systems thinking 

workshop. This workshop was conducted with nine (9) groups of students over two days 

and served as the experiment to collect data for this research in the form of fish-tank system 

drawings. On April 26, 2019 the systems thinking experiment was conducted with five (5) 

groups of high school students during the SMILE High School Challenge. On April 27, 

2019 the systems thinking experiment was conducted with four (4) groups of middle school 

students during the SMILE Middle School Challenge. The experiments were conducted by 

two members of the research study team (Instructor #1 and Instructor #2). The experiments 

did not vary between groups or differ for middle school versus high school students except 

for the instructor. The data collection matrix that details which groups were taught by each 

instructor for each day of the experiment is presented in Table 3-12. Also detailed in the 

table is the number of expected students who would participate in the experiment for each 

group. 
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Table 3-12: Data Collection Matrix 

Systems Thinking 

Experiment – Day 1 

(Fri. April 26, 2019) 

High School (HS) 

HS Group #1 ~ 20 students 

per group 

~ 100 students 

total 

Instructor #1 & 

Instructor #2 

HS Group #2 Instructor #1 

HS Group #3 Instructor #2 

HS Group #4 Instructor #1 

HS Group #5 Instructor #2 

Systems Thinking 

Experiment – Day 2 

(Sat. April 27, 2019) 

Middle School (MS) 

MS Group #1 ~ 25 students 

per group 

~ 100 students 

total 

Instructor #1 

MS Group #2 Instructor #2 

MS Group #3 Instructor #1 

MS Group #4 Instructor #2 

 

For each group, the instructors used presentation slides to guide the experiment (see section 

10.6 in Appendix D: Research Study Documents). The experiment began with an 

introduction to the instructors, a brief introduction to systems thinking, and an overview of 

the experiment. During the overview of the experiment, the instructors provided students 

with details about the experiment and allowed enough time for students to decide whether 

or not they wanted to participate in the experiment which was done to comply with OSU 

HRPP and IRB protocol. All students were provided with an assent form (see section 10.4 

in Appendix D: Research Study Documents) and were asked to sign the form if they 

decided not to participate in the experiment. However, if a student signed the assent form 

this did not preclude that student from participating in the systems thinking workshop. 

Once the experiment overview was complete, the students were asked to draw a fish-tank 

system drawing (Drawing A). Students were presented with the problem statement that the 

water in the fish tank was turning green and asked to consider elements, interactions, and 

roles/purposes while completing their drawing. This first drawing of a fish-tank system 

served as a warm-up activity to evaluate systems thinking learning before the experiment. 

Students were given approximately five (5) minutes to complete Drawing A. 

 

In the next part of the experiment, students were asked to answer two background questions 

about their prior knowledge of fish tanks. Then, the instructors transitioned to a lesson 

about the systems thinking concepts of distinctions, relationships, and perspectives, 

beginning with an overview of the three concepts. The first concept that the instructors 
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taught was distinctions which was taught as the skill of identifying elements. After teaching 

the students about distinctions, the instructors presented the students with the same problem 

statement as in Drawing A and asked the students to start a new fish-tank system drawing 

(Drawing B) and draw and label elements. This process was repeated for the other two 

concepts of relationships and perspectives. For relationships, students were taught the skill 

of identifying interactions and asked to draw and label interactions in their fish-tank system 

drawing (Drawing B). For perspectives, students were taught the skill of identifying 

roles/purposes and asked to draw and label roles/purposes in their fish-tank system drawing 

(Drawing B). Students were given approximately three to four (3-4) minutes to complete 

their drawing for each concept. With any remaining time, the instructors concluded the 

experiment by facilitating a discussion to help students reflect on the concepts taught. At 

the conclusion of the experiment, students were asked to submit their drawings to the 

instructors. The worksheets that were provided to students to complete their drawings are 

shown in section 10.5 in Appendix D: Research Study Documents. 

 

3.3.2 Treatment of Data 

The data (Drawings A and B) were collected after each group completed the systems 

thinking experiment and stored until all groups had completed the experiment. The data for 

each group were then sorted into two sub-groups. The first sub-group for each group 

contained all data that did not have either a signed assent form by the student or a signed 

consent form from a parent (see section 10.1 in Appendix D: Research Study Documents 

for the consent form). Data without a signature on either of these forms meant the student 

and their parent(s) gave permission to include the student’s drawing in this research. The 

second sub-group for each group contained all data that did have either a signed assent 

form by the student or a signed consent form from a parent. The data sorted into the second 

sub-group (including assent forms) were destroyed as per the IRB protocol since assent 

and/or was not provided to use that data in this research. 

 

The data (Drawings A and B) sorted into the first sub-group were then separated from the 

accompanying assent form. All assent forms were destroyed as per the IRB protocol to 
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ensure no data could be linked to a specific student. Using a random code generator, each 

student was assigned a five-digit code which was written on the physical copy of both 

Drawing A and Drawing B. These codes helped identify which group the student and their 

drawings were included in during the experiment. After all data were assigned a code, the 

physical data was shuffled to randomize the students and groups and then scanned to create 

an electronic copy. This electronic copy of the data was stored on a secure, cloud-based 

server by the Principal Investigator specified in the IRB protocol. The physical copies were 

kept securely stored except when used during the analysis. 

 

3.3.3 Checking Data Sampling Assumptions 

The two-sample t-test and the paired comparison test presented in section 3.2.5 rely on the 

assumptions that data samples are randomly collected, are from independent populations, 

and can be described by normal distributions (Montgomery, 2013b). The first assumption 

that data samples were randomly collected can be accepted since students in the experiment 

were randomly assigned to each group except for the fact that groups were defined as 

having all middle school students or all high school students. 

 

The second assumption that data samples were collected from two independent populations 

can also be accepted. Each student was independent of other students, although, since 

Drawing A and Drawing B were collected from the same student, it would appear that these 

two sample populations are not independent. However, the samples for Drawing B were 

drawn after an intervention has occurred (i.e. the students were taught about systems 

thinking concepts). This intervention only affected how students thought about fish tanks 

and did not affect the prior knowledge students had about fish tanks. Therefore, it is 

reasonable to accept the assumption that students in Drawing A were independent of the 

students in Drawing B. 

 

The third assumption that data samples were collected from an underlying normal 

distribution could not be accepted without checking for normality using normal probability 

plots. A normal probability plot is a simple graphical tool for checking whether data is 
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normally distributed (Montgomery, 2013b). A plot was created for both Drawing A and 

Drawing B for elements, interactions, roles/purposes, and totals. This resulted in four (4) 

plots per drawing and eight (8) total plots, which are presented in Appendix E: Normal 

Probability Plots. The general procedure for creating the plots began with ranking the 

sample observations from smallest to largest. Then, the ordered samples were plotted 

against the observed cumulative frequency calculated using the expression (𝑗 − 0.5) 𝑛𝑖⁄ , 

where j is the ordered sample number and 𝑛𝑖 is the number of samples for drawing i [A, 

B]. For example, if a value of 10 is ordered sample number j = 53 and 𝑛𝑖 = 97, then the 

observed cumulative frequency is = (𝑗 − 0.5) 𝑛𝑖⁄ = (53 − 0.5) 97⁄ = 0.541. If the 

normal distribution adequately describes the plotted data, then the plotted points will lie 

approximately along a straight line (which is always a subjective determination) or the 

calculated p-value will be greater than a specified significance level  (Montgomery, 

2013b). 

 

Based on the normal probability plots created for the data samples in this research, the 

number of elements and totals for both Drawing A and B appear visually to be well 

approximated by a normal distribution. However, the p-values for both plots are < 0.002 

which is less than the significance level  of 0.05. Additionally, the plots for interactions 

and roles/purposes for both Drawing A and B do not appear visually to be well 

approximated by a normal distribution and the p-values for all plots are < 0.001 which is 

less than the significance level  of 0.05. Therefore, based on p-values it is not reasonable 

to accept the assumption that the data for elements, interactions, roles/purposes, and totals 

for both Drawing A and B are samples from normally distributed populations. These 

findings support the inclusion of the Wilcoxon signed ranks test (a non-parametric 

statistical test) which does not assume an underlying distribution. Although the normal 

probability plots are not conclusive in confirming normality, the inclusion of both types of 

hypothesis tests in this research provided multiple perspectives from which to evaluate the 

research questions. 
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3.4 Methodological Issues 

In this section the five methodological issues of reliability, validity, replicability, bias, and 

representativeness related to this research are presented. 

 

3.4.1 Reliability 

The reliability of this research relates to the measurement instrument (the systems thinking 

experiment using a fish-tank drawing) and the qualitative data analysis. The reliability of 

the measurement instrument applies to how the experiment was administered to each group 

and whether the experiment was administered consistently. To address this, the experiment 

was standardized to reduce any inconsistencies that might result between groups. 

Additionally, both researchers who conducted the activity were highly knowledgeable 

about the systems thinking concepts that were presented and both researchers were trained 

together on how to conduct the activity to ensure consistency between groups. To address 

the reliability of the data, an inter-coder agreement analysis was conducted for 25% of the 

data (see section 3.2.4). This analysis resulted in a final overall inter-coder agreement of 

88% between two independent coders which met the minimum accepted agreement value 

of 80% meaning the results “would be acceptable in most situations” (Neuendorf, 2002, p. 

145). Conducting this analysis also resulted in a more robust and consistent methodology 

with examples and clear and concise rules for classifying and recording the data during the 

content analysis. 

 

3.4.2 Validity 

The validity of this research relates to both internal and external validity. The internal 

validity of the research experiment is the extent to which “accurate conclusions about 

cause-and-effect relationships within the data” can be drawn (Leedy & Ormrod, 2016, p. 

85). To ensure internal validity many experimental factors were kept constant, including: 

all students were affiliated with the SMILE Program; all students were high school students 

on the first day of the experiment and all students were high school students on the second 

day of the experiment; the presentation of systems thinking information was standardized 

between all groups; and, the students in each group were randomly assigned.  
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The external validity of the research experiment is the extent to which the “results apply to 

situations beyond the study itself – in other words, the extent to which the conclusions 

drawn can be generalized to other contexts” (Leedy & Ormrod, 2016, p. 87). To ensure 

external validity the experiment was conducted in a classroom setting during a pre-existing 

workshop in order to replicate a “real-life” setting and the students who participated in the 

experiment were randomly selected from the SMILE Program student population. 

Additionally, an inter-coder agreement analysis was conducted (also discussed for 

reliability and presented in section 3.2.4) to ensure the conclusions drawn from this 

research can be used and trusted in future research. 

 

3.4.3 Replicability 

The methodology presented in this research sufficiently details how other researchers may 

replicate the findings from this research. Although this research was conducted with 

students in a specific context, the methodology described is general enough to be replicated 

in other contexts for different student populations. 

 

3.4.4 Bias 

According to Leedy and Ormrod (2016, p. 168-170), there are four categories of bias – 

sampling, instrumentation, response, and researcher bias. Sampling and instrumentation 

bias during the data collection portion of this research were minimized by conducting the 

experiment with randomized groups and by standardizing the presentation of the systems 

thinking experiment for each group. However, the design of the worksheets for the systems 

thinking experiment may have biased students during Drawing B to think of a fish-tank 

system as having a rectangular tank since this was already printed on the worksheet. In 

comparison, students completed Drawing A on a blank sheet of paper. Although this may 

not have had an effect on the rest of Drawing B, some students may not have labeled the 

fish tank as an element in their drawing. This potential source of bias was eliminated by 

giving every student “credit” for the fish tank as an element in Drawing B. 
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Response and researcher bias during the data analysis portion of this research were 

minimized by standardizing the presentation of the systems thinking experiment for each 

group and by creating robust operational definitions in the methodology to classify and 

record data during the content analysis as a result of an inter-coder agreement analysis 

conducted with two independent coders. Although only 25% of the data was coded by the 

two independent coders, the finalized methodology was more robust after conducting this 

analysis which resulted in more consistent results for the remaining 75% of the data coding 

performed by the researcher. A source of potential response bias could be found for the 

student responses to the question of “what is your familiarity of fish tanks?” during the 

experiment. This question may exhibit response bias by students because of the self-report 

nature of the question and the influence of students’ prior experiences with and knowledge 

about fish tanks (see section 4.3.1 for a more detailed analysis of this question). 

 

3.4.5 Representativeness 

Students who participated in this research were randomly sampled from the greater SMILE 

Program student population. Because students in SMILE do not represent the larger 

population of students, the results of this research cannot be used to represent all student 

populations, only SMILE students. However, as discussed for replicability, the 

methodology described herein, if applied to another context, is general enough to be used 

to measure systems thinking learning for other student populations. 

 

3.5 Research Constraints 

Two types of constraints which affected the experimental design of this research were 

identified. The first constraint was related to the structure of the SMILE Challenge Events 

where the experiment took place. Due to this constraint, no control group could be used 

because the SMILE Program expected that all students at the events would participate in 

the systems thinking workshop in order to learn about systems thinking concepts. This 

constraint also limited the measurement of expected student learning attributable to the 

repeated task of drawing a fish-tank system. Additionally, due to this constraint the time 

allotted for the experiment was limited to approximately forty-five (45) minutes and the 
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group sizes were fixed at twenty to twenty-five (20-25) students. This constrained the 

design of the experiment to be successfully completed in that timeframe and also to be 

accommodating of the high number of students in one group. The second constraint was 

related to the human-subject testing requirements set by the IRB to protect the rights and 

welfare of the participants in the research experiment. Due to this constraint, not all 

students who participated in the systems thinking activity provided their assent to include 

their drawings as data in this research. This resulted in the omission of forty-six (46) 

drawings as data for this research due to a lack of assent provided. 
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Chapter 4 

4 Results 

 

4.1 Introduction 

In this chapter, the results of the experiment are presented according to the methodology 

described in the previous chapter. The results are presented in two sections. In section 4.2, 

the results of the statistical tests described in the methodology to test each hypothesis are 

presented. In section 4.3, the exploratory results related to the experiment are presented. 

The results presented in both sections are based on the analysis of ninety-seven (97) 

students who participated in the experiment, completed both Drawing A and Drawing B of 

a fish-tank system, and provided their assent to include their drawings in this research. An 

additional fifty (50) students participated in the experiment, but these students either did 

not complete both drawings or did not provide assent, meaning these students were not 

included in the analysis. Therefore, the number of pairs of drawings included in the analysis 

and results was 𝑛𝐴 = 𝑛𝐵 = 𝑛𝐵𝐴 = 97. 

 

4.2 Research Study Results 

In this section, the results of the experiment are presented in the following order of systems 

thinking concepts: 1) distinctions (elements) in section 4.2.1, 2) relationships (interactions) 

in section 4.2.2, 3) perspectives (roles/purposes) in section 4.2.3, and 4) totals in section 

4.2.4. For each concept, the results are presented in the following order of statistical tests: 

1) two-sample t-test, 2) paired comparison test, and 3) Wilcoxon signed ranks test. For a 

list of the variables used in the results, readers should refer to Table 9-1 in Appendix C: 

Glossary of Variables. 

 

4.2.1 Distinctions (Elements) Results 

In this section, the results of the elements analysis are presented. The tabulated results for 

elements that were used to conduct the statistical tests are presented in Table 12-1 in 

Appendix F: Tabulated Results. During the analysis, eleven (11) additional, relevant 

elements drawn by students for a fish-tank system were identified, classified, and recorded 
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according to the methodology described in section 3.2.3.1. The descriptions and 

classifications for each of these eleven (11) additional, relevant elements are presented in 

Table 8-3 and Table 8-4 respectively in Appendix B: Element Classification Tables. 

 

4.2.1.1 Two-Sample t-Test Results for Elements 

The purpose of the two-sample t-test was to determine whether there was a statistically 

significant difference between the mean number and the mean score for elements identified 

by students for Drawing A and Drawing B, and whether the mean number and the mean 

score for elements was greater for Drawing A or Drawing B. The results of the two-sample 

t-tests for elements are presented in Table 4-1. 

 

Table 4-1: Two-Sample t-Test Results for Elements 

Drawing 
E for [S] E for [L] E for [C] x of E z of E 

�̅�𝑬𝑺 �̃�𝑬𝑺 �̅�𝑬𝑳 �̃�𝑬𝑳 �̅�𝑬𝑪 �̃�𝑬𝑪 �̅�𝑬𝑻 �̃�𝑬𝑻 𝑺𝒙𝑬𝑻
 �̅�𝑬𝑻 �̃�𝑬𝑻 𝑺𝒛𝑬𝑻

 

A 

𝒏𝑨 = 𝟗𝟕 
2.47 3 2.97 3 0.19 0 5.63 5 2.38 8.97 8 4.80 

B 

𝒏𝑩 = 𝟗𝟕 
2.92 3 4.73 4 0.63 0 8.28 8 2.57 14.27 13 5.56 

             

Test 𝑯𝟎 𝑺𝒑
𝟐  𝒕𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 𝒕𝟎 p-value 

2T (x) 𝜇𝑥𝐴𝐸
= 𝜇𝑥𝐵𝐸

 6.14 0.05 1.97 -7.45 < 0.001 

2T (z) 𝜇𝑧𝐴𝐸
= 𝜇𝑧𝐵𝐸

 27.01 0.05 1.97 -7.10 < 0.001 

LT (x) 𝜇𝑥𝐴𝐸
≥ 𝜇𝑥𝐵𝐸

 6.14 0.05 1.65 -7.45 < 0.001 

LT (z) 𝜇𝑧𝐴𝐸
≥ 𝜇𝑧𝐵𝐸

 27.01 0.05 1.65 -7.10 < 0.001 

RT (x) 𝜇𝑥𝐴𝐸
≤ 𝜇𝑥𝐵𝐸

 6.14 0.05 1.65 -7.45 > 0.999 

RT (z) 𝜇𝑧𝐴𝐸
≤ 𝜇𝑧𝐵𝐸

 27.01 0.05 1.65 -7.10 > 0.999 

 

Since |𝑡0| > 𝑡𝛼 2⁄ ,𝑛𝐴+𝑛𝐵−2 for the two-tailed (2T) test with a p-value < 0.001 at a 

significance level  of 0.05, there is statistical evidence to conclude that the mean number 

and the mean score for elements identified by students between Drawing A and Drawing 

B are different. Additionally, since 𝑡0 < −𝑡𝛼,𝑛𝐴+𝑛𝐵−2 for the left-tailed (LT) test with a p-

value < 0.001 and since 𝑡0 < 𝑡𝛼,𝑛𝐴+𝑛𝐵−2 for the right-tailed (RT) test with a p-value > 
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0.999 at a significance level  of 0.05, there is statistical evidence to conclude that the 

mean number and the mean score for elements identified by students in Drawing B is 

greater than Drawing A. 

 

4.2.1.2 Paired Comparison Test Results for Elements 

The purpose of the paired comparison test was to determine whether the mean of the paired 

differences between Drawing A and Drawing B for the number and the score for elements 

identified by students were statistically significant, and whether the difference between the 

two drawings was greater or less than zero (i.e. whether the number and the score for 

elements was greater for Drawing A or Drawing B). The results of the paired comparison 

tests for elements are presented in Table 4-2. 

 

Table 4-2: Paired Comparison Test Results for Elements 

Draw-

ing 

E for [S] 

Difference 

E for [L] 

Difference 

E for [C] 

Difference 

x of E 

Difference 

z of E 

Difference 

�̅�𝒙𝑬𝑺
 �̃�𝒙𝑬𝑺

 �̅�𝒙𝑬𝑳
 �̃�𝒙𝑬𝑳

 �̅�𝒙𝑬𝑪
 �̃�𝒙𝑬𝑪

 �̅�𝒙𝑬𝑻
 �̃�𝒙𝑬𝑻

 𝑺𝒅𝒙𝑬𝑻
 �̅�𝒛𝑬𝑻

 �̃�𝒛𝑬𝑻
 𝑺𝒅𝒛𝑬𝑻

 

BA 

𝒏𝑩𝑨

= 𝟗𝟕 

0.44 0 1.76 2 0.44 0 2.65 3 2.43 5.30 5 4.86 

             

Test 𝑯𝟎 𝑺𝒅  𝒕𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 𝒕𝟎 p-value 

2T (x) 𝜇𝑑𝑥𝐸
= 0 2.43 0.05 1.98 10.75 < 0.001 

2T (z) 𝜇𝑑𝑧𝐸
= 0 4.86 0.05 1.98 10.75 < 0.001 

LT (x) 𝜇𝑑𝑥𝐸
≥ 0 2.43 0.05 1.66 10.75 > 0.999 

LT (z) 𝜇𝑑𝑧𝐸
≥ 0 4.86 0.05 1.66 10.75 > 0.999 

RT (x) 𝜇𝑑𝑥𝐸
≤ 0 2.43 0.05 1.66 10.75 < 0.001 

RT (z) 𝜇𝑑𝑧𝐸
≤ 0 4.86 0.05 1.66 10.75 < 0.001 

 

Since |𝑡0| > 𝑡𝛼 2⁄ ,𝑛𝐵𝐴−1 for the two-tailed (2T) test with a p-value < 0.001 at a significance 

level  of 0.05, there is statistical evidence to conclude that the mean of the paired 

differences between Drawing A and Drawing B for the number and the score for elements 

identified by students are different. Additionally, since 𝑡0 > −𝑡𝛼,𝑛𝐵𝐴−1 for the left-tailed 
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(LT) test with a p-value > 0.999 and since 𝑡0 > 𝑡𝛼,𝑛𝐵𝐴−1 for the right-tailed (RT) test with 

a p-value < 0.001 at a significance level  of 0.05, there is statistical evidence to conclude 

that the mean of the paired differences for the number and the score for elements identified 

by students is greater than zero (i.e. the number and the score for elements in Drawing B 

is greater than Drawing A). 

 

4.2.1.3 Wilcoxon Signed Ranks Test Results for Elements 

The purpose of the Wilcoxon signed ranks test was to determine (from a non-parametric 

statistics perspective) whether the median and the mean of the paired differences between 

Drawing A and Drawing B for the number and the score for elements identified by students 

were statistically significant, and whether the difference between the two drawings was 

greater or less than zero (i.e. whether the number and the score for elements was greater 

for Drawing A or Drawing B). The results of the Wilcoxon signed ranks tests for elements 

are presented in Table 4-3. 

 

Table 4-3: Wilcoxon Signed Ranks Test Results for Elements 

Test 𝑯𝟎 𝒏𝑩𝑨
′ ∑ 𝑹𝒋

𝒏𝑩𝑨
′

𝒋=𝟏
 ∑ 𝑹𝒋

𝟐
𝒏𝑩𝑨

′

𝒋=𝟏
 T α 𝒛𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 p-value 

2T (x) 𝐸(𝑑𝑥𝐸
) = 0 81 3,106.00 178,749.00 7.35 0.05 1.96 < 0.001 

2T (z) 𝐸(𝑑𝑧𝐸
) = 0 86 3,454.00 215,209.00 7.45 0.05 1.96 < 0.001 

LT (x) 𝐸(𝑑𝑥𝐸
) ≥ 0 81 3,106.00 178,749.00 7.35 0.05 1.64 > 0.999 

LT (z) 𝐸(𝑑𝑧𝐸
) ≥ 0 86 3,454.00 215,209.00 7.45 0.05 1.64 > 0.999 

RT (x) 𝐸(𝑑𝑥𝐸
) ≤ 0 81 3,106.00 178,749.00 7.35 0.05 1.64 < 0.001 

RT (z) 𝐸(𝑑𝑧𝐸
) ≤ 0 86 3,454.00 215,209.00 7.45 0.05 1.64 < 0.001 

 

Since |𝑇| > 𝑧1−𝛼 2⁄  for the two-tailed (2T) test with a p-value < 0.001 at a significance 

level  of 0.05, there is statistical evidence (from a non-parametric statistics perspective) 

to conclude that the median and the mean of the paired differences between Drawing A 

and Drawing B for the number and the score for elements identified by students are 

different. Additionally, since 𝑇 > −𝑧1−𝛼 for the left-tailed (LT) test with a p-value > 0.999 

and since 𝑇 > 𝑧1−𝛼 for the right-tailed (RT) test with a p-value < 0.001 at a significance 
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level  of 0.05, there is statistical evidence (from a non-parametric statistics perspective) 

to conclude that the mean of the paired differences for the number and the score for 

elements identified by students is greater than zero (i.e. the number and the score for 

elements in Drawing B is greater than Drawing A). 

 

4.2.2 Relationships (Interactions) Results 

In this section, the results of the interactions analysis are presented. The tabulated results 

for interactions that were used to conduct the statistical tests are presented in Table 12-2 in 

Appendix F: Tabulated Results. 

 

4.2.2.1 Two-Sample t-Test Results for Interactions 

The purpose of the two-sample t-test was to determine whether there was a statistically 

significant difference between the mean number and the mean score for interactions 

identified by students for Drawing A and Drawing B, and whether the mean number and 

the mean score for interactions was greater for Drawing A or Drawing B. The results of 

the two-sample t-tests for interactions are presented in Table 4-4. 

 

Table 4-4: Two-Sample t-Test Results for Interactions 

Drawing 
I for [S] I for [L] I for [C] x of I z of I 

�̅�𝑰𝑺 �̃�𝑰𝑺 �̅�𝑰𝑳 �̃�𝑰𝑳 �̅�𝑰𝑪 �̃�𝑰𝑪 �̅�𝑰𝑻 �̃�𝑰𝑻 𝑺𝒙𝑰𝑻
 �̅�𝑰𝑻 �̃�𝑰𝑻 𝑺𝒛𝑰𝑻

 

A 

𝒏𝑨 = 𝟗𝟕 
0.14 0 0.07 0 0.03 0 0.25 0 1.09 0.38 0 1.34 

B 

𝒏𝑩 = 𝟗𝟕 
0.66 0 1.30 0 0.06 0 2.02 1 2.50 3.44 2 4.18 

             

Test 𝑯𝟎 𝑺𝒑
𝟐  𝒕𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 𝒕𝟎 p-value 

2T (x) 𝜇𝑥𝐴𝐼
= 𝜇𝑥𝐵𝐼

 3.72 0.05 1.97 -6.40 < 0.001 

2T (z) 𝜇𝑧𝐴𝐼
= 𝜇𝑧𝐵𝐼

 9.63 0.05 1.97 -6.87 < 0.001 

LT (x) 𝜇𝑥𝐴𝐼
≥ 𝜇𝑥𝐵𝐼

 3.72 0.05 1.65 -6.40 < 0.001 

LT (z) 𝜇𝑧𝐴𝐼
≥ 𝜇𝑧𝐵𝐼

 9.63 0.05 1.65 -6.87 < 0.001 

RT (x) 𝜇𝑥𝐴𝐼
≤ 𝜇𝑥𝐵𝐼

 3.72 0.05 1.65 -6.40 > 0.999 

RT (z) 𝜇𝑧𝐴𝐼
≤ 𝜇𝑧𝐵𝐼

 9.63 0.05 1.65 -6.87 > 0.999 
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Since |𝑡0| > 𝑡𝛼 2⁄ ,𝑛𝐴+𝑛𝐵−2 for the two-tailed (2T) test with a p-value < 0.001 at a 

significance level  of 0.05, there is statistical evidence to conclude that the mean number 

and the mean score for interactions identified by students between Drawing A and Drawing 

B are different. Additionally, since 𝑡0 < −𝑡𝛼,𝑛𝐴+𝑛𝐵−2 for the left-tailed (LT) test with a p-

value < 0.001 and since 𝑡0 < 𝑡𝛼,𝑛𝐴+𝑛𝐵−2 for the right-tailed (RT) test with a p-value > 

0.999 at a significance level  of 0.05, there is statistical evidence to conclude that the 

mean number and the mean score for interactions identified by students in Drawing B is 

greater than Drawing A. 

 

4.2.2.2 Paired Comparison Test Results for Interactions 

The purpose of the paired comparison test was to determine whether the mean of the paired 

differences between Drawing A and Drawing B for the number and the score for 

interactions identified by students were statistically significant, and whether the difference 

between the two drawings was greater or less than zero (i.e. whether the number and the 

score for interactions was greater for Drawing A or Drawing B). The results of the paired 

comparison tests for interactions are presented in Table 4-5. 

 

Table 4-5: Paired Comparison Test Results for Interactions 

Drawing 

I for [S] 

Difference 

I for [L] 

Difference 

I for [C] 

Difference 

x of I 

Difference 

z of I 

Difference 

�̅�𝒙𝑰𝑺
 �̃�𝒙𝑰𝑺

 �̅�𝒙𝑰𝑳
 �̃�𝒙𝑰𝑳

 �̅�𝒙𝑰𝑪
 �̃�𝒙𝑰𝑪

 �̅�𝒙𝑰𝑻
 �̃�𝒙𝑰𝑻

 𝑺𝒅𝒙𝑰𝑻
 �̅�𝒛𝑰𝑻

 �̃�𝒛𝑰𝑻
 𝑺𝒅𝒛𝑰𝑻

 

BA 

𝒏𝑩𝑨 = 𝟗𝟕 
0.52 0 1.23 0 0.03 0 1.77 1 2.26 3.06 2 3.87 

             

Test 𝑯𝟎 𝑺𝒅  𝒕𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 𝒕𝟎 p-value 

2T (x) 𝜇𝑑𝑥𝐼
= 0 2.26 0.05 1.98 7.74 < 0.001 

2T (z) 𝜇𝑑𝑧𝐼
= 0 3.87 0.05 1.98 7.79 < 0.001 

LT (x) 𝜇𝑑𝑥𝐼
≥ 0 2.26 0.05 1.66 7.74 > 0.999 

LT (z) 𝜇𝑑𝑧𝐼
≥ 0 3.87 0.05 1.66 7.79 > 0.999 

RT (x) 𝜇𝑑𝑥𝐼
≤ 0 2.26 0.05 1.66 7.74 < 0.001 

RT (z) 𝜇𝑑𝑧𝐼
≤ 0 3.87 0.05 1.66 7.79 < 0.001 
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Since |𝑡0| > 𝑡𝛼 2⁄ ,𝑛𝐵𝐴−1 for the two-tailed (2T) test with a p-value < 0.001 at a significance 

level  of 0.05, there is statistical evidence to conclude that the mean of the paired 

differences between Drawing A and Drawing B for the number and the score for 

interactions identified by students are different. Additionally, since 𝑡0 > −𝑡𝛼,𝑛𝐵𝐴−1 for the 

left-tailed (LT) test with a p-value > 0.999 and since 𝑡0 > 𝑡𝛼,𝑛𝐵𝐴−1 for the right-tailed (RT) 

test with a p-value < 0.001 at a significance level  of 0.05, there is statistical evidence to 

conclude that the mean of the paired differences for the number and the score for 

interactions identified by students is greater than zero (i.e. the number and the score for 

interactions in Drawing B is greater than Drawing A). 

 

4.2.2.3 Wilcoxon Signed Ranks Test Results for Interactions 

The purpose of the Wilcoxon signed ranks test was to determine (from a non-parametric 

statistics perspective) whether the median and the mean of the paired differences between 

Drawing A and Drawing B for the number and the score for interactions identified by 

students were statistically significant, and whether the difference between the two drawings 

was greater or less than zero (i.e. whether the number and the score for interactions was 

greater for Drawing A or Drawing B). The results of the Wilcoxon signed ranks tests for 

interactions are presented in Table 4-6. 

 

Table 4-6: Wilcoxon Signed Ranks Test Results for Interactions 

Test 𝑯𝟎 𝒏𝑩𝑨
′ ∑ 𝑹𝒋

𝒏𝑩𝑨
′

𝒋=𝟏
 ∑ 𝑹𝒋

𝟐
𝒏𝑩𝑨

′

𝒋=𝟏
 T α 𝒛𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 p-value 

2T (x) 𝐸(𝑑𝑥𝐼
) = 0 57 1,653.00 62,559.50 6.61 0.05 1.96 < 0.001 

2T (z) 𝐸(𝑑𝑧𝐼
) = 0 60 1,822.00 73,436.00 6.72 0.05 1.96 < 0.001 

LT (x) 𝐸(𝑑𝑥𝐼
) ≥ 0 57 1,653.00 62,559.50 6.61 0.05 1.64 > 0.999 

LT (z) 𝐸(𝑑𝑧𝐼
) ≥ 0 60 1,822.00 73,436.00 6.72 0.05 1.64 > 0.999 

RT (x) 𝐸(𝑑𝑥𝐼
) ≤ 0 57 1,653.00 62,559.50 6.61 0.05 1.64 < 0.001 

RT (z) 𝐸(𝑑𝑧𝐼
) ≤ 0 60 1,822.00 73,436.00 6.72 0.05 1.64 < 0.001 
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Since |𝑇| > 𝑧1−𝛼 2⁄  for the two-tailed (2T) test with a p-value < 0.001 at a significance 

level  of 0.05, there is statistical evidence (from a non-parametric statistics perspective) 

to conclude that the median and the mean of the paired differences between Drawing A 

and Drawing B for the number and the score for interactions identified by students are 

different. Additionally, since 𝑇 > −𝑧1−𝛼 for the left-tailed (LT) test with a p-value > 0.999 

and since 𝑇 > 𝑧1−𝛼 for the right-tailed (RT) test with a p-value < 0.001 at a significance 

level  of 0.05, there is statistical evidence (from a non-parametric statistics perspective) 

to conclude that the mean of the paired differences for the number and the score for 

interactions identified by students is greater than zero (i.e. the number and the score for 

interactions in Drawing B is greater than Drawing A). 

 

4.2.3 Perspectives (Roles/Purposes) Results 

In this section, the results of the interactions analysis are presented. The tabulated results 

for roles/purposes that were used to conduct the statistical tests are presented in Table 12-3 

in Appendix F: Tabulated Results. 

 

4.2.3.1 Two-Sample t-Test Results for Roles/Purposes 

The purpose of the two-sample t-test was to determine whether there was a statistically 

significant difference between the mean number and the mean score for roles/purposes 

identified by students for Drawing A and Drawing B, and whether the mean number and 

the mean score for roles/purposes was greater for Drawing A or Drawing B. The results of 

the two-sample t-tests for roles/purposes are presented in Table 4-7. 
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Table 4-7: Two-Sample t-Test Results for Roles/Purposes 

Drawing 
R for [S] R for [L] R for [C] x of R z of R 

�̅�𝑹𝑺 �̃�𝑹𝑺 �̅�𝑹𝑳 �̃�𝑹𝑳 �̅�𝑹𝑪 �̃�𝑹𝑪 �̅�𝑹𝑻 �̃�𝑹𝑻 𝑺𝒙𝑹𝑻
 �̅�𝑹𝑻 �̃�𝑹𝑻 𝑺𝒛𝑹𝑻

 

A 

𝒏𝑨 = 𝟗𝟕 
0.00 0 0.11 0 0.00 0 0.11 0 0.48 0.23 0 0.95 

B 

𝒏𝑩 = 𝟗𝟕 
0.53 0 1.58 1 0.00 0 2.10 2 1.76 3.68 4 3.13 

             

Test 𝑯𝟎 𝑺𝒑
𝟐  𝒕𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 𝒕𝟎 p-value 

2T (x) 𝜇𝑥𝐴𝑅
= 𝜇𝑥𝐵𝑅

 1.67 0.05 1.97 -10.72 < 0.001 

2T (z) 𝜇𝑧𝐴𝑅
= 𝜇𝑧𝐵𝑅

 5.34 0.05 1.97 -10.40 < 0.001 

LT (x) 
𝜇𝑥𝐴𝑅

≥ 𝜇𝑥𝐵𝑅
 

1.67 0.05 1.65 -10.72 < 0.001 

LT (z) 𝜇𝑧𝐴𝑅
≥ 𝜇𝑧𝐵𝑅

 5.34 0.05 1.65 -10.40 < 0.001 

RT (x) 
𝜇𝑥𝐴𝑅

≤ 𝜇𝑥𝐵𝑅
 

1.67 0.05 1.65 -10.72 > 0.999 

RT (z) 𝜇𝑧𝐴𝑅
≤ 𝜇𝑧𝐵𝑅

 5.34 0.05 1.65 -10.40 > 0.999 

 

Since |𝑡0| > 𝑡𝛼 2⁄ ,𝑛𝐴+𝑛𝐵−2 for the two-tailed (2T) test with a p-value < 0.001 at a 

significance level  of 0.05, there is statistical evidence to conclude that the mean number 

and the mean score for roles/purposes identified by students between Drawing A and 

Drawing B are different. Additionally, since 𝑡0 < −𝑡𝛼,𝑛𝐴+𝑛𝐵−2 for the left-tailed (LT) test 

with a p-value < 0.001 and since 𝑡0 < 𝑡𝛼,𝑛𝐴+𝑛𝐵−2 for the right-tailed (RT) test with a p-

value > 0.999 at a significance level  of 0.05, there is statistical evidence to conclude that 

the mean number and the mean score for roles/purposes identified by students in Drawing 

B is greater than Drawing A. 

 

4.2.3.2 Paired Comparison Test Results for Roles/Purposes 

The purpose of the paired comparison test was to determine whether the mean of the paired 

differences between Drawing A and Drawing B for the number and the score for 

roles/purposes identified by students were statistically significant, and whether the 

difference between the two drawings was greater or less than zero (i.e. whether the number 
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and the score for roles/purposes was greater for Drawing A or Drawing B). The results of 

the paired comparison tests for roles/purposes are presented in Table 4-8. 

 

Table 4-8: Paired Comparison Test Results for Roles/Purposes 

Draw-

ing 

R for [S] 

Difference 

R for [L] 

Difference 

R for [C] 

Difference 

x of R 

Difference 

z of R 

Difference 

�̅�𝒙𝑹𝑺
 �̃�𝒙𝑹𝑺

 �̅�𝒙𝑹𝑳
 �̃�𝒙𝑹𝑳

 �̅�𝒙𝑹𝑪
 �̃�𝒙𝑹𝑪

 �̅�𝒙𝑹𝑻
 �̃�𝒙𝑹𝑻

 𝑺𝒅𝒙𝑹𝑻
 �̅�𝒛𝑹𝑻

 �̃�𝒛𝑹𝑻
 𝑺𝒅𝒛𝑹𝑻

 

BA 

𝒏𝑩𝑨

= 𝟗𝟕 

0.53 0 1.46 1 0.00 0 1.99 2 1.78 3.45 3 3.14 

             

Test 𝑯𝟎 𝑺𝒅  𝒕𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 𝒕𝟎 p-value 

2T (x) 𝜇𝑑𝑥𝑅
= 0 1.78 0.05 1.98 10.99 < 0.001 

2T (z) 𝜇𝑑𝑧𝑅
= 0 3.14 0.05 1.98 10.82 < 0.001 

LT (x) 𝜇𝑑𝑥𝑅
≥ 0 1.78 0.05 1.66 10.99 > 0.999 

LT (z) 𝜇𝑑𝑧𝑅
≥ 0 3.14 0.05 1.66 10.82 > 0.999 

RT (x) 𝜇𝑑𝑥𝑅
≤ 0 1.78 0.05 1.66 10.99 < 0.001 

RT (z) 𝜇𝑑𝑧𝑅
≤ 0 3.14 0.05 1.66 10.82 < 0.001 

 

Since |𝑡0| > 𝑡𝛼 2⁄ ,𝑛𝐵𝐴−1 for the two-tailed (2T) test with a p-value < 0.001 at a significance 

level  of 0.05, there is statistical evidence to conclude that the mean of the paired 

differences between Drawing A and Drawing B for the number and the score for 

roles/purposes identified by students are different. Additionally, since 𝑡0 > −𝑡𝛼,𝑛𝐵𝐴−1 for 

the left-tailed (LT) test with a p-value > 0.999 and since 𝑡0 > 𝑡𝛼,𝑛𝐵𝐴−1 for the right-tailed 

(RT) test with a p-value < 0.001 at a significance level  of 0.05, there is statistical evidence 

to conclude that the mean of the paired differences for the number and the score for 

roles/purposes identified by students is greater than zero (i.e. the number and the score for 

roles/purposes in Drawing B is greater than Drawing A). 

 

4.2.3.3 Wilcoxon Signed Ranks Test Results for Roles/Purposes 

The purpose of the Wilcoxon signed ranks test was to determine (from a non-parametric 

statistics perspective) whether the median and the mean of the paired differences between 
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Drawing A and Drawing B for the number and the score for roles/purposes identified by 

students were statistically significant, and whether the difference between the two drawings 

was greater or less than zero (i.e. whether the number and the score for roles/purposes was 

greater for Drawing A or Drawing B). The results of the Wilcoxon signed ranks tests for 

roles/purposes are presented in Table 4-9. 

 

Table 4-9: Wilcoxon Signed Ranks Test Results for Roles/Purposes 

Test 𝑯𝟎 𝒏𝑩𝑨
′ ∑ 𝑹𝒋

𝒏𝑩𝑨
′

𝒋=𝟏
 ∑ 𝑹𝒋

𝟐
𝒏𝑩𝑨

′

𝒋=𝟏
 T α 𝒛𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 p-value 

2T (x) 𝐸(𝑑𝑥𝑅
) = 0 74 2,717.00 135,958.50 7.37 0.05 1.96 < 0.001 

2T (z) 𝐸(𝑑𝑧𝑅
) = 0 74 2,706.00 136,635.50 7.32 0.05 1.96 < 0.001 

LT (x) 𝐸(𝑑𝑥𝑅
) ≥ 0 74 2,717.00 135,958.50 7.37 0.05 1.64 > 0.999 

LT (z) 𝐸(𝑑𝑧𝑅
) ≥ 0 74 2,706.00 136,635.50 7.32 0.05 1.64 > 0.999 

RT (x) 𝐸(𝑑𝑥𝑅
) ≤ 0 74 2,717.00 135,958.50 7.37 0.05 1.64 < 0.001 

RT (z) 𝐸(𝑑𝑧𝑅
) ≤ 0 74 2,706.00 136,635.50 7.32 0.05 1.64 < 0.001 

 

Since |𝑇| > 𝑧1−𝛼 2⁄  for the two-tailed (2T) test with a p-value < 0.001 at a significance 

level  of 0.05, there is statistical evidence (from a non-parametric statistics perspective) 

to conclude that the median and the mean of the paired differences between Drawing A 

and Drawing B for the number and the score for roles/purposes identified by students are 

different. Additionally, since 𝑇 > −𝑧1−𝛼 for the left-tailed (LT) test with a p-value > 0.999 

and since 𝑇 > 𝑧1−𝛼 for the right-tailed (RT) test with a p-value < 0.001 at a significance 

level  of 0.05, there is statistical evidence (from a non-parametric statistics perspective) 

to conclude that the mean of the paired differences for the number and the score for 

roles/purposes identified by students is greater than zero (i.e. the number and the score for 

roles/purposes in Drawing B is greater than Drawing A). 

 

4.2.4 Totals Results 

In this section, the results of the totals analysis are presented. The tabulated results for 

totals that were used to conduct the statistical tests are presented in Table 12-4 in Appendix 

F: Tabulated Results.  
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4.2.4.1 Two-Sample t-Test Results for Totals 

The purpose of the two-sample t-test was to determine whether there was a statistically 

significant difference between the mean number and the mean score for total elements, 

interactions, and roles/purposes identified by students for Drawing A and Drawing B, and 

whether the mean number and the mean score for total elements, interactions, and 

roles/purposes was greater for Drawing A or Drawing B. The results of the two-sample t-

tests for totals are presented in Table 4-10. 

 

Table 4-10: Two-Sample t-Test Results for Totals 

Drawing 
T for [S] T for [L] T for [C] x of Totals z of Totals 

�̅�𝑺𝑻 �̃�𝑺𝑻 �̅�𝑳𝑻 �̃�𝑳𝑻 �̅�𝑪𝑻 �̃�𝑪𝑻 �̅�𝑻 �̃�𝑻 𝑺𝒙𝑻
 �̅�𝑻 �̃�𝑻 𝑺𝒛𝑻

 

A 

𝒏𝑨 = 𝟗𝟕 
2.62 3 3.15 3 0.22 0 5.99 5 2.97 9.58 8 5.83 

B 

𝒏𝑩 = 𝟗𝟕 
4.10 3 7.61 7 0.69 0 12.40 12 4.77 21.39 19 8.99 

             

Test 𝑯𝟎 𝑺𝒑
𝟐  𝒕𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 𝒕𝟎 p-value 

2T (x) 𝜇𝑥𝐴𝑇
= 𝜇𝑥𝐵𝑇

 15.79 0.05 1.97 -11.24 < 0.001 

2T (z) 𝜇𝑧𝐴𝑇
= 𝜇𝑧𝐵𝑇

 57.44 0.05 1.97 -10.86 < 0.001 

LT (x) 𝜇𝑥𝐴𝑇
≥ 𝜇𝑥𝐵𝑇

 15.79 0.05 1.65 -11.24 < 0.001 

LT (z) 𝜇𝑧𝐴𝑇
≥ 𝜇𝑧𝐵𝑇

 57.44 0.05 1.65 -10.86 < 0.001 

RT (x) 𝜇𝑥𝐴𝑇
≤ 𝜇𝑥𝐵𝑇

 15.79 0.05 1.65 -11.24 > 0.999 

RT (z) 𝜇𝑧𝐴𝑇
≤ 𝜇𝑧𝐵𝑇

 57.44 0.05 1.65 -10.86 > 0.999 

 

Since |𝑡0| > 𝑡𝛼 2⁄ ,𝑛𝐴+𝑛𝐵−2 for the two-tailed (2T) test with a p-value < 0.001 at a 

significance level  of 0.05, there is statistical evidence to conclude that the mean number 

and the mean score for total elements, interactions, and roles/purposes identified by 

students between Drawing A and Drawing B are different. Additionally, since 𝑡0 <

−𝑡𝛼,𝑛𝐴+𝑛𝐵−2 for the left-tailed (LT) test with a p-value < 0.001 and since 𝑡0 < 𝑡𝛼,𝑛𝐴+𝑛𝐵−2 

for the right-tailed (RT) test with a p-value > 0.999 at a significance level  of 0.05, there 

is statistical evidence to conclude that the mean number and the mean score for total 
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elements, interactions, and roles/purposes identified by students in Drawing B is greater 

than Drawing A. 

 

4.2.4.2 Paired Comparison Test Results for Totals 

The purpose of the paired comparison test was to determine whether the mean of the paired 

differences between Drawing A and Drawing B for the number and the score for total 

elements, interactions, and roles/purposes identified by students were statistically 

significant, and whether the difference between the two drawings was greater or less than 

zero (i.e. whether the number and the score for total elements, interactions, and 

roles/purposes was greater for Drawing A or Drawing B). The results of the paired 

comparison tests for totals are presented in Table 4-11. 

 

Table 4-11: Paired Comparison Test Results for Totals 

Drawing 

Totals [S] 

Difference 

Totals [L] 

Difference 

Totals [C] 

Difference 

x Totals 

Difference 

z Totals 

Difference 

�̅�𝒙𝑺𝑻
 �̃�𝒙𝑺𝑻

 �̅�𝒙𝑳𝑻
 �̃�𝒙𝑳𝑻

 �̅�𝒙𝑪𝑻
 �̃�𝒙𝑪𝑻

 �̅�𝒙𝑻
 �̃�𝒙𝑻

 𝑺𝒅𝒙𝑻
 �̅�𝒛𝑻

 �̃�𝒛𝑻
 𝑺𝒅𝒛𝑻

 

BA 

𝒏𝑩𝑨 = 𝟗𝟕 
1.48 1 4.45 4 0.47 0 6.41 6 3.89 11.81 10 7.22 

             

Test 𝑯𝟎 𝑺𝒅  𝒕𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 𝒕𝟎 p-value 

2T (x) 𝜇𝑑𝑥𝑇
= 0 3.89 0.05 1.98 16.22 < 0.001 

2T (z) 𝜇𝑑𝑧𝑇
= 0 7.22 0.05 1.98 16.12 < 0.001 

LT (x) 𝜇𝑑𝑥𝑇
≥ 0 3.89 0.05 1.66 16.22 > 0.999 

LT (z) 𝜇𝑑𝑧𝑇
≥ 0 7.22 0.05 1.66 16.12 > 0.999 

RT (x) 𝜇𝑑𝑥𝑇
≤ 0 3.89 0.05 1.66 16.22 < 0.001 

RT (z) 𝜇𝑑𝑧𝑇
≤ 0 7.22 0.05 1.66 16.12 < 0.001 

 

Since |𝑡0| > 𝑡𝛼 2⁄ ,𝑛𝐵𝐴−1 for the two-tailed (2T) test with a p-value < 0.001 at a significance 

level  of 0.05, there is statistical evidence to conclude that the mean of the paired 

differences between Drawing A and Drawing B for the number and the score for total 

elements, interactions, and roles/purposes identified by students are different. Additionally, 

since 𝑡0 > −𝑡𝛼,𝑛𝐵𝐴−1 for the left-tailed (LT) test with a p-value > 0.999 and since 𝑡0 >
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𝑡𝛼,𝑛𝐵𝐴−1 for the right-tailed (RT) test with a p-value < 0.001 at a significance level  of 

0.05, there is statistical evidence to conclude that the mean of the paired differences for the 

number and the score for total elements, interactions, and roles/purposes identified by 

students is greater than zero (i.e. the number and the score for total elements, interactions, 

and roles/purposes in Drawing B is greater than Drawing A). 

 

4.2.4.3 Wilcoxon Signed Ranks Test Results for Totals 

The purpose of the Wilcoxon signed ranks test was to determine (from a non-parametric 

statistics perspective) whether the median and the mean of the paired differences between 

Drawing A and Drawing B for the number and the score for total elements, interactions, 

and roles/purposes identified by students were statistically significant, and whether the 

difference between the two drawings was greater or less than zero (i.e. whether the number 

and the score for total elements, interactions, and roles/purposes was greater for Drawing 

A or Drawing B). The results of the Wilcoxon signed ranks tests for totals are presented in 

Table 4-12. 

 

Table 4-12: Wilcoxon Signed Ranks Test Results for Totals 

Test 𝑯𝟎 𝒏𝑩𝑨
′ ∑ 𝑹𝒋

𝒏𝑩𝑨
′

𝒋=𝟏
 ∑ 𝑹𝒋

𝟐
𝒏𝑩𝑨

′

𝒋=𝟏
 T α 𝒛𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 p-value 

2T (x) 𝐸(𝑑𝑥𝑇
) = 0 94 4,458.00 280,624.00 8.42 0.05 1.96 < 0.001 

2T (z) 𝐸(𝑑𝑧𝑇
) = 0 95 4,556.00 290,028.00 8.46 0.05 1.96 < 0.001 

LT (x) 𝐸(𝑑𝑥𝑇
) ≥ 0 94 4,458.00 280,624.00 8.42 0.05 1.64 > 0.999 

LT (z) 𝐸(𝑑𝑧𝑇
) ≥ 0 95 4,556.00 290,028.00 8.46 0.05 1.64 > 0.999 

RT (x) 𝐸(𝑑𝑥𝑇
) ≤ 0 94 4,458.00 280,624.00 8.42 0.05 1.64 < 0.001 

RT (z) 𝐸(𝑑𝑧𝑇
) ≤ 0 95 4,556.00 290,028.00 8.46 0.05 1.64 < 0.001 

 

Since |𝑇| > 𝑧1−𝛼 2⁄  for the two-tailed (2T) test with a p-value < 0.001 at a significance 

level  of 0.05, there is statistical evidence (from a non-parametric statistics perspective) 

to conclude that the median and the mean of the paired differences between Drawing A 

and Drawing B for the number and the score for total elements, interactions, and 

roles/purposes identified by students are different. Additionally, since 𝑇 > −𝑧1−𝛼 for the 
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left-tailed (LT) test with a p-value > 0.999 and since 𝑇 > 𝑧1−𝛼 for the right-tailed (RT) test 

with a p-value < 0.001 at a significance level  of 0.05, there is statistical evidence (from 

a non-parametric statistics perspective) to conclude that the mean of the paired differences 

for the number and the score for total elements, interactions, and roles/purposes identified 

by students is greater than zero (i.e. the number and the score for total elements, 

interactions, and roles/purposes in Drawing B is greater than Drawing A). 

 

4.3 Exploratory Results 

In this section, exploratory results from the experiment are presented and discussed. These 

exploratory results include student familiarity with fish tanks, differences between middle 

and high school students, differences between groups, and differences between instructors. 

 

4.3.1 Student Familiarity Rating for Fish Tanks 

During the experiment in this research, students were asked to provide a rating on a scale 

of one (1) to five (5) to indicate their level of familiarity with fish tanks. A rating of one 

(1) represented “not at all familiar” and a rating of five (5) represented “extremely 

familiar”. The average and median ratings for the ninety-seven (97) students in the 

experiment were 2.85 and 3.00 respectively, which corresponded to a rating of “somewhat 

familiar”. The purpose of collecting this information from students was to determine 

whether student familiarity with fish tanks could be used to explain, or to predict, the total 

score students received on their fish-tank system drawings. A test to check for this 

relationship was performed by plotting each student’s familiarity rating versus their total 

score for Drawing B and determining the coefficient of determination (R2), which measures 

the proportion in variability of score explained by the familiarity rating (Montgomery, 

2013b). Based on the plot shown in Figure 4-1, there is no evidence to conclude that the 

familiarity rating students provided can be used as a predictor of total score in Drawing B 

since the R2 value is 0.01 (1.00%). 
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Figure 4-1: Student Fish Tank Familiarity Rating vs. Total Score for Drawing B 

 

4.3.2 Differences between Middle School and High School Students 

The experiment in this research was conducted with forty-two (42) middle school (MS) 

students and fifty-five (55) high school (HS) students from the Science and Math 

Investigative Learning Experiences (SMILE) Program (𝑛𝑖𝑀𝑆 = 42 MS students 

and 𝑛𝑖𝐻𝑆 = 55 HS students for each i drawing [A, B, BA]). Although the experiment was 

conducted consistently for both types of students, an analysis was conducted to determine 

whether there were differences between MS and HS students with respect to systems 

thinking learning. This analysis consisted of two parts. For both parts, two statistical tests 

were performed – one test for number (x) and one test for score (z) – using the two-sample 

t-test (see section 3.2.5.1 for details about this test). In part one (section 4.3.2.1), the 

differences between MS and HS students for Drawing B only were analyzed. In part two 

(section 4.3.2.2), the differences between MS and HS students from Drawing A to Drawing 

B (i.e. the differences in systems thinking learning) were analyzed. The tabulated results 

used to conduct this analysis for MS and HS students are presented in Table 12-5 and Table 

12-6 respectively in Appendix F: Tabulated Results. 
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4.3.2.1 MS and HS Student Analysis for Drawing B 

In the first part of this analysis, the differences between MS and HS students with respect 

to the mean number (x) and mean score (z) for total elements, interactions, and 

roles/purposes identified were analyzed for Drawing B only. The two-tailed null (𝐻0) and 

alternative (𝐻1) hypotheses for the two-sample t-test for mean number (x) 

were: 𝐻0: 𝜇𝑥𝐵𝑇𝑀𝑆
= 𝜇𝑥𝐵𝑇𝐻𝑆

 and 𝐻1: 𝜇𝑥𝐵𝑇𝑀𝑆
≠ 𝜇𝑥𝐵𝑇𝐻𝑆

. The two-tailed null and alternative 

hypotheses for the two-sample t-test for mean score (z) were: 𝐻0: 𝜇𝑧𝐵𝑇𝑀𝑆
= 𝜇𝑧𝐵𝑇𝐻𝑆

 

and 𝐻1: 𝜇𝑧𝐵𝑇𝑀𝑆
≠ 𝜇𝑧𝐵𝑇𝐻𝑆

. Conducting the two-tailed test allowed for conclusions to be 

drawn about whether the mean number and the mean score for total elements, interactions, 

and roles/purposes identified by HS students for Drawing B only were different than MS 

students. If 𝐻0 was rejected (i.e. if |𝑡0| > 𝑡𝛼 2⁄ ,𝑛𝐵𝑀𝑆+𝑛𝐵𝐻𝑆−2), there was evidence to show 

that the means for MS and HS students were different meaning that one-sided hypothesis 

tests needed to be conducted to determine whether the mean was greater for MS or HS 

students. 

 

The null and alternative hypotheses for the one-sided two-sample t-test (left-tailed) to 

determine whether the mean number (x) for HS students was greater than MS students were 

stated as: 𝐻0: 𝜇𝑥𝐵𝑇𝑀𝑆
≥ 𝜇𝑥𝐵𝑇𝐻𝑆

 and 𝐻1: 𝜇𝑥𝐵𝑇𝑀𝑆
< 𝜇𝑥𝐵𝑇𝐻𝑆

. The null and alternative 

hypotheses for the one-sided two-sample t-test (left-tailed) to determine whether the mean 

score (z) for HS students was greater than MS students were stated as: 𝐻0: 𝜇𝑧𝐵𝑇𝑀𝑆
≥ 𝜇𝑧𝐵𝑇𝐻𝑆

 

and 𝐻1: 𝜇𝑧𝐵𝑇𝑀𝑆
< 𝜇𝑧𝐵𝑇𝐻𝑆

. If 𝐻0 was rejected (i.e. if 𝑡0 < −𝑡𝛼,𝑛𝐵𝑀𝑆+𝑛𝐵𝐻𝑆−2), there was 

evidence to show that the means for HS students were greater than MS students. 

Alternatively, the null and alternative hypotheses for the one-sided two-sample t-test (right-

tailed) to determine whether the mean number (x) for MS students was greater than HS 

students were stated as: 𝐻0: 𝜇𝑥𝐵𝑇𝑀𝑆
≤ 𝜇𝑥𝐵𝑇𝐻𝑆

 and 𝐻1: 𝜇𝑥𝐵𝑇𝑀𝑆
> 𝜇𝑥𝐵𝑇𝐻𝑆

. The null and 

alternative hypotheses for the one-sided two-sample t-test (right-tailed) to determine 

whether the mean score (z) for MS students was greater than HS students were stated 

as: 𝐻0: 𝜇𝑧𝐵𝑇𝑀𝑆
≤ 𝜇𝑧𝐵𝑇𝐻𝑆

 and 𝐻1: 𝜇𝑧𝐵𝑇𝑀𝑆
> 𝜇𝑧𝐵𝑇𝐻𝑆

. If 𝐻0 was rejected (i.e. if 𝑡0 >
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𝑡𝛼,𝑛𝐵𝑀𝑆+𝑛𝐵𝐻𝑆−2), there was evidence to show that the means for MS students were greater 

than HS students. 

 

Since |𝑡0| > 𝑡𝛼 2⁄ ,𝑛𝐵𝑀𝑆+𝑛𝐵𝐻𝑆−2 for both mean number (x) and mean score (z) with a p-value 

 0.05 at a significance level α of 0.05, there was statistical evidence to conclude that the 

mean number and the mean score for total elements, interactions, and roles/purposes 

identified by HS students and MS students for Drawing B are different. However, the p-

values are close to the significance level (0.03 and 0.05 for number (x) and score (z) 

respectively) which means the magnitude of difference between MS and HS students is not 

high. Additionally, since 𝑡0 < −𝑡𝛼,𝑛𝐵𝑀𝑆+𝑛𝐵𝐻𝑆−2 with a p-value  0.02 and since 𝑡0 <

𝑡𝛼,𝑛𝐵𝑀𝑆+𝑛𝐵𝐻𝑆−2 with a p-value  0.98 at a significance level α of 0.05, there is statistical 

evidence to conclude that the mean number and the mean score for elements, interactions, 

and roles/purposes identified by HS students is greater than MS students for Drawing B. 

 

A comparison of the sample statistics shows that HS students identified an average of two 

to three (2-3) more elements, interactions, and roles/purposes and scored an average of 

three to four (3-4) points higher than MS students in Drawing B. Additionally, HS students 

identified more individual elements, interactions, and roles/purposes and scored higher 

across all three systems thinking learning levels for Drawing B compared to MS students. 

The most significant difference between HS and MS students for Drawing B was at the 

literacy level where HS students identified an average of one to two (1-2) more elements, 

interactions, and roles/purposes than MS students. These results provided evidence that HS 

students were likely able to recall more information or knowledge about the elements, 

interactions, and roles/purposes in a fish-tank system than MS students, but these results 

did not provide evidence that HS students were likely to be better systems thinkers than 

MS students. In part two of this analysis, the question of whether HS students improved, 

or learned, more than MS students with respect to systems thinking during the experiment 

was analyzed. 
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4.3.2.2 MS and HS Student Analysis for Systems Thinking Learning 

In the second part of this analysis, the differences between MS and HS students with respect 

to the mean differences in number (x) and in score (z) for total elements, interactions, and 

roles/purposes identified were analyzed between Drawing A and Drawing B [Drawing BA 

= Drawing B - Drawing A]. The two-tailed null (𝐻0) and alternative (𝐻1) hypotheses for 

the two-sample t-test for mean differences in number (x) were stated as: 𝐻0: 𝜇𝑥𝐵𝐴𝑇𝑀𝑆
=

𝜇𝑥𝐵𝐴𝑇𝐻𝑆
 and 𝐻1: 𝜇𝑥𝐵𝐴𝑇𝑀𝑆

≠ 𝜇𝑥𝐵𝐴𝑇𝐻𝑆
. The two-tailed null and alternative hypotheses for the 

two-sample t-test for mean differences in score (z) were stated as: 𝐻0: 𝜇𝑧𝐵𝐴𝑇𝑀𝑆
= 𝜇𝑧𝐵𝐴𝑇𝐻𝑆

 

and 𝐻1: 𝜇𝑧𝐵𝐴𝑇𝑀𝑆
≠ 𝜇𝑧𝐵𝐴𝑇𝐻𝑆

. Conducting the two-tailed test allowed for conclusions to be 

drawn about whether the mean differences in number and in score for total elements, 

interactions, and roles/purposes identified by HS students between Drawing A and 

Drawing B were different than MS students. If 𝐻0 was rejected (i.e. if |𝑡0| >

𝑡𝛼 2⁄ ,𝑛𝐵𝐴𝑀𝑆+𝑛𝐵𝐴𝐻𝑆−2), there was evidence to show that the mean differences for MS and HS 

students were different meaning that one-sided hypothesis tests needed to be conducted to 

determine whether the mean differences were greater for MS or HS students. 

 

The null and alternative hypotheses for the one-sided two-sample t-test (left-tailed) to 

determine whether the mean differences in number (x) for HS students was greater than 

MS students were stated as: 𝐻0: 𝜇𝑥𝐵𝐴𝑇𝑀𝑆
≥ 𝜇𝑥𝐵𝐴𝑇𝐻𝑆

 and 𝐻1: 𝜇𝑥𝐵𝐴𝑇𝑀𝑆
< 𝜇𝑥𝐵𝐴𝑇𝐻𝑆

. The null 

and alternative hypotheses for the one-sided two-sample t-test (left-tailed) to determine 

whether the mean differences in score (z) for HS students was greater than MS students 

were stated as: 𝐻0: 𝜇𝑧𝐵𝐴𝑇𝑀𝑆
≥ 𝜇𝑧𝐵𝐴𝑇𝐻𝑆

 and 𝐻1: 𝜇𝑧𝐵𝐴𝑇𝑀𝑆
< 𝜇𝑧𝐵𝐴𝑇𝐻𝑆

. If 𝐻0 was rejected (i.e. 

if 𝑡0 < −𝑡𝛼,𝑛𝐵𝐴𝑀𝑆+𝑛𝐵𝐴𝐻𝑆−2), there was evidence to show that the mean differences for HS 

students were greater than MS students. Alternatively, the null and alternative hypotheses 

for the one-sided two-sample t-test (right-tailed) to determine whether the mean differences 

in number (x) for MS students was greater than HS students were stated as: 𝐻0: 𝜇𝑥𝐵𝐴𝑇𝑀𝑆
≤

𝜇𝑥𝐵𝐴𝑇𝐻𝑆
 and 𝐻1: 𝜇𝑥𝐵𝐴𝑇𝑀𝑆

> 𝜇𝑥𝐵𝐴𝑇𝐻𝑆
. The null and alternative hypotheses for the one-sided 

two-sample t-test (right-tailed) to determine whether the mean differences in score (z) for 

MS students was greater than HS students were stated as: 𝐻0: 𝜇𝑧𝐵𝐴𝑇𝑀𝑆
≤ 𝜇𝑧𝐵𝐴𝑇𝐻𝑆

 and 
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𝐻1: 𝜇𝑧𝐵𝐴𝑇𝑀𝑆
> 𝜇𝑧𝐵𝐴𝑇𝐻𝑆

. If 𝐻0 was rejected (i.e. if 𝑡0 > 𝑡𝛼,𝑛𝐵𝐴𝑀𝑆+𝑛𝐵𝐴𝐻𝑆−2), there was 

evidence to show that the mean differences for MS students were greater than HS students. 

 

Since |𝑡0| < 𝑡𝛼 2⁄ ,𝑛𝐵𝐴𝑀𝑆+𝑛𝐵𝐴𝐻𝑆−2 for both the mean differences in number (x) and score (z) 

with a p-value  0.34 at a significance level α of 0.05, there was statistical evidence to 

conclude that the mean differences in number and the mean differences in score for total 

elements, interactions, and roles/purposes identified by HS students and MS students 

between Drawing A and Drawing B are not different. A comparison of the sample statistics 

shows that both HS and MS students identified an average of five to six (5-6) more 

elements, interactions, and roles/purposes and scored an average of ten to twelve (10-12) 

points higher in Drawing B compared to Drawing A. Additionally, the most significant 

improvement for both MS and HS students was at the literacy level of systems thinking 

where both types of students identified an average of four (4) more elements, interactions, 

and roles/purposes between Drawing B and A. These results provided evidence to show 

that the improvement in systems thinking learning for both HS students and MS students 

was not statistically different between Drawing A and Drawing B. Although HS students 

were able to recall more information or knowledge than MS students about a fish-tank 

system, HS students did not improve more in systems thinking learning than MS students. 

These results might be due to HS students being older and having more experience than 

MS students, but age and experience did not necessarily mean that HS students were better 

systems thinkers than MS students. This means that the method to measure systems 

thinking learning in the context of a fish-tank system was acceptable for both MS and HS 

students. 

 

4.3.3 Differences between Groups and Instructors 

The experiment in this research was conducted with nine (9) total groups – five (5) groups 

of high-school (HS) students and four (4) groups of middle-school (MS) students. The 

experiment was also conducted by three (3) different instructor combinations: 1) Instructor 

#1 + Instructor #2, 2) Instructor #1, and 3) Instructor #2. In this section, the differences 

between both groups (section 4.3.3.1) and instructors (section 4.3.3.2) were analyzed to 
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determine if either factor had a significant effect on the results presented in section 4.2. To 

analyze the differences between groups and instructors, an analysis of variance (ANOVA) 

was conducted to draw inferences about whether there were statistically significant 

differences between groups and/or instructors and also the sources of any differences (i.e. 

the source of any variabilities). 

 

The ANOVA procedure described in this section was the same for both groups and 

instructors. The ANOVA was conducted as a single factor experiment with a number of 

levels, or treatments. The factor of interest was the groups in the first analysis (with a = 9 

groups) and instructors in the second analysis (with a = 3 instructors). A random effects 

ANOVA model was chosen for the groups analysis as there were a large number of groups 

to choose from within the population of factor levels, but only a = 9 random levels were 

included in the experiment (Montgomery, 2013b). Since the experimental groups were 

chosen randomly, this type of analysis allowed inferences to be drawn about the entire 

population of groups instead of only for the groups considered. Alternatively, a fixed 

effects ANOVA model was chosen for the analysis of instructors as only the three 

instructor combinations were available for the experiment and the inferences from this 

analysis only needed to be drawn about the instructors in the experiment and not the entire 

instructor population (Montgomery, 2013b). 

 

The procedure for both the random effects and the fixed effects ANOVA model were 

identical, except for how the random effects model was used to draw conclusions about the 

two sources of variation related to the entire population of groups for a single factor 

experiment. The first source of variation was between the groups, denoted as 𝜎𝜏
2, and the 

second source of variation was within the groups, denoted as 𝜎2. This meant the variance 

(V) of any observation was equal to the sum of both sources of variances as shown in 

Equation 4-1, where 𝑑𝑤𝑣 was the paired difference for the wvth student in the experiment 

(w = group and v = student number in the group). Similar to the paired comparison and 

Wilcoxon tests, the paired difference was computed as 𝑑𝑗 = 𝑦𝐵𝑗 − 𝑦𝐴𝑗, where 𝑦𝑖𝑗 was 

defined as a sample from a systems thinking learning concept of interest for each i drawing 
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[A, B, BA] and j student (see Equation 3-3 in section 3.2.5.2). In the ANOVA model, 

however, only the paired difference in the total scores between Drawing B and Drawing A 

were considered for each student such that 𝑑𝑧𝑗𝑇
= 𝑧𝐵𝑗𝑇 − 𝑧𝐴𝑗𝑇 (readers should refer to 

Table 9-1 in Appendix C: Glossary of Variables for variable definitions). The paired 

difference in total score 𝑑𝑧𝑗𝑇
 for each student j was then matched with its respective group 

to create each 𝑑𝑧𝑤𝑣
 value. 

 

Equation 4-1: Variance of Any Paired Sample in ANOVA Random Effects Model 

𝑉(𝑑𝑧𝑤𝑣
) = 𝜎𝜏

2 + 𝜎2 

 

The calculation of the sum of squares identity that separates the total variability of the 

observations into two components, shown in Equation 4-2, was the same for both the 

random effects and fixed effects ANOVA analysis (Montgomery, 2013b). The two 

variance components are the sum of squares for the treatments (𝑆𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠), which 

measured the variability between groups or instructors, and the sum of squares for 

error (𝑆𝑆𝐸𝑟𝑟𝑜𝑟), which measured the variability within groups or instructors. 

 

Equation 4-2: Sum of Squares Identity in a Single Factor ANOVA 

𝑆𝑆𝑇𝑜𝑡𝑎𝑙 = 𝑆𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠 + 𝑆𝑆𝐸𝑟𝑟𝑜𝑟 

 

Since the number of observations within each group and for each instructor was different, 

an unbalanced single factor ANOVA design had to be used (Montgomery, 2013b). 

Therefore, nw was used to denote the number of observations for each group or instructor 

w (w = 1, 2 … a) where a equaled the total number of groups or instructors. Additionally, 

the total number of observations = 𝑁 = ∑ 𝑛𝑤
𝑎
𝑤=1 . The 𝑆𝑆𝑇𝑜𝑡𝑎𝑙, 𝑆𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠, and 𝑆𝑆𝐸𝑟𝑟𝑜𝑟 

in the unbalanced design were calculated according to Equation 4-3, Equation 4-4, and 

Equation 4-5 respectively (with v = student number in group w for the groups analysis and 

v = group number for instructor w for the instructors analysis). 
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Equation 4-3: Sum of Squares for Total (Unbalanced Design) 

𝑆𝑆𝑇𝑜𝑡𝑎𝑙 = ∑ ∑ 𝑑𝑧𝑤𝑣
2 −

𝑑𝑧⋅⋅
2

𝑁

𝑛𝑤

𝑣=1

𝑎

𝑤=1
 

 

Equation 4-4: Sum of Squares for Treatments (Unbalanced Design) 

𝑆𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠 = ∑
𝑑𝑧𝑤⋅

2

𝑛𝑤
−

𝑑𝑧⋅⋅
2

𝑁

𝑎

𝑤=1
 

 

Equation 4-5: Sum of Squares for Error (Unbalanced Design) 

𝑆𝑆𝐸𝑟𝑟𝑜𝑟 = 𝑆𝑆𝑇𝑜𝑡𝑎𝑙 − 𝑆𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠 

 

In order to calculate the test statistic F0, the mean squares for both the treatments and the 

error needed to be calculated by dividing each sum of squares value by its respective 

degrees of freedom. For 𝑆𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠 this meant dividing by a – 1 degrees of freedom and 

for 𝑆𝑆𝐸𝑟𝑟𝑜𝑟 this meant dividing by N – a degrees of freedom. Now the test statistic F0 could 

be calculated according to Equation 4-6. The hypothesis test for the fixed effects model 

was stated in terms of the individual treatment means as: 𝐻0: 𝜇1 = 𝜇2 = ⋯ 𝜇𝑎 = 0 and 𝐻1: 

one or more 𝜇𝑤 is different. The hypothesis test for the random effects model differed from 

the fixed effects model in that the variance of interest was 𝜎𝜏
2 (i.e. the variation between 

groups) instead of the individual treatment effects (Montgomery, 2013b). Therefore, the 

hypothesis test for the random effects model was stated as: 𝐻0: 𝜎𝜏
2 = 0 and 𝐻1: 𝜎𝜏

2 > 0. In 

both models, 𝐻0 was rejected for a specific significance level α if 𝐹0 > 𝐹𝛼,𝑎−1,𝑁−𝑎 

(Montgomery, 2013b). If 𝐻0 was rejected, this meant that there were statistically 

significant differences between the treatments (i.e. the groups and/or the instructors). 

 

Equation 4-6: Test Statistic for Single Factor ANOVA 

𝐹0 =

𝑆𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠

𝑎 − 1
𝑆𝑆𝐸𝑟𝑟𝑜𝑟

𝑁 − 𝑎

=
𝑀𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠

𝑀𝑆𝐸𝑟𝑟𝑜𝑟
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The procedure for the fixed effects ANOVA model was complete with the calculation and 

evaluation of the test statistic. However, the last step in the random effects ANOVA model 

was to estimate the variance components introduced earlier, 𝜎𝜏
2 and 𝜎2. The estimates were 

calculated by first equating the observed and expected mean squares for each component 

which resulted in 𝑀𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠 = 𝜎2 + 𝑛0 ∗ 𝜎𝜏
2 and 𝑀𝑆𝐸𝑟𝑟𝑜𝑟 = 𝜎2, where n0 was 

calculated according to Equation 4-7. Then, estimators of each variance component, �̂�𝜏
2 

and �̂�2, were determined according to Equation 4-8 and Equation 4-9 respectively. If �̂�𝜏
2 >

�̂�2 this meant that the variation between treatments, or groups, was greater than the 

variation within treatments, or groups. 

 

Equation 4-7: Unequal Sample Size for Variance Component Estimator 

𝑛0 =
1

𝑎 − 1
[∑ 𝑛𝑤

𝑎

𝑤=1
−

∑ 𝑛𝑤
2𝑎

𝑤=1

∑ 𝑛𝑤
𝑎
𝑤=1

] 

 

Equation 4-8: Estimator of Variance between Treatments (Groups) 

�̂�𝜏
2 =

𝑀𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠 − 𝑀𝑆𝐸𝑟𝑟𝑜𝑟

𝑛0
 

 

Equation 4-9: Estimator of Variance within Treatment (Groups) 

�̂�2 = 𝑀𝑆𝐸𝑟𝑟𝑜𝑟 

 

4.3.3.1 Differences between Groups in the Experiment 

In this section the results from the ANOVA test for groups are presented. The purpose of 

the ANOVA test for groups was to determine whether there were statistically significant 

differences between the groups for elements, interactions, roles/purposes, and totals for the 

paired differences in score from Drawing A to Drawing B, and also to determine whether 

there was more variability between groups or within groups for the paired differences in 

score from Drawing A to Drawing B for elements, interactions, roles/purposes, and totals. 

The matrices of paired differences in score for elements, interactions, roles/purposes, and 
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totals organized by group that were used to compute the results are presented in Table 13-1, 

Table 13-2, Table 13-3, and Table 13-4 respectively in Appendix G: ANOVA Matrices. 

 

The results of the ANOVA for groups test for paired differences in element scores are 

presented in Table 4-13. 

 

Table 4-13: ANOVA for Groups Test Results for Elements 

Fixed Effects ANOVA Model Results 

Source of 

Variation 

Sum of 

Squares 

Degrees of 

Freedom 

Mean 

Squares 
𝑭𝒐  𝑭𝜶,𝒂−𝟏,𝑵−𝒂 𝑯𝒐 

Groups 449.35 8 56.17 2.72 0.05 2.05 𝜇1

= ⋯

= 𝜇𝑎 

Error 1,814.98 88 20.62    

Total 2,264.33 96     

Random Effects ANOVA Model Results 

a (number of 

groups) & 

N (number of 

observations) 

𝒏𝒐 

�̂�𝟐 

(variance within 

groups, i.e. the 

students) 

�̂�𝝉
𝟐 

(variance 

between 

groups) 

𝑽(𝒅𝒘𝒗) 

(total 

variance) 

𝑯𝒐 

9 & 97 10.72 20.62 3.32 23.94 
𝜎𝜏

2

= 0 

 

Since 𝐹0 > 𝐹𝛼,𝑎−1,𝑁−𝑎 with a p-value = 0.01 at a significance level  of 0.05, there was 

statistical evidence to conclude that there is a difference between groups for the paired 

differences in element scores. This means that some groups in the experiment scored higher 

for elements from Drawing A to Drawing B than other groups. Additionally, since �̂�𝜏
2 <

�̂�2 there was statistical evidence to conclude that most variability with respect to the paired 

differences in element scores for groups was attributable to differences within each group 

(i.e. the element scores for each student) rather than differences between groups. This 

means that differences between students with respect to the paired differences in element 

scores accounted for most of the variability in the experiment and other factors of 

variability between groups did not account for a significant amount of variability. 
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The results of the ANOVA for groups test for paired differences in interaction scores are 

presented in Table 4-14. 

 

Table 4-14: ANOVA for Groups Test Results for Interactions 

Fixed Effects ANOVA Model Results 

Source of 

Variation 

Sum of 

Squares 

Degrees of 

Freedom 

Mean 

Squares 
𝑭𝒐  𝑭𝜶,𝒂−𝟏,𝑵−𝒂 𝑯𝒐 

Groups 78.50 8 9.81 0.64 0.05 2.05 𝜇1

= ⋯

= 𝜇𝑎 

Error 1,359.13 88 15.44    

Total 1,437.63 96     

Random Effects ANOVA Model Results 

a (number of 

groups) & 

N (number of 

observations) 

𝒏𝒐 

�̂�𝟐 

(variance within 

groups, i.e. the 

students) 

�̂�𝝉
𝟐 

(variance 

between 

groups) 

𝑽(𝒅𝒘𝒗) 

(total 

variance) 

𝑯𝒐 

9 & 97 10.72 15.44 -0.53 14.92 
𝜎𝜏

2

= 0 

 

Since 𝐹0 < 𝐹𝛼,𝑎−1,𝑁−𝑎 with a p-value = 0.75 at a significance level  of 0.05, there was 

statistical evidence to conclude that there is not a difference between groups for the paired 

differences in interaction scores. This means that all groups in the experiment scored 

statistically the same for interactions from Drawing A to Drawing B. Additionally, 

since �̂�𝜏
2 < �̂�2 there was statistical evidence to conclude that most variability with respect 

to the paired differences in interaction scores for groups was attributable to differences 

within each group (i.e. the interaction scores for each student) rather than differences 

between groups. In the case of this test, �̂�𝜏
2 was negative and can be assumed equal to zero 

(Montgomery, 2013b). This means that differences between students with respect to the 

paired differences in interaction scores accounted for most of the variability in the 

experiment and other factors of variability between groups did not account for a significant 

amount of variability. 

 

The results of the ANOVA for groups test for paired differences in role/purpose scores are 

presented in Table 4-15.  
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Table 4-15: ANOVA for Groups Test Results for Roles/Purposes 

Fixed Effects ANOVA Model Results 

Source of 

Variation 

Sum of 

Squares 

Degrees of 

Freedom 

Mean 

Squares 
𝑭𝒐  𝑭𝜶,𝒂−𝟏,𝑵−𝒂 𝑯𝒐 

Groups 104.98 8 13.12 1.37 0.05 2.05 𝜇1

= ⋯

= 𝜇𝑎 

Error 843.06 88 9.58    

Total 948.04 96     

Random Effects ANOVA Model Results 

a (number of 

groups) & 

N (number of 

observations) 

𝒏𝒐 

�̂�𝟐 

(variance within 

groups, i.e. the 

students) 

�̂�𝝉
𝟐 

(variance 

between 

groups) 

𝑽(𝒅𝒘𝒗) 

(total 

variance) 

𝑯𝒐 

9 & 97 10.72 9.58 0.33 9.91 
𝜎𝜏

2

= 0 

 

Since 𝐹0 < 𝐹𝛼,𝑎−1,𝑁−𝑎 with a p-value = 0.22 at a significance level  of 0.05, there was 

statistical evidence to conclude that there is not a difference between groups for the paired 

differences in role/purpose scores. This means that all groups in the experiment scored 

statistically the same for roles/purposes from Drawing A to Drawing B. Additionally, 

since �̂�𝜏
2 < �̂�2 there was statistical evidence to conclude that most variability with respect 

to the paired differences in role/purpose scores for groups was attributable to differences 

within each group (i.e. the role/purpose scores for each student) rather than differences 

between groups. This means that differences between students with respect to the paired 

differences in role/purpose scores accounted for most of the variability in the experiment 

and other factors of variability between groups did not account for a significant amount of 

variability. 

 

The results of the ANOVA for groups test for paired differences in total scores are 

presented in Table 4-16. 
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Table 4-16: ANOVA for Groups Test Results for Totals 

Fixed Effects ANOVA Model Results 

Source of 

Variation 

Sum of 

Squares 

Degrees of 

Freedom 

Mean 

Squares 
𝑭𝒐  𝑭𝜶,𝒂−𝟏,𝑵−𝒂 𝑯𝒐 

Groups 342.08 8 42.76 0.81 0.05 2.05 𝜇1

= ⋯

= 𝜇𝑎 

Error 4,658.58 88 52.94    

Total 5,000.66 96     

Random Effects ANOVA Model Results 

a (number of 

groups) & 

N (number of 

observations) 

𝒏𝒐 

�̂�𝟐 

(variance within 

groups, i.e. the 

students) 

�̂�𝝉
𝟐 

(variance 

between 

groups) 

𝑽(𝒅𝒘𝒗) 

(total 

variance) 

𝑯𝒐 

9 & 97 10.72 52.94 -0.95 51.99 
𝜎𝜏

2

= 0 

 

Since 𝐹0 < 𝐹𝛼,𝑎−1,𝑁−𝑎 with a p-value = 0.60 at a significance level  of 0.05, there was 

statistical evidence to conclude that there is not a difference between groups for the paired 

differences in total scores. This means that all groups in the experiment scored statistically 

the same for totals from Drawing A to Drawing B. Additionally, since �̂�𝜏
2 < �̂�2 there was 

statistical evidence to conclude that most variability with respect to the paired differences 

in total scores for groups was attributable to differences within each group (i.e. the total 

scores for each student) rather than differences between groups. In the case of this test, �̂�𝜏
2 

was negative and can be assumed equal to zero (Montgomery, 2013b). This means that 

differences between students with respect to the paired differences in total scores accounted 

for most of the variability in the experiment and other factors of variability between groups 

did not account for a significant amount of variability. 

 

4.3.3.2 Differences between Instructors in the Experiment 

In this section the results from the ANOVA test for instructors are presented. The purpose 

of the ANOVA test for instructors was to determine whether there were statistically 

significant differences between the instructors for the elements, interactions, 

roles/purposes, and totals identified by students reflected in the average paired differences 

in score for each group from Drawing A to Drawing B. The matrices for the average paired 
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differences in score for elements, interactions, roles/purposes, and totals organized by 

instructor that were used to compute the results are presented in Table 13-5, Table 13-6, 

Table 13-7, and Table 13-8 respectively in Appendix G: ANOVA Matrices. 

 

The results of the ANOVA for instructors test for average paired differences in element 

scores for each group are presented in Table 4-17. 

 

Table 4-17: ANOVA for Instructors Test Results for Elements 

Fixed Effects ANOVA Model Results 

Source of 

Variation 

Sum of 

Squares 

Degrees of 

Freedom 

Mean 

Squares 
𝑭𝒐  𝑭𝜶,𝒂−𝟏,𝑵−𝒂 𝑯𝒐 

Instructors 18.27 2 9.13 2.87 0.05 5.14 
𝜇1 = ⋯

= 𝜇𝑎 
Error 19.09 6 3.18    

Total 37.36 8     

 

Since 𝐹0 < 𝐹𝛼,𝑎−1,𝑁−𝑎 with a p-value = 0.13 at a significance level  of 0.05, there was 

statistical evidence to conclude that there was not a difference between instructors for the 

average paired differences in element scores for each group. This means that all groups in 

the experiment scored statistically the same for elements from Drawing A to Drawing B 

for all three instructors. 

 

The results of the ANOVA for instructors test for average paired differences in interaction 

scores for each group are presented in Table 4-18. 

 

Table 4-18: ANOVA for Instructors Test Results for Interactions 

Fixed Effects ANOVA Model Results 

Source of 

Variation 

Sum of 

Squares 

Degrees of 

Freedom 

Mean 

Squares 
𝑭𝒐  𝑭𝜶,𝒂−𝟏,𝑵−𝒂 𝑯𝒐 

Instructors 2.34 2 1.17 1.50 0.05 5.14 
𝜇1 = ⋯

= 𝜇𝑎 
Error 4.69 6 0.78    

Total 7.03 8     
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Since 𝐹0 < 𝐹𝛼,𝑎−1,𝑁−𝑎 with a p-value = 0.30 at a significance level  of 0.05, there was 

statistical evidence to conclude that there was not a difference between instructors for the 

average paired differences in interaction scores for each group. This means that all groups 

in the experiment scored statistically the same for interactions from Drawing A to Drawing 

B for all three instructors. 

 

The results of the ANOVA for instructors test for average paired differences in 

role/purpose scores for each group are presented in Table 4-19. 

 

Table 4-19: ANOVA for Instructors Test Results for Roles/Purposes 

Fixed Effects ANOVA Model Results 

Source of 

Variation 

Sum of 

Squares 

Degrees of 

Freedom 

Mean 

Squares 
𝑭𝒐  𝑭𝜶,𝒂−𝟏,𝑵−𝒂 𝑯𝒐 

Instructors 1.15 2 0.58 0.35 0.05 5.14 
𝜇1 = ⋯

= 𝜇𝑎 
Error 9.81 6 1.64    

Total 10.97 8     

 

Since 𝐹0 < 𝐹𝛼,𝑎−1,𝑁−𝑎 with a p-value = 0.72 at a significance level  of 0.05, there was 

statistical evidence to conclude that there was not a difference between instructors for the 

average paired differences in role/purpose scores for each group. This means that all groups 

in the experiment scored statistically the same for roles/purposes from Drawing A to 

Drawing B for all three instructors. 

 

The results of the ANOVA for instructors test for average paired differences in 

role/purpose scores for each group are presented in Table 4-20. 

 

Table 4-20: ANOVA for Instructors Test Results for Totals 

Fixed Effects ANOVA Model Results 

Source of 

Variation 

Sum of 

Squares 

Degrees of 

Freedom 

Mean 

Squares 
𝑭𝒐  𝑭𝜶,𝒂−𝟏,𝑵−𝒂 𝑯𝒐 

Instructors 7.63 2 3.82 1.10 0.05 5.14 
𝜇1 = ⋯

= 𝜇𝑎 
Error 20.76 6 3.46    

Total 28.39 8     
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Since 𝐹0 < 𝐹𝛼,𝑎−1,𝑁−𝑎 with a p-value = 0.39 at a significance level  of 0.05, there was 

statistical evidence to conclude that there was not a difference between instructors for the 

average paired differences in total scores for each group. This means that all groups in the 

experiment scored statistically the same for totals from Drawing A to Drawing B for all 

three instructors. 

 

4.3.4 Expected Learning and Systems Thinking Learning 

One of the limitations for this research was that no control group could be included in the 

design of the experiment since the students who participated in the experiment were part 

of a pre-existing event and expected to learn about systems thinking. The lack of a control 

group limited the separation of the results into expected student learning attributable to the 

repeated task of drawing a fish-tank system and systems thinking learning attributable to 

teaching students about the systems thinking concepts. In this section a brief sensitivity 

analysis was conducted to examine the potential effects of expected learning upon the 

results presented in section 4.2. 

 

For the purpose of this analysis, assume that from Drawing A to Drawing B students should 

have identified at least the same elements, interactions, and roles/purposes (i.e. Drawing A 

and Drawing B are identical). Therefore, a student who drew identical drawings for 

Drawing A and Drawing B would have zero learning attributable to expected learning and 

zero learning attributable to systems thinking learning. Furthermore, assume that from 

Drawing A to Drawing B students should have identified only as many elements, 

interactions, and roles/purposes to the point where their results became statistically 

significant (i.e. when the test statistic was equal to the critical value). Therefore, a student 

who performed the repeated task of drawing a fish-tank system without receiving any 

teaching about systems thinking would have had all learning attributable to expected 

learning and zero learning attributable to systems thinking learning. As the results are 

presented in section 4.2, all learning is attributed to systems thinking learning since no 

control group was used to measure the effect of expected learning. Therefore, this analysis 

examined the reduction required in the results for Drawing B for element, interaction, 
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role/purpose, and total scores in order to reach the point between significance and non-

significance for the one-tailed (left-tailed) two-sample t-test (which provided evidence to 

conclude that Drawing B was greater than Drawing A for elements, interactions, 

roles/purposes, and totals in section 4.2). 

 

The point at which the element score became significant or non-significant is when the 

results of Drawing B were reduced by ~ 29.89%. Based on the assumptions made for this 

analysis, this means that the expected learning attributed for ~ 70% of student learning 

from Drawing A to Drawing B for the element score and that systems thinking learning 

attributed for ~ 30% of student learning from Drawing A to Drawing B for the element 

score. Therefore, this analysis indicated that overall student learning with respect to 

elements was more affected by the repeated task of drawing a fish-tank system (expected 

learning) than by learning to apply the systems thinking concept of distinctions as the skill 

of identifying elements. 

 

The point at which the interaction score became significant or non-significant is when the 

results of Drawing B were reduced by ~ 81.35%. Based on the assumptions made for this 

analysis, this means that the expected learning attributed for ~ 19% of student learning 

from Drawing A to Drawing B for the interaction score and that systems thinking learning 

attributed for ~ 81% of student learning from Drawing A to Drawing B for the interaction 

score. Therefore, this analysis indicated that overall student learning with respect to 

interactions was less affected by the repeated task of drawing a fish-tank system (expected 

learning) than by learning to apply the systems thinking concept of relationships as the skill 

of identifying interactions. 

 

The point at which the role/purpose score became significant or non-significant is when 

the results of Drawing B were reduced by ~ 89.23%. Based on the assumptions made for 

this analysis, this means that the expected learning attributed for approximately 11% of 

student learning from Drawing A to Drawing B for the role/purpose score and that systems 

thinking learning attributed for approximately 89% of student learning from Drawing A to 
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Drawing B for the role/purpose score. Therefore, this analysis indicated that overall student 

learning with respect to roles/purposes was less affected by the repeated task of drawing a 

fish-tank system (expected learning) than by learning to apply the systems thinking concept 

of perspectives as the skill of identifying roles/purposes. 

 

The point at which the total score became significant or non-significant is when the results 

of Drawing B were reduced by ~ 49.45%. Based on the assumptions made for this analysis, 

this means that both the expected learning and the systems thinking learning attributed for 

~ 50% of student learning from Drawing A to Drawing B for the total score. Therefore, 

this analysis indicated that overall student learning with respect to the totals was affected 

equally by the repeated task of drawing a fish-tank system (expected learning) and by 

learning to apply the systems thinking concepts as skills. The results of this analysis are 

summarized in Table 4-21.  

 

Table 4-21: Results from Expected Learning and Systems Thinking Learning Analysis 

Concept Expected Learning Systems Thinking Learning 

Elements ~ 70% ~ 30% 

Interactions ~ 19% ~ 81% 

Roles/Purposes ~ 11% ~ 89% 

Totals ~ 50% ~ 50% 
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Chapter 5 

5 Conclusion 

 

5.1 Features of this Research 

The purpose of this research was to define and measure the initial systems thinking learning 

process for non-experts in the context of a fish-tank system to support future systems 

thinking curriculum development by and for non-experts. This purpose was achieved by 

fulfilling each of the following objectives: 

 

 To conceptualize the systems thinking curriculum development process by and for 

non-experts. 

o The systems thinking curriculum development process was described and 

conceptualized in section 2.4 as the systems thinking curriculum 

development framework for non-experts (Figure 2-5). 

o This framework can help non-experts design systems thinking curriculum 

for other non-experts using the systematic processes of DMAIIC and Soft 

Systems Methodology coupled with the systemic approach of the System of 

Profound Knowledge. 

 To define the initial systems thinking learning process for non-experts. 

o The systems thinking learning process was described and defined in section 

2.5 as the systems thinking learning model (Figure 2-6). 

o This model defined the learning process in terms of three phases (Initial 

Learning, Rapid Learning, and Mastery Learning) which each consist of the 

three repeated systems thinking learning levels (sensibility, literacy, and 

capability). Systems thinking can be measured in each phase as a combined 

measurement of all three levels. 

 To design and conduct an experiment to measure the initial systems thinking 

learning process for non-experts. 
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o An experiment was conducted with ninety-seven (97) middle and high 

school students in the SMILE Program to measure the effect of teaching 

students to apply the three systems thinking concepts of distinctions, 

relationships, and perspectives as skills. 

o A methodology was developed to measure systems thinking learning in the 

context of a fish-tank system. 

o Systems thinking learning was measured for two drawings of a fish-tank 

system in terms of elements (for the concept of distinctions), interactions 

(for the concept of relationships), and roles/purposes (for the concept of 

perspectives). 

o The totals of elements, interactions, and roles/purposes were used to 

measure each student’s improvement in systems thinking learning as a 

result of the experiment. 

 To contribute to the growth of systems literacy – the fostering of awareness and 

understanding of systems – in primary and secondary education (K-12). 

o The experiment was used to teach K-12 students about the three systems 

thinking concepts of distinctions, relationships, and perspectives as skills to 

be applied in order to solve problems. 

o The results of the experiment show that the majority of students improved 

with respect to systems thinking learning as a result of being taught to apply 

each concept as a skill. 

 

5.2 Findings from this Research 

The results from this research support the four research questions and general hypotheses 

presented in sections 1.3 and 1.4 respectively, which are restated here in pairs for 

convenience. 

 

(1) First Question: Is there a statistically significant difference between the elements 

identified by non-experts in a fish-tank system drawing before and after learning 

about the systems thinking concept of distinctions? 



111 

 

 

o First Hypothesis: There is a statistically significant difference between the 

elements identified by non-experts in a fish-tank system drawing before and 

after learning about the systems thinking concept of distinctions. 

(2) Second Question: Is there a statistically significant difference between the 

interactions identified by non-experts in a fish-tank system drawing before and after 

learning about the systems thinking concept of relationships? 

o Second Hypothesis: There is a statistically significant difference between 

the interactions identified by non-experts in a fish-tank system drawing 

before and after learning about the systems thinking concept of 

relationships. 

(3) Third Question: Is there a statistically significant difference between the 

roles/purposes identified by non-experts in a fish-tank system drawing before and 

after learning about the systems thinking concept of perspectives? 

o Third Hypothesis: There is a statistically significant difference between the 

roles/purposes identified by non-experts in a fish-tank system drawing 

before and after learning about the systems thinking concept of 

perspectives. 

(4) Fourth Question: Is there a statistically significant difference between the totals of 

elements, interactions, and roles/purposes identified by non-experts in a fish-tank 

system drawing before and after learning about the three systems thinking concepts 

of distinctions, relationships, and perspectives? 

o Fourth Hypothesis: There is a statistically significant difference between 

the totals of elements, interactions, and roles/purposes identified by non-

experts in a fish-tank system drawing before and after learning about the 

three systems thinking concepts of distinctions, relationships, and 

perspectives. 

 

5.2.1 Findings for Distinctions (Elements) 

The first hypothesis is supported by the results of the elements analysis presented in section 

4.2.1. The results of the statistical tests provide evidence to show that students identified 
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an average of two to three (2-3) more elements in Drawing B compared to Drawing A, and 

that students scored an average of five (5) points higher in their element score in Drawing 

B compared to Drawing A. The most significant area of improvement for students with 

regards to elements was at the literacy level of systems thinking. Students identified an 

average of one to two (1-2) more elements at the literacy level in Drawing B compared to 

Drawing A. 

 

In conclusion there is a statistically significant difference between the elements identified 

by non-experts in a fish-tank system drawing before and after learning about the systems 

thinking concept of distinctions. This conclusion means that teaching students to apply 

distinctions as a skill increased student learning of systems thinking with respect to 

distinctions, but primarily at the literacy level which only demonstrates knowledge about 

elements related to how the system works. Therefore, future learning opportunities should 

focus on student understanding of elements related to why the system works in a certain 

way (based on the problem situation) as a way to foster learning at the capability level. 

 

5.2.2 Findings for Relationships (Interactions) 

The second hypothesis is supported by the results of the interactions analysis presented in 

section 4.2.2. The results of the statistical tests provide evidence to show that students 

identified an average of one to two (1-2) more interactions in Drawing B compared to 

Drawing A, and that students scored an average of two to three (2-3) points higher in their 

interaction score in Drawing B compared to Drawing A. The most significant area of 

improvement for students with regards to interactions was at the literacy level of systems 

thinking. Students identified an average of one (1) more interaction at the literacy level in 

Drawing B compared to Drawing A. 

 

In conclusion there is a statistically significant difference between the interactions 

identified by non-experts in a fish-tank system drawing before and after learning about the 

systems thinking concept of relationships. This conclusion means that teaching students to 

apply relationships as a skill increased student learning of systems thinking with respect to 
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relationships, but primarily at the literacy level which only demonstrates knowledge about 

actions and reactions. Therefore, future learning opportunities should focus on student 

understanding of the cause-and-effect relationships between the actions and reactions as a 

way to foster learning at the capability level. 

 

5.2.3 Findings for Perspectives (Roles/Purposes) 

The third hypothesis is supported by the results of the roles/purposes analysis presented in 

section 4.2.3. The results of the statistical tests provide evidence to show that students 

identified an average of two (2) more roles/purposes in Drawing B compared to Drawing 

A, and that students scored an average of three (3) points higher in their role/purpose score 

in Drawing B compared to Drawing A. The most significant area of improvement for 

students with regards to roles/purposes was at the literacy level of systems thinking. 

Students identified an average of one (1) more roles/purposes at the literacy level in 

Drawing B compared to Drawing A. 

 

In conclusion there is a statistically significant difference between the roles/purposes 

identified by non-experts in a fish-tank system drawing before and after learning about the 

systems thinking concept of perspectives. This conclusion means that teaching students to 

apply perspectives as a skill increased student learning of systems thinking with respect to 

perspectives, but primarily at the literacy level which only demonstrates knowledge about 

the role/purpose of elements as related to other elements. Therefore, future learning 

opportunities should focus on student understanding of why elements exist in a system 

using a systemic point-of-view as a way to foster learning at the capability level. 

 

5.2.4 Findings for Totals 

The fourth hypothesis is supported by the results of the totals analysis presented in section 

4.2.4. The results of the statistical tests provide evidence to show that students identified 

an average of six (6) more total elements, interactions, and roles/purposes in Drawing B 

compared to Drawing A, and that students scored an average of ten to twelve (10-12) points 

higher in their total score in Drawing B compared to Drawing A. The most significant area 



114 

 

 

of improvement for students with regards to the totals was at the literacy level of systems 

thinking. Students identified an average of four (4) more total elements, interactions, and 

roles/purposes at the literacy level in Drawing B compared to Drawing A. 

 

In conclusion there is a statistically significant difference between the totals of elements, 

interactions, and roles/purposes identified by non-experts in a fish-tank system drawing 

before and after learning about the systems thinking concepts of distinctions, relationships, 

and perspectives. This conclusion means that teaching students to apply these concepts as 

skills increased student learning of systems thinking with respect to the concepts, but 

primarily at the literacy level which only demonstrates knowledge about systems thinking 

across these concepts. Therefore, future learning opportunities should focus on student 

understanding of systems thinking across these concepts as a way to foster learning at the 

capability level. 

 

5.2.5 Systems Thinking Learning 

To connect the results of the experiment with the systems thinking learning model 

presented in section 2.5, a method for visually representing each student’s systems thinking 

learning for each drawing according to the model was developed. Figure 5-1 shows an 

example of this visual representation for student j = 6. The x-axis of the figure is time, 

which represents the three systems thinking learning levels (sensibility, literacy, and 

capability) for each drawing [A, B]. The y-axis of the figure is performance in terms of 

systems thinking learning which has been normalized as the percent of the total number of 

elements, interactions, and roles/purposes that a student identified. For example, suppose 

a student identified ten (10) total elements, interactions, and roles/purposes across all three 

levels for Drawing A. If three (3) of those items identified were at the sensibility level, 

then, the number of items for sensibility was divided by the total number of items to get a 

normalized percent of 30.00%. This process was repeated for the other two levels in order 

to plot points on the model connected by lines to represent the student’s percent of the total 

number of elements, interactions, and roles/purposes they identified related to each 

learning level and drawing. A similar process was used to create the two bars shown for 
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each learning level and drawing. However, these bars represent the average percent of the 

total number of elements, interactions, and roles/purposes identified by all students (the 

white bar on the left) and the median percent of the total number of elements, interactions, 

and roles/purposes identified by all students (the shaded bar on the right). 

 

 

Figure 5-1: Systems Thinking Learning Model Example 1 

 

Based on Figure 5-1, it can be concluded that student j = 6 identified all elements, 

interactions, and roles/purposes at the sensibility level (100.00%) and none at the other two 

levels of literacy and capability (0.00% for each) for Drawing A. For Drawing B this 

student still identified most items at the sensibility level (75.00%) and none at the capability 

level (0.00%), but they improved in the literacy level (25.00%). These percentages were 

determined by dividing the number of elements, interactions, and roles/purposes that this 

student identified for each learning level – which was three (3) for sensibility, one (1) for 

literacy, and zero (0) for capability in Drawing B – by the total number, which was four 

(4). Additionally, it can be concluded that this student still needs help to improve in their 

systems thinking learning because the plotted lines for both drawings exhibit the same 

negative slope from sensibility to capability. Ideally, the lines would be horizontal to 
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represent a balanced combination of each systems thinking learning level. A horizontal or 

positively-sloped line would indicate that a student is thinking more at the literacy and 

capability levels and might be ready to move into rapid learning, the next phase of the 

systems thinking learning process. 

 

Figure 5-2 illustrates another example of using this model to visually represent a student’s 

systems thinking learning. This figure shows the results for student j = 11. Compared to 

student j = 6, student j = 11 demonstrated significant improvement in their systems thinking 

learning at the literacy level indicated by the 44.02% increase from Drawing A to Drawing 

B. In Drawing A this student predominantly identified items at a sensibility level and in 

Drawing B this student demonstrated more balanced learning between sensibility and 

literacy. From this model, it can be inferred that this student has reached the literacy level 

of systems thinking learning but that they need help to begin developing their thinking at 

a capability level, which was lacking in both drawings. 

 

 

Figure 5-2: Systems Thinking Learning Model Example 2 
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5.3 Future Research Needs 

Due to the exploratory design of this research, future research is needed to further develop 

the ideas and the results presented in this thesis. This research has only touched the surface 

of the systems thinking learning process by defining and measuring the initial learning 

phase for non-experts in the context of a fish-tank system. Future research efforts should 

focus on replicating the results of this research with different K-12 student populations, 

and even with other populations of people in the greater society, and for other example 

systems to build upon the methodology presented herein. Future research is also needed to 

expand the definitions and measurements of systems thinking learning to the next two 

phases proposed in this research as rapid learning and mastery learning. 

 

Additionally, this research did not attempt to measure whether students retained the 

learning they had gained as a result of the experiment. The reinforcement of systems 

thinking learning throughout a student’s educational journey is arguably more important 

than creating initial awareness about systems thinking concepts. Therefore, future research 

in this area should also focus on measuring systems thinking learning over longer periods 

of time to determine how to retain and reinforce systems thinking learning in education. 

All of the future research endeavors described here will continue to support the greater 

objective of growth in systems literacy and systems thinking education and will continue 

challenging the ways in which people think about the world the problems facing it. 
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Engineering Management (ASEM) 2018 International Annual Conference in Coeur 

d’Alene, Idaho under the title, “A Proposed Methodology for Developing Systems 

Thinking Lessons By and For Non-Experts”. 
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Abstract 
Systems thinkers achieve expertise by learning from experts and reading existing systems thinking literature. This 

method is typically successful, if the learner is driven; however, this method does not work for everyone. This explains, 

in part, why systems thinking is not widely used. Many of today’s complex problems can be solved using a systemic 

approach, but there are too many problems and not enough systems thinkers. Therefore, the need to expand systems 

education beyond the select few is critical. To foster widespread systemic thinking we must start reaching the next 

generation of thinkers in primary and secondary education (K-12). Unfortunately, the number of experts capable of 

teaching systems thinking is already small and the number of experts with the ability to teach K-12 students is even 

smaller. Additionally, the lack of systems thinking curriculum suitable for K-12 students presents another challenge. 

To address these challenges, the authors propose a systemic methodology, rooted in engineering management 

concepts, which will allow non-experts to create systems thinking lessons for K-12 audiences. The authors present the 

results on using the proposed methodology during a multi-year industrial engineering Capstone project, and discuss 

whether non-experts are capable of teaching systems thinking to other non-experts. The proposed methodology, while 

focused on developing systems thinking-centric lessons, has the potential to assist engineering managers with 

developing training modules for their work teams. 

 

Keywords 

Systems Thinking, Systems Thinking Education, Systems Thinking Lessons, Human-Activity Systems, Systems 

Literacy 

 

Introduction 

The typical approach employed to solve problems and study systems is known as reductionism. This approach breaks 

a problem or a system down into its constituent parts to gain an understanding of those parts, and then works backwards 

to understand the whole problem or system based on the parts. Reductionism can be successful in some cases, but it 

often fails when addressing complex problems in complex systems because a whole system is greater than the sum of 

its parts (Jackson, 2003). The alternative to the reductionism approach is a holistic approach. This approach views a 

whole system as the emergence of the interactions and relationships between parts. Once a system has emerged, it 

provides meaning to the parts and the interactions between those parts. This contrasts with the reductionism approach 

which allows the parts to provide meaning for the whole system. Holism is still interested in understanding the parts, 

but more attention is given to the network of relationships between the parts and how the interactions between those 

parts give rise to the whole system. (Jackson, 2003). 

Systems thinking embraces this powerful holistic approach. Unfortunately, relatively few people have 

achieved expertise in systems thinking compared to other disciplines. This is due, in part, to the process of becoming 

a systems thinker. Similar to most other disciplines, a motivated learner achieves expertise in systems thinking by 

learning from an expert and reading existing literature on the subject to gain knowledge. Although this process is 

effective at producing more systems thinkers, it lacks the proliferation necessary to propagate systems thinking beyond 

the select few who are driven to learn. Most disciplines, like physics or biology for example, have thousands of experts 

available and learners (students) are exposed to these subjects during primary and secondary (K-12) education. The 

systems thinking discipline has significantly less experts available to teach those students who are interested and most 

students in K-12 education are not formally exposed to systems thinking content. To help solve complex problems the 

world needs more people who are simply aware of systems thinking concepts and who can use a holistic approach 

when solving problems. Therefore, a new methodology needs to be developed for teaching and learning systems 

thinking that will help increase the awareness and use of systems thinking concepts; the methodology should facilitate 
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in spreading systemic sensibility. According to Ison & Shelley (2016), learning systems thinking goes through three 

phases: 1) Systemic sensibility – the ability to be aware of and appreciate systems, 2) Systems literacy – the ability to 

understand and teach systems thinking, and 3) Systems thinking in practice capability – the ability to use systems 

thinking to solve complex problems. Ison & Shelley further elaborate that although systemic sensibility is available 

to everyone, it is absent from the understandings and actions of many. This absence can be attributed to the inadequate 

or missing contexts (i.e. the systems thinking experts and curriculum) necessary for systemic sensibility to grow and 

be fostered within education and organizational life. Ison & Shelley argue that a shift from sensibility, or no sensibility, 

to capability is required to alter the current trajectory of complex problems facing organizations in the world today. 

Those complex problems facing organizations today and in the future will require the attention of multiple 

generations of thinkers and problem solvers. To equip those generations with the skills necessary to handle these 

problems and practice systems thinking, the foundational skills of systemic sensibility must become more engrained 

at the primary and secondary education (K-12) level while leveraging current K-12 teachers’ ability to reach this 

audience. This establishes the need to create a methodology for developing systems thinking lessons by and for non-

experts. In this paper, a two-part conceptual model for such a methodology is presented. 

 

Background 

In order to frame the conceptual model, it is necessary to understand the foundational concepts that inform its ontology. 

In this section, an overview of the foundational concepts and theories employed to develop the conceptual model are 

presented. In addition, the context that informed the development of this methodology will be presented. 

 
What is a System? 

Systems are found everywhere in life. Systems vary in type and include physical, biological, designed, abstract, social, 

and human-activity systems (Jackson, 2003). The conceptual model presented in this paper focuses on human-activity 

systems, which are intellectual constructs that express purposeful human activity (Checkland, 1981). For the purpose 

of this paper, a system is defined as “a perceived whole whose elements are interconnected and have a purpose in a 

given context” (Calvo-Amodio, Patterson, Smith, & Burns, 2014) and a boundary. A system is perceived, or defined, 

by an analyst (observer, stakeholder, manager, etc.) based on their weltanschauung, or world view. There is a dynamic 

relationship between the system, its boundaries, and its purpose within the context allowing the analyst to define what 

the system is to them. This dynamic relationship means the analyst’s weltanschauung changes over time as their 

knowledge about the system and its context grows. Thus, a system is what the analyst defines as a system. Exhibit 1 

presents a graphical representation for a human-activity system based on the definition provided. 

 

Exhibit 1. Definition of a Human-Activity System (adapted from Calvo-Amodio et al., 2014) 

 

 
 

What is Systems Thinking? 

Systems thinking is a particular way of thinking about the world (Checkland, 1981). This type of thinking is a holistic 

approach to studying systems (Jackson, 2003) and uses the idea of systems to try and understand complexity in the 

world. Complex problems, the ones for which a reductionist approach is often ineffective, combine many issues and 

cross many disciplines to create varying perspectives. Systems thinking attempts to provide a common perspective by 

aligning how we think real-world systems work with how they actually work (Cabrera, 2015). For the purpose of this 

paper, systems thinking is defined as “an interdisciplinary and holistic approach to understanding human-activity 

systems” (Solberg, Calvo-Amodio, Ng, & Reintjes, 2016). 
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DMAIC 

The five-step, systematic problem solving procedure called DMAIC, presented in Exhibit 2, is widely used to identify 

the root causes of problems and implement sustainable solutions that improve process and system performance 

(Montgomery, 2013). The five steps of DMAIC correspond to each letter in the acronym and stand for: 1) Define – 

identify the problem and opportunity for improvement, 2) Measure – evaluate the current state, 3) Analyze – measure 

the current state and determine cause-and-effect relationships, 4) Improve – implement changes to correct the problem 

and capitalize on the opportunity, and 5) Control – ensure the changes that are implemented are sustained. 

 

Exhibit 2. The DMAIC Process (adapted from Montgomery, 2013) 

 

 
 

Soft Systems Methodology 

Peter Checkland (1981) developed soft systems methodology (SSM) as a seven-stage cyclical learning system. The 

seven stages are summarized here: 

 

1. Consider the problem situation (SSM1) 

2. Express the problem situation (SSM2) 

3. Formulate root definitions of relevant systems (SSM3) 

4. Create conceptual models (SSM4) 

5. Compare conceptual models to the real-world problem (SSM5) 

6. Define possible and feasible changes (SSM6) 

7. Take action to improve the problem situation (SSM7) 

 

Steps 1, 2, 5, 6, and 7 are considered real-world activities which involve people as part of the problem 

situation. Situation in this context is used to define the domain where the problem lies. Steps 3 and 4 are considered 

systems thinking activities. A popular method of SSM is known as CATWOE which defines the six characteristics 

included in the root definition of stage 3. CATWOE allows a system analyst to identify key stakeholders and consider 

multiple viewpoints (Checkland, 1981). Each letter of the CATWOE acronym stands for a separate characteristic: 

 

 A Customer (C) is a stakeholder who benefits from or is a victim of the system. 

 An Actor (A) is a stakeholder who carries out activities in the system. 

 A Transformation (T) describes the means by which defined inputs are transformed into defined outputs. 

 The Weltanschauung (W), or world view, makes the root definition meaningful. 

 An Owner (O) is a stakeholder who can modify or destroy the system. 

 The Environmental (E), or external, constraints are given for the system. 

 

 

 

 

 

 

DEFINE

MEASURE

ANALYZEIMPROVE

CONTROL
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System of Profound Knowledge 

Deming (1994) proposed the system of profound knowledge (SoPK) as a theory to better understand organizations 

and systems by embracing an outside view. The theory argues that a system cannot understand itself and therefore 

requires an outside perspective to inform how transformations can foster new understanding. The outside view of 

SoPK consists of four interdependent, complementary parts as presented in Exhibit 3 and summarized here: 

 

 Appreciation for a system – Deming (1994) argues that a system must have an aim, or a purpose, 

otherwise no system can be defined. Appreciation for the system involves understanding both the 

interdependence and obligation of each part in the system. 

 Theory about variation – “Life is variation” (Deming, 1994). Knowledge of variation requires the analyst 

of a system to understand both the normal and non-normal (special) causes of variation. If a system is 

stable, then its behavior can be predicted. 

 Theory of knowledge – “Management is prediction” (Deming, 1994). Knowledge is formed from theory. 

Without theories, and the revision of those theories, no new knowledge can be generated and thus no 

learning. 

 Psychology – Understanding psychology helps to better understand people (Deming, 1994) and 

acknowledge their differences. This perspective is crucial to the outside view concept of SoPK and for 

understanding any system, especially a human-activity system. 

 

Exhibit 3. The System of Profound Knowledge (adapted from Deming, 1994) 

 

 
 

A Path to Systems Literacy 

Crowell (1992) appears to have first introduced the idea of systems literacy. Crowell describes a system as “a way of 

looking at the world”, and therefore, systems literacy is the capability of understanding and communicating about the 

world using systems. Tuddenham (2017) has expanded upon this idea and describes Systems Literacy as an ongoing 

effort to foster greater awareness and understanding about systems throughout the world. This effort strives to pioneer 

a more sustainable future by leveraging increased awareness and understanding of systems in the world to facilitate 

more informed decisions and communication using systems approaches. This vision of systems literacy from Crowell 

and Tuddenham match well with the ideas of Ison & Shelley (2016) who propose that systems thinking learning goes 

through three phases, as discussed earlier, and presented graphically in Exhibit 4. Many people lie outside or on the 

outer border of systemic sensibility (i.e. non-experts in systems thinking who generally lack awareness and 

understanding about systems). The goal of Systems Literacy is to increase the number of people who are aware of and 

understand systems, and who can then teach others to cause a proliferation of systems thinkers in the world. The three-

phase systems thinking learning progression idea proposed by Ison provides a roadmap for achieving that goal. 

 

 

 

 

 

 

 

SoPK

System

Knowledge

Variation
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Exhibit 4. Nested Systemic Relationship between Systemic Sensibility, Systems Literacy, and Systems Thinking in 

Practice Capability (adapted from Ison & Shelley, 2016) 

 

 
 

Context for Developing Methodology 

The work to create a methodology for developing systems thinking lessons by non-experts for non-experts has been 

influenced primarily through industrial engineering Capstone senior design course projects at Oregon State University 

(OSU). The Capstone course provides these senior industrial engineering students with a systematic process using the 

concepts of DMAIC (Montgomery, 2013) and SSM (Checkland, 1981) combined with the systemic approach of SoPK 

(Deming, 1994) to guide the completion of assigned projects. Two of these Capstone projects, one in 2016-17 and the 

other in 2017-18, sought to foster greater systemic sensibility among the next generation of thinkers and problem 

solvers by developing systems thinking lessons for the Science and Math Investigative Learning Experiences (SMILE) 

Program. SMILE is a pre-college program at OSU that helps lower-income, ethnic-minority, and educationally-

underrepresented middle and high school students in rural Oregon communities gain the skills and attitudes necessary 

to pursue higher educational opportunities in science, technology, engineering, and math fields. 

For both of these Capstone projects, CATWOE (Checkland, 1981) was critical for defining the key 

stakeholders and for viewing the development of systems thinking lessons from multiple perspectives. The customers 

(C) are the students and the educators, or teachers, who will learn from the lessons developed. The actors (A) are the 

educators, or teachers, who will teach the lessons. The transformation (T) represents the SMILE Program which 

provides the means to transform non-experts (students and teachers) in systems thinking into systems thinkers who 

have at least systemic sensibility. The weltanschauung (W), or world view, is the three-phase systems thinking learning 

progression idea proposed by Ison & Shelley (2016). The owner (O) is also the SMILE Program, or the sponsor. 

Lastly, the environmental (E) constraints are the educational standards and sponsor requirements that guide the 

development of the lessons. Ideally, if the situation allows, the system analyst (the person developing lessons) should 

be external to the system and be a non-expert in systems thinking. This relates back to the SoPK by Deming (1994) 

which emphasizes the outside view as a key component to understanding the system for which lessons are being 

developed for. Also, a non-expert is better able to relate to other non-experts when developing lessons. For example, 

the analyst could be a teacher or educator developing lessons for other teachers or educators in the system of interest. 

 

Conceptual Model 
Having established the foundational concepts behind this methodology, the conceptual model for developing systems 

thinking lessons by and for non-experts can now be presented. The model is represented in two parts. The first part of 

the model presents the methodology for developing systems thinking lessons and is to be used by the system analyst. 

The second part of the model presents the methodology for systems thinking learning and is to be used by the system 

analyst to inform the development of lessons. 

The first part of the model couples the systematic processes of DMAIC and soft systems methodology (SSM) 

with the systemic approach of the system of profound knowledge (SoPK) for the development of systems thinking 

lessons (Exhibit 5). The DMAIC process forms the systematic backbone for this part of the model. DMAIC is 

combined with soft systems methodology (SSM) to form a more robust, systems-based process. In order to better 

combine DMAIC and SSM, the DMAIC process has been modified to DMAIIC based on experience gained from the 

design and management of the Capstone senior design course. The first letter “I” stands for Innovate – to develop 

solution innovations or alternatives – and the second letter “I” now stands for Implement – to select an innovation 

Systems Thinking 
in Practice 
Capability

Systems Literacy

Systemic Sensibility
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alternative or solution to implement. These two changes allow for better alignment with stages 4, 5, and 6 from SSM 

where conceptual models, or innovation alternatives, are created and compared to determine the best possible and 

feasible solution to the problem. Additionally, the integration of CATWOE from SSM into the Define, Measure, and 

Analyze steps of DMAIIC provides a systems-based method for identifying key stakeholders and multiple viewpoints 

to inform the lesson development process. The SoPK provides the systemic component of the model and is embedded 

at each of the steps and stages of DMAIIC and SSM respectively. SoPK strongly influences the beginning of the 

lesson development process when the system analyst is learning about their system and defining the requirements and 

current state of that system. SoPK also strongly influences the Innovate step of the DMAIIC process where innovation 

alternatives should be developed that emphasize each of the four SoPK perspectives. 

 

Exhibit 5. Systems Thinking Lesson Development Model 

 

 
 

The second part of the conceptual model presents a way in which to measure systems thinking learning 

progression along an S-shaped curve (Exhibit 6). There are three distinct phases of systems thinking learning 

characterized by the S-shape. Initial learning (IL) is the first phase and represents the period during which basic 

concepts of systems thinking are introduced. Rapid learning (RL) is the second phase and represents the period during 

which basic concepts become better understood through experience and practice with systems. Mastery learning (ML) 

is the third phase and represents the period of stabilization attributed with reaching expertise in systems thinking. 

Within each phase i, a learner will progress through each of the three systems thinking phases (sensibility (S), literacy 

(L), and capability(C)) as defined by the vector �⃑� shown in Eq. (1). The authors believe that this vector must be aligned 

with a pre-determined eigenvector dependent on the desired learning progression for an individual learner. For each 

phase i of learning, a different eigenvector can exist, as an individual learner’s progression through the phases might 

vary because for different Δt the shape of the learning curve will change. This vector will measure where a learner is 

in the systems thinking progression to help inform the development of lessons by the system analyst. The validation 

of this model will be the primary focus of future work for this research. 

 

�⃑�𝑖 = {

𝑆𝑖

𝐿𝑖

𝐶𝑖

}                                                                              (1) 
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Exhibit 6. Systems Thinking Learning Model 

 
 

Preliminary Results 

The preliminary results from the two industrial engineering Capstone senior design course projects have shown that 

system analysts (engineering students who are non-experts in systems thinking) were successful in developing systems 

thinking lessons for non-experts. The goal for both projects was to develop systems thinking lessons that increase 

systemic sensibility among the target population of middle to high school students in the SMILE Program using the 

methodology presented in the first part of the conceptual model. The first Capstone project in 2016-17 produced four 

interdependent systems thinking lessons. The four lessons focused on the systems thinking concepts of systems, 

system hierarchies, emergence, and feedback loops. The lesson on emergence was demonstrated and validated during 

a SMILE teacher workshop. Thirty-six teachers provided their feedback on a six-point Likert scale, from strongly 

agree (6) to strongly disagree (0), to five statements about the lesson. The results are shown in Exhibit 7. The key 

takeaways from these results were that teachers overall would feel comfortable teaching the lesson to their students 

(Statement 1) and that their students would understand the learning objectives of the lesson (Statement 5). As part of 

the second Capstone project in 2017-18, a survey was developed to follow-up with SMILE teachers about their use of 

the four lessons developed by the Capstone project team in 2016-17. Nineteen teachers responded to the survey and 

about 37% of those teachers had taught at least one of the lessons on systems thinking to their SMILE club students. 

 

Exhibit 7. Teacher Workshop 2017 Questionnaire Results for Emergence Lesson (36 responses) 

 
# Statement Median Mean Std. Dev. 

1 
I feel comfortable teaching this lesson with the provided 

background material and activity instructions. 
5 5.25 0.55 

2 
This lesson allows me to meet Next Generation Science Standards 

(NGSS) requirements and provide cross-cutting concepts. 
5 4.94 0.73 

3 
Most of my students will find the lesson activity interesting and 

engaging. 
5 5.31 0.71 

4 
I can afford the cost and time to acquire materials and prepare for 

this lesson. 
6 5.61 0.55 

5 
I would expect most of my students to understand the learning 

objectives after completing this lesson. 
5 4.86 0.72 

 

The second Capstone project also produced two more systems thinking lessons. These lessons focused on 

the systems thinking concepts of patterns and perspectives. In both Capstone projects, the lessons were developed by 

undergraduate industrial engineering students considered to be non-experts in systems thinking at the beginning of the 

project. The result of the development of these six lessons on systems thinking suggests that non-experts in systems 

thinking are capable of learning systemic sensibility, and some systems literacy, in order to develop lessons. Although 
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learning of systems thinking was not objectively measured, the achievement of systemic sensibility by both SMILE 

teachers and students was observed during demonstrations of the lessons in both Capstone projects. These results 

suggest that the non-experts in systems thinking who had acquired systemic sensibility (i.e. the undergraduate 

engineering students), were capable of teaching the lessons in systems thinking to other non-experts. However, further 

research and data collection is necessary to validate these initial findings. 

 

Conclusion and Future Work 

A systemic methodology rooted in engineering management concepts has been presented which allows non-experts 

in systems thinking to develop lessons and teach those lessons to other non-experts. The goal of the proposed 

methodology is to foster greater systemic sensibility, or awareness and understanding of systems, among all people. 

As Ison & Shelley (2016) claim, systemic sensibility is available to all people, but the contexts necessary for this 

sensibility to grow are inadequate or missing. The proposed methodology addresses this problem by first, providing a 

way to increase the amount of systems thinking content for K-12 audiences through a systematic process guided by a 

systemic approach. Second, it provides a way to increase the number of people who have sensibility and can teach 

systems thinking to others by measuring systems thinking learning through the three phases of sensibility, literacy, 

and capability. 

Future research will be focused in three areas. First, the first part of the conceptual model will be refined to 

better explain how to develop systems thinking lessons. The current model focuses more on the overall process of 

developing systems thinking lessons and lacks some details that will help system analysts develop successful lessons. 

Second, the variables used to measure the learning vectors in the second part of the conceptual model need to be 

determined. These variables will also be used to inform the pre-determined eigenvectors that guide how an individual 

learner should progress through the S-shaped curve of systems thinking learning. Third, a validation plan will be 

developed to further test both parts of the conceptual model presented in this paper. This validation will, in part, be 

conducted during the next Capstone senior design course project with SMILE at Oregon State University in 2018-19. 
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Appendix B 

8 Appendix B: Element Classification Tables 

 

The forty-nine (49) elements that were defined for a fish-tank system prior to analyzing the 

data are presented in Table 8-1. 

 

The classifications for each of the forty-nine (49) elements defined for a fish-tank system 

prior to analyzing the data are presented in Table 8-2. 

 

The eleven (11) additional elements that were defined for a fish-tank system while 

analyzing the data are presented in Table 8-3. 

 

The classifications for each of the eleven (11) additional elements that were defined for a 

fish-tank system while analyzing the data are presented in Table 8-4. 
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Table 8-1: Fish-Tank System Elements (defined prior to analysis) 

Element Name 

(alphabetical) 

Element Description & 

Element’s Role / Purpose in Fish-Tank System (Mills, 1987) 

Air and/or 

Bubbles 

A more common name for Oxygen (O2); Produced by the air pump and via 

respiration from fish and other animals. 

Air or Water 

Pump 

An air pump is a porous device through which air is passed; Also called an 

aerator, an air stone, or a diffusor; Produces air bubbles in the water for 

aeration (the ventilation of the water which facilitates intake of oxygen and 

the expulsion of carbon dioxide). 

A water pump is a device that moves water through the tank. 

Algae 

A green colored plant; Can be used to make the fish tank more decorative; 

A food source for herbivorous fish; Absorbs minerals from the water; 

Consumes waste products like Nitrate (NO3
-). 

Ammonia 

(NH3) 

The first byproduct of decaying organic material; An “invisible” waste 

product excreted by fish; Feeds aerobic (oxygen-loving) bacteria. 

Bacteria Microscopic organisms; Decompose organic matter and waste products. 

Bio-filter 
A natural type of filter; Cleans the fish tank water via circulation allowing 

bacteria to filter the water. 

Broken / Dirty 

Filter 

Supposed to fulfilling the role of a filter; If left unchecked, it can be an 

underlying cause of dirty or green water. 

Carbon Dioxide 

(CO2) 

A byproduct of respiration by fish and other organisms; Feeds plants and 

algae. 

Coral Used for decoration; Provides a good surface for algae to grow on. 

Dead Organisms 
Includes dead fish or animals; Can be broken down as a food source for 

bacteria and fungi. 

Denitrifying 

Bacteria 

Anaerobic, oxygen-hating type of bacteria; Converts excess nitrate into free 

Nitrogen gas. 

Dirt, Dust, and 

Debris 

Visible particles present in the water; Removed by a filter or a filtration 

system. 

Electricity Provides power for the heater, lights, pumps, etc. 

Excess Fish 

Waste Products 

Includes both fish waste and ammonia, both excreted by fish as waste 

products; Excess waste products are a higher than normal amount; Can be 

an underlying cause of dirty or green water. 

Filter 

A device which cleans the fish tank water; May include filter tubes, a 

filter/tube screen, and any filter medium (such as activated 

carbon/charcoal). 

Filter Feeder 

Fish 

A special type of fish that sifts the water for microscopic food; Helps to 

keep the tank and water clean. 
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Element Name 

(alphabetical) 

Element Description & 

Element’s Role / Purpose in Fish-Tank System (Mills, 1987) 

Filtration 

System 

A system that may contain a filter, filter tubes, a filter/tube screen, and any 

filter medium (such as activated carbon/charcoal); Removes visible 

particles from the water; Provides healthy water conditions for fish and 

other animals. 

Fish 
The focal point of the system; There is no fish-tank system without a fish; 

Fish can be marine, freshwater, tropical, etc. 

Fish Food A nutrient and energy source eaten by fish; Feeds the fish. 

Fish Net A tool used to safely add or remove fish from the fish tank. 

Fish Waste 
A “visible” waste product excreted by fish, mostly excrement; Can be 

broken down as a food source for bacteria and fungi. 

Free Nitrogen 

Gas (N2) 

The product of the conversion of Nitrates (NO3
-) by anaerobic bacteria; 

Vented from the fish-tank system since it is not needed. 

Fungi Microscopic organisms; Decompose organic matter and waste products. 

Green Water Water that has excess algae bloom present. 

Heater A submersible device controlled by the thermostat to heat the water. 

Human 
Maintains the fish-tank system; Views the fish tank as “beautiful” or “nice 

to look at”. 

Impeller 
An electrically-driven propeller; Used to produce water flow through a 

filter, filtration system, water pump, or the fish tank. 

Lighting / Lights 

Simulates a “real” aquatic environment; Promotes fish well-being; 

Encourages algae growth and therefore, can be an underlying cause of 

green water if used excessively or unchecked. 

Nitrate (NO3
-) 

A less toxic ammonium compound produced by Nitrate bacteria from 

Nitrite (NO2
-); Can also be broken down again by denitrifying bacteria into 

free Nitrogen gas (N2). 

Nitrate Bacteria 
Anaerobic, oxygen-hating bacteria such as Nitrobacter; Convert Nitrite 

(NO2
-) into Nitrate (NO3

-). 

Nitrite (NO2
-) 

A slightly less toxic ammonium compound; Feeds Nitrate bacteria to be 

broken down into Nitrate (NO3
-). 

Nitrite Bacteria 
Aerobic, oxygen-loving bacteria such as Nitrosomonas; Convert 

ammonium (NH3) into Nitrite (NO2
-). 

Oxygen (O2) 
A byproduct of photosynthesis carried out by plants and algae; Supports 

Nitrite bacteria, fish and other organisms in the fish tank. 

Ornaments / 

Decorations 

Any item used purely for decorative purposes in the fish tank. Includes a 

fish house/home. 

Other Animals 
Additional aquatic animals other than fish; May include snails, shrimp, 

crabs, etc. 

Plant Fragments 
Detached pieces of plants in the water; Broken down as a food source for 

bacteria and fungi.  
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Element Name 

(alphabetical) 

Element Description & 

Element’s Role / Purpose in Fish-Tank System (Mills, 1987) 

Plants 

Includes grass, seaweed, etc.; A food source for herbivorous fish; Can be 

used as purely decoration; Provide a hiding and breeding place for fish; 

Provides comfort for fish; Provide oxygen (O2) in the water as a result of 

photosynthesis; Remove carbon dioxide (CO2) from the water; Promote 

helpful bacteria growth; Remove Nitrates (NO3
-) from the water; Improve 

overall water quality. 

Rocks 
A large solid structure (not to be confused with substrate); Can be used as 

purely decoration; Provide shelter and hiding places for fish. 

Silicone A bonding or sealing agent for the glass walls of the fish tank. 

Substrate 

Includes one of, or a combination of, the following solid structures: gravel, 

pebbles, soil, sand, crushed coral, etc.; Can be viewed purely as decoration; 

Provides fish with a means to bury themselves in to sleep or to sift through 

for food; Provides a surface area for bacteria to grow. 

Sunlight 

Naturally occurring light; Promotes fish well-being; Encourages algae 

growth and therefore, can be an underlying cause of green water if not 

controlled. 

Tank 

Usually constructed out of glass; The boundary of the system which 

separates the system from its environment; To hold all the elements inside 

the system boundary together. 

Tank Cover 

(Lid) 

Covers the fish tank to keep foreign objects from entering the tank; Protects 

against condensation and evaporation; Can house lights. 

Tank Stand A structure that can support the weight of the fish-tank system. 

Tank Wall 

Scraper 
A tool used to clean algae growth off the walls of the fish tank. 

Thermometer 
A device to measure water temperature and relay information to the 

thermostat. 

Thermostat 
Controls the supply of electricity to the heater based on readings from the 

thermometer. 

Uneaten Fish 

Food 

Fish food that is not eaten by fish; Can be eaten by filter feeder fish or 

broken down as a food source for bacteria and fungi. 

Water 
Keeps the living organisms in the tank alive; Maintains system balance (i.e. 

sudden changes to the water can greatly affect system behavior). 
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Table 8-2: Fish-Tank System Element Classifications 

(1) Element Name (alphabetical); (2) Concrete or Conceptual; (3) Internal or External; 

(4) Essential; (5) Underlying; (6) Sub-System; (7) Essential, Secondary, or Advanced; (8) 

Systems Thinking Learning Level Classification 

(1) (2) (3) (4) (5) (6) (7) (8) 

Air and/or 

Bubbles 
Concrete Internal No No No Secondary Literacy 

Air or Water 

Pump 
Concrete Internal No No No Secondary Literacy 

Algae Concrete Internal No No No Secondary Literacy 

Ammonia (NH3) Conceptual Internal No No No Advanced Capability 

Bacteria Conceptual Internal No No No Advanced Capability 

Bio-filter Concrete Internal No No No Secondary Literacy 

Broken / Dirty 

Filter 
Concrete Internal No Yes No Advanced Capability 

Carbon Dioxide 

(CO2) 
Conceptual Internal No No No Advanced Capability 

Coral Concrete Internal No No No Secondary Literacy 

Dead Organisms Concrete Internal No Yes No Advanced Capability 

Denitrifying 

Bacteria 
Conceptual Internal No No No Advanced Capability 

Dirt, Dust, and 

Debris 
Concrete Internal No No No Secondary Literacy 

Electricity Conceptual External No No No Advanced Capability 

Excess Fish 

Waste Products 
Concrete Internal No Yes No Advanced Capability 

Filter Concrete Internal No No No Secondary Literacy 

Filter Feeder Fish Concrete Internal No No No Secondary Literacy 

Filtration System Concrete Internal No No Yes Advanced Capability 

Fish Concrete Internal Yes No No Essential Sensibility 

Fish Food Concrete Internal No No No Secondary Literacy 

Fish Net Concrete External No No No Secondary Literacy 

Fish Waste Concrete Internal No No No Secondary Literacy 

Free Nitrogen 

Gas (N2) 
Conceptual Internal No No No Advanced Capability 

Fungi Conceptual Internal No No No Advanced Capability 

Green Water Concrete Internal No No No Secondary Literacy 

Heater Concrete Internal No No No Secondary Literacy 

Human Concrete External No No No Secondary Literacy 

Impeller Concrete Internal No No No Secondary Literacy 
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(1) Element Name (alphabetical); (2) Concrete or Conceptual; (3) Internal or External; 

(4) Essential; (5) Underlying; (6) Sub-System; (7) Essential, Secondary, or Advanced; (8) 

Systems Thinking Learning Level Classification 

(1) (2) (3) (4) (5) (6) (7) (8) 

Lighting / Lights Concrete External No Yes No Advanced Capability 

Nitrate (NO3
-) Conceptual Internal No No No Advanced Capability 

Nitrate Bacteria Conceptual Internal No No No Advanced Capability 

Nitrite (NO2
-) Conceptual Internal No No No Advanced Capability 

Nitrite Bacteria Conceptual Internal No No No Advanced Capability 

Oxygen (O2) Conceptual Internal No No No Advanced Capability 

Ornaments / 

Decorations 
Concrete Internal No No No Secondary Literacy 

Other Animals Concrete Internal No No No Secondary Literacy 

Plant Fragments Concrete Internal No No No Secondary Literacy 

Plants Concrete Internal No No No Secondary Literacy 

Rocks Concrete Internal No No No Secondary Literacy 

Silicone Concrete Internal No No No Secondary Literacy 

Substrate Concrete Internal No No No Secondary Literacy 

Sunlight Concrete External No Yes No Advanced Capability 

Tank Concrete Internal Yes No No Essential Sensibility 

Tank Cover (Lid) Concrete External No No No Secondary Literacy 

Tank Stand Concrete External No No No Secondary Literacy 

Tank Wall 

Scraper 
Concrete External No No No Secondary Literacy 

Thermometer Concrete Internal No No No Secondary Literacy 

Thermostat Concrete External No No No Secondary Literacy 

Uneaten Fish 

Food 
Concrete Internal No Yes No Advanced Capability 

Water Concrete Internal Yes No No Essential Sensibility 
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Table 8-3: Additional Fish-Tank System Elements (defined during analysis) 

Element Name 

(alphabetical) 

Element Description & 

Role / Purpose in Fish Tank System 

Battery Provides power for the heater, lights, pumps, etc. 

Bucket A tool used to add or remove water from the fish tank. 

Cat 
An animal external to the fish-tank system; May try to get fish from the 

tank. 

Chemicals 
Substances used to maintain fish-tank system balance and/or water 

health. 

Electrical 

Cord/Outlet 

The electrical cord transports electricity from the electrical outlet to a 

device; the electrical outlet is a place to plug in an electrical cord. 

Kool-Aid Packet 

An element outside the fish-tank system that a human could pour into 

the water to turn it green. Therefore, this could be an underlying cause 

of green water. 

Nuclear Waste 

An element outside the fish-tank system that could somehow end up in 

the tank and turn the water green. Therefore, this could be an 

underlying cause of green water. 

Oil Naturally-occurring substances from fish and other animals. 

Smoke 
A potential output from a broken filter or other broken mechanical 

devices.  

Trash 
An element added from outside of the system; Can kill fish and other 

animals if eaten. 

Tree 
A “plant” that is external to the fish-tank system; Blocks sunlight and 

keeps the fish tank in the shade. 
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Table 8-4: Additional Fish-Tank System Element Classifications 

(1) Element Name (alphabetical); (2) Concrete or Conceptual; (3) Internal or External; 

(4) Essential; (5) Underlying; (6) Sub-System; (7) Essential, Secondary, or Advanced; (8) 

Systems Thinking Learning Level Classification 

(1) (2) (3) (4) (5) (6) (7) (8) 

Battery Concrete External No No No Secondary Literacy 

Bucket Concrete External No No No Secondary Literacy 

Cat Concrete External No No No Secondary Literacy 

Chemicals Concrete External No No No Secondary Literacy 

Electrical 

Cord/Outlet 
Concrete External No No No Secondary Literacy 

Kool-Aid Packet Concrete External No Yes No Advanced Capability 

Nuclear Waste Concrete External No Yes No Advanced Capability 

Oil Concrete Internal No No No Secondary Literacy 

Smoke Concrete External No No No Secondary Literacy 

Trash Concrete External No No No Secondary Literacy 

Tree Concrete External No No No Secondary Literacy 
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Appendix C 

9 Appendix C: Glossary of Variables 

 

All of the variables used in this thesis are presented and described in Table 9-1. 

 

Table 9-1: Glossary of Variables 

Variable Description / Definition 

Subscript Variables 

i 

The experimental tests = drawings = [A, B, BA], where: 

A = Drawing A (warm-up activity drawing); 

B = Drawing B (systems thinking activity drawing); 

BA = Drawing B - Drawing A (difference between the drawings) 

j The students in the experiment = 1, 2, …, 𝑛𝑖 

k 
The systems thinking concepts = 

[Elements (E), Interactions (I), Roles/Purposes (R)] 

l 
The systems thinking learning levels = 

[Sensibility (S), Literacy (L), Capability (C)] 

T 

Used to represent the total (T) in number (x) or score (z) for a specific systems 

thinking concept (k) across all systems thinking learning levels (l) 

OR 

Used to represent the total (T) in number (x) or score (z) for all systems thinking 

concepts (k) at a specific systems thinking learning level (l) 

OR 

Used to represent the total (T) in number (x) or score (z) for all systems thinking 

concepts (k) across all systems thinking learning levels (l) 

w 
Group number in the ANOVA for groups test 

(see description in section Error! Reference source not found.) 

v 
Student number in each group for the ANOVA for groups test 

(see description in section Error! Reference source not found.) 

Other Variables 

 Alpha = the significance level for hypothesis tests 

 Mu = the mean for all students j = 1, 2, …, 𝑛𝑖 

 Sigma = the standard deviation 

𝜎2 

Sigma squared = the variance; also = the variation within groups 

(used for the ANOVA for groups test described in section Error! Reference 

source not found.) 

𝜎𝜏
2 Sigma tau squared = the variation between groups 
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Variable Description / Definition 

(used for the ANOVA for groups test described in section Error! Reference 

source not found.) 

𝑅𝑗 
The rank of the paired difference 𝑑𝑗 in the Wilcoxon signed ranks test (see 

description in section 3.2.5.3) 

S Sample standard deviation 

𝑆2 Sample variance 

𝑛𝑖  The number of students for each drawing i 

𝑛𝐵𝐴
′ 

The number of paired samples for drawing i = BA that remain after omitting paired 

samples equal to zero in the Wilcoxon signed ranks test 

(see description in section 3.2.5.3) 

𝑛𝑤 
The number of students in each group in the ANOVA for groups test 

(see description in section Error! Reference source not found.) 

N 
The total number of students (v) across all groups (w) in the ANOVA for groups 

test (see description in section Error! Reference source not found.) 

𝑛0 
The estimator of sample size per group for an unbalanced design in the ANOVA 

for groups test (see description in section Error! Reference source not found.) 

a 
The number of levels (groups) in the ANOVA for groups test 

(see description in section Error! Reference source not found.) 

d The paired difference (d) between drawings B and A 

�̅� The average paired difference (d) between Drawings B and A 

�̃� The median paired difference (d) between Drawings B and A 

𝑑𝑗  The paired difference (d) between Drawings B and A for student j 

𝑑𝑤𝑣 

The paired difference (d) between Drawings B and A for student v in group w in 

the ANOVA for groups test (see description in section Error! Reference source 

not found.) 

F Familiarity rating of fish-tank systems (provided by student) 

Variables Used for Number of (x) 

x The number (x) of systems thinking concepts identified 

�̅� x bar = The average number (x) of systems thinking concepts identified 

�̃� x tilde = The median number (x) of systems thinking concepts identified 

𝑥𝑖𝑗𝑘𝑙  
The number (x) of a specific systems thinking concept k [Elements (E) or 

Interactions (I) or Roles/Purposes (R)] identified for drawing i, student j, and 

systems thinking learning level l 

𝑥𝑖𝑗𝑘𝑇 

The total (T) number (x) of a specific systems thinking concept k [Elements (E) or 

Interactions (I) or Roles/Purposes (R)] identified for drawing i and student j across 

all systems thinking learning levels l 

𝑥𝑖𝑗𝑙𝑇 

The total (T) number (x) of all systems thinking concepts k [Elements (E) + 

Interactions (I) + Roles/Purposes (R)] identified for drawing i, student j, and 

systems thinking learning level l 
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Variable Description / Definition 

𝑥𝑖𝑗𝑇 

The total (T) number (x) of all systems thinking concepts k [Elements (E) + 

Interactions (I) + Roles/Purposes (R)] identified for drawing i and student j across 

all systems thinking learning levels l 

 

Variables Used for Score (z) 

z The score (z) for systems thinking concepts identified 

𝑧̅ z bar = The average score (z) for systems thinking concepts identified 

�̃� z tilde = The median score (z) for systems thinking concepts identified 

𝑧𝑖𝑗𝑘𝑙  
The score (z) for a specific systems thinking concept k [Elements (E) or 

Interactions (I) or Roles/Purposes (R)] identified for drawing i, student j, and 

systems thinking learning level l 

𝑧𝑖𝑗𝑘𝑇  

The total (T) score (z) for a specific systems thinking concept k [Elements (E) or 

Interactions (I) or Roles/Purposes (R)] identified for drawing i and student j across 

all systems thinking learning levels l 

𝑧𝑖𝑗𝑇  

The total (T) score (z) of all systems thinking concepts k [Elements (E) + 

Interactions (I) + Roles/Purposes (R)] identified for drawing i and student j across 

all systems thinking learning levels l 

𝑑𝑧𝑗𝑇
 

The paired difference in total (T) score (z) between Drawings B and A for student j 

across all systems thinking concepts k and systems thinking learning levels l 

𝑑𝑧𝑤𝑣
 

The paired difference in total score (z) between Drawings B and A for student v in 

group w in the ANOVA for groups test 

(see description in section Error! Reference source not found.) 

𝑑𝑧𝑤∙
 

The sum of the paired difference in total score (z) between Drawings B and A for 

all students in group w in the ANOVA for groups test 

(see description in section Error! Reference source not found.) 

�̅�𝑧𝑤∙
 

The average of the paired difference in total score (z) between Drawings B and A 

for all students in group w in the ANOVA for groups test 

(see description in section Error! Reference source not found.) 

𝑑𝑧∙∙
 

The sum of the paired difference in total score (z) between Drawings B and A for 

all students (v) in all groups (w) in the ANOVA for groups test 

(see description in section Error! Reference source not found.) 

Variables Used in Testable Hypotheses 

𝜇𝑥𝑖𝑘
 

The mean number (x) of systems thinking concept k [Elements (E) or Interactions 

(I) or Roles/Purposes (R)] identified for drawing i, for all students, and across all 

systems thinking learning levels 

𝜇𝑧𝑖𝑘
 

The mean score (z) for systems thinking concept k [Elements (E) or Interactions (I) 

or Roles/Purposes (R)] identified for drawing i, for all students, and across all 

systems thinking learning levels 
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Variable Description / Definition 

𝜇𝑥𝑖𝑇
 

The mean of the total (T) number (x) of all systems thinking concepts [Elements 

(E) + Interactions (I) + Roles/Purposes (R)] identified for drawing i, for all 

students, and across all systems thinking learning levels 

𝜇𝑧𝑖𝑇
 

The mean of the total (T) score (z) for all systems thinking concepts [Elements (E) 

+ Interactions (I) + Roles/Purposes (R)] identified for drawing i, for all students, 

and across all systems thinking learning levels 

𝜇𝑑𝑥𝑘
 

The mean of the paired difference (d) between Drawings B and A for the total 

number (x) of systems thinking concept k [Elements (E) or Interactions (I) or 

Roles/Purposes (R)] identified for all students and across all systems thinking 

learning levels 

𝜇𝑑𝑧𝑘
 

The mean of the paired difference (d) between Drawings B and A for the total 

score (z) of systems thinking concept k [Elements (E) or Interactions (I) or 

Roles/Purposes (R)] identified for all students and across all systems thinking 

learning levels 

𝜇𝑑𝑥𝑇
 

The mean of the paired difference (d) between Drawings B and A for the total 

number (x) of all systems thinking concepts [Elements (E) + Interactions (I) + 

Roles/Purposes (R)] identified for all students and across all systems thinking 

learning levels 

𝜇𝑑𝑧𝑇
 

The mean of the paired difference (d) between Drawings B and A for the total 

score (z) of all systems thinking concepts [Elements (E) + Interactions (I) + 

Roles/Purposes (R)] identified for all students and across all systems thinking 

learning levels 

𝐸(𝑑𝑥𝑘
) 

The expected value of the paired difference (d) between Drawings B and A for the 

total number (x) of systems thinking concept k [Elements (E) or Interactions (I) or 

Roles/Purposes (R)] identified for all students and across all systems thinking 

learning levels 

𝐸(𝑑𝑧𝑘
) 

The expected value of the paired difference (d) between Drawings B and A for the 

total score (z) of systems thinking concept k [Elements (E) or Interactions (I) or 

Roles/Purposes (R)] identified for all students and across all systems thinking 

learning levels 

𝐸(𝑑𝑥𝑇
) 

The expected value of the paired difference (d) between Drawings B and A for the 

total number (x) of all systems thinking concepts [Elements (E) + Interactions (I) + 

Roles/Purposes (R)] identified for all students and across all systems thinking 

learning levels 

𝐸(𝑑𝑧𝑇
) 

The expected value of the paired difference (d) between Drawings B and A for the 

total score (z) of all systems thinking concepts [Elements (E) + Interactions (I) + 

Roles/Purposes (R)] identified for all students and across all systems thinking 

learning levels 
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Appendix D 

10 Appendix D: Research Study Documents 

 

The research study approval notice from the Oregon State University (OSU) Human 

Research Protection Program (HRPP) and Institutional Review Board (IRB) is presented 

in section 10.1. 

 

The research study application, or protocol, submitted to and approved by the OSU HRPP 

and IRB is presented in section 10.2. 

 

The research study consent form approved by the OSU HRPP and IRB is presented in 

section 10.3. 

 

The research study assent form approved by the OSU HRPP and IRB is presented in section 

10.4. 

 

The student worksheet used in the research study and approved by the OSU HRPP and IRB 

is presented in section 10.5. 

 

The presentation slides used in the research study are presented in section 10.6. 
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10.1 Research Study Approval Notice 
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10.2 Research Study Application (Protocol) 

 

 



148 

 

 



149 

 

 



150 

 

 



151 

 

 



152 

 

 



153 

 

 



154 

 

 



155 

 

 



156 

 

 



157 

 

 



158 

 

 



159 

 

 



160 

 

 



161 

 

 



162 

 

 



163 

 

 



164 

 

 



165 

 

 



166 

 

 

 

  



167 

 

 

10.3 Research Study Consent Form 

 

 



168 

 

 

 

  



169 

 

 

10.4 Research Study Assent Form 

 

 



170 

 

 

 

  



171 

 

 

10.5 Research Study Student Worksheet 

 

Note: The warm-up activity (Drawing A) was administered on page 3 of the worksheet 

which was a blank sheet of paper (not shown here). Page 4 was intentionally left blank. 
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10.6 Research Study Presentation Slides 
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Appendix E 

11 Appendix E: Normal Probability Plots 

 

The plot for the number of elements in Drawing A is presented in Figure 11-1. 

 

The plot for the number of interactions in Drawing A is presented in Figure 11-2. 

 

The plot for the number of roles/purposes in Drawing A is presented in Figure 11-3. 

 

The plot for the total numbers in Drawing A is presented in Figure 11-4. 

 

The plot for the number of elements in Drawing B is presented in Figure 11-5. 

 

The plot for the number of interactions in Drawing B is presented in Figure 11-6. 

 

The plot for the number of roles/purposes in Drawing B is presented in Figure 11-7. 

 

The plot for the total numbers in Drawing B is presented in Figure 11-8. 
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Figure 11-1: Normal Probability Plot for Drawing A – Elements 

 

 

Figure 11-2: Normal Probability Plot for Drawing A – Interactions 
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Figure 11-3: Normal Probability Plot for Drawing A – Roles/Purposes 

 

 

Figure 11-4: Normal Probability Plot for Drawing A – Totals 
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Figure 11-5: Normal Probability Plot for Drawing B – Elements 

 

 

Figure 11-6: Normal Probability Plot for Drawing B – Interactions 
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Figure 11-7: Normal Probability Plot for Drawing B – Roles/Purposes 

 

 

Figure 11-8: Normal Probability Plot for Drawing B – Totals  
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Appendix F 

12 Appendix F: Tabulated Results 

 

Note: For a glossary of variables, readers should refer to Table 9-1 in Appendix C: Glossary 

of Variables. 

 

The tabulated results for elements are presented in Table 12-1. 

 

The tabulated results for interactions are presented in Table 12-2. 

 

The tabulated results for roles/purposes are presented in Table 12-3. 

 

The tabulated results for totals are presented in Table 12-4. 

 

The tabulated results for totals for middle school students are presented in Table 12-5. 

 

The tabulated results for totals for high school students are presented in Table 12-6. 
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Table 12-1: Tabulated Results for Elements (E) 

  𝒙𝒊𝒋𝒌𝒍 𝒙𝒊𝒋𝒌𝑻 𝒛𝒊𝒋𝒌𝑻 

j F 𝒙𝑨𝒋𝑬𝑺 𝒙𝑩𝒋𝑬𝑺 𝒙𝑨𝒋𝑬𝑳 𝒙𝑩𝒋𝑬𝑳 𝒙𝑨𝒋𝑬𝑪 𝒙𝑩𝒋𝑬𝑪 𝒙𝑨𝒋𝑬𝑻 𝒙𝑩𝒋𝑬𝑻 𝒛𝑨𝒋𝑬𝑻 𝒛𝑩𝒋𝑬𝑻 

1 4 3 3 2 3 0 0 5 6 7 9 

2 1 3 3 0 2 0 0 3 5 3 7 

3 2 3 3 3 3 0 1 6 7 9 12 

4 3 2 2 2 3 0 0 4 5 6 8 

5 1 3 3 0 2 0 0 3 5 3 7 

6 4 3 3 0 1 0 0 3 4 3 5 

7 2.5 1 3 1 6 0 0 2 9 3 15 

8 4 3 3 5 5 0 0 8 8 13 13 

9 5 3 3 4 4 0 0 7 7 11 11 

10 1 3 3 2 6 0 1 5 10 7 18 

11 3 3 3 2 7 1 0 6 10 10 17 

12 4 3 3 4 3 0 1 7 7 11 12 

13 3 2 2 2 4 0 1 4 7 6 13 

14 2 2 3 2 7 0 2 4 12 6 23 

15 3 3 3 6 8 0 1 9 12 15 22 

16 2 3 3 3 4 1 1 7 8 12 14 

17 2 3 3 3 2 0 0 6 5 9 7 

18 2 3 3 2 5 0 0 5 8 7 13 

19 2 2 3 2 4 0 1 4 8 6 14 

20 5 2 3 3 6 0 0 5 9 8 15 

21 5 2 3 3 6 0 1 5 10 8 18 

22 3 3 3 6 6 0 0 9 9 15 15 

23 2 2 3 4 6 0 0 6 9 10 15 

24 2 3 3 4 4 1 1 8 8 14 14 

25 4 1 3 3 5 0 2 4 10 7 19 

26 3 3 3 4 8 0 0 7 11 11 19 

27 4 3 3 1 4 0 0 4 7 5 11 

28 2 3 3 2 5 0 0 5 8 7 13 

29 5 1 2 0 2 0 1 1 5 1 9 

30 2 3 3 2 5 0 0 5 8 7 13 

31 2 2 3 3 4 0 0 5 7 8 11 

32 1 2 2 3 3 0 1 5 6 8 11 

33 3 3 3 4 2 1 1 8 6 14 10 

34 2 3 3 6 5 2 0 11 8 21 13 

35 3 2 3 2 2 0 0 4 5 6 7 

36 4 3 3 4 4 0 0 7 7 11 11 

37 3 3 3 0 2 0 0 3 5 3 7 
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  𝒙𝒊𝒋𝒌𝒍 𝒙𝒊𝒋𝒌𝑻 𝒛𝒊𝒋𝒌𝑻 

j F 𝒙𝑨𝒋𝑬𝑺 𝒙𝑩𝒋𝑬𝑺 𝒙𝑨𝒋𝑬𝑳 𝒙𝑩𝒋𝑬𝑳 𝒙𝑨𝒋𝑬𝑪 𝒙𝑩𝒋𝑬𝑪 𝒙𝑨𝒋𝑬𝑻 𝒙𝑩𝒋𝑬𝑻 𝒛𝑨𝒋𝑬𝑻 𝒛𝑩𝒋𝑬𝑻 

38 2 3 3 3 4 1 2 7 9 12 17 

39 2 2 3 3 5 0 0 5 8 8 13 

40 4 3 3 5 8 0 2 8 13 13 25 

41 5 2 3 7 8 4 5 13 16 28 34 

42 2 2 2 3 3 0 0 5 5 8 8 

43 1 2 3 2 6 0 1 4 10 6 18 

44 4 3 2 8 6 1 1 12 9 22 17 

45 3 3 2 1 2 0 0 4 4 5 6 

46 4 3 3 4 4 0 0 7 7 11 11 

47 3 3 3 2 6 0 0 5 9 7 15 

48 3 2 3 3 6 0 0 5 9 8 15 

49 1 2 3 3 4 0 1 5 8 8 14 

50 3 3 3 4 10 0 0 7 13 11 23 

51 4 3 3 2 5 0 1 5 9 7 16 

52 3 3 3 8 9 1 0 12 12 22 21 

53 3 3 3 4 4 0 3 7 10 11 20 

54 2 2 3 4 4 0 1 6 8 10 14 

55 3 3 3 3 6 0 0 6 9 9 15 

56 3 3 3 1 3 0 2 4 8 5 15 

57 1 3 3 4 5 0 0 7 8 11 13 

58 2 2 3 3 3 0 1 5 7 8 12 

59 1 2 3 1 3 0 0 3 6 4 9 

60 3 3 3 1 5 0 0 4 8 5 13 

61 4 3 2 2 5 0 0 5 7 7 12 

62 1 2 3 3 6 0 0 5 9 8 15 

63 3 3 3 7 5 0 1 10 9 17 16 

64 3 2 3 3 3 0 1 5 7 8 12 

65 3 3 3 3 3 0 0 6 6 9 9 

66 2 1 3 2 3 0 0 3 6 5 9 

67 3 3 3 0 2 0 0 3 5 3 7 

68 3 1 3 1 1 0 2 2 6 3 11 

69 3 2 3 4 9 0 0 6 12 10 21 

70 2 3 3 3 5 0 1 6 9 9 16 

71 4 3 3 4 8 0 0 7 11 11 19 

72 2 3 3 2 2 0 0 5 5 7 7 

73 4 1 3 3 4 0 2 4 9 7 17 

74 2 3 3 4 6 0 0 7 9 11 15 

75 5 1 3 0 5 0 2 1 10 1 19 



192 

 

 

  𝒙𝒊𝒋𝒌𝒍 𝒙𝒊𝒋𝒌𝑻 𝒛𝒊𝒋𝒌𝑻 

j F 𝒙𝑨𝒋𝑬𝑺 𝒙𝑩𝒋𝑬𝑺 𝒙𝑨𝒋𝑬𝑳 𝒙𝑩𝒋𝑬𝑳 𝒙𝑨𝒋𝑬𝑪 𝒙𝑩𝒋𝑬𝑪 𝒙𝑨𝒋𝑬𝑻 𝒙𝑩𝒋𝑬𝑻 𝒛𝑨𝒋𝑬𝑻 𝒛𝑩𝒋𝑬𝑻 

76 3 3 3 6 5 0 1 9 9 15 16 

77 3 2 3 5 5 0 0 7 8 12 13 

78 3 3 3 3 6 0 0 6 9 9 15 

79 4 3 3 5 4 0 1 8 8 13 14 

80 3 3 3 2 4 0 1 5 8 7 14 

81 3 3 3 6 14 1 1 10 18 18 34 

82 3 1 3 0 2 0 0 1 5 1 7 

83 1 1 3 1 9 1 2 3 14 6 27 

84 4 1 3 1 3 0 0 2 6 3 9 

85 3 2 3 2 4 0 0 4 7 6 11 

86 2 3 3 3 3 0 1 6 7 9 12 

87 5 2 3 6 9 0 2 8 14 14 27 

88 3 1 3 2 3 0 0 3 6 5 9 

89 4 2 3 2 2 0 1 4 6 6 10 

90 2 2 3 2 5 0 0 4 8 6 13 

91 4 3 3 2 7 1 1 6 11 10 20 

92 2 3 3 1 4 0 0 4 7 5 11 

93 3 3 3 6 6 2 2 11 11 21 21 

94 2.5 2 3 4 6 0 1 6 10 10 18 

95 2 3 3 2 4 0 0 5 7 7 11 

96 2 3 3 3 3 0 0 6 6 9 9 

97 3 2 3 5 7 0 2 7 12 12 23 
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Table 12-2: Tabulated Results for Interactions (I) 

  𝒙𝒊𝒋𝒌𝒍 𝒙𝒊𝒋𝒌𝑻 𝒛𝒊𝒋𝒌𝑻 

j F 𝒙𝑨𝒋𝑰𝑺 𝒙𝑩𝒋𝑰𝑺 𝒙𝑨𝒋𝑰𝑳 𝒙𝑩𝒋𝑰𝑳 𝒙𝑨𝒋𝑰𝑪 𝒙𝑩𝒋𝑰𝑪 𝒙𝑨𝒋𝑰𝑻 𝒙𝑩𝒋𝑰𝑻 𝒛𝑨𝒋𝑰𝑻 𝒛𝑩𝒋𝑰𝑻 

1 4 0 5 0 0 0 0 0 5 0 5 

2 1 0 0 0 1 0 0 0 1 0 2 

3 2 0 0 0 0 0 0 0 0 0 0 

4 3 0 1 0 0 0 0 0 1 0 1 

5 1 0 0 0 0 0 0 0 0 0 0 

6 4 0 0 0 0 0 0 0 0 0 0 

7 2.5 0 0 0 0 0 0 0 0 0 0 

8 4 0 1 0 1 0 0 0 2 0 3 

9 5 0 0 0 0 0 0 0 0 0 0 

10 1 0 0 0 0 0 0 0 0 0 0 

11 3 10 7 0 4 0 0 10 11 10 15 

12 4 0 0 0 2 0 0 0 2 0 4 

13 3 0 0 0 1 0 0 0 1 0 2 

14 2 0 0 0 1 0 0 0 1 0 2 

15 3 0 1 0 8 0 0 0 9 0 17 

16 2 0 0 1 1 0 0 1 1 2 2 

17 2 0 0 0 1 0 0 0 1 0 2 

18 2 0 0 0 0 0 0 0 0 0 0 

19 2 0 0 0 1 0 0 0 1 0 2 

20 5 0 0 0 1 0 0 0 1 0 2 

21 5 0 0 0 0 0 0 0 0 0 0 

22 3 0 0 0 2 0 0 0 2 0 4 

23 2 0 0 0 0 0 0 0 0 0 0 

24 2 0 0 0 2 0 0 0 2 0 4 

25 4 0 0 0 0 0 1 0 1 0 3 

26 3 0 2 0 5 0 0 0 7 0 12 

27 4 0 0 0 0 0 0 0 0 0 0 

28 2 0 3 0 0 0 0 0 3 0 3 

29 5 0 0 0 0 0 0 0 0 0 0 

30 2 0 0 0 1 0 0 0 1 0 2 

31 2 0 0 0 2 0 0 0 2 0 4 

32 1 0 0 0 0 0 0 0 0 0 0 

33 3 0 0 0 2 0 0 0 2 0 4 

34 2 0 0 0 7 2 0 2 7 6 14 

35 3 0 4 0 0 0 0 0 4 0 4 

36 4 0 0 0 5 0 0 0 5 0 10 

37 3 0 0 0 0 0 0 0 0 0 0 
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  𝒙𝒊𝒋𝒌𝒍 𝒙𝒊𝒋𝒌𝑻 𝒛𝒊𝒋𝒌𝑻 

j F 𝒙𝑨𝒋𝑰𝑺 𝒙𝑩𝒋𝑰𝑺 𝒙𝑨𝒋𝑰𝑳 𝒙𝑩𝒋𝑰𝑳 𝒙𝑨𝒋𝑰𝑪 𝒙𝑩𝒋𝑰𝑪 𝒙𝑨𝒋𝑰𝑻 𝒙𝑩𝒋𝑰𝑻 𝒛𝑨𝒋𝑰𝑻 𝒛𝑩𝒋𝑰𝑻 

38 2 0 2 0 5 0 0 0 7 0 12 

39 2 0 4 0 0 0 0 0 4 0 4 

40 4 1 7 0 0 0 0 1 7 1 7 

41 5 0 0 2 6 0 0 2 6 4 12 

42 2 0 0 1 1 0 0 1 1 2 2 

43 1 0 0 0 1 0 0 0 1 0 2 

44 4 0 0 0 1 0 0 0 1 0 2 

45 3 0 0 0 0 0 0 0 0 0 0 

46 4 0 0 0 0 0 0 0 0 0 0 

47 3 0 0 0 7 0 0 0 7 0 14 

48 3 0 0 0 0 0 0 0 0 0 0 

49 1 0 0 0 0 0 0 0 0 0 0 

50 3 0 0 0 3 0 0 0 3 0 6 

51 4 0 0 0 1 0 0 0 1 0 2 

52 3 0 0 0 0 0 0 0 0 0 0 

53 3 0 0 0 4 0 0 0 4 0 8 

54 2 0 1 0 0 0 0 0 1 0 1 

55 3 0 0 0 3 0 1 0 4 0 9 

56 3 0 0 0 2 0 0 0 2 0 4 

57 1 0 0 0 0 0 0 0 0 0 0 

58 2 0 1 0 1 0 0 0 2 0 3 

59 1 0 0 1 0 0 1 1 1 2 3 

60 3 0 0 0 0 0 0 0 0 0 0 

61 4 0 0 0 1 0 0 0 1 0 2 

62 1 0 0 0 2 0 0 0 2 0 4 

63 3 0 6 0 1 0 0 0 7 0 8 

64 3 0 2 0 0 0 0 0 2 0 2 

65 3 0 1 0 0 0 0 0 1 0 1 

66 2 0 0 0 2 0 0 0 2 0 4 

67 3 0 0 0 0 0 0 0 0 0 0 

68 3 0 0 0 3 0 0 0 3 0 6 

69 3 0 0 0 8 0 0 0 8 0 16 

70 2 0 0 0 0 0 0 0 0 0 0 

71 4 0 0 0 1 0 1 0 2 0 5 

72 2 0 0 0 0 0 0 0 0 0 0 

73 4 0 0 0 0 0 0 0 0 0 0 

74 2 2 5 0 0 0 0 2 5 2 5 

75 5 0 0 0 0 0 0 0 0 0 0 
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  𝒙𝒊𝒋𝒌𝒍 𝒙𝒊𝒋𝒌𝑻 𝒛𝒊𝒋𝒌𝑻 

j F 𝒙𝑨𝒋𝑰𝑺 𝒙𝑩𝒋𝑰𝑺 𝒙𝑨𝒋𝑰𝑳 𝒙𝑩𝒋𝑰𝑳 𝒙𝑨𝒋𝑰𝑪 𝒙𝑩𝒋𝑰𝑪 𝒙𝑨𝒋𝑰𝑻 𝒙𝑩𝒋𝑰𝑻 𝒛𝑨𝒋𝑰𝑻 𝒛𝑩𝒋𝑰𝑻 

76 3 1 0 0 1 0 0 1 1 1 2 

77 3 0 0 0 0 0 0 0 0 0 0 

78 3 0 0 0 3 0 0 0 3 0 6 

79 4 0 0 0 0 0 0 0 0 0 0 

80 3 0 0 0 5 0 0 0 5 0 10 

81 3 0 0 0 0 0 0 0 0 0 0 

82 3 0 1 0 0 0 0 0 1 0 1 

83 1 0 0 0 2 0 0 0 2 0 4 

84 4 0 0 1 2 0 0 1 2 2 4 

85 3 0 0 0 0 0 0 0 0 0 0 

86 2 0 0 0 3 0 1 0 4 0 9 

87 5 0 0 0 0 0 0 0 0 0 0 

88 3 0 0 0 0 0 0 0 0 0 0 

89 4 0 0 1 1 0 0 1 1 2 2 

90 2 0 0 0 0 0 0 0 0 0 0 

91 4 0 0 0 4 0 0 0 4 0 8 

92 2 0 0 0 0 0 0 0 0 0 0 

93 3 0 0 0 0 0 0 0 0 0 0 

94 2.5 0 0 0 1 1 0 1 1 3 2 

95 2 0 0 0 0 0 1 0 1 0 3 

96 2 0 2 0 3 0 0 0 5 0 8 

97 3 0 8 0 0 0 0 0 8 0 8 
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Table 12-3: Tabulated Results for Roles/Purposes (R) 

  𝒙𝒊𝒋𝒌𝒍 𝒙𝒊𝒋𝒌𝑻 𝒛𝒊𝒋𝒌𝑻 

j F 𝒙𝑨𝒋𝑹𝑺 𝒙𝑩𝒋𝑹𝑺 𝒙𝑨𝒋𝑹𝑳 𝒙𝑩𝒋𝑹𝑳 𝒙𝑨𝒋𝑹𝑪 𝒙𝑩𝒋𝑹𝑪 𝒙𝑨𝒋𝑹𝑻 𝒙𝑩𝒋𝑹𝑻 𝒛𝑨𝒋𝑹𝑻 𝒛𝑩𝒋𝑹𝑻 

1 4 0 0 0 1 0 0 0 1 0 2 

2 1 0 0 0 1 0 0 0 1 0 2 

3 2 0 1 0 2 0 0 0 3 0 5 

4 3 0 0 0 0 0 0 0 0 0 0 

5 1 0 0 0 0 0 0 0 0 0 0 

6 4 0 0 0 0 0 0 0 0 0 0 

7 2.5 0 1 0 0 0 0 0 1 0 1 

8 4 0 0 0 3 0 0 0 3 0 6 

9 5 0 2 0 1 0 0 0 3 0 4 

10 1 0 0 0 0 0 0 0 0 0 0 

11 3 0 0 0 2 0 0 0 2 0 4 

12 4 0 0 0 4 0 0 0 4 0 8 

13 3 0 0 0 0 0 0 0 0 0 0 

14 2 0 0 0 3 0 0 0 3 0 6 

15 3 0 1 0 6 0 0 0 7 0 13 

16 2 0 0 0 0 0 0 0 0 0 0 

17 2 0 0 0 0 0 0 0 0 0 0 

18 2 0 3 0 2 0 0 0 5 0 7 

19 2 0 0 0 0 0 0 0 0 0 0 

20 5 0 2 0 0 0 0 0 2 0 2 

21 5 0 0 0 0 0 0 0 0 0 0 

22 3 0 0 0 1 0 0 0 1 0 2 

23 2 0 0 0 2 0 0 0 2 0 4 

24 2 0 0 0 2 0 0 0 2 0 4 

25 4 0 1 0 1 0 0 0 2 0 3 

26 3 0 2 0 2 0 0 0 4 0 6 

27 4 0 1 0 2 0 0 0 3 0 5 

28 2 0 2 0 1 0 0 0 3 0 4 

29 5 0 0 0 0 0 0 0 0 0 0 

30 2 0 0 0 1 0 0 0 1 0 2 

31 2 0 2 0 1 0 0 0 3 0 4 

32 1 0 0 0 1 0 0 0 1 0 2 

33 3 0 0 0 1 0 0 0 1 0 2 

34 2 0 2 1 3 0 0 1 5 2 8 

35 3 0 3 0 1 0 0 0 4 0 5 

36 4 0 0 0 0 0 0 0 0 0 0 

37 3 0 0 0 4 0 0 0 4 0 8 
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  𝒙𝒊𝒋𝒌𝒍 𝒙𝒊𝒋𝒌𝑻 𝒛𝒊𝒋𝒌𝑻 

j F 𝒙𝑨𝒋𝑹𝑺 𝒙𝑩𝒋𝑹𝑺 𝒙𝑨𝒋𝑹𝑳 𝒙𝑩𝒋𝑹𝑳 𝒙𝑨𝒋𝑹𝑪 𝒙𝑩𝒋𝑹𝑪 𝒙𝑨𝒋𝑹𝑻 𝒙𝑩𝒋𝑹𝑻 𝒛𝑨𝒋𝑹𝑻 𝒛𝑩𝒋𝑹𝑻 

38 2 0 0 0 2 0 0 0 2 0 4 

39 2 0 1 0 2 0 0 0 3 0 5 

40 4 0 0 0 1 0 0 0 1 0 2 

41 5 0 0 2 0 0 0 2 0 4 0 

42 2 0 0 0 1 0 0 0 1 0 2 

43 1 0 0 0 2 0 0 0 2 0 4 

44 4 0 0 2 3 0 0 2 3 4 6 

45 3 0 0 0 0 0 0 0 0 0 0 

46 4 0 0 0 3 0 0 0 3 0 6 

47 3 0 2 0 2 0 0 0 4 0 6 

48 3 0 1 0 0 0 0 0 1 0 1 

49 1 0 0 0 1 0 0 0 1 0 2 

50 3 0 1 0 2 0 0 0 3 0 5 

51 4 0 0 0 0 0 0 0 0 0 0 

52 3 0 0 3 4 0 0 3 4 6 8 

53 3 0 2 0 2 0 0 0 4 0 6 

54 2 0 0 0 3 0 0 0 3 0 6 

55 3 0 0 0 1 0 0 0 1 0 2 

56 3 0 0 0 2 0 0 0 2 0 4 

57 1 0 1 0 2 0 0 0 3 0 5 

58 2 0 3 0 0 0 0 0 3 0 3 

59 1 0 0 0 3 0 0 0 3 0 6 

60 3 0 0 0 0 0 0 0 0 0 0 

61 4 0 0 0 1 0 0 0 1 0 2 

62 1 0 3 0 1 0 0 0 4 0 5 

63 3 0 0 0 2 0 0 0 2 0 4 

64 3 0 0 0 1 0 0 0 1 0 2 

65 3 0 0 0 3 0 0 0 3 0 6 

66 2 0 1 0 4 0 0 0 5 0 9 

67 3 0 0 0 1 0 0 0 1 0 2 

68 3 0 0 0 0 0 0 0 0 0 0 

69 3 0 1 0 3 0 0 0 4 0 7 

70 2 0 0 0 0 0 0 0 0 0 0 

71 4 0 0 0 3 0 0 0 3 0 6 

72 2 0 0 0 0 0 0 0 0 0 0 

73 4 0 0 0 0 0 0 0 0 0 0 

74 2 0 0 0 4 0 0 0 4 0 8 

75 5 0 0 0 0 0 0 0 0 0 0 
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  𝒙𝒊𝒋𝒌𝒍 𝒙𝒊𝒋𝒌𝑻 𝒛𝒊𝒋𝒌𝑻 

j F 𝒙𝑨𝒋𝑹𝑺 𝒙𝑩𝒋𝑹𝑺 𝒙𝑨𝒋𝑹𝑳 𝒙𝑩𝒋𝑹𝑳 𝒙𝑨𝒋𝑹𝑪 𝒙𝑩𝒋𝑹𝑪 𝒙𝑨𝒋𝑹𝑻 𝒙𝑩𝒋𝑹𝑻 𝒛𝑨𝒋𝑹𝑻 𝒛𝑩𝒋𝑹𝑻 

76 3 0 1 0 1 0 0 0 2 0 3 

77 3 0 1 0 5 0 0 0 6 0 11 

78 3 0 2 0 1 0 0 0 3 0 4 

79 4 0 0 0 4 0 0 0 4 0 8 

80 3 0 0 0 1 0 0 0 1 0 2 

81 3 0 0 0 0 0 0 0 0 0 0 

82 3 0 0 0 0 0 0 0 0 0 0 

83 1 0 2 0 1 0 0 0 3 0 4 

84 4 0 0 1 2 0 0 1 2 2 4 

85 3 0 1 0 3 0 0 0 4 0 7 

86 2 0 1 0 1 0 0 0 2 0 3 

87 5 0 0 0 0 0 0 0 0 0 0 

88 3 0 0 0 3 0 0 0 3 0 6 

89 4 0 0 0 1 0 0 0 1 0 2 

90 2 0 0 0 2 0 0 0 2 0 4 

91 4 0 0 0 4 0 0 0 4 0 8 

92 2 0 1 0 3 0 0 0 4 0 7 

93 3 0 2 0 5 0 0 0 7 0 12 

94 2.5 0 1 0 5 0 0 0 6 0 11 

95 2 0 0 0 1 0 0 0 1 0 2 

96 2 0 0 2 3 0 0 2 3 4 6 

97 3 0 0 0 0 0 0 0 0 0 0 
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Table 12-4: Tabulated Results for Totals (T) 

  𝒙𝒊𝒋𝒍𝑻 𝒙𝒊𝒋𝑻 𝒛𝒊𝒋𝑻 

j F 𝒙𝑨𝒋𝑺𝑻 𝒙𝑩𝒋𝑺𝑻 𝒙𝑨𝒋𝑳𝑻 𝒙𝑩𝒋𝑳𝑻 𝒙𝑨𝒋𝑪𝑻 𝒙𝑩𝒋𝑪𝑻 𝒙𝑨𝒋𝑻 𝒙𝑩𝒋𝑻 𝒛𝑨𝒋𝑻 𝒛𝑩𝒋𝑻 

1 4 3 8 2 4 0 0 5 12 7 16 

2 1 3 3 0 4 0 0 3 7 3 11 

3 2 3 4 3 5 0 1 6 10 9 17 

4 3 2 3 2 3 0 0 4 6 6 9 

5 1 3 3 0 2 0 0 3 5 3 7 

6 4 3 3 0 1 0 0 3 4 3 5 

7 2.5 1 4 1 6 0 0 2 10 3 16 

8 4 3 4 5 9 0 0 8 13 13 22 

9 5 3 5 4 5 0 0 7 10 11 15 

10 1 3 3 2 6 0 1 5 10 7 18 

11 3 13 10 2 13 1 0 16 23 20 36 

12 4 3 3 4 9 0 1 7 13 11 24 

13 3 2 2 2 5 0 1 4 8 6 15 

14 2 2 3 2 11 0 2 4 16 6 31 

15 3 3 5 6 22 0 1 9 28 15 52 

16 2 3 3 4 5 1 1 8 9 14 16 

17 2 3 3 3 3 0 0 6 6 9 9 

18 2 3 6 2 7 0 0 5 13 7 20 

19 2 2 3 2 5 0 1 4 9 6 16 

20 5 2 5 3 7 0 0 5 12 8 19 

21 5 2 3 3 6 0 1 5 10 8 18 

22 3 3 3 6 9 0 0 9 12 15 21 

23 2 2 3 4 8 0 0 6 11 10 19 

24 2 3 3 4 8 1 1 8 12 14 22 

25 4 1 4 3 6 0 3 4 13 7 25 

26 3 3 7 4 15 0 0 7 22 11 37 

27 4 3 4 1 6 0 0 4 10 5 16 

28 2 3 8 2 6 0 0 5 14 7 20 

29 5 1 2 0 2 0 1 1 5 1 9 

30 2 3 3 2 7 0 0 5 10 7 17 

31 2 2 5 3 7 0 0 5 12 8 19 

32 1 2 2 3 4 0 1 5 7 8 13 

33 3 3 3 4 5 1 1 8 9 14 16 

34 2 3 5 7 15 4 0 14 20 29 35 

35 3 2 10 2 3 0 0 4 13 6 16 

36 4 3 3 4 9 0 0 7 12 11 21 

37 3 3 3 0 6 0 0 3 9 3 15 
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  𝒙𝒊𝒋𝒍𝑻 𝒙𝒊𝒋𝑻 𝒛𝒊𝒋𝑻 

j F 𝒙𝑨𝒋𝑺𝑻 𝒙𝑩𝒋𝑺𝑻 𝒙𝑨𝒋𝑳𝑻 𝒙𝑩𝒋𝑳𝑻 𝒙𝑨𝒋𝑪𝑻 𝒙𝑩𝒋𝑪𝑻 𝒙𝑨𝒋𝑻 𝒙𝑩𝒋𝑻 𝒛𝑨𝒋𝑻 𝒛𝑩𝒋𝑻 

38 2 3 5 3 11 1 2 7 18 12 33 

39 2 2 8 3 7 0 0 5 15 8 22 

40 4 4 10 5 9 0 2 9 21 14 34 

41 5 2 3 11 14 4 5 17 22 36 46 

42 2 2 2 4 5 0 0 6 7 10 12 

43 1 2 3 2 9 0 1 4 13 6 24 

44 4 3 2 10 10 1 1 14 13 26 25 

45 3 3 2 1 2 0 0 4 4 5 6 

46 4 3 3 4 7 0 0 7 10 11 17 

47 3 3 5 2 15 0 0 5 20 7 35 

48 3 2 4 3 6 0 0 5 10 8 16 

49 1 2 3 3 5 0 1 5 9 8 16 

50 3 3 4 4 15 0 0 7 19 11 34 

51 4 3 3 2 6 0 1 5 10 7 18 

52 3 3 3 11 13 1 0 15 16 28 29 

53 3 3 5 4 10 0 3 7 18 11 34 

54 2 2 4 4 7 0 1 6 12 10 21 

55 3 3 3 3 10 0 1 6 14 9 26 

56 3 3 3 1 7 0 2 4 12 5 23 

57 1 3 4 4 7 0 0 7 11 11 18 

58 2 2 7 3 4 0 1 5 12 8 18 

59 1 2 3 2 6 0 1 4 10 6 18 

60 3 3 3 1 5 0 0 4 8 5 13 

61 4 3 2 2 7 0 0 5 9 7 16 

62 1 2 6 3 9 0 0 5 15 8 24 

63 3 3 9 7 8 0 1 10 18 17 28 

64 3 2 5 3 4 0 1 5 10 8 16 

65 3 3 4 3 6 0 0 6 10 9 16 

66 2 1 4 2 9 0 0 3 13 5 22 

67 3 3 3 0 3 0 0 3 6 3 9 

68 3 1 3 1 4 0 2 2 9 3 17 

69 3 2 4 4 20 0 0 6 24 10 44 

70 2 3 3 3 5 0 1 6 9 9 16 

71 4 3 3 4 12 0 1 7 16 11 30 

72 2 3 3 2 2 0 0 5 5 7 7 

73 4 1 3 3 4 0 2 4 9 7 17 

74 2 5 8 4 10 0 0 9 18 13 28 

75 5 1 3 0 5 0 2 1 10 1 19 
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  𝒙𝒊𝒋𝒍𝑻 𝒙𝒊𝒋𝑻 𝒛𝒊𝒋𝑻 

j F 𝒙𝑨𝒋𝑺𝑻 𝒙𝑩𝒋𝑺𝑻 𝒙𝑨𝒋𝑳𝑻 𝒙𝑩𝒋𝑳𝑻 𝒙𝑨𝒋𝑪𝑻 𝒙𝑩𝒋𝑪𝑻 𝒙𝑨𝒋𝑻 𝒙𝑩𝒋𝑻 𝒛𝑨𝒋𝑻 𝒛𝑩𝒋𝑻 

76 3 4 4 6 7 0 1 10 12 16 21 

77 3 2 4 5 10 0 0 7 14 12 24 

78 3 3 5 3 10 0 0 6 15 9 25 

79 4 3 3 5 8 0 1 8 12 13 22 

80 3 3 3 2 10 0 1 5 14 7 26 

81 3 3 3 6 14 1 1 10 18 18 34 

82 3 1 4 0 2 0 0 1 6 1 8 

83 1 1 5 1 12 1 2 3 19 6 35 

84 4 1 3 3 7 0 0 4 10 7 17 

85 3 2 4 2 7 0 0 4 11 6 18 

86 2 3 4 3 7 0 2 6 13 9 24 

87 5 2 3 6 9 0 2 8 14 14 27 

88 3 1 3 2 6 0 0 3 9 5 15 

89 4 2 3 3 4 0 1 5 8 8 14 

90 2 2 3 2 7 0 0 4 10 6 17 

91 4 3 3 2 15 1 1 6 19 10 36 

92 2 3 4 1 7 0 0 4 11 5 18 

93 3 3 5 6 11 2 2 11 18 21 33 

94 2.5 2 4 4 12 1 1 7 17 13 31 

95 2 3 3 2 5 0 1 5 9 7 16 

96 2 3 5 5 9 0 0 8 14 13 23 

97 3 2 11 5 7 0 2 7 20 12 31 

  



202 

 

 

Table 12-5: Tabulated Results for Totals for Middle School (MS) Students 

  𝒙𝒊𝒋𝒍𝑻 𝒙𝒊𝒋𝑻 𝒛𝒊𝒋𝑻 

j F 𝒙𝑩𝒋𝑺𝑻 𝒙𝑩𝒋𝑳𝑻 𝒙𝑩𝒋𝑪𝑻 𝒙𝑩𝒋𝑻 𝒙𝑩𝑨𝒋𝑻 𝒛𝑩𝒋𝑻 𝒛𝑩𝑨𝒋𝑻 

1 4 8 4 0 12 7 16 9 

2 1 3 4 0 7 4 11 8 

4 3 3 3 0 6 2 9 3 

5 1 3 2 0 5 2 7 4 

7 2.5 4 6 0 10 8 16 13 

8 4 4 9 0 13 5 22 9 

10 1 3 6 1 10 5 18 11 

12 4 3 9 1 13 6 24 13 

15 3 5 22 1 28 19 52 37 

20 5 5 7 0 12 7 19 11 

21 5 3 6 1 10 5 18 10 

23 2 3 8 0 11 5 19 9 

24 2 3 8 1 12 4 22 8 

28 2 8 6 0 14 9 20 13 

29 5 2 2 1 5 4 9 8 

30 2 3 7 0 10 5 17 10 

32 1 2 4 1 7 2 13 5 

37 3 3 6 0 9 6 15 12 

39 2 8 7 0 15 10 22 14 

45 3 2 2 0 4 0 6 1 

46 4 3 7 0 10 3 17 6 

48 3 4 6 0 10 5 16 8 

52 3 3 13 0 16 1 29 1 

53 3 5 10 3 18 11 34 23 

55 3 3 10 1 14 8 26 17 

56 3 3 7 2 12 8 23 18 

57 1 4 7 0 11 4 18 7 

59 1 3 6 1 10 6 18 12 

60 3 3 5 0 8 4 13 8 

62 1 6 9 0 15 10 24 16 

64 3 5 4 1 10 5 16 8 

65 3 4 6 0 10 4 16 7 

68 3 3 4 2 9 7 17 14 

70 2 3 5 1 9 3 16 7 

71 4 3 12 1 16 9 30 19 

73 4 3 4 2 9 5 17 10 

75 5 3 5 2 10 9 19 18 
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  𝒙𝒊𝒋𝒍𝑻 𝒙𝒊𝒋𝑻 𝒛𝒊𝒋𝑻 

j F 𝒙𝑩𝒋𝑺𝑻 𝒙𝑩𝒋𝑳𝑻 𝒙𝑩𝒋𝑪𝑻 𝒙𝑩𝒋𝑻 𝒙𝑩𝑨𝒋𝑻 𝒛𝑩𝒋𝑻 𝒛𝑩𝑨𝒋𝑻 

78 3 5 10 0 15 9 25 16 

79 4 3 8 1 12 4 22 9 

80 3 3 10 1 14 9 26 19 

84 4 3 7 0 10 6 17 10 

90 2 3 7 0 10 6 17 11 
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Table 12-6: Tabulated Results for Totals for High School (HS) Students 

  𝒙𝒊𝒋𝒍𝑻 𝒙𝒊𝒋𝑻 𝒛𝒊𝒋𝑻 

j F 𝒙𝑩𝒋𝑺𝑻 𝒙𝑩𝒋𝑳𝑻 𝒙𝑩𝒋𝑪𝑻 𝒙𝑩𝒋𝑻 𝒙𝑩𝑨𝒋𝑻 𝒛𝑩𝒋𝑻 𝒛𝑩𝑨𝒋𝑻 

3 2 4 5 1 10 4 17 8 

6 4 3 1 0 4 1 5 2 

9 5 5 5 0 10 3 15 4 

11 3 10 13 0 23 7 36 16 

13 3 2 5 1 8 4 15 9 

14 2 3 11 2 16 12 31 25 

16 2 3 5 1 9 1 16 2 

17 2 3 3 0 6 0 9 0 

18 2 6 7 0 13 8 20 13 

19 2 3 5 1 9 5 16 10 

22 3 3 9 0 12 3 21 6 

25 4 4 6 3 13 9 25 18 

26 3 7 15 0 22 15 37 26 

27 4 4 6 0 10 6 16 11 

31 2 5 7 0 12 7 19 11 

33 3 3 5 1 9 1 16 2 

34 2 5 15 0 20 6 35 6 

35 3 10 3 0 13 9 16 10 

36 4 3 9 0 12 5 21 10 

38 2 5 11 2 18 11 33 21 

40 4 10 9 2 21 12 34 20 

41 5 3 14 5 22 5 46 10 

42 2 2 5 0 7 1 12 2 

43 1 3 9 1 13 9 24 18 

44 4 2 10 1 13 -1 25 -1 

47 3 5 15 0 20 15 35 28 

49 1 3 5 1 9 4 16 8 

50 3 4 15 0 19 12 34 23 

51 4 3 6 1 10 5 18 11 

54 2 4 7 1 12 6 21 11 

58 2 7 4 1 12 7 18 10 

61 4 2 7 0 9 4 16 9 

63 3 9 8 1 18 8 28 11 

66 2 4 9 0 13 10 22 17 

67 3 3 3 0 6 3 9 6 

69 3 4 20 0 24 18 44 34 

72 2 3 2 0 5 0 7 0 
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  𝒙𝒊𝒋𝒍𝑻 𝒙𝒊𝒋𝑻 𝒛𝒊𝒋𝑻 

j F 𝒙𝑩𝒋𝑺𝑻 𝒙𝑩𝒋𝑳𝑻 𝒙𝑩𝒋𝑪𝑻 𝒙𝑩𝒋𝑻 𝒙𝑩𝑨𝒋𝑻 𝒛𝑩𝒋𝑻 𝒛𝑩𝑨𝒋𝑻 

74 2 8 10 0 18 9 28 15 

76 3 4 7 1 12 2 21 5 

77 3 4 10 0 14 7 24 12 

81 3 3 14 1 18 8 34 16 

82 3 4 2 0 6 5 8 7 

83 1 5 12 2 19 16 35 29 

85 3 4 7 0 11 7 18 12 

86 2 4 7 2 13 7 24 15 

87 5 3 9 2 14 6 27 13 

88 3 3 6 0 9 6 15 10 

89 4 3 4 1 8 3 14 6 

91 4 3 15 1 19 13 36 26 

92 2 4 7 0 11 7 18 13 

93 3 5 11 2 18 7 33 12 

94 2.5 4 12 1 17 10 31 18 

95 2 3 5 1 9 4 16 9 

96 2 5 9 0 14 6 23 10 

97 3 11 7 2 20 13 31 19 
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Appendix G 

13 Appendix G: ANOVA Matrices 

 

Note: For a glossary of variables, readers should refer to Table 9-1 in Appendix C: Glossary 

of Variables. 

 

The matrix for group differences for elements is presented in Table 13-1. 

 

The matrix for group differences for interactions is presented in Table 13-2. 

 

The matrix for group differences for roles/purposes is presented in Table 13-3. 

 

The matrix for group differences for totals is presented in Table 13-4.  

 

The matrix for instructor differences for elements is presented in Table 13-5. 

 

The matrix for instructor differences for interactions is presented in Table 13-6. 

 

The matrix for instructor differences for roles/purposes is presented in Table 13-7. 

 

The matrix for instructor differences for totals is presented in Table 13-8. 
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Table 13-1: Paired Difference in Total Element Scores by Group 

Group 

(w) 

Student Number in Each Group (v) 
𝒅𝒛𝒘∙

 �̅�𝒛𝒘∙
 𝒏𝒘 

1 2 3 4 5 6 7 8 9 10 11 12 13 

(1) HS-1 6 6 0 8 6 4 4 4 21 3 4 6  72 6.00 12 

(2) HS-2 0 8 8 12 9 11 0 1 6 5 8 0  68 5.67 12 

(3) HS-3 3 2 -2 0 3 -8 1 0 5 -1 4 1 4 12 0.92 13 

(4) HS-4 17 6 12 -4 12 12 -5 4 16 13 0   83 7.55 11 

(5) HS-5 2 7 7 5 10 4 11       46 6.57 7 

(6) MS-1 2 8 3 6 4 18 6       47 6.71 7 

(7) MS-2 12 7 0 6 5 -1 2 8 0 6    45 4.50 10 

(8) MS-3 2 11 7 10 7 9 10 5 8 7 10 7  93 7.75 12 

(9) MS-4 4 4 0 1 5 6 4 1 0 7 8 1 7 48 3.69 13 

 

Table 13-2: Paired Difference in Total Interaction Scores by Group 

Group 

(w) 

Student Number in Each Group (v) 
𝒅𝒛𝒘∙

 �̅�𝒛𝒘∙
 𝒏𝒘 

1 2 3 4 5 6 7 8 9 10 11 12 13 

(1) HS-1 0 8 0 14 0 3 4 3 4 9 0 0  45 3.75 12 

(2) HS-2 0 2 12 6 2 16 0 0 1 0 -1 8  46 3.83 12 

(3) HS-3 0 0 2 4 4 8 4 10 12 8 0 1 0 53 4.08 13 

(4) HS-4 2 0 3 4 6 2 2 1 0 0 0   20 1.82 11 

(5) HS-5 0 5 2 2 8 3 8       28 4.00 7 

(6) MS-1 5 0 0 9 2 0 2       18 2.57 7 

(7) MS-2 0 17 4 3 4 0 0 0 1 6    35 3.50 10 

(8) MS-3 1 0 2 0 0 8 4 1 6 0 0 0  22 1.83 12 

(9) MS-4 2 0 3 4 0 2 0 0 0 4 5 0 10 30 2.31 13 

 

Table 13-3: Paired Difference in Total Role/Purpose Scores by Group 

Group 

(w) 

Student Number in Each Group (v) 
𝒅𝒛𝒘∙

 �̅�𝒛𝒘∙
 𝒏𝒘 

1 2 3 4 5 6 7 8 9 10 11 12 13 

(1) HS-1 5 -4 2 6 2 3 9 8 4 3 2 7  47 3.92 12 

(2) HS-2 4 0 6 5 0 7 0 11 0 7 11 2  53 4.42 12 

(3) HS-3 5 0 0 2 4 6 5 0 4 4 2 3 6 41 3.15 13 

(4) HS-4 6 7 3 2 2 4 2 6 0 0 12   44 4.00 11 

(5) HS-5 0 4 0 2 8 2 0       16 2.29 7 

(6) MS-1 2 0 2 2 2 0 2       10 1.43 7 

(7) MS-2 1 13 4 4 5 2 5 0 6 4    44 4.40 10 

(8) MS-3 0 0 2 0 1 6 4 6 0 0 0 4  23 1.92 12 

(9) MS-4 2 0 6 8 4 2 8 0 6 5 6 8 2 57 4.38 13 
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Table 13-4: Paired Difference in Score Totals by Group 

Group 

(w) 

Student Number in Each Group (v) 
𝒅𝒛𝒘∙

 �̅�𝒛𝒘∙
 𝒏𝒘 

1 2 3 4 5 6 7 8 9 10 11 12 13 

(1) HS-1 11 10 2 28 8 10 17 15 29 15 6 13  164 13.67 12 

(2) HS-2 4 10 26 23 11 34 0 12 7 12 18 10  167 13.92 12 

(3) HS-3 8 2 0 6 11 6 10 10 21 11 6 5 10 106 8.15 13 

(4) HS-4 25 13 18 2 20 18 -1 11 16 13 12   147 13.36 11 

(5) HS-5 2 16 9 9 26 9 19       90 12.86 7 

(6) MS-1 9 8 5 17 8 18 10       75 10.71 7 

(7) MS-2 13 37 8 13 14 1 7 8 7 16    124 12.40 10 

(8) MS-3 3 11 11 10 8 23 18 12 14 7 10 11  138 11.50 12 

(9) MS-4 8 4 9 13 9 10 12 1 6 16 19 9 19 135 10.38 13 

 

Table 13-5: Average of Paired Difference in Element Scores by Instructor 

Instruct-

or 

(w) 

Group Number (v) 

𝒅𝒛𝒘∙
 �̅�𝒛𝒘∙

 𝒏𝒘 
(1) 

HS-

1 

(2) 

HS-

2 

(3) 

HS-

3 

(4) 

HS-

4 

(5) 

HS-

5 

(6) 

MS-

1 

(7) 

MS-

2 

(8) 

MS-

3 

(9) 

MS-

4 

1 6.00         6.00 6.00 1 

2  5.67  7.55  6.71  7.75  27.68 6.92 4 

3   0.92  6.57  4.50  3.69 15.69 3.92 4 

 

Table 13-6: Average of Paired Difference in Interaction Scores by Instructor 

Instruct-

or 

(w) 

Group Number (v) 

𝒅𝒛𝒘∙
 �̅�𝒛𝒘∙

 𝒏𝒘 
(1) 

HS-

1 

(2) 

HS-

2 

(3) 

HS-

3 

(4) 

HS-

4 

(5) 

HS-

5 

(6) 

MS-

1 

(7) 

MS-

2 

(8) 

MS-

3 

(9) 

MS-

4 

1 3.75         3.75 3.75 1 

2  3.83  1.82  2.57  1.83  10.06 2.51 4 

3   4.08  4.00  3.50  2.31 13.88 3.47 4 
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Table 13-7: Average of Paired Difference in Role/Purpose Scores by Instructor 

Instruct-

or 

(w) 

Group Number (v) 

𝒅𝒛𝒘∙
 �̅�𝒛𝒘∙

 𝒏𝒘 
(1) 

HS-

1 

(2) 

HS-

2 

(3) 

HS-

3 

(4) 

HS-

4 

(5) 

HS-

5 

(6) 

MS-

1 

(7) 

MS-

2 

(8) 

MS-

3 

(9) 

MS-

4 

1 3.92         3.92 3.92 1 

2  4.42  4.00  1.43  1.92  11.76 2.94 4 

3   3.15  2.29  4.40  4.38 14.22 3.56 4 

 

Table 13-8: Average of Paired Difference in Score Totals by Instructor 

 

Instruct-

or 

(w) 

Group Number (v) 

𝒅𝒛𝒘∙
 �̅�𝒛𝒘∙

 𝒏𝒘 
(1) 

HS- 

1 

(2) 

HS- 

2 

(3) 

HS-

3 

(4) 

HS- 

4 

(5) 

HS- 

5 

(6) 

MS- 

1 

(7) 

MS- 

2 

(8) 

MS- 

3 

(9) 

MS- 

4 

1 13.67         13.67 13.67 1 

2  13.92  13.36  10.71  11.50  49.49 12.37 4 

3   8.15  12.86  12.40  10.38 43.80 10.95 4 

 


