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Chapter 1 Introduction 

As Runco (2007) said, "Creativity is, in a phrase, a vital form of human capital." 

(p. 4), creativity is considered central and essential to humans. Picciuto and Carruthers 

(2014) also stated that "Most theorists assume that creativity requires ideas, behavior, or 

products that are both novel and valuable. Thus construed, creativity appears to be 

uniquely human" (p. 1). Other positions do not consider creativity a factor unique to 

humans alone. For example, some non-human animals have remarkable intelligence and 

creative strategies (Kaufman & Kaufman, 2015). In addition, creativity in AI has also 

been discussed by comparing human creativity with AI creativity (Boden, 1998; Still & 

d'Inverno, 2016). Even studies taking the position that such creativity is not unique to 

humans have shown that human creativity and creativity in other things are not 

substitutable. In other words, human creativity cannot be replaced by other animals or 

machines, and it is valuable for the future of human society to study it. 

If creativity research is traced back, the turning point was the 1950s (Guilford, 

1967). Until then, creativity research focused on a few individuals who were called 

geniuses or on the cognitive process of creativity (Yano et al., 2002). Such research for 

creativity began to change in the 1950s. The trigger for this change was Guilford's 

(1950) inaugural speech as APA president and the Sputnik crisis of 1957. Creativity 

research also began to study creativity for general people, beginning with these events. 

For example, tests began to be developed to measure creativity (Guilford, 1959; 

Torrance, 1963). Other studies, for example, industrial and economics, began to focus 

not only on individuals but also on the environment that makes them creative and the 

factors that produce creative products (Rhodes, 1961; Eysenck, 1993; Amabile, 1996). 
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Such creativity research has been conducted not only in the fields of psychology, 

economics, and engineering but also in education (Shaheen, 2010). Runco (2004) 

indicated that education might be one of the most important areas of creativity study 

because of its close relationship to creativity. Creativity research in pedagogy includes 

those that focus on students' thinking processes, interventions in the learning 

environment, and the practice of unique pedagogical methods such as Montessori 

education (Craft, 2001; Runco, 2004; Shimizu, 2019). In addition, the impact of cross-

curricular education, such as STEM and STEAM education, on creativity has been 

studied (Ärlebäck & Albarracín, 2019; Aguilera & Ortiz-Revilla, 2021). Other studies 

focus on creativity in a specific domain called mathematical creativity (Balka, 1974; 

Mann, 2005; Kattou et al., 2013). For example, some studies attempt to measure 

mathematical creativity with geometric problems, which require creativity and finding 

the law of numbers. 

Thus, although creativity has been studied from various perspectives and much 

research, it was suggested that student creativity tends to decline yearly (Kim, 2011). 

This current situation and the increasing demand for creativity in various fields have 

influenced many educational institutions and governments to call for the development 

of creativity in schools (Shaheen, 2010). In the United States, for example, developing 

21st-century skills has become an educational goal. One of its essential skills is creative 

thinking (Piirto, 2011). In Europe, the goal is to develop key competencies (The 

European Commission, 2019). Creativity is embedded in all of its key competencies. In 

Japan, the development of creativity is also a goal of education. Japan's new Courses of 

Education (2017) propose fostering creativity in each subject area. However, the current 

situation is that creativity is not sufficiently fostered in school mathematics education 
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(Silver, 1997; Thohari et al., 2020). This situation has been attributed to the fact that 

schools and mathematics education tend to focus on acquiring mathematical knowledge 

and skills, and that there are few easy ways to assess the abstract concept of creativity 

(Chamberlin & Moon, 2005: Shriki, 2010, 2013). The lack of such assessment tools 

makes it difficult to make objective decisions about how students' creativity has grown. 

Several efforts have been made to solve such causes. For example, there are 

problem posing activities. Many studies have focused on the potential of this activity to 

contribute to the development of creativity (Silver, 1997; Shriki, 2013; Van Harpen & 

Sriraman, 2013; Bonotto & Santo, 2015). In addition, several studies have investigated 

ways to measure creativity through activities in which students pose math problems 

themselves (Silver & Cai, 2005; Leikin et al., 2009; Van Harpen & Sriraman, 2013; 

Leikin, 2013; Leikin & Elgrably, 2020). Those studies attempt to measure creativity 

based on the total number of problems posed by students or the rarity of those problems. 

However, each study has used different assessment methods and has not reached a 

consensus on assessment criteria (see section 2.1.3, Table 1). Furthermore, in 

educational research and school curriculum, problem posing activities are not as 

emphasized as problem solving activities (Singer et al., 2013; Baumanns & Rott, 2021). 

Therefore, we shift our perspective to problem solving activities, which have 

received more attention than problem posing activities. One of the problem solving 

activities in mathematics education is mathematical modelling (Blum & Borromeo 

Ferri, 2009; Dan & Xie, 2011). Mathematical modelling is described as the process of 

translating between the real world and mathematics in both directions (Blum & 
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Borromeo Ferri, 2009; Niss & Blum, 2020). An example of the problem is the 

following: 

In the bay of Bremen, directly on the coast, a lighthouse called "Roter Sand" was 

built in 1884, measuring 30.7m in height. Its beacon was meant to warn ships 

that they were approaching the coast. How far, approximately, was a ship from 

the coast when it saw the lighthouse for the first time? Explain your solution. 

(Blum & Borromeo Ferri, 2009, p. 48)  

It is necessary to understand what is being asked initially to solve such a problem. 

Subsequently, to solve the problem, students must extract the necessary information and 

use it to create a model, such as a mathematical equation or a diagram. The students 

represented in that research extracted the radius of the earth and the height of the 

lighthouse and produced a model, which is a mathematical formula using the 

Pythagorean Theorem. In the next step, calculations are performed to derive the answer. 

Finally, the answers given are examined to see if they are reasonable or if the numbers 

and models assumed are appropriate. If modifications are necessary, the problem is 

revised, and the model is re-created. Such mathematical modelling has already been 

incorporated into the mathematics curriculum in several countries (Stohlmann et al., 

2015; Ministry of Education, Culture, Sports, Science and Technology, 2017; The 

European Commission, 2019; Vorhölter et al., 2019). 

It has been shown that creativity can potentially be developed by solving such 

mathematical modelling problems (Chamberlin & Moon, 2005; Freiman, 2006; English 

& Watters, 2009; Dan & Xie, 2011; Wessels, 2014). In addition, discussions have been 

made on how to view the creativity factor in this mathematical modelling (Wessels, 
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2014, 2017; Lu & Kaiser, 2021, 2022). For example, Wessels (2014) attempted to 

define the creativity factors in mathematical modelling. However, those studies did not 

address whether creativity grew through continuous follow-up and repeated data 

collection from the same participants. Furthermore,  Lu and Kaiser (2021) indicated that 

few studies explored creativity's components in mathematical modelling. In other 

words, there is no consensus on the definition or methodology of creativity measured in 

mathematical modelling studies. Moreover, there has been little statistical analysis of 

the relationship between creativity in mathematical modelling and creativity in other 

fields, such as creativity in psychology. 

Additionally, there are several difficulties in treating this mathematical 

modelling as a simple tool for measuring creativity. Firstly, there is a time cost to 

implementing and evaluating the problem (Blum, 2002; Stillman & Galbraith, 2011; 

Yilmaz & Akgün, 2021). In addition, it has been reported that some problems require 

high mathematical skills and that students are not familiar with modelling activities and 

therefore students cannot create models to solve mathematical modelling problems 

(Mousoulides et al., 2008; Edo et al., 2013; Blum, 2015). In addition, there are diverse 

definitions of creativity, and similar to the previously mentioned problem posing, there 

is no single evaluation criterion. 

The author focuses on Fermi problems as a possible solution to such difficulties. 

Fermi problems are real-world problems and are regarded as quick estimations that are 

performed rationally, complementing unclear assumptions with one's own knowledge 

and experience (Morrison, 1963; Carlson, 1997; Ärlebäck, 2009; Greefrath & Frenken, 

2021). The name of the problems come from the physicist Enrico Fermi. One of the 
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famous problems he supposedly posed was: How many piano tuners are there in 

Chicago (hereinafter referred to as the piano tuners problem)? As can be seen from this 

problem's text, there is no concrete data for the assumptions made. Therefore, 

respondents must identify the required quantity from their own experience and 

knowledge (Carlson, 1997; Ärlebäck, 2009; Greefrath & Frenken, 2021). In addition, 

respondents are also required to decompose a given problem into several thinkable 

problems (Ross & Ross, 1986; Albarracín & Gorgorió, 2014; Greefrath & Frenken, 

2021). In other words, it is necessary to decompose the problem into subproblems such 

as; "How many residents are in Chicago?", "What percentage of residents own a 

piano?" and "How many institutions have pianos?" This skill requires creativity (Helps 

& Lunt, 2001). Additionally, because of the nature of Enrico Fermi's own problems, the 

view represented in Hartmann et al. (2018) shows the need for creative approaches as a 

key factor in Fermi problems. 

Moreover, this creation of a solvable problem by oneself from a given initial 

problem is seen as a problem posing activity (Cifarelli & Sheets, 2009; Xie & 

Masingila, 2017). In other words, Fermi problems can be considered to have 

characteristics that require students to engage in problem posing activities associated 

with creativity. 

Fermi problems are also known to promote mathematical modelling activities 

that may have a positive impact on the development of creativity (Peter-Koop, 2004; 

Ärlebäck, 2009; Ärlebäck & Albarracín, 2019; Ferrando & Albarracín, 2021). Ärlebäck 

(2009) conducted an educational study of Fermi problems as one of from mathematical 

modelling for high school students. In his study, he visualized the process of solving 
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Fermi problems with diagrams and observed the students' thinking processes. The 

results showed that the solution stage of mathematical modelling is also followed when 

solving Fermi problems. In addition, it is shown that Fermi problems are effective in 

introducing mathematical modelling. Ferrando and Albarracín (2021) used Fermi 

problems to analyze differences in problem solving strategies across age groups in a 

wide range of age groups from second to tenth grade. It was shown that modelling 

activities could be performed through Fermi problems in various grades. This seems to 

be because Fermi problems do not necessarily require special mathematical knowledge 

or skills (Ärlebäck, 2009; Ferrando & Albarracín, 2021). Therefore, it could be assumed 

that students of various grades and academic abilities were able to handle the problem. 

Furthermore, previous studies have suggested that Fermi problems promote the 

development of creativity and require creative thinking (Silver, 1997; Goel & Singh, 

1998; Ärlebäck & Bergsten, 2013; Bennevall, 2016; Ärlebäck & Albarracín, 2019). For 

example, Silver (1997) noted that one characteristic of Fermi problems is having open 

problems with few assumptions and shows that this can encourage the development of 

students' creativity. In addition, Ärlebäck and Bergsten (2013) visualized and analyzed 

the solution process of Fermi problems performed by high school students. They 

reported that they could observe situations in the solution process performed by the 

students in which they made estimates in a creative way based on their past experiences. 

The above suggests that Fermi problems are closely linked to problem posing, 

mathematical modelling and creativity. We look at Fermi problems from the perspective 

of an evaluation tool. Several points are made that make it difficult to treat the 

mathematical modelling mentioned earlier as a simple tool for measuring creativity. 
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Firstly, there is a time cost to implementing and evaluating the problem (Blum, 2002; 

Stillman & Galbraith, 2011; Yilmaz & Akgün, 2021). Furthermore, some mathematical 

modelling problems require high mathematical skills (Mousoulides et al., 2008; Edo et 

al., 2013; Blum, 2015). In contrast to these difficulties, Fermi problems are 

characterized by a rough estimate that is performed quickly (Carlson, 1997; Peter-Koop, 

2004; Albarracín & Ärlebäck, 2019; Greefrath & Frenken, 2021). Thus, the time-cost 

issue can be resolved. In addition, Fermi problems typically do not require complex 

mathematical skills (Ärlebäck, 2009). Therefore, it has also been shown to be feasible to 

implement in diverse grade levels (Ferrando & Albarracín, 2021). 

Moreover, there are examples of Fermi problems being implemented as tools to 

measure creative thinking or modelling ability. Anderson and Sherman (2010) showed 

that consulting firms and companies such as Google and Microsoft tend to ask 

applicants to answer Fermi problems as part of their job interviews to identify creative 

thinkers. Additionally, it is used to measure modelling skills in a German standardized 

test called VERA (Greefrath, 2019; Greefrath & Frenken, 2021).  

The above suggests that treating Fermi problems as one of the methods for 

evaluating creativity could be worthwhile. However, the common issue, namely, no 

consensus on evaluation criteria, in measuring creativity in problem posing and 

mathematical modelling is the same when considering Fermi problems. Therefore, it is 

necessary to examine how creativity in Fermi problems should be viewed to evaluate 

creativity with Fermi problems. Furthermore, the question arises whether it is possible 

to measure previously existing creativity, such as creativity in psychology, using Fermi 

problems. 
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Several studies have shown that Fermi problems have the potential to develop 

creativity and generate creative solution processes (Silver, 1997; Goel & Singh, 1998; 

Ärlebäck & Bergsten, 2013; Bennevall, 2016; Ärlebäck & Albarracín, 2019). However, 

there has been little discussion of how creativity in Fermi problems can be viewed and 

measured. In addition, few studies have analyzed the correlation between creativity in 

Fermi problems and established creativity, such as creativity in psychology.  

Therefore, the present study analyzes how creativity in Fermi problems can be 

viewed appropriately from various approaches based on previous studies. In addition, 

this study also examines whether it is possible to measure creativity using Fermi 

problems, which have the potential to have a deep relationship with creativity. It is 

essential to be able to measure creativity and visualize it numerically to encourage the 

cultivation of creativity. It is assumed that the measurement results will provide 

feedback to students and teachers and promote further development of creativity. By 

analyzing and examining these matters, this study could contribute to solving one of the 

reasons why creativity is not adequately nurtured in schools, namely that there are few 

easy ways to assess creativity (Chamberlin & Moon, 2005: Shriki, 2010, 2013). 

Therefore, the next chapter provides a literature review on creativity and Fermi 

problems and discusses how creativity in Fermi problems of this paper is viewed. 
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Chapter 2 Review of Studies about Creativity and Fermi Problems 

2.1 Creativity 

Runco and Jaeger (2012) took issue because many recent papers cite 1990s 

definitions of creativity and neglect the early discussions that started creativity research. 

Therefore, they presented Barron (1955) and Stein (1953), who described creativity in 

terms of two elements: Originality and Usefulness, as the standard definition of 

creativity. Although such direction has been provided, the definitions of creativity are 

diverse and have not been defined in a single way (Runco, 2014). To back this up, 

Treffinger (2011) collected and organized many works of literature on definitions of 

creativity up to 2011 and found that there are more than 100 definitions. Because of this 

diversity of definitions, creativity has been studied from various perspectives and 

methods (Barbot et al., 2019; Koro & Tanggaard, 2022). 

Sternberg (2006) attributed the development of creativity research to the efforts 

of Guilford (1950) and Torrance (1974), who are pioneers in creativity research in 

psychology. Therefore, this chapter firstly summarizes creativity research in 

psychology. Subsequently, mathematical creativity, which is strongly influenced by 

creativity in psychology and is focused on the specific domain of mathematics, is 

described. In addition, this chapter organizes several pieces of literature on creativity 

research being conducted in the field of problem posing and mathematical modelling 

strongly related to Fermi problems described in the previous chapter. Furthermore, as 

mentioned earlier, this study examines how creativity in Fermi problems is viewed. It is 

analyzed whether Fermi problems can be used to measure established definitions of 

creativity, such as creativity within the meaning of Guilford et al. (1960) and Torrance 
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(1963). Therefore, this chapter focuses mainly on how creativity is viewed and 

evaluated in established definitions of creativity. 

2.1.1 Creativity in Psychology 

Since various methods of studying creativity exist, Rhodes (1961) created a 

theoretical framework for creativity research called the 4Ps approach and organized 

them. Until now, this framework has been used extensively (Wu et al., 2020). He 

categorized creativity research into four approaches: person (characteristics of a 

person), process (a process of thinking activity), press (relationship or environment), 

and product (the idea or created work) (Rhodes, 1961; Runco, 2004; Batey, 2012; 

Gruszka & Tang, 2017). These four approaches were described by Batey (2012), with 

examples as follows: 

[…] 4Ps approach; trait (person), process, press, and product. The trait approach 

involves the analysis of the characteristics of the focus for study (e.g., what are 

the characteristics of the person or team being investigated? Is/are they intelligent, 

extraverted, aggressive, conscientious? etc.). The process approach involves the 

analysis of the means by which creativity is produced (e.g., how does the team 

interact and share knowledge? How much time does the team spend on different 

aspects of decision-making? etc.). The press approach involves the analysis of the 

environment in which the focal point of analysis operates (e.g., what is the climate 

in the organization like for team creativity?). Last, the product approach involves 

an analysis of the product to emanate from the efforts of the focus of the study 

(e.g., how creative is the product/idea created by the team?). (Batey, 2012, p. 59) 
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Figure 1 

An overview of the 4Ps approach by Rhodes (1961) 

 

As shown in Figure 1, PRODUCT and PERSON in the 4Ps approach have often 

been studied to measure creativity by conducting tests or questionnaires (Treffinger, 

2012; Shimizu, 2019). Moreover, for PROCESS and PRESS (environment), studies 

have been conducted to analyze how creativity occurs, which groups, and what kind of 

interactions they have, based on data recorded in videos or other media (Rhodes, 1961; 

Runco, 2004; Batey, 2012). 

The present study examines how creativity in Fermi problems can be viewed 

and assessed. Therefore, it is worth paying attention to creativity tests in psychology, 

which pioneered attempts to measure creativity. Research on creativity tests began to 

flourish in the 1950s (Guilford, 1950, 1960; Torrance, 1963). The creativity tests that 

have been created so far have been studied mainly from the perspective of the 

PRODUCT approach, which evaluates the product produced by the subjects. 

Additionally, there are two primary ways to view creativity in those tests. One is that 

creativity is divided into factors (hereinafter referred to as factor-based), and the other is 

that creativity should be viewed as a whole (hereinafter referred to as whole-based).  
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We firstly focus on factor-based tests of creativity here. Wilson et al. (1954) 

hypothesized that creativity is composed of several factors. The hypothesized factors are 

Sensitivity to Problem, Fluency, Flexibility, Originality, Penetration, Analysis, 

Synthesis, and Redefinition. These hypotheses were examined, and based on the results, 

Guilford et al. (1960) created the Alternate Uses Test. This test was used to determine 

Fluency, which is the overall sum of generated uses; Originality, which is the statistical 

rarity of generated uses; Flexibility, which is the number of conceptual categories of 

generated uses; and Elaboration, which is the degree of detail (Guilford et al., 1960, 

1967; Vartanian et al., 2019). An example of the content of this test is to think of uses 

for bricks (see Figure 2). For example, suppose the respondent considers three ideas: 

building a house, building a wall, and it is used as a weapon to defeat enemies who 

attack suddenly. 

Figure 2 

An example of the Alternate Uses Test  
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In that case, Fluency is 3 points. In addition, since two categories are created: build and 

use for weapons, Flexibility is 2 points. Furthermore, points for Originality are added 

for the idea that it is statistically rare on a relative basis. Moreover, points for 

Elaboration are added to the highly detailed idea.  

Torrance (1963) developed the Minnesota Tests of Creative Thinking, in which 

four creativity factors: Fluency, Flexibility, Originality, and Elaboration, are also 

measured using equally defined criteria of Guilford et al. (1960). Additionally, Torrance 

(1966) extended these tests. It is called the Torrance Test of Creative Thinking and 

introduced a figural and verbal test. It also increased the number of creativity factors 

measured (Kim, 2006; see Figure 3).  

Several criticisms exist for the tests that attempt to measure creativity factor-

based (Kratzmeier, 1977; Urban, 2004; Urban and Jellen, 1996, 2010). In order to 

measure Originality, it has been pointed out that it is difficult to determine a cut-off 

point that would give a score with idea occurrence rates, and a validity guarantee for the 

categorization of ideas. Moreover, it has been indicated that the creativity factors are 

related, making it challenging to view them as separate factors. For these reasons, Urban 

and Jellen (1996, 2010) developed a creativity test called the Test for Creative 

Thinking-Drawing Production. Each of 14 items is scored, and these scores are added to 

form a single value used as an index of whole-based creativity. This test is used in 

Europe and worldwide and has been validated in many studies (Jellen & Urban, 1986; 

Swietochowski & Poraj, 1992; Dollinger et al., 2004; Urban and Jellen, 1996, 2010). 

Additionally, several factor-based studies have criticized the factors defined by 

Guilford et al. (1960) and Torrance (1963, 1966). For example, some researchers have 
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pointed out the similarity between Fluency and Flexibility and have combined these 

factors into a single definition or without considering Flexibility (Hébert et al., 2002; Lu 

& Kaiser, 2021, 2022). Furthermore, the measurement of Originality differs from study 

to study. Many studies have used ideas' occurrence rates to evaluate relative ratings 

(Torrance, 1963; Mann, 2005; Kattou et al., 2013). However, the criteria for the cut-off 

point of ideas' occurrence rate vary from study to study. For example, Torrance (1963) 

gave scores for Originality by dividing the rate of occurrence of ideas into three ranges. 

In his study, the highest scores were given to ideas with an occurrence rate of 2% or 

less. Kattou et al. (2013) divided ideas' occurrence rate into five ranges and gave them 

scores for Originality. Their study gave the highest scores for ideas with an occurrence 

rate of less than 1%. Therefore, the kind of factors used in creativity tests and their 

definition and evaluation criteria are debatable because of their diversity. 

Figure 3 

An overview of the transition of the test of creativity 
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In other words, there is no firm consensus on how creativity in psychology 

should be viewed (e.g., factor-based or whole-based) or handled the creativity factors in 

the assessment. Nevertheless, it is no overstatement that creativity research conducted in 

psychology has strongly influenced creativity research in other fields. The following 

sections describe creativity that has been derived from creativity in psychology.  

From this point on, to avoid confusion in this study, the factor-based creativity 

factors in the meaning of Guilford and Torrance, Fluency, Flexibility, and Originality, 

are represented by Fluency factor-based psychology, Flexibility factor-based psychology, and 

Originality factor-based psychology, respectively. 

2.1.2 Mathematical Creativity 

There is mathematical creativity, which focuses on the specific domain of 

mathematics. As with creativity in psychology, its definitions vary widely. For example, 

Tammadge (1979) focused on novelty and association and defined mathematical 

creativity as "includes the ability to see new relationships between techniques and areas 

of application and to make associations between possibly unrelated ideas" (p. 151). 

Singh (1988) focused on the process of problem solving and defined mathematical 

creativity as "process of formulating hypotheses concerning cause and effect in a 

mathematical situation, testing and retesting these hypotheses and making modifications 

and finally communicating the results" (p. 15). Nadjafikhah et al. (2012) summarized 

the definitions and characteristics of mathematical creativity, such as described above, 

and the difficulty of defining it due to the complexity of its structure and characteristics. 

Because of this variety of ways of perceiving it, mathematical creativity has been 

studied from several perspectives. For example, Sriraman (2004) had a qualitative study 



17 
 

in which mathematicians were targeted, and their thinking processes were interviewed 

and analyzed. While several studies have focused on specific individuals with a high 

mathematical ability to find the creativity needed to solve mathematical problems, 

others have focused on students in a school to measure their creativity in mathematics. 

Balka (1974) developed six criteria based on a list of items used to measure factor-based 

creativity in psychology and created questions to measure mathematical creativity. An 

example of tests addressed in that study include the following: 

Below are figures of various polygons with all possible diagonals drawn (dotted 

lines) from each vertex of the polygon. List as many things as you can of what 

happens when you increase the number of sides on the polygon. For example the 

number of diagonal increases. The number of triangles formed by the diagonal 

increases. 

Figure 4 

An example of a problem to measure mathematical creativity (Balka, 1974; Mann, 2005) 

 

Thus, attempts have been conducted to measure mathematical creativity using 

problems such as finding rules of geometric figures. In that research, three creativity 

factors: Fluency, Flexibility, and Originality, were used to evaluate this creativity based 

on Guilford's (1960) study. 

Mann (2005) surveyed seventh graders to measure mathematical creativity and 

mathematical ability and found a positive correlation between them. Additionally, 
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Kattou et al. (2013) studied the relationship between mathematical creativity and 

mathematical ability using a statistical method called structural equation modeling. 

Furthermore, Kattou et al. (2015) investigated the relationship between mathematical 

creativity and factor-based creativity in psychology. These studies have revealed a 

relationship between mathematical ability and mathematical creativity or between 

factor-based creativity in psychology and mathematical creativity. In most of these 

studies, creativity is viewed as factor-based and evaluated in terms of three creativity 

factors: Fluency, Flexibility, and Originality (hereinafter referred to as Fluency 

mathematical, Flexibility mathematical, and Originality mathematical). However, there is no 

consensus on how to measure these factors (Pitta-Pantazi et al., 2018). 

2.1.3 Creativity in Problem Posing 

The first step is to review the definition of problem posing. There are two 

prominent definitions of the term problem posing in the field of mathematics, one 

proposed by Silver (1994) and the other by Stoyanova and Ellerton (1996) (Baumanns 

& Rott, 2021). Silver's (1994) definition is "problem posing as the generation of new 

problems and reformulation of given problems which can occur before, during, or after 

a problem-solving process"(p. 19). Stoyanova and Ellerton (1996) also described the 

posing of problems in the field of mathematics as "a process by which, on the basis of 

mathematical experience, students construct personal interpretations of concrete 

situations and formulate them as meaningful mathematical problems" (p. 518).  

Such problem posing in mathematics education has been the focus of attention 

and research since the 1980s (Halmos, 1980; Brown & Walter, 1983; Baumanns & Rott, 

2021). Among those studies, several studies have shown that problem posing has a 
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positive effect on the cultivation of creativity (Silver, 1997; Shriki, 2013; Van Harpen & 

Sriraman, 2013; Bonotto & Santo, 2015). Bonotto and Santo (2015) gave their fourth- 

and fifth-grade students a pamphlet designed for visitors to amusement parks that 

contained information on prices and restrictions on eligibility for various benefits, and 

required them to pose math problems from the information in the pamphlet. They 

reported that they could identify the original problem posing by students and showed 

that problem posing activities could be an environment that fosters creativity. 

Additionally, several studies have attempted to measure creativity factors in 

problem posing (Silver & Cai, 2005; Leikin et al., 2009; Kontorovich et al., 2011; 

Shriki, 2013; Van Harpen & Sriraman, 2013; Leikin, 2013; Leikin & Elgrably, 2020).  

Table 1 

A table summarizing factors of creativity in problem posing 

 

In most of those studies, three factors were evaluated: Fluency, Flexibility, and 

Originality (see Table 1). In other words, many studies view creativity in problem 

posing on a factor-based basis. Thus, several studies attempted to measure creativity in 

problem posing, however, few have statistically examined the correlation between 
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creativity in problem posing and factor-based creativity in psychology. In addition, 

there are different definitions and measurements. While most studies classified ideas 

into several categories, and the number of categories was used as the value of 

Flexibility, Silver and Cai (2005) evaluated Fluency and Flexibility as one concept and 

did not consider them separate factors. Furthermore, similar to factor-based creativity in 

psychology, the cut-off point for Originality often differs from study to study (see Table 

1). 

2.1.4 Creativity in Mathematical Modelling 

Mathematical modelling is described as the process of translating between the 

real world and mathematics in both directions (Blum & Borromeo Ferri, 2009; Niss & 

Blum, 2020). It is seen as one of problem solving learning, applying mathematical 

knowledge and skills to solve real-world problems. Therefore, it has already been 

incorporated into the mathematics curriculum in several countries (Stohlmann et al., 

2015; Ministry of Education, Culture, Sports, Science and Technology, 2017; The 

European Commission, 2019; Vorhölter et al., 2019). 

Furthermore, several studies have shown that mathematical modelling activities 

could promote the development of creativity (Chamberlin & Moon, 2005; Freiman, 

2006; English & Watters, 2009; Dan & Xie, 2011; Crltas, 2012; Wessels, 2014). For 

example, Crltas (2012) examined whether mathematical modelling improves the 

creativity of students who were studying at the department of elementary mathematics 

teaching (N = 75). The result showed that students who performed mathematical 

modelling could increase their levels of creativity. Moreover, Mann (2006) showed that 

using problems such as mathematical modelling might contribute to the development of 
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mathematical creativity. However, in those studies, there has been little discussion on 

how to view creativity in mathematical modelling or define creativity factors (Lu & 

Kaiser, 2021).  

Wessels (2014, 2017) and Lu and Kaiser (2021, 2022) can be listed as the 

studies that have attempted to define and evaluate creativity factors in mathematical 

modelling. The following summarizes those studies, comparing the creativity factors 

discussed in them. Wessels (2014, 2017) attempted to define creativity factors in 

mathematical modelling. In that studies, four creativity factors were defined as follows: 

• Fluency that refers to the generation of different solutions.  

• Flexibility that entails the change of shift that takes place in the emphasis, 

direction or approach of creative problem solvers.  

• Novelty that refers to the level of Originality in the development of new and 

unique solutions.  

• Usefulness that is grounded on the relevance, adaptability and reusability of 

solutions in other real world situations. (Wessels, 2014, p. 6) 

Lu and Kaiser (2021, 2022) defined creativity factors in mathematical modelling 

by the following three creativity factors: 

• Usefulness refers to the evaluation of the utility of all the approaches that the 

students employed to solve the tasks through modelling. A lower level of 

usefulness is assigned to an incorrect approach, where a redirection of the 

modelling approach is required for students to successfully solve the task, while a 

higher level denotes useful and sharable approaches. 
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• Fluency refers to the implementation of various solutions to the tasks. A lower 

level of Fluency is assigned to a single solution and solutions within one 

modelling cycle and higher levels of Fluency are assigned to approaches that 

apply various models to solve the tasks. 

• Originality is evaluated on the basis of the relative rarity of the mathematical 

approaches employed by the students within the group they were part of. A lower 

level of Originality is assigned to responses that are commonly identified in the 

group, and a higher level of Originality is assigned to those responses that apply 

unique mathematical approaches. (Lu & Kaiser, 2021, p. 298) 

Firstly, we focus on what they have in common in their definition of creativity 

factors. There are two creativity factors that they have in common. The first common 

factor is Usefulness. Their definitions of Usefulness are described using similar words. 

For example, there are similar descriptions, such as adaptability and reusability in 

Wessels (2014, 2017) and utility and sharable in Lu and Kaiser (2021, 2022). In other 

words, this factor indicates whether the model or approach created is adaptable or 

reusable. The second common factor is Originality. Wessels (2014, 2017) described it 

as a Novelty. This factor indicates whether the student's solution or approach is unusual 

or new. In many cases, it is present in the established definitions of creativity, 

summarized in the previous sections. 

Subsequently, we look at the differences in their definitions of creativity factors. 

As can be seen by comparing their list of creativity factors, Flexibility, which is present 

in Wessels (2014, 2017), is absent in Lu and Kaiser (2021, 2022). Wessels (2014, 2017) 

views Flexibility as a shift in approach and direction of problem solving (hereinafter 
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referred to as Flexibility Wessels). However, Lu and Kaiser (2021, 2022) did not consider 

Flexibility, mainly for four reasons. Firstly, it is difficult to identify what is the shift in 

solution approach and direction. Secondly, it is very costly to collect samples. Thirdly, 

the concepts of Fluency and Flexibility are similar. Finally, Lu and Kaiser (2022) 

suggested that Flexibility can be naturally evaluated in modelling based on Fluency and 

Originality. This is due to the study of Singer and Voica's (2017) analyzing cognitive 

diversity, cognitive novelty, and the ability to make cognitive framing changes. Thus, 

Lu and Kaiser (2021, 2022) did not consider Flexibility as one of the creativity factors 

in mathematical modelling, because they considered it encompassed by Fluency and 

Originality and pointed out several difficulties in viewing Flexibility. 

As the next step, a summary of the evaluation method of the creativity factors, 

which they defined, is described. Firstly, a common part of their evaluation method is 

that each factor was assessed on a three-level scale (low, medium, and high). However, 

unfortunately, Wessels (2014, 2017) did not clearly explain what criteria were used to 

evaluate the levels of creative factors. Furthermore, some of the explanations for 

creativity factors described in the text on the studies were open to various 

interpretations, which leads to an ambiguous view of the evaluation criteria. Meanwhile, 

Lu and Kaiser (2021) created a rubric for each of the three tasks conducted and 

evaluated the creative factors. Therefore, we focus on the research of Lu and Kaiser 

(2021) and organize the methods for evaluating the creativity factors in mathematical 

modelling.  

Lu and Kaiser (2021, 2022) conducted their survey of three tasks for high school 

students with mathematical modeling experience. Task 3, which is reported to have 
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shown the most creative of the three survey tasks they dealt with, is shown as an 

example (for details on the contents of Tasks 1 and 2, see Lu & Kaiser, 2021, 2022). 

Figure 5 

A text of the question for task 3 of the survey conducted by Lu and Kaiser (2021, 2022) 

(Lu & Kaiser, 2021, p. 295) 

 

In addition, table 2 below shows an excerpt of the item of Originality from that 

rubric. As can be seen from this rubric (see Table 2), the cut-off points for percentages 

are inconsistent. For example, in Task 1 a cut-off point for percentages is set for all 

three levels (low, medium, and high). In Task 2 however, there is no cut-off point for 

percentages. Task 3 has a percent cut-off point for the medium level only. Furthermore, 

arithmetic solution methods are evaluated as low. However, in some cases, it is 

conceivable that arithmetic methods could be sufficiently creative in their solutions. 
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Table 2 

A Rubric for evaluating Originality (Lu & Kaiser, 2021, pp. 299 - 300) 

 

In addition, in some tasks, most students were evaluated as low (see Table 3).  

Table 3 

A Result of evaluating Originality (Lu & Kaiser, 2021, p. 303) 

 

The result could be attributed to the possibility that the cut-off points were not 

set appropriately. In addition, looking at the rubrics for Tasks 2 and 3, where the 

evaluation was relatively non-biased, there is the word parameter, which is not found in 

Task 1. It can be viewed as a variable student extracted from the content of the task to 

solve it. For example, if we look at the evaluation criteria item of high-level for Task 3 

(see Table 2), we can find an example of the time required for travel. There is no 
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mention of time in the text or table of Task 3 (see Figure 5). In other words, the students 

found and extracted the variable on their own. It can be assumed that the evaluation was 

less biased than Task 1 by assessing the number and rarity of these extracted 

parameters. Conversely, it is expected that an evaluation focusing solely on 

mathematical methods, as in Task 1, would have been challenging to measure students' 

Originality. 

Subsequently, we turn to the assessment of Fluency. Fluency is assessed by the 

number of problem solving models and solutions created by students (see Table 4). 

Table 4 below shows an excerpt from the item of Fluency of the assessment rubric 

developed by Lu and Kaiser (2021). 

Table 4 

A Rubric for evaluating Fluency (Lu & Kaiser, 2021, p. 299) 

 

Note. NA mentions that no examples of the sub-category can be found in the students' solution 

Their assessment of students' Fluency using this rubric reported that few 

students achieved a high-level assessment in all three tasks (see Table 5). Most students 

achieved only a medium level of Fluency. This means that many of the high school 

students who participated in the survey could not produce more than one solution or 

model. 
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Table 5 

A Result of evaluating Fluency (Lu & Kaiser, 2021, p. 302) 

 

It can be considered two main reasons for these results. Firstly, the survey tasks 

themselves did not have the potential to generate multiple models or solutions. The high 

school students (N = 107) with mathematical modeling experience participated in this 

survey. Therefore, it can be considered that the survey tasks used were tasks for which 

even students familiar with mathematical modelling would only create a single model. 

Secondly, evaluating Fluency by the number of models and solutions could be 

challenging. In support of such a possibility, Ferrando and Segura (2020) pointed out 

the difficulty of generating multiple models and diverse solutions within a single 

problem. 

Similar to Originality and Fluency, Usefulness is evaluated by focusing on the 

solution method or mathematical means. The evaluated level also is biased from task to 

task, with some tasks having few students who achieved a high evaluation. 

The above showed that although attempts have been made to define creativity 

factors in mathematical modelling and to evaluate these factors, no consensus has been 

reached on creativity factors or evaluation methods. Furthermore, we can identify 

difficulties in the assessment of the factors. Moreover, the number of studies analyzing 

regarding the correlation between creativity factors in mathematical modelling and 

established creativity factors, such as factor-based creativity in psychology, is minimal. 
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2.2 Fermi problems 

2.2.1 Definition and Characteristics 

Fermi problems were described by Morrison (1963) in the classic expression as follows: 

That is the estimation of rough but quantitative answers to unexpected questions 

about many aspects of the natural world. […] Fermi delighted to think up and at 

once to discuss and to answer questions which drew upon deep understanding of 

the world, upon everyday experience, and upon the ability to make rough 

approximations, inspired guesses, and statistical estimates from very little data. 

(p. 627)  

In addition, one of the most famous and typical Fermi problems is: How many 

piano tuners are there in Chicago? (Peter-Koop, 2004; Ärlebäck & Albarracín, 2017). 

The problems are named after the Italian nuclear physicist Enrico Fermi. Goldberger 

(1999), who worked with Enrico Fermi as a researcher, noted that Enrico Fermi 

preferred to raise and discuss Fermi problems as follows: 

One of Fermi's greatest pleasures was interacting with students and colleagues at 

lunch at the Commons (the main campus dining hall) at the University of 

Chicago. There he loved to discuss how to solve problems of various kinds. One 

problem I remember was to estimate the number of railroad cars in the U.S. He 

would follow to a logical conclusion the consequences of a few simple 

assumptions, and come out with an answer that was always correct to within a 

factor of two. (p. 331) 

Enrico Fermi took pleasure in quickly approximating these indeterminate 

quantities through a few assumptions and logical thinking. It is the reason why the name 
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Fermi problems are widely used. Despite the above descriptions of Fermi problems and 

several anecdotes and examples, it has been noted that the definition and characteristics 

of Fermi problems found in the literature are vague (Ärlebäck & Albarracín, 2017). 

Therefore, it is necessary to extract and summarize several studies' definitions and 

characteristics. Hence, it is summarized and described four characteristics of Fermi 

problems below.  

Firstly, Fermi problems are characterized by the lack of clear assumptions (Ross 

& Ross, 1986; Peter-Koop, 2004; Carlson, 1997; Albarracín & Gorgorió, 2014; 

Ärlebäck & Albarracín, 2017; Albarracín, 2021; Greefrath & Frenken, 2021). As can be 

seen from the famous Fermi problem: How many piano tuners are there in Chicago? 

The problem has no concrete data to make assumptions. Therefore, the respondent must 

identify the required quantity based on their experience and knowledge. Additionally, 

Fermi problems are usually an open, undetermined task, where the final state is clearly 

formulated in the question, but the initial state and transformation are unclear (Peter-

Koop, 2004; Ferrando & Albarracín, 2021; Greefrath & Frenken, 2021). Hence, it has 

been characterized by breaking down a given problem into several thinkable questions 

to break through such unclear initial conditions (Ross & Ross, 1986; Albarracín & 

Gorgorió, 2014; Greefrath & Frenken, 2021). In other words, it is necessary to 

decompose the famous Fermi problem: How many piano tuners are there in Chicago? 

into subproblems such as "How many residents are in Chicago?", "What percentage of 

residents own a piano?" and "How many institutions have pianos?" Moreover, 

Hartmann et al. (2018) showed the need to use creativity to access Fermi problems, an 

open problem, to supplement missing information. In this paper, the first of the above 

characteristics are summarized and described as Openness. 
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Secondly, Fermi problems are characterized as dealing with real-world 

problems (Morrison, 1963; Carlson, 1997; Peter-Koop, 2004; Sriraman & Lesh, 2006; 

Ärlebäck, 2009; Albarracín & Gorgorió, 2014; Ärlebäck & Albarracín, 2017; 

Albarracín & Ärlebäck, 2019; Ferrando & Albarracín, 2021; Albarracín, 2021; 

Greefrath & Frenken, 2021). In particular, Ärlebäck (2009) emphasized this realistic 

aspect. For example, Fermi problems, which focus on issues such as the number of 

piano tuners in a city or the number of grains of sand in a cup, are not appropriate for 

students from the realistic aspect. Problems that require students to estimate the number 

of garbage emissions or freshwater consumption are connected to the student's physical 

and social environment. Moreover, they are meaningful (Ärlebäck & Albarracín, 2017).  

Furthermore, Fermi problems have been characterized as a particular case of 

mathematical modelling that is a two-way translation process between the real world 

and mathematics (Blum & Borromeo Ferri, 2009; Ärlebäck, 2009; Greefrath & 

Frenken, 2021). Fermi problems have also been attracting attention as an effective 

introduction to mathematical modelling treating real-world problems (Ross & Ross, 

1986; Peter-Koop, 2004; Ärlebäck, 2009). Additionally, Fermi problems with realistic 

content are used to measure modelling skills in the German standardized test called 

VERA (Greefrath, 2019; Greefrath & Frenken, 2021). This paper summarizes the 

second characteristic above and describes it as Realistic. 

Thirdly, Fermi problems have been characterized as quick, logical, and rational 

estimations (Morrison, 1963; Ross & Ross, 1986; Carlson, 1997; Peter-Koop, 2004; 

Sriraman & Lesh, 2006; Goodchild & Fuglestad, 2008; Ärlebäck, 2009; Albarracín & 

Gorgorió, 2014; Ärlebäck & Albarracín, 2017; Albarracín & Ärlebäck, 2019; Ferrando 
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& Albarracín, 2021; Albarracín, 2021; Greefrath & Frenken, 2021). As mentioned 

earlier, Enrico Fermi, from whom Fermi problems were named, was famous for his 

ability to make logical and rational estimations quickly. Moreover, since the 

assumptions of Fermi problems are unclear, the problem solvers need to think 

rationally, using their own experience and knowledge. Ärlebäck (2009) indicated that, 

in that sense, Fermi problems must be realistic and relevant for students. Otherwise, the 

quantities and strategies students assume to solve the problem would be entirely 

dictated by intuition and lack of rationality. In addition, if the thinking process is not 

logical or rational, there is a greater possibility that the estimated results will deviate 

significantly from the true value. For these reasons, the phrase quick, logical and 

reasonable approximations are considered to be emphasized. This paper summarizes the 

third characteristic above and describes it as Estimation. 

Fourthly, Fermi problems are characterized as applicable to students of diverse 

educational levels and can promote communication and the use of several cognitive 

skills (Peter-Koop, 2004; Sriraman & Lesh, 2006; Ärlebäck, 2009; Albarracín & 

Gorgorió, 2014; Ärlebäck & Albarracín, 2017; Albarracín & Ärlebäck, 2019; Ferrando 

& Albarracín, 2021; Albarracín, 2021; Greefrath & Frenken, 2021). Ärlebäck (2009) 

defined Fermi problems as problems that do not necessarily require any special 

mathematical prerequisite knowledge to solve. Furthermore, as mentioned in the third 

characteristic, it is not easy to perform complex mathematical processes because it is 

done quickly. Therefore, Fermi problems are often solved by arithmetic operations. This 

makes it possible to use Fermi problems even in lower grades and academic levels. 

Moreover, Ärlebäck (2009) explained the definitions of Fermi problems below: 
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• the specifying and structuring of the relevant information and relationships 

needed to tackle the problem. This characteristic prescribes the problem 

formulation to be open, not immediately associated with a know strategy or 

procedure to solve the problem, and hence urging the problem solvers to invoke 

prior constructs, conceptions, experiences, strategies and other cognitive skills in 

approaching the problem; 

• (in connection with the last two points above) their inner momentum to promote 

discussion, that as a group activity they invite to discussion on different matters 

such as what is relevant for the problem and how to estimate physical entities. 

(Ärlebäck, 2009, pp. 339 - 340) 

Thus, Fermi problems have been shown to promote not only mathematical 

knowledge and skills but also the development of skills necessary for problem-solving 

and encourage communication. This paper summarizes the fourth characteristic above 

and describes it as Pedagogical. 

The following is provided as an overview of the characteristics of Fermi 

problems described (see Figure 6). In addition, a list of references that describe those 

characteristics is given (see Table 6). 
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Figure 6 

Four characteristics of Fermi problems 

 

Table 6 

An organized table of literature describing the four features of Fermi problems is shown 

in Figure 6. 

 

The following describes the connection between the four above characteristics 

and the present study. The present study focuses on two characteristics in particular. 

Firstly, the author focuses on the first characteristic, Openness. This allows students to 

generate their ideas without being limited. For example, students can translate the 
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presented problem: How many piano tuners are there in Chicago? into the problem: 

Where are the institutions with pianos in Chicago? Afterward, the students can generate 

many ideas, such as "private homes," "elementary schools," "middle schools," "high 

schools," "music halls," and "theaters." Much information is present in the problem text 

and diagrams in a typical math problem. Therefore, the direction of the computational 

process to be performed or the problem to be solved is fixed. In such cases, students' 

idea generation could be considered to be limited. In contrast, the Fermi problems 

require one to review the initial problem given and use one's own experience and 

knowledge to come up with ideas for making assumptions. Thus, it has a high potential 

to generate many ideas needed to solve the problem. Therefore, Fermi problems make it 

easier for students to express their inner creativity, and their creativity could be viewed 

and measured as much as possible by an observer. 

Subsequently, the fourth characteristic, Pedagogical, is also focused. Fermi 

problems have been treated as a teaching tool for learning estimation and a test to 

measure modelling skills (Baum et al., 2007; Greefrath, 2019; Greefrath & Frenken, 

2021). Thus, it is beginning to be used in schools, and there appear to be few barriers 

preventing the acknowledgment of this problem. Furthermore, Fermi problems have 

been shown to be applicable to a diverse range of students (Peter-Koop, 2004; Ferrando 

& Albarracín, 2021). In addition, there are several previous studies in which the Fermi 

problems is mentioned in terms of creativity. They are discussed in detail below in 

section 2.2.3. Thus, from an educational perspective, discussing the relationship 

between Fermi problems and creativity is highly worthwhile. This study attempts to 

define creativity factors in Fermi problems by focusing on the above characteristics. It is 

discussed in detail in section 2.4. 
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2.2.2 Educational Practices and Materials 

Several educational practices have been conducted using Fermi problems and 

used as teaching materials and tests, focusing on the characteristics summarized in the 

previous section. 

Two of the most frequently cited examples of school-based teaching practice 

study of Fermi problems are Ärlebäck (2009) and Peter-Koop (2004). Ärlebäck (2009) 

gave high school students Fermi problems as mathematical modelling. In his study, it 

was observed the process of solving Fermi problems. He classified the thinking process 

based on Schoenfeld's (1985) research on problem solving and Borromeo Ferri's (2006) 

research on the modelling cycle, which shows the processing stages of mathematical 

modelling. Based on the observation, the thinking process was visualized in a diagram. 

The result showed that the stages of the modelling cycle are also expressed in solving 

Fermi problems. In addition, Peter-Koop (2004) practiced Fermi problems with students 

in the primary education stage, grades 3 and 4. In one case, students who had not yet 

learned proportionality discovered and used the concept of proportionality on their own 

to solve the implemented Fermi problems. Thus, it was shown that Fermi problems 

could promote acquiring new mathematical knowledge and/or skills. Additionally, these 

two studies also showed that Fermi problems effectively introduce mathematical 

modelling. Based on these studies, Ferrando and Albarracín (2021) used Fermi 

problems to analyze differences in problem solving strategies across age groups in a 

wide range of age groups, from second to tenth grade. It was shown that modelling 

activities could be performed through Fermi problems in various grades. 
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Furthermore, attempts have been made to use Fermi problems to analyze 

students' solving strategies and thinking (Gallart et al., 2017; Hartmann et al., 2020; 

Ferrando & Segura, 2020; Pla-Castells et al., 2021; Albarracín & Ärlebäck, 2019, 

2022). For example, Hartmann et al. (2020) developed a detailed diagram of the process 

of solving Fermi problems, called the Fermi Tree, which allows the observation of the 

mathematical processing and Fermi problem-specific activities performed by the 

students (see Figure 7).  

Figure 7 

Fermi Tree by Hartmann et al. (2020) 

 

Albarracín and Ärlebäck (2022) proposed the Fermi problem Activity Template, 

a framework for simply describing the solution to Fermi problems (see Figure 8). 

Furthermore, Gallart et al. (2017) used Fermi problems to compare students with no 

experience in modelling activities with students with extensive experience in modelling 



37 
 

activities and showed that the solution methods and ideas used to solve the problems are 

different. 

Figure 8 

Fermi problem Activity Template by Albarracín and Ärlebäck (2022) 

 

Additionally, Sriraman and Lesh (2006) argued for the effectiveness of 

introducing Fermi problems as a task that bridges mathematics and other subjects. From 

this perspective, several studies have used Fermi problems for STEM education, which 

integrates the disciplines of Science, Technology, Engineering, and Mathematics into a 

single, integrated education (Kelley & Knowles, 2016; Ärlebäck & Albarracín, 2019). 

Ärlebäck and Albarracín (2019) reviewed several works of literature on Fermi problems 

in STEM disciplines that have been done. There, they categorized the role of Fermi 

problems in STEM education into three main categories. Firstly, it integrates other 

subjects and disciplines. Secondly, it facilitates learning in STEM disciplines. Thirdly, it 

encourages the development of 21st-century competencies. 21st-century competencies 

are literacies required for the digital age of the 21st century and beyond, as defined by 

the ATC21s, which are considered priority educational goals in many countries (Piirto, 

2011). 
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The above studies have found practical applications for Fermi problems in 

schools. Therefore, it led to the creation of various teaching materials, such as the 

German "Die Fermi Box," a collection of more than 100 Fermi problems for grades 5 

through 10. It is used as an introduction to mathematical modelling (Büchter et al., 

2007, 2010; Pommeranz, 2016). In addition, several mathematics textbooks used in 

Germany include Fermi problems (Baum et al., 2007).  

Figure 9 

An explanation of Fermi problems in 5th-grade textbooks (for Gymnasium) 

 

There, Fermi problems are treated not only as exercises for estimation but also as one 

modelling problem.  
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Additionally, Fermi problems are used to measure modelling skills in the 

German standardized test called VERA (Greefrath, 2019; Greefrath & Frenken, 2021).  

Figure 10 

An example of a Fermi problem as done in VERA (2018), discussed in Greefrath and 

Frenken (2021): finding the height of the school in the picture. 

 

As mentioned above, there are many attempts to make teaching materials and 

tests using Fermi problems for a wide range of disciplines (e.g., estimation, modelling 

skill) and age groups. 

2.2.3 Previous studies in which Fermi problems are mentioned in terms of 

creativity 

Fermi problems have also received attention from the perspective of creativity. Fermi 

problems have been shown to require creativity and to be one way to encourage creative 

thinking (Silver, 1997; Goel & Singh, 1998; Albarracín & Gorgorió, 2015; Bennevall, 

2016). For example, Silver (1997) suggested that solving Fermi problems promotes the 

development of Fluency since solvers pose problems and generate various solutions. 

Furthermore, it has been shown that activities such as Fermi problems can promote the 

development of 21st-century skills, including creativity, critical thinking, and 

communication skills (Tangney & Bray, 2013; Ärlebäck & Albarracín, 2019). Peter-

Koop (2004) and Ärlebäck (2009) let students solve, in groups, Fermi problems. They 
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reported that in such situations, the students actively communicate, critically discuss 

each other's ideas, and generate creative ideas. In addition, it has been shown that 

solving Fermi problems requires a creative process (Ärlebäck & Bergsten, 2013; Tok et 

al., 2015; Albarracín & Gorgorióa, 2019; Hartmann et al., 2018, 2019). Ärlebäck and 

Bergsten (2013) visualized and analyzed the solution process of Fermi problems 

performed by high school students. They reported that they could observe situations in 

the solution process performed by the students in which they made estimates in a 

creative way based on their past experiences. Additionally, Hartmann et al. (2019), 

based on the work of Ärlebäck (2009), propose a method to diagram the solving process 

of Fermi problems and to observe the creativity factor on the diagram as well (see 

Figure 11). The colors on this diagram allow us to identify differences in ideas and 

observe Fluency and Flexibility. 

Figure 11 

A diagram that can observe the solving process and creative factors proposed by 

Hartmann et al. (2019) 

 

Thus, several studies have considered Fermi problems as one effective way to 

cultivate creativity and provide opportunities for creativity. 

As mentioned above, there are several indications of a link between Fermi 

problems and creativity, but few studies have been statistically analyzed. Moreover, few 
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studies have examined the use of Fermi problems as a way to measure creativity. In 

addition, a limited number of studies define or discuss how the creativity factors in 

Fermi problems should be viewed. In other words, there has been little empirical 

research on creativity in Fermi problems, and no consensus has been reached on how to 

view creativity in Fermi problems. 

2.3 Summary of review of studies about Creativity and Fermi problems 

Creativity in psychology has been studied from four approaches. Among them, 

creativity has been mainly measured by the PRODUCT approach, which evaluates 

creativity based on the product or solution produced by the students, and the PROCESS 

approach, which observes and analyzes the student's thinking process. In addition, many 

creativity tests are implemented using the PRODUCT approach, which views creativity 

as being divided into several factors and evaluates creativity factors individually on a 

factor-based basis. However, several studies have pointed out the difficulty of 

evaluating creativity on a factor-based basis and have evaluated creativity on a whole-

based basis, which suggests that creativity should be considered as a whole. 

Furthermore, there is no consensus on which creativity factors to treat and how to 

evaluate them in factor-based creativity studies. 

Creativity has also been studied in the field of mathematics education as well as 

psychology. For example, there is mathematical creativity, which is focused on the 

domain of mathematics. In studies dealing with this creativity, attempts have been made 

to measure math-specific creativity, for example, in problems that find rules of 

geometrical patterns. Other studies attempt to find creativity in the activity of problem 

posing. Many studies attempt to view creativity in problem posing on a factor-based 
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basis, and to evaluate creativity in terms of the number and rarity of problems created 

by students. In addition, creativity in mathematical modelling has recently been 

discussed. These studies focus on the models and solutions that students produce to 

solve problems, examine the definitions and evaluation of creativity factors in 

mathematical modelling. Almost all of the creativity studies presented in this paragraph 

have viewed and studied creativity on a factor-based basis. Unfortunately, in those 

studies, similar to factor-based creativity research in psychology, the definitions and 

assessment methods of creativity factors are diverse, and no consensus has been 

reached. 

In summary, a common issue of creativity research in various fields is the lack 

of consensus on how to view and evaluate creativity. 

Four main characteristics are identified in Fermi problems. Firstly, the 

assumptions are not clear. Secondly, it deals with a real-world problem. Thirdly, it is a 

quick, logical, and reasonable estimation. Fourthly, it can be applied to students of 

diverse educational levels and can promote communication and the use of certain 

cognitive skills. The first characteristic of Fermi problems, Openness, suggests that 

Fermi problems have the potential to encourage problem posing activities that require 

creativity. Furthermore, Fermi problems are viewed as a particular case of mathematical 

modelling that have been suggested to impact creativity positively and have been used 

as teaching material as well as tests in schools. Moreover, several previous studies have 

suggested that Ferrmi problems require creativity, a prompt for creative processes and 

thinking. However, few studies have discussed how the creativity factors in Fermi 

problems are viewed with statistical analysis. Additionally, very little research has 
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examined whether Fermi problems can be used as one tool to measure creativity. 

Therefore, when considering Fermi problems from the perspective of creativity, the 

previously indicated lack of consensus on how to perceive and evaluate creativity in 

common issues that creativity research in various fields has also applies. 

Hence, considering the creativity in Fermi problems, it is important to discuss 

the issues of what factors to assume. It needs to be taken into consideration what 

evaluation criteria to define. Additionally, the relationship between creativity in Fermi 

problems, creativity in psychology and the field of mathematics education needs 

discussion. It is also necessary to discuss whether creativity in Fermi problems should 

be considered whole-based, as in Urban and Jellen (2010), rather than individually for 

each factor. Therefore, in the present study, creativity in Fermi problems is discussed in 

two contexts: factor-based and whole-based. Furthermore, the creativity factors are 

focused on the three factors, Fluency, Flexibility, and Originality, most often addressed 

in the various creativity studies listed above (see Figure 12).  

Figure 12 

An overview of creativity factors in various fields 
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2.4 temporary definitions of the creativity factors in the Fermi problem 

In the present paper, creative factors in Fermi problems are temporarily defined 

as follows: 

• Fluency in Fermi problems: the total number of ideas that the respondent 

considers and assumes on their own when solving a problem 

• Flexibility in Fermi problems: the total number of categories of ideas 

• Originality in Fermi problems: the statistical rarity of generated ideas 

As mentioned in section 2.2.1, a notable feature of Fermi problems is that they 

are open problems with unclear assumptions. Therefore, to solve Fermi problems, it is 

necessary to transform and decompose them into subproblems. Thus, the solver is first 

required to generate ideas for this first step. Subsequently, based on their knowledge, 

experience, and the information given, they assume the quantities they will use to solve 

the problem. We focus on the Fermi problem: How many liters of water does one 

person use in a year? (hereinafter referred to as the water problem) It can be converted 

into a problem: What do you use water for in a day? Afterward, they generate ideas 

such as drinking water or showers. Subsequently, they make assumptions about how 

much water they will use. In the present study, ideas are viewed as assumptions and 

variables that students assume themself to solve Fermi problems as indicated above. 

The number of such ideas is defined and evaluated as Fluency in mathematical 

creativity, creativity in problem posing, and factor-based creativity in psychology (e.g., 

Guilford et al., 1960). For example, the Alternate uses Test (Guilford et al., 1960), a 

creativity test in psychology, includes a problem, in which one has to think of the uses 

for bricks (see Figure 2 in section 2.1.1, hereinafter referred to as the block problem). 



45 
 

Suppose the respondent came up with three ideas for that question: build a house, build 

a wall, and use it for a weapon. In that case, Fluency factor-based psychology would be 

evaluated as 3 points. 

Meanwhile, Fluency in mathematical modelling is defined as the variety of 

models and solutions created to solve a problem. It is evaluated by the number of 

models and solutions generated (Wessels, 2014, 2017; Lu and Kaiser, 2021, 2022). 

However, Wessels (2014, 2017) did not provide clear evaluation criteria for the 

definition of models and solutions, which could be interpreted in various ways. In 

addition, Lu and Kaiser (2021, 2022) reported that many students could not create 

multiple models or solutions in their survey. Therefore, it could be assumed that 

evaluating Fluency by the number of models and solutions generated is challenging. 

Additionally, Lu and Kaiser (2021, 2022) treated variables not explicitly mentioned in 

the problem text extracted by the students as parameters in two of the three tasks they 

conducted as survey tasks. They evaluated Originality in those tasks according to the 

rarity of these parameters (see section 2.1.4). The results show that the tasks in which 

the rarity of the parameters evaluated the Originality were relatively well evaluated 

without any bias. In contrast, the task which was not evaluated by the parameter but by 

the rarity of the mathematical solution resulted in biased evaluations, and most students 

received the lowest evaluation. The parameters shown at this point might be seen as 

precisely the ideas in Fermi problems shown earlier (e.g., drinking, cooking in the water 

problem). Therefore, it is considered that it could be easier to evaluate creativity factors 

with the variables and parameters as ideas rather than models and solutions. 
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Accordingly, this study views Fluency in Fermi problems (hereinafter referred to 

as Fluency fermi) as similar to the Fluency factor-based psychology, Fluency mathematical, and 

Fluency of creativity in problem posing. Based on the above, Fluency fermi is temporarily 

defined as the total number of ideas that the respondent considers and assumes on their 

own when solving a problem. In addition, in Sub-study 2, which is presented in chapter 

4, the discussion focuses on Fluency fermi in particular. 

Subsequently, Flexibility in Fermi problems (hereinafter referred to as 

Flexibility fermi) is described. As mentioned earlier in section 2.1, Flexibility has been 

viewed in a more diverse way compared to Fluency. Factor-based creativity in 

psychology, such as in Guilford et al. (1960), mathematical creativity and creativity in 

problem posing often view Flexibility as the number of categories of ideas (Guilford et 

al., 1960; Torrance, 1963, 1966; Kim, 2006; Pitta-Pantazi et al., 2018; Leikin & 

Elgrably, 2020). We review Flexibility factor-based psychology with the block problem, which 

was treated earlier as an example (see Figure 2). The respondent came up with three 

ideas for the problem: build a house, build a wall, and use it for a weapon. Since those 

ideas are included in the two categories, "build something" and "use for weapons," the 

Flexibility factor-based psychology would be 2 points. In other words, the responses given in the 

itemized form have been divided into categories. Afterward, Flexibility factor-based psychology 

is evaluated based on the number of these categories. 

Meanwhile, there is a definition that considers a shift in the direction of a 

solution or approach as Flexibility Wessels. Wessels (2014, 2017) attempted to evaluate 

Flexibility in terms of the number of times a change in solution direction and change in 

thinking occurred. However, those studies did not provide concrete evaluation criteria 
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regarding when to consider a shift in direction. Furthermore, Lu and Kaiser (2021, 

2022) pointed out the difficulty of capturing directional shifts in models and solutions 

and the similarity between Fluency and Flexibility. Therefore, they do not consider 

Flexibility in their definition of creativity factors in mathematical modelling. 

Additionally, using Fermi problems, Ferrando and Segura (2020) analyzed two 

types of Flexibility based on the study of Elia et al. (2009). The two types of Flexibility 

are inter-task Flexibility (i.e., changing strategies across problems) and intra-task 

Flexibility (i.e., changing strategies within problems) (Elia et al., 2009). Ferrando and 

Segura (2020) showed that only a few subjects were evaluated for high intra-task 

Flexibility. This suggests that significant shifts in solutions and models are unlikely to 

occur within a single Fermi problem. 

Therefore, this paper temporarily defines Flexibility fermi as the total number of 

categories of ideas. As mentioned earlier in the section Fluency fermi, it was determined 

that it might be more appropriate to view the variables and parameters as ideas and 

evaluate the ideas rather than models and solutions. Therefore, this study categorizes 

ideas and evaluates Flexibility fermi by the number of categories, as Flexibility factor-based 

psychology.  

However, it is difficult to discard the way of Flexibility Wessels completely. Lu 

and Kaiser (2021) pointed out that there is still little research on the creativity factor in 

mathematical modelling, which remains debatable. In addition, Fermi problems are seen 

as a particular case of mathematical modelling. Therefore, it is impossible to deny the 

possibility that Flexibility fermi can be viewed as Flexibility by a shift of solution or 

model. Furthermore, Ferrando and Segura (2020) stated that research on intra-task 
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Flexibility is still in the exploratory stage. Accordingly, examining how Flexibility is 

viewed in Fermi problems is necessary. It is mainly discussed in Sub-study 1, which is 

presented in chapter 4. 

It is necessary to consider whether creativity in Fermi problems needs to have a 

creativity factor of Flexibility. Hébert et al. (2002) emphasized a strong correlation 

between Fluency and Flexibility as treated in psychology, indicating that Flexibility, in 

some cases, is not included in creativity assessment schemes. Additionally, Lu and 

Kaiser (2022) suggested that Flexibility seems to be a naturally assessable factor based 

on Fluency and Originality in modelling. The need for Flexibility fermi is analyzed and 

discussed mainly in Sub-studies 3 and 4, which are presented in chapter 4.  

Subsequently, Originality in Fermi problems (hereinafter referred to as 

Originality fermi) is described. Previous studies have defined Originality as the rareness 

of problem solving ideas and strategies (see section 2.1). Therefore, Originality fermi is 

defined similarly. In most cases, a cut-off point is set for the statistical rarity in the 

evaluation method. However, there is no consensus on the criteria for that cut-off point. 

Hence, discussions were conducted on how to view and evaluate Originality fermi. Those 

discussions are conducted in Sub-study 1, 3, and 4, which are presented in chapter 4. 

Finally, Usefulness is described. This factor is important in Fermi problems as 

well. Fermi problems also require the ability to choose an adaptable idea for solving the 

problem. For example, suppose that in the water problem, a student comes up with the 

idea of brushing one's teeth. However, since the amount of water used in brushing one's 

teeth is minimal, it is an idea that should not have to be considered normal. Conversely, 
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if one cannot come up with the idea that significantly impacts the outcome of the 

problem, the estimated result will be far from the actual value.  

It was discussed whether Usefulness should be included in the creativity factors 

in Fermi problems. In the discussion, difficulties in dealing with Usefulness were raised. 

Firstly, students are not familiar with Fermi problems. Therefore, it was assumed that it 

would be difficult for students to solve problems while examining which ideas are 

suitable for solving problems. Secondly, it is not easy to define the criteria for 

determining whether the ideas generated by the students are suitable. The earlier 

example of water for brushing teeth is not expected to impact the estimated results 

significantly. However, water for washing one's body is used a lot by some people and 

little by others. Thus, it is hard to determine whether the idea is adaptable. Hence, 

Usefulness is not considered in this study. 

Table 7  

An overview of temporary definitions of creativity factors in Fermi problems 
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2.5 About Fermi problems addressed in this study 

From this point on, the limitations of Fermi problems addressed in this study are 

explained. As mentioned in section 2.2, there are various ways of defining and 

understanding Fermi problems. For example, there are typical Fermi problems (e.g., the 

piano tuners problem) and Fermi problems with visual information, such as diagrams or 

tables with numerical values (e.g., Figure 10).  

As Ärlebäck and Albarracín (2017) pointed out, the typical Fermi problems 

(e.g., the piano tuners problem) are not realistic because they are unfamiliar to students. 

Therefore, it is difficult for students to make a reasonable estimation. Furthermore, in 

the case of the Fermi problem, which is not familiar to students, it is assumed that it is 

difficult for students to generate ideas using their own experience and knowledge. In 

other words, the possibility of limiting the expression of students' creativity was 

considered. 

In addition, when given a Fermi problem with visual information, such as a 

diagram or a table with numerical values, many students will focus on the diagram or 

table. Therefore, it is assumed that students tend to solve the problem using only the 

information described in the diagram or table, without extracting ideas such as variables 

and parameters and assuming numerical values on their own. In other words, it was 

expected that temporarily defined creativity factors in Fermi problems would not be 

fully represented. 

Considering Fermi problems that could potentially elicit more creativity, it was 

concluded that Fermi problems with familiar topics to students and which present only 

text without figures, tables, or other information would be suitable. Therefore, the Fermi 



51 
 

problems addressed in this study are realistic text-only Fermi problems (e.g., water 

problems). Hence, it should be noted that this study does not apply to the entire range of 

problems considered Fermi problems.  

Based on the issues identified from the literature review and the discussion of 

creativity in Fermi problems in this chapter. In the next chapter, the research objectives 

and methods are presented. 
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Chapter 3 Research Objectives and Methods  

In order to state the objectives of the present study, the following are the three 

main issues extracted from the literature review in chapter 2 to be discussed: 

Issue 1: How can we view creativity factors in Fermi problems? 

1a) Is it better to evaluate it in terms of models and solutions to the problem or 

in terms of variables and parameters extracted and assumed by the student to 

solve Fermi problems? 

1b) Does Flexibility need to be considered in the creativity factors in Fermi 

problems? 

Issue 2: Can Fermi problems measure establish creativity, such as creativity in 

psychology by Guilford or Torrance? 

Issue 3: Can creativity in Fermi problems be viewed on a whole-based basis and 

expressed in a single scale? 

3.1 Research Objectives 

Objective 1: is to examine how creativity in Fermi problems can be viewed 

appropriately from various contexts and approaches based on the insights 

obtained in chapter 2. 

Objective 2: is to analyze and discuss the potential use of Fermi problems as one 

way for measuring established creativity, such as creativity in psychology, and 

their utility. 
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3.2 Research Methods 

Four Sub-studies are conducted in this study to achieve the research objectives 

presented above. Table 8 below summarizes the methods of those Sub-studies. 

Table 8 

A Summary of research methods of the Sub-studies conducted in the present study. 

 

As seen in Table 8, the Sub-studies analyzed creativity in Fermi problems using 

a variety of approaches and different ways of viewing creativity. In Sub-study 1, the 

study uses the PROCESS approach, which observes and analyzes the student's thinking 

process. Meanwhile, Sub-studies 2, 3 and 4 use the PRODUCT approach to evaluate the 

products created by the subjects. Additionally, Sub-studies 1, 2 and 3 are factor-based 

analyzes that attempt to evaluate creativity as a separate factor. Sub-study 4, in contrast, 

is a total-based analysis that attempts to view creativity as a whole and to evaluate it on 

a single scale. 

The methods of analysis are mainly based on recording and analyzing the 

process of students solving Fermi problems, and quantitative statistical analysis by 

conducting surveys in which students solve Fermi problems and creativity tests are 

conducted. The next chapter provides details of the Sub-studies presented above. 
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Chapter 4 Sub-Studies 

Four Sub-studies have been conducted to achieve the objectives of this research 

described in the previous chapter. This chapter provides overviews of the Sub-studies, 

followed by a detailed description of the Sub-studies in each section. The last section, 

based on the results and discussions from those Sub-studies, it is examined how 

creativity in Fermi problems can be viewed and whether Fermi problems can be one of 

the ways to measure established creativity, such as creativity in psychology. 

Firstly, Table 9 provides an overview of the issues identified from the literature 

review in chapter 2 and the corresponding research objectives and Sub-studies.  

Table 9 

An overview of the issues identified in the previous literature and the corresponding 

research objectives and Sub-studies 

 

Subsequently, Table 10 presents the research questions for each Sub-study.  
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Table 10 

An overview of the research questions in Sub-studies 

 

Finally, a summary of the results of each Sub-study is presented below. In 

addition, the symbols for the creativity factors in this study are noted here again. 

Original Meaning Special Symbol 

Fluency in psychology  

(see section 2.1.1) 

Fluency factor-based psychology 

Flexibility in psychology  

(see section 2.1.1) 

Flexibility factor-based psychology 

Originality in psychology  

(see section 2.1.1) 

Originality factor-based psychology 

Fluency in mathematical creativity 

(see section 2.1.2) 

Fluency mathematical  

Flexibility in mathematical creativity 

(see section 2.1.2) 

Flexibility mathematical  

Originality in mathematical creativity 

(see section 2.1.2) 

Originality mathematical  

Fluency in Fermi problems 

(see section 2.4) 

Fluency fermi  

Flexibility in Fermi problems 

(see section 2.4) 

Flexibility fermi  

Originality in Fermi problems 

(see section 2.4) 

Originality fermi  

Flexibility by Wessels (2014, 2017) 

(see section 2.1.4) 

Flexibility Wessels 
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Note: Be careful not to misinterpret the creativity factors in mathematical 

creativity and the creativity factors in mathematical modelling. For example, Fluency 

mathematical is different from Fluency in mathematical modelling. The special symbols 

used are the creativity factors of mathematical creativity. 

Sub-study 1: 

A method was proposed to observe the process of solving Fermi problems. 

Using this method, it was examined how to view the creativity factors in Fermi 

problems defined in section 2.4. As a result, it was considered that the creativity factors 

in Fermi problems are better viewed based on ideas of variables or parameters extracted 

by the students rather than based on models and solutions. This is because it was 

challenging to create more than one model or solution. In other words, when creativity 

is evaluated based on the number of models and solutions or their variety, it is difficult 

to make a difference, and the evaluation is biased.  

Based on the discussion in Sub-study 1, Fluency fermi defined in this study was 

determined to be reasonable. However, Originality fermi, which is evaluated by relative 

assessment, was not adequately discussed due to the sample size. In addition, the 

difficulty of categorizing ideas, which is necessary when evaluating Flexibility fermi, was 

highlighted. 

Sub-study 2: 

A strong positive correlation between Fluency fermi and Fluency factor-based psychology 

was shown (r = .614, p < .01). In addition, a multiple regression analysis was conducted 

using Fluency factor-based psychology as the dependent variable and Fluency fermi, 
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mathematical ability, age, and gender as independent variables. The results showed that 

Fluency fermi was a factor that had a greater impact than the other independent variables. 

Furthermore, the results showed that the variables mathematical ability, age, and gender 

had little effect on Fluency factor-based psychology. This suggests that the Fermi problems 

could be used to measure Fluency factor-based psychology without the influence of 

mathematical ability. 

Sub-study 3: 

This Sub-study included nine creativity factors: Fluency factor-based psychology, 

Fluency fermi, Fluency mathematical, Flexibility factor-based psychology, Flexibility fermi, Flexibility 

mathematical, Originality factor-based psychology, Originality fermi, and Originality mathematical. A 

statistical analysis of model comparisons was conducted using structural equation 

modeling. The results showed that the model consisting of two factors, Fluency fermi and 

Originality fermi, without Flexibility fermi, which is evaluated by the number of idea 

categories, was the best. In other words, it was shown that Flexibility fermi is not needed 

to consider creativity in Fermi problems. Furthermore, correlation analysis showed a 

moderate positive correlation between creativity in Fermi problems and factor-based 

creativity in psychology (r = .429, p < .01). In addition, there was a strong positive 

correlation between creativity in Fermi problems and mathematical creativity (r = .711, 

p < .01). 

Moreover, the correlations between creativity (i.e., factor-based creativity in 

psychology and mathematical creativity) and creativity in each Fermi problem differed 

depending on the form of the Fermi problems. The format that does not involve 

computational processing but rather itemizing solutions to solve the Fermi problem, 
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showed a stronger correlation with factor-based creativity in psychology. Meanwhile, 

the results suggest that the format in which the participants not only think of ideas for 

solving the Fermi problem but also perform calculations and finally come up with a 

single answer has a stronger correlation with mathematical creativity. 

Sub-study 4: 

In order to view creativity in Fermi problems on a whole-based basis and to 

evaluate it with a single value, the formula using information theory was proposed by 

the author. Correlation analysis of creativity in Fermi problems evaluated with the 

proposed formula by the author and whole-based creativity in psychology showed a 

moderate positive correlation (r = .414, p < .01).  

Additionally, in Sub-study 4, model comparisons were made between the 

formula for measuring creativity based on Flexibility, which is measured by the number 

of categories of ideas, and the formula proposed by the author that does not include a 

concept of Flexibility. The results showed that the formula proposed by the author was 

the best.  

Furthermore, it was suggested that the formula proposed by the author has the 

potential to resolve several issues in creativity research up to now (e.g., no consensus on 

cut-off point to measure Originality).  

The figures showing the overview described above are included at the end of 

each Sub-study section. From here on, the details of each Sub-study are described.  
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4.1 Sub-Study 1 

4.1.1 reasons for setting the issues 

Sub-study 1 is conducted through the PROCESS approach. If we can visualize 

students' thinking process as they solve Fermi problems, it would be a foothold to 

examine what kind of creative activities are likely to take place, when, and what 

creativity factors need to be considered. Therefore, Sub-study 1 is designed to discuss 

the temporary definitions of the creativity factors in Fermi problems, described in 

section 2.4, based on the results obtained by the visualization of the thinking process. 

4.1.2 research questions 

1. Is it possible to find creativity in the process of solving Fermi problems?  

2. Based on the diagram of the visualized thinking process, how should 

creativity factors in Fermi problems be viewed? 

4.1.3 method 

In Sub-study 1, the analysis is conducted using the diagram that visualizes the 

thinking process generated from the recorded data of students' solving activities. Those 

diagrams were generated using the Modelling Activity and Creative factors Diagram in 

a Timeline (hereinafter referred to as MACDT), which the author proposed (see Figure 

14). The MACDT is based on the Fermi Tree (see Figure 13), a tool for observing the 

thinking process in Fermi problems proposed by Hartmann et al. (2020). MACDT is a 

method to observe the process of solving Fermi problems by adding the concept of 

creativity factors and time axis to the Fermi Tree. The Fermi Tree represents the 

thinking process and characteristic activities in Fermi problems with nodes, arrows, and 

symbols (Hartmann et al., 2020). 
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Figure 13 

Fermi Tree (Hartmann et al, 2020) 

 

Fermi Tree is based on the reconstruction of the modelling process by Ferri 

(2011), the representation of the thinking process by Voigt (2013), and the Modelling 

Activity Diagram (MAD), a method for observing the solution process in Fermi 

problems by Ärlebäck (2009). As shown in Figure 13, the numerical values and 

operators assumed to solve Fermi problems are also displayed, giving an overview of 

how the calculations were performed. In addition, there are symbols that represent 

activities and competencies performed in solving Fermi problems. However, Fermi Tree 

does not include the concept of creativity. Furthermore, the time series is displayed 

from left to right when viewing Fermi Tree. Due to the lack of a fixed time axis, 

however, a problem has been raised that even if the Fermi Tree is created based on the 

same student's thinking process, different creators could produce differently shaped 

Fermi Tree (Hartmann et al., 2020). 
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Therefore, in Sub-study 1, students' thinking processes are described and 

analyzed by the MACDT, which adds the concept of creativity factors and a time axis to 

the Fermi Tree proposed by the author.  

Figure 14 

MACDT of a German university student 
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The following describes how to read the MACDT. Firstly, we review the present 

study's creativity factors in Fermi problems: 

• Fluency in Fermi problems: the total number of ideas that the respondent considers 

and assumes on their own when solving a problem (Fluency fermi) 

• Flexibility in Fermi problems: the total number of categories of ideas (Flexibility fermi) 

• Originality in Fermi problems: the statistical rarity of generated ideas (Originality fermi) 

 

Originality fermi is not indicated in the MACDT. It is discussed below in section 

4.1.4. How the MACDT expresses these creativity factors is described below. 

As shown in Figure 14, MACDT is created by dividing into the domain of ideas 

and mathematical operations. Additionally, it has a timeline. Firstly, we look at how 

Fluency fermi is observed. From the definition, Fluency fermi is viewed by the number of 

ideas assumed to solve Fermi problems. In other words, the number of symbol F (i.e., 

Set assumption, see Figure 13) in the domain of ideas in this MACDT is evaluated as 

Fluency fermi. Therefore, the number of Fluency fermi that can be observed in Figure 14 is 

7 points. Secondly, we look at how Flexibility fermi is observed. From the definition, 

Flexibility fermi is the number of categories of ideas, and in MACDT, ideas are 

categorized and the same color represents nodes in the same category. In other words, 

Flexibility fermi is represented by the number of colors of the nodes in the domain of 

ideas. In Figure 14, we can see that there are four categories: notebooks (blue), trees 

(green), population (yellow), and subjects (red). Therefore, Flexibility fermi can be 

observed in Figure 14 is 4 points. Sub-study 1 is conducted using the MACDT, which 

allows us to observe the creativity factors in Fermi problems, as described above. 
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The participants in Sub-study 1 were 15 Japanese junior high school students, 2 

German junior high school students, and 14 German university students. The Fermi 

problem used was the following:  

How large is the area of forest that needs to be cut down to make all the 

notebooks that will be used in all the schools in your country (the original text 

used in the study was Japan for the Japanese and Germany for the Germans) in 

one year? 

In addition, Japanese junior high school students answered the problem in 

groups of three. German junior high school students answered the problem individually. 

German university students answered the problem in two patterns: individually and in 

groups. No time limit was set for solving the problem. The students were informed in 

advance that the results of these answers would not affect their grades. The recorded 

and transcribed data were transcribed by the author and a German graduate student. 

Diagrams were prepared by the author, a German graduate student, and two professors. 

In addition, Japanese junior high school students were interviewed briefly after 

answering the Fermi problem. In addition, their teachers of subjects and classroom 

teachers were interviewed about their personalities and academic abilities. Thus, the 

thinking processes of the participants were analyzed using the MACDT made from 

transcriptions of recordings and audio recordings. 

4.1.4 results and discussion 

In Sub-study 1, MACDT was used to observe and analyze the students' thinking 

processes. Firstly, this section summarizes whether creativity can be found in the 

process of solving the Fermi problem, which is the research question in Sub-study 1. As 
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can be seen from Figures 14 in the previous section and Figure 15 presented, the 

participants in the Sub-study 1 found many variables themselves and assumed 

quantities, which are represented as symbol F (i.e., Set assumption) in the MACDT. 

Figure 15 

MACDT of a German junior high school student 
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In other words, many ideas were generated to solve the Fermi problem. 

Moreover, those ideas were diverse and could be categorized, which are represented as 

node colors in the MACDT. Therefore, MACDT could be suggested to observe Fluency 

fermi and Flexibility fermi. In addition, Figure 14 shows that Openness, a characteristic of 

Fermi problems, is strongly affected. Since Fermi problems are open problems, it is 

necessary to generate many ideas in the earlier half of the problem solving phase. Figure 

14 shows that many ideas are generated early in the diagram.  

However, it was not easy to observe Originality fermi defined in this study. The 

definition of Originality fermi is the statistical rarity of generated ideas. When considering 

statistical rarity, a large sample is required. However, it is noted that the PROCESS 

approach taken in Sub-study 1 is difficult to collect a large sample due to the time cost 

(Queirós et al., 2017; Lu & Kaiser, 2021). Even in Sub-study 1, it was impossible to 

collect many samples (total sample size, N = 31). 

Furthermore, MACDT was manually generated by the author and graduate 

students themselves, which was quite time-consuming. Naturally, there were several 

ideas and unique solutions in the students' activities that were not expected. 

Nevertheless, the data were too small to determine them as the original. Therefore, Sub-

study 1 can only state that original ideas and solutions were identified. A more detailed 

discussion of Originality fermi is described later in Sub-studies 3 and 4, in which many 

samples were collected. 

Subsequently, the discussion of the research question, which is based on the 

diagram of the visualized thinking process, and how creativity factors in Fermi 

problems should be viewed, is summarized. As raised by the author in section 2.4, there 
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were two ways of viewing the creativity factors (i.e., to view creativity in terms of 

models and solutions or in terms of ideas). In the creativity factors in mathematical 

modelling (Wessels, 2014, 2017; Lu & Kaiser, 2021, 2022), creativity is viewed in 

terms of the models and solutions created to solve the problem. Creativity factors in 

psychology, such as in Guilford et al. (1960), are viewed as ideas extracted by students 

from a problem. The following discusses which way of viewing creativity is more 

appropriate for the creativity factors in Fermi problems. 

Firstly, it can be presumed that creativity in Fermi problems might be 

challenging to measure in terms of models and solutions. Only one German university 

student (Figure 14) and one group of Japanese junior high school students (Figure 16) 

were able to create more than one model in Sub-study 1. The other participants did not 

create another model to shift their models or solutions significantly, although they did 

modify their assumed quantities. This result supports the findings of Lu and Kaiser 

(2021, 2022) and Ferrando and Segura (2020), cited in section 2.4. 

Meanwhile, as mentioned earlier, it could be seen that students generated many 

ideas that they extracted and assumed on their own. Therefore, as indicated in section 

2.4, the creativity factors in Fermi problems could better understand students' creativity 

if the variables and parameters extracted by students are taken as ideas and evaluated 

based on them rather than models and solutions. 
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Figure 16 

MACDT of a group of Japanese junior high school students 

 

Further discussion focuses on the view of Flexibility. As indicated in section 

2.1.4, Wessels (2014, 2017) considered models and solutions shifts as Flexibility in 
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mathematical modelling and attempts to measure Flexibility Wessels in terms of the 

number of such shifts. As can be seen from Figure 14, shifts in models and solutions 

were observed in the process of solving the Fermi problem. In Figure 14, the subject 

verified (i.e., symbol Va) and rejected (i.e., symbol V) the model he had created about 3 

minutes after the start of solving. Afterward, another new model is created, and the 

solution is completed. However, Figure 15 shows no such shift. In addition, as 

mentioned above, only one German university student and one group of Japanese junior 

high school students could create more than one model. Therefore, measuring 

Flexibility in terms of the number of shifts in models and solutions seems challenging 

and ambitious. 

However, it is too early to abandon the view of Flexibility by shifts in models 

and solutions completely. Therefore, this paper attempts to discuss whether there are 

conditions that create an environment in which Flexibility fermi can be measured by the 

number of times a model or solution is shifted, such as Flexibility Wessels. 

The first condition for creating an environment in which Flexibility fermi can be 

viewed in terms of a shift in models and solutions is that Fermi problems are solved in 

groups. The MACDT of a group of three Japanese junior high school students showed a 

shift in models and solutions (see Figure 16). Meanwhile, the MACDT conducted by an 

individual German junior high school student showed no shift in models or solutions 

(see Figure 15). The Japanese junior high school students engaged in active discussions 

during the solution process and had many opportunities to discuss each other's ideas 

critically. Therefore, it can be presumed that the students were able to reconsider and 

recreate their models with critical thinking, even after they had already completed a 
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model. It can be considered that the fourth characteristic of Fermi problems, 

Pedagogical, was demonstrated. In other words, solving Fermi problems encourages 

critical thinking and communication skills, which are 21st-century skills.  

In contrast, when solving Fermi problems individually, it seems challenging to 

generate such critical thinking and modify the model on one's own. It requires a high 

cognitive ability to think while meta-recognizing and solving the problem. For example, 

the German university student shown in Figure 14 is expected to have high cognitive 

ability. As a result, he could shift the model's direction as an individual. Therefore, it 

cannot be said in general that the problem solving in a group like the Japanese junior 

high school student in Figure 16 caused the modification of the model. Nevertheless, it 

can be assumed that problem solving with many people encourages critical thinking and 

facilitates the creation of shifts in models and solutions.  

The second condition is that there must be sufficient time for the solution. A 

theory of the creative process proposed by Wallas (1926) suggested the need for this 

condition. The theory describes four stages in the creative process: Preparation, 

Incubation, Illumination, and Verification. Firstly, in the Preparation stage, the problem 

is clarified, relevant data is collected and examined, and a solution to the problem is 

found. In other words, we are consciously facing the problem in the Preparation stage. 

Secondly, the Incubation phase is a phase of temporary detachment from the problem, a 

phase of mental release. This stage is considered the unconscious stage of gaining 

inspiration, which is the starting point for invention and creation. Thirdly, the 

Illumination stage is the stage in which solutions are obtained, and inspirations and 

ideas are generated. Finally, in the Verification phase, respondents test and examine 



70 
 

their solutions in reality. It was suggested that these creative processes take time. For 

example, the Incubation stage indicates the need to step away from the problem once, 

which is often time-consuming (Sadler-Smith, 2015; Maharani et al., 2017). Therefore, 

it is assumed that in solving Fermi problems, if sufficient time is not given, new 

inspirations for significant shifts in models and solutions are unlikely to emerge. 

Furthermore, Madjar and Oldham (2006) showed that low time pressure could lead to 

high creativity. All of the above suggests that sufficient time is needed for shifts in 

thinking. 

The third condition is that Fermi problems being handled have the potential to 

generate many models. As Lu and Kaiser (2021, 2022) reported, there are some 

problems for which even competent students with experience with open problems are 

unable to generate several models. For such problems, it is predicted that it would be 

difficult to create multiple solutions or models even given ample time and even when 

solved as a group. 

As mentioned above, three conditions were considered that create environments 

in which Flexibility fermi can be viewed as a shift in models and solutions, such as 

Flexibility Wessels. However, it is hard to accept these conditions from the perspective of 

evaluating creativity. For example, it is not easy to measure individual creativity if the 

first condition is assumed. In addition, assuming that in the future, teachers treat Fermi 

problems as a test of creativity, it could be problematic that the test is allowed to do 

without time limits. This is because schools have a fixed timetable. In other words, the 

second condition cannot be easily allowed. Therefore, it is still not desirable to view 

Flexibility fermi in the same way as Flexibility Wessels. 
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Based on the above discussion, it is reasonable to presume that Fluency fermi and 

Flexibility fermi can be viewed as variables and parameters extracted by the students 

themselves.  

However, whether Flexibility fermi should be considered as the total number of 

categories of ideas, such as Flexibility factor-based psychology, and included as one of the 

creativity factors in Fermi problems, is debatable and needs to be further discussed. This 

is because the difficulty of categorization was revealed in Sub-study 1. There were cases 

of disagreement between the author and graduate students when creating categories to 

categorize students' ideas. For example, a graduate student suggested that ideas be 

categorized as "school," "trees," and "country." However, the author suggested further 

subdividing the "school" category into "students," "notebooks," and "subjects" rather 

than "school." In Sub-study 1, the proposed more subdivided categories were adopted, 

which is one of the points of contention. In other words, the contention is how many 

layers of categories there should be. In addition, a possible argument is whether we need 

Flexibility fermi in the first place. Hébert et al. (2002) emphasize a strong correlation 

between Fluency and Flexibility as treated in psychology, and indicate that Flexibility 

may not be included in creativity assessment schemes. Therefore, the discussion on 

categories for measuring Flexibility fermi and the presence or absence of Flexibility fermi 

is analyzed in Sub-studies 3 and 4. 

Finally, it focuses on MACDT proposed by the author. MACDT, the newly 

devised method of observing thinking processes in this study, was suggested to have 

several advantages over existing observation methods. Firstly, using a timeline to 

represent the diagram can approximately avoid the problem in the traditional Fermi 
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Tree, in which the shape of the diagram tends to change from observer to observer. 

Secondly, separating the idea and mathematical processing areas makes it easier to 

observe the creativity factors and to see more clearly how the mathematical processing 

is performed. Thirdly, the time and content can be seen in detail. It allows us to see 

when the creative idea came to mind and what kind of computational processing took 

place, which was not possible to read in the MAD proposed by Ärlebäck (2009) or the 

MCAD (see Figure 11) proposed by Hartmann et al. (2019). 

MACDT is time-costly because it is manually created by recording the student 

activities. However, in the future, when automatic creation becomes possible, it will be 

possible to compare a large sample of students' thinking processes. It is assumed that it 

would allow the classification of Fermi problems according to the difficulty level of the 

problem or the mathematical skills addressed by the problem. Furthermore, if it is 

possible to identify typical solutions, it would be possible to determine if the solutions 

are highly original. 

Figure 17 

An overview of Sub-study 1 
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4.2 Sub-Study 2 

4.2.1 reasons for setting the issues 

The diagrams visualized in Sub-study 1 allowed us to observe the creativity 

factors in the process of solving Fermi problems. It allowed us to discuss the definitions 

of the creativity factors in Fermi problems proposed in the present study. The present 

study's objectives include not only examining how creativity in Fermi problems is 

viewed, as was conducted in Sub-study 1, but also examining whether Fermi problems 

can measure established creativity, such as factor-based creativity in psychology. 

Therefore, Sub-study 2 focuses on Fluency and statistically analyzes the 

relationship between Fluency fermi and Fluency factor-based psychology. Sub-study 2 was 

conducted using the PRODUCT approach, which allows for collecting many samples. 

In addition, since Fermi problems are mathematical problems, correlations with 

mathematical knowledge and skills should also be considered. Additionally, it has been 

suggested that age and gender may influence the analysis in creativity studies (John & 

James, 2008; Palmiero et al., 2014). Therefore, the following research questions were 

set. 

4.2.2 research questions 

1. Is there a strong correlation between Fluency fermi and Fluency factor-based psychology? 

2. If there is a strong correlation, can the Fermi problem measure Fluency factor-

based psychology without being affected by mathematical ability, age, or gender? 

4.2.3 method 

Sub-study 2 was surveyed to statistically analyze the relationship between 

Fluency fermi and Fluency factor-based psychology. Correlation and multiple regression analyses 

were performed based on these survey results. A total of 291 public junior high school 
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students participated in the survey (100 seventh graders, 169 eighth graders, and 22 

ninth graders). The academic level at this school is slightly lower than the national 

average. Firstly, students received a mathematical performance test with a time limit of 

50 minutes. Subsequently, they took the Test for Creative Thinking (hereinafter referred 

to as TCT) and the test of the Fermi problem, which were both 10 minutes. The 

mathematical performance test used in this study are part of the school curriculum and 

take place at the end of every school year. The students took the test in a relaxed state, 

as it was explained to them that the results of the TCT and the test of the Fermi problem 

would not affect their school grades in mathematics or any other subject at all. The 

survey instruments used in Sub-study 2 are described below: 

1. Test for Creative Thinking (TCT) 

The TCT is based on Guilford's TCT (1959) and was designed by Takano (1989) 

for Japanese students. Subjects were shown a picture of an empty can and asked: What 

are the possible uses of the objects in this picture? Please think of as many as possible. 

This question intends to ascertain how many ideas the students can write down. Fluency 

factor-based psychology is defined as the number of uses for empty cans that participants came 

up with the idea. For example, a Fluency factor-based psychology score of 2 points is given for 

two responses, "use as a vase" and "use as a tool for drawing circles." While a score of 0 

is given for no response. 

2. Test of the Fermi Problem  

The Fermi problem used in Sub-study 2 was the following: How many liters of 

water does one person use in a year? In this Fermi problem, Fluency fermi is defined as 

the total number of ideas that the respondent considers and assumes on their own when 
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solving a problem. For example, Fluency fermi is 2 points if "the amount of water to 

drink" and "the amount of water to use in the shower" are considered necessary ideas to 

solve a problem. If the answers were "I use 10 liters in the morning, 20 liters in the 

afternoon, and 30 liters at night," Fluency fermi is 3 points since the day is divided into 

three parts in chronological order. This problem was adopted after considering many 

other Fermi problems in the preliminary survey.  

3. Mathematical Performance Test 

The test is administered periodically to measure academic achievement in 

mathematics and was created by an educational publisher, so the author in the present 

study was not involved in its design. The test includes questions on basic calculations 

and figures as well as their applications. 

4.2.4 results and discussion 

The correlations between Fluency fermi, Fluency factor-based psychology, and 

mathematical ability were analyzed.  

The cut-off points for the correlation coefficients were determined using Döring 

and Bortz (2016). As Table 11 shows, there was a strong positive correlation between 

Fluency fermi and Fluency factor-based psychology measured by TCT (r = .614, p < .01). 

Additionally, there was a weak positive correlation (r = .247, p < .01) between 

mathematical ability and Fluency factor-based psychology as measured by TCT. Similarly, there 

was a weak correlation between mathematical ability and Fluency fermi (r = .278, p 

< .01). 
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Table 11 

Correlations between Fluency fermi and Fluency factor-based psychology and mathematical 

ability 

 Fluency factor-based 

psychology 

Fluency fermi Mathematical 

ability 

Fluency factor-based 

psychology 

1 

 

 

 

 

 

Fluency fermi  .614** 

 

1 

 

 

 

Mathematical 

ability 

 .247**  .278** 1 

Note, *p < .05;**p < .01 Mathematical ability (Mathematical performance test scores) 

Subsequently, multiple regression analysis was conducted to examine the extent 

to which Fluency fermi affects Fluency factor-based psychology and whether the Fermi problem 

can assess Fluency factor-based psychology without being affected by mathematical ability, 

gender, or age.  

Table 12 

Results of multiple regression analysis  

 Regression  

coefficient  

Standard error Standardized 

regression 

coefficient 

Model 1: Dependent variable is Fluency factor-based psychology, and four variables  

(Adjusted R2 = .297, F(4,286) = 31.58, p < .001) 

 

Fluency fermi  .435***  .045  .492*** 

Mathematical ability  .012*  .005  .124* 

Age  .383*  .195  .099* 

Gender - .275  .229 - .061 

Model 2: Dependent variable is Fluency factor-based psychology, and two variables  

(Adjusted R2 = .290, F(2,288)= 60.29, p < .001) 

 

Fluency fermi  .444***  .045  .503*** 

Mathematical ability  .011*  .005  .115* 
Note, *p < .05;**p < .01; ***p < .001 Mathematical ability (Mathematical performance test scores)  
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Two models were created to analyze the above, and Fluency factor-based psychology 

was used as the dependent variable. Model 1 included age, gender, and mathematical 

ability as control variables. Model 2 used only mathematical ability as a control 

variable. 

The results of the multiple regression analysis presented in Table 12 indicate 

that Fluency fermi is a relatively strong factor when controlling for mathematical ability 

and age, with Fluency factor-based psychology as the dependent variable. The R-squared values 

generally considered acceptable are small in educational and psychological research 

(Field, 2018). Cohen (1988) proposed a guideline regarding the effect size of R-squared 

values as one criterion in those fields. It was indicated that the small level should be at 

least 0.02, the medium level at least 0.13, and the large level at least 0.26. Therefore, the 

R-squared values indicated by the two models for analysis are considered to be within 

an acceptable range.  

Therefore, Fluency fermi can measure Fluency factor-based psychology without much 

influence from the factors of age and mathematical ability. As noted in the introduction 

to chapter 1, one reason for this situation, in which creativity is still not well developed 

in schools, is that there are few simple ways to assess creativity in schools (Silver,1997; 

Thohari et al., 2020; Chamberlin & Moon, 2005; Shriki, 2010, 2013). The result 

presented in Sub-study 2 could be considered one possibility to overcome this situation, 

since it suggests that the Fermi problem could be a simple and less time-consuming way 

to measure creativity. Because the Fermi problem used here was done in a short period 

(10 minutes) and did not take a long time to evaluate. 
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In addition, when we focus on the relationship between mathematical ability and 

the two Fluency (i.e., Fluency factor-based psychology and Fluency fermi), we can see that they 

are weakly correlated (r = .247, p < .01; r = .278, p < .01). There are several possible 

reasons for these correlations shown. Firstly, the participants were not familiar with 

modelling problems such as Fermi problems. Therefore, it is assumed that even students 

with high mathematical ability could not obtain a high level of Fluency. Furthermore, 

the characteristics of the mathematical problems could have influenced the results. In 

order to solve mathematical problems, it is not enough only to create ideas. For 

example, it requires not only the generation of ideas for solutions but also the ability to 

properly apply formulas that fit the problem solution and to calculate without making 

mistakes. Thus, the low correlation between mathematical ability and Fluency (i.e., 

Fluency fermi and Fluency factor-based psychology) is due to many factors other than generating 

ideas. Therefore, it can be considered that it is not easy for standard mathematical tests 

to measure Fluency fermi or Fluency factor-based psychology. In other words, standard 

mathematical tests focus on calculation skills or applying formulas, not Fluency, which 

is the ability to generate new ideas. 

These findings suggest that the Fermi problem could measure a specific 

creativity factor (i.e., Fluency factor-based psychology) that is difficult to measure with existing 

standard mathematical tests. In addition, Fluency fermi, as measured by the Fermi 

problem addressed in Sub-study 2, correlates strongly with the results of a test (i.e., 

TCT) measuring Fluency factor-based psychology, suggesting high concurrent validity. 

However, the reliability (e.g., Cronbach's alpha) of the Fermi problem addressed in Sub-

study 2 was not analyzed. Therefore, further verification and analysis are essential to 

establish Fermi problems as one method to measure creativity. 
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Furthermore, Sub-study 2 focused and examined only the relationship between 

Fluency factor-based psychology and Fluency fermi. In order to discuss more deeply, it is 

necessary to consider creativity factors other than Fluency and to analyze not only 

factor-based creativity in psychology but also its relationship with other creativities 

(e.g., mathematical creativity). Additionally, in Sub-study 2, only one Fermi problem 

was examined. In the case of different problem contents and formats, the possibility that 

the correlations might change is to be considered. Hence, it is necessary to increase the 

number of Fermi problems to be handled. Taking the above into consideration, Sub-

studies 3 and 4 are conducted. 

Figure 18 

An overview of Sub-study 2 
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4.3 Sub-Study 3 

4.3.1 reasons for setting the issues 

Sub-study 2 dealt only with Fluency. In Sub-study 3, Flexibility and Originality 

were included in the discussion, further extending Sub-study 2. Several studies have 

pointed out the similarity between Fluency and Flexibility. Therefore, some have not 

considered Flexibility (Hébert et al., 2002; Lu & Kaiser, 2021). There are also criticisms 

about the Originality cut-off point's validity (Kratzmeier, 1977; Urban, 2004; Urban & 

Jellen, 1996, 2010). Therefore, it is necessary to examine the necessity of Flexibility 

fermi and the validity of Originality fermi.  

In Sub-study 2, only factor-based creativity in psychology and creativity in 

Fermi problems was analyzed. Fermi Problems are treated as mathematical problems, 

and it was hypothesized that there might be a link to mathematical creativity, which is 

focused on the specific domain of mathematics. Furthermore, previous studies have 

shown a relationship between mathematical creativity and factor-based creativity in 

psychology (Kattou et al., 2015). Therefore, analyzing the relationship between 

creativity in Fermi problems, factor-based creativity in psychology, and mathematical 

creativity would provide a better understanding of creativity in Fermi problems.  

In addition, it is possible that the content and format of Fermi problems may 

affect the relationship between these creativities (i.e., factor-based creativity in 

psychology, creativity in Fermi problems, and mathematical creativity). By clarifying 

the influence of the problem content and format, it is possible to examine which Fermi 

problems and formats are most suitable for assessing creativity. Hence, the following 

research questions were designed. 
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4.3.2 research questions 

Main Sub-study 3 Research Questions: 

What is the connection between creativity in Fermi Problems, mathematical 

creativity, and factor-based creativity in psychology? 

The following two subordinate research questions are considered in response to 

the main Sub-study 3 research question: 

1. How do the correlations differ depending on the content and format of Fermi 

Problems? 

2. How do correlations differ depending on what creativity factors are considered? 

4.3.3 method 

In Sub-study 3, a survey was conducted to examine the relationship between 

creativity in Fermi problems and factor-based creativity in psychology and 

mathematical creativity, which was analyzed by structural equation modeling. 

The participants in the study were 364 students from one Japanese public junior 

high school. They ranged in age from 12 to 15, 195 boys and 169 girls. The student's 

academic performance was comparable to the national average of the annual Japanese 

National Achievement Survey. In addition, problems like Fermi problems were not used 

in school classes, and the students had little or no experience solving such problems. 

The survey included three Fermi problems, three problems to measure mathematical 

creativity, and the Test for Creative Thinking-Drawing Production (hereafter referred to 

as TCT-DP). The survey procedure began with three Fermi problems. The mathematical 

creativity test followed that. Afterward, TCT-DP was administered. All surveys were 

conducted on the same day. The survey used in Sub-study 3 is described below: 
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1. Fermi Problems 

• Fermi Problem 1: How many liters of water does one person use in a year? 

• Fermi Problem 2: If you collected all the smartphones in the world, how many 

would there be? 

• Fermi Problem 3: If you collected all the cars in Japan, how many would there 

be? Think of as many ways as you can to find out how many cars there are. Write 

down as many ways as you can to find out how many cars there are and write 

them down in as much detail as you can, using sentences, formulas and diagrams. 

You do not have to calculate how many cars there are in Japan. 

In these Fermi problems, three creativity factors were used. Fluency fermi, similar 

to Sub-study 2, is defined as the total number of numbers that the respondent considers 

and assumes on their own when solving a problem. In other words, the number of 

assumed premise ideas to solve the problem. For example, in Fermi problem 2, if three 

ideas are presented, such as "the number of smartphones a family can have," "the age 

group that owns a smartphone," and "the gap between rich and poor by country," the 

Fluency fermi is evaluated as 3 points. These ideas are categorized, and the number of 

categories is defined as Flexibility fermi. Since it was inferred that the analysis results 

might vary depending on the number of categories, two patterns were created: one with 

seven categories and one with three. The categories are presented in Tables 13 through 

15 on the next page. 
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Table 13 

Categories for Fermi problem 1 

Seven-layer category Three-layer category 

A: Water used for nutrition 

B: Water used for washing the body  

C: Water used to wash things 

D: Water used in an institution 

E: Age group  

F: Time, season, and climate 

G: Other than categories A through F 

A: Water used for humans 

B: Water used for objects 

C: Other than categories A and B 

Table 14 

Categories for Fermi problem 2 

Seven-layer category Three-layer category 

A: Based on the population 

B: Based on households 

C: Based on age group 

D: Based on country 

E: Based on location  

F: Based on the type of phone 

G: Other than categories A to F 

A: Based on a personal smartphone. 

B: Based on smartphones owned by other 

than individuals  

C: Other than categories A and B 

Table 15 

Categories for Fermi problem 3 

Seven-layer category Three-layer category 

A: Based on the population 

B: Based on households 

C: Based on age group 

D: Based on survey questions 

E: Based on location 

F: Based on vehicle type 

G: Other than categories A to F 

A: Based on personal vehicle 

B: Based on vehicles owned by other than 

individuals 

C: Other than categories A and B 

 

A cut-off point for Originality fermi was set. Several studies have been adopted 

the cut-off point of Kattou et al. (2013) in order to examine the association between 

different types of creativity (e.g., factor-based creativity in psychology and 

mathematical creativity) using structural equation modeling (Kattou et al., 2015; 

Schoevers et al., 2020). As such, that cut-off point was adopted in Sub-study 3. 
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2. Mathematical Creativity Test 

The present study adopts the mathematical creativity tests that were used in 

previous studies (Balka, 1974; Mann, 2005; Kattou et al., 2013; Pitta-Pantazi et al., 

2013). The evaluation was also based on those studies. There are three assessment 

items: Fluency mathematical, Flexibility mathematical, and Originality mathematical. Scores were 

assessed: Fluency mathematical is measured by the number of correct solutions; Flexibility 

mathematical is measured by number of different types or categories of correct solutions and 

Originality mathematical is measured by a relative assessment, weighted so that the rarer the 

answer, the higher the score. The following are tests in this survey: 

• Problem 1 for mathematical creativity (Balka, 1974; Mann, 2005): 

Below are figures of various polygons with all possible diagonals drawn (dotted 

lines) from each vertex of the polygon. List as many things as you can of what 

happens when you increase the number of sides on the polygon. For example the 

number of diagonal increases. The number of triangles formed by the diagonal 

increases. 

Figure 19 

The figure attached to the problem (Balka, 1974; Mann, 2005) 
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• Problem 2 for Mathematical Creativity (Kattou et al., 2013): 

 

Look at this number pyramid. All the cells must contain one number. Each 

number in the pyramid can be computed by performing always the same 

operation with the two numbers that appear underneath it. Fill in the pyramid, by 

keeping on the top the number 35. Try to find as many solutions as possible.  

Figure 20 

The figure attached to the problem in Kattou et al. (2013) 

 

 

• Problem 3 for Mathematical Creativity (Pitta-Pantazi et al., 2013): 

 

Divide a 5cm by 5cm square into five parts of equal area. Find as many different 

solutions as possible.  

The characteristics of the above problem are described. Firstly, all problems 

require basic mathematical knowledge. Secondly, Fluency, Flexibility, and Originality 

are used. Thirdly, problem 1 requires a person to come up with more ideas than 

mathematical knowledge is needed, while the other two problems require more 

mathematical knowledge and skills. Problem 1 does not require structuring/embodying 

the idea since students only need to anticipate the idea. Problems 2 and 3 require the 

ability to actually structure and embody the idea and come up with the idea. For 

example, in Problem 3, students can try to see whether the 5-equal method they came up 

with works or not. In Problem 1, however, it is not necessary to structure and concretize 

ideas since it is only necessary to anticipate ideas. 
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3. Test for Creative Thinking-Drawing Production (TCT-DP) 

The TCT-DP is a creativity test created by Urban and Jellen (1996, 2010). In 

this test, creativity is viewed as a whole. The subject draws additional pictures on an 

unfinished drawing and gives it a title (see. Figure 22). In addition, the picture is rated 

on 14 items (Urban & Jellen, 2010). The sum of the scores for all of these items is used 

as the creativity score. TCT-DP shows good inter-rater reliability, with α = .81–.99 for 

the total score and α ≥ .89 for the test criteria ( rban & Jellen, 1996).  esmet et al. 

(2021) studied the validity and usefulness of the TCT-DP. It was stated that "this study's 

findings provide evidence for the utility and divergent validity of the TCT-DP when 

used with a Dutch population" (Desmet et al., 2021, p. 1). The Data were collected from 

first-year middle school students (n = 710) over six years. This test in the present study 

was scored according to the manual by Urban and Jellen (2010).  

Figure 21 

Test form of TCT-DP (Urban & Jellen, 2010) 
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Figure 22 

Some examples of answering on TCT-DP (Urban, 2004) 

 

Sola et al. (2017) corresponded the creativity factors of Guilford (1959), 

Torrance (1988), and others with the 13 variables used to measure creativity in the 

TCT-DP (the Speed factor has not corresponded). Sub-study 3 applied that study and 

analyzed Fluency factor-based psychology, Flexibility factor-based psychology, and Originality factor-based 

psychology. 

4.3.4 results and discussion 

Sub-study 3 analyzed not only creativity in Fermi problems and factor-based 

creativity in psychology but also the relationship between creativity in Fermi problems 

and mathematical creativity. In order to examine how those three types of creativity are 

related through structural equation modeling, the following describes the hypothesis that 

the author established and the hypothetical model to examine them. 
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Firstly, it is considered the subordinate research question 1: How do the 

correlations differ depending on the content and format of Fermi Problems? In response 

to this question, it is hypothesized that the correlations differ depending on the content 

and form of the Fermi problem. Fermi Problems 1 and 2 were predicted to be strongly 

associated with mathematical creativity, while Fermi Problem 3 was predicted to be 

strongly associated with factor-based creativity in psychology. This hypothesis was 

based on the idea that the form of the problem affects creativity. Fermi Problem 3 

require only solution ideas and no computation. In other words, it facilitates free 

thinking and does not require mathematical ability, a format similar to a test of 

creativity in psychology. Meanwhile, Fermi problems 1 and 2 involve a computational 

process and require structuring ideas to solve the problem. Those are similar in format 

to the mathematical creativity tests. It is possible that such characteristics of the 

problem format may make differences in the relationship between these different 

creativities. 

The next step is subordinate research question 2: How do correlations differ 

depending on what creativity factors are considered? In response to this question, it is 

hypothesized that the more creativity factors to be measured, the better the model 

becomes. As noted in section 2.4, it is still debated whether Fluency and Flexibility 

should be integrated or considered separately when measuring creativity. For example, 

in a study on creativity in mathematical modelling, Wessels (2014, 2017) defines 

Fluency and Flexibility separately, while Lu and Kaiser (2021, 2022) remove Flexibility 

and leave Fluency alone. However, creativity studies in mathematical creativity and 

creativity in problem posing often have Flexibility measured by the number of 

categories of ideas. Therefore, it was hypothesized that a model in which Flexibility fermi 
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is also positioned in creativity in Fermi problems would be appropriate. In addition, the 

correlation was assumed to change depending on the number of layers of idea 

categories. The difference between high and low Flexibility in categories with fewer 

layers is not likely to be clearly expressed. Therefore, it was hypothesized that 

Flexibility fermi measured over more layers of categories of ideas would be a better 

model than Flexibility fermi measured over fewer layers of categories of ideas. 

From now, it is described that hypothetical models are considered in structural 

equation modeling based on the above hypothesis. Hypothetical models 1 through 3 are 

models in which, for each problem, latent variables for creativity in Fermi problem 1 

(FC1 hereafter), creativity in Fermi problem 2 (FC2 hereafter), and creativity in Fermi 

problem 3 (FC3 hereafter) are created and composed of those and other latent variables 

for creativity (see Figure 23).  

Figure 23 

Hypothetical Model 1 

 

Note. Flu is Fluency; Fle is Flexibility; Ori is Originality; MCT 1,2,3 are mathematical creativity test 1,2,3; 

Ne and Ucb and Ucd are sub-factors for Originality in TCT-DP (Sola et al., 2017). 
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In hypothetical Model 1, each FC is created by Fluency fermi and Originality fermi, 

excluding Flexibility fermi. In hypothetical model 2, each FC is created from Flexibility 

fermi measured in more hierarchical categories (7 layers), Fluency fermi, and Originality 

fermi. In hypothetical Model 3, each FC is created from Flexibility fermi measured in fewer 

hierarchical (3 layers) categories, Fluency fermi, and Originality fermi. 

In addition to these hypothetical models, models including a latent variable 

(hereafter referred to as integrated FC), which further combines the latent variables 

FC1, FC2, and FC3 into one (see Figure 24), are also being considered for the analysis.  

Figure 24 

Hypothetical Model 5 or 6 

 

In other words, hypothetical model 4 is a model of the relationship between the 

integrated FC, which consists of each FC that has Fluency fermi, Originality fermi, and 

does not have Flexibility fermi, as well as the other creativities. Hypothetical model 5 is a 

model of the association between integrated FC, has Flexibility fermi measured by the 7-

layer category, Fluency fermi and Originality fermi, as well as the other creativities. 

Hypothetical model 6 is a model of the association between integrated FC, has 

Flexibility fermi measured by the 3-layer categories, Fluency fermi and Originality fermi, 

along with the other creativities. 
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Results of the model fit index of structural equation modeling showed that all 

models are acceptable (see Table 16). Firstly, the chi-square test showed a significant 

difference in all models. The chi-square test of exact fit often rejects the null hypothesis, 

especially in large samples. Therefore, while it would generally be desirable for the null 

hypothesis not to be rejected, in the present analysis, it was rejected in all models, 

possibly due to sample size. (Joreskog & Surbom, 1996; Shi et al, 2019). Secondly, the 

model is considered good if the CFI is more than .95 (West et al., 2012). In other words, 

all models were concluded to be good models. Thirdly, it is good that REMSA is less 

than .05 (MacCallum et al., 1996). In this case, all models were shown to be good 

fitting. Fourthly, Hu and Bentler (1999) suggested that the value of SRMR less than .06 

alone, or .08 in a combination of other indexes of structural equation modeling within 

recommended ranges, is a good fit. In this index, all models showed promising results. 

Furthermore, focusing on the AIC, Models 1 and 4, the FC models with no flexibility 

factor, have relatively lower values than the other models. Smaller values of AIC are 

judged to be better models (Akaike, 1974). In addition, the Voung test showed that there 

were significant differences (p < .01) between models without Flexibility and with 

Flexibility measured in two types of categories (Genius & Strazzera, 2002). 

Table 16 

Results for the model fit index of each hypothetical model 

 Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 

p .00 .00 .00 .00 .00 .00 

χ2 286.62 496.41 474.55 295.24 505.26 483.42 

df 160 220.00 220.00 164.00 224.00 224.00 

CFI .97 .95 .95 .97 .95 .95 

RMSEA .04 .05 .05 .05 .05 .05 

SRMR .05 .06 .06 .05 .06 .06 

AIC 19193.76 22665.37 21935.37 19194.371 22666.22 21936.24 

BIC 19388.61 22883.61 21975.95 19373.641 22868.88 22138.89 
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Subsequently, each of the correlation coefficients for each hypothetical model is 

summarized (see Tables 17 through 22). Firstly, the correlation coefficients for 

hypothetical models 1 through 3 are noted when each FCs are not integrated. There was 

no significant change in the values of the correlation coefficients for each model. The 

interpretation of the correlation coefficients here was based on the cut-off point by 

Hemphill (2003). The correlation coefficients for FC1 and mathematical creativity were 

strongly positively correlated. Furthermore, FC2 and FC3 had a moderate positive 

correlation with mathematical creativity. In addition, there was also a moderate positive 

correlation between factor-based creativity in psychology and FC3. Additionally, FC1 

and FC2 had a low positive correlation with factor-based creativity in psychology.  

Table 17 

Correlations on hypothetical Model 1: without Flexibility fermi 

 
FC 1 FC 2 FC 3 MC factor-

based PC 

FC 1 1         

FC 2 .433** 1       

FC 3 .375** .470** 1     

MC .523** .446** .410** 1   

factor-based PC .266** .247** .355** .339** 1 

Note. * p < .05, ** p < .01, mathematical creativity is represented as MC; factor-based creativity 

in psychology is represented as factor-based PC. 

 

 

 

 

 

 



93 
 

Table 18 

Correlations on hypothetical Model 2: with Flexibility fermi measured in the 7-layered 

category 
 

FC 1 FC 2 FC 3 MC factor-

based PC 

FC 1 1         

FC 2 .433** 1       

FC 3 .388** .490** 1     

MC .524** .444** .426** 1   

factor-based PC .266** .245** .367** .339** 1 

Note. * p < .05, ** p < .01, mathematical creativity is represented as MC; factor-based creativity 

in psychology is represented as factor-based PC. 

Table 19 

Correlations on hypothetical Model 3: with Flexibility fermi measured in the 3-layered 

category 
 

FC 1 FC 2 FC 3 MC factor-

based PC 

FC 1 1         

FC 2 .433** 1       

FC 3 .393** .495** 1     

MC .524** .447** .431** 1   

factor-based PC .266** .246** .373** .340** 1 

Note. * p < .05, ** p < .01, mathematical creativity is represented as MC; factor-based creativity 

in psychology is represented as factor-based PC. 

As the next step, we focus on the correlation coefficients for hypothetical 

models 4 through 6, including the integrated FC, which integrates each FC. It was found 

that there was a strong positive correlation between the integrated FC and mathematical 

creativity, and a moderate positive correlation between the integrated FC and factor-
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based creativity in psychology. There was no significant change in the values of the 

correlation coefficients for each model. 

Table 20 

Correlations on hypothetical Model 4: without Flexibility fermi and with integrated FC 
 

integrated FC  MC factor-based PC 

integrated FC 1     

MC .711** 1   

factor-based PC .429** .338** 1 

Note. *p < .05, **p < .01, mathematical creativity is represented as MC; factor-based creativity 

in psychology is represented as factor-based PC. 

Table 21 

Correlations on Model 5: with Flexibility fermi 7-layered category and with integrated FC 

 
integrated FC  MC factor-based PC 

integrated FC 1     

MC .711** 1   

factor-based PC .427** .338** 1 

Note. *p < .05, **p < .01, mathematical creativity is represented as MC; factor-based creativity 

in psychology is represented as factor-based PC. 

Table 22 

Correlations on Model 6: with Flexibility fermi 3-layered category and with integrated FC 

 
integrated FC  MC factor-based PC 

integrated FC 1     

MC .713** 1   

factor-based PC .428** .339** 1 

Note. *p < .05, **p < .01, mathematical creativity is represented as MC; factor-based creativity 

in psychology is represented as factor-based PC. 
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This analysis allowed us to create a structural model of correlations between 

creativity in Fermi problems, factor-based creativity in psychology, and mathematical 

creativity. In the models, positive correlations were found between the three creativities. 

In particular, a strong positive correlation was found between mathematical creativity, 

integrated FC, and a moderate positive correlation between factor-based creativity in 

psychology and integrated FC in the model with latent variables integrating FC1, FC2, 

and FC3 (see Figure 25). Additionally, the presence or absence of Flexibility fermi was 

shown to have little effect on these correlations. Furthermore, the AIC comparison 

showed that the model of creativity in Fermi problems without Flexibility fermi performs 

better than the model with Flexibility fermi. These results suggest that correlations 

between creativity in Fermi problems and mathematical creativity or factor-based 

creativity in psychology can be found without measuring Flexibility fermi. 

Figure 25 

A result of correlation analysis in Model 4 

 

As the next step, subordinate research question 1 is discussed. Firstly, it focuses 

on the correlations among the latent variables of creativity in each Fermi problem. 
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Looking at the association between FC1, FC2, and FC3, the highest correlation was 

found between FC2 and FC3. This result seems to be due to the content characteristics 

of the problems. These two problems require consideration of the broader theme of 

Japan and the world. In contrast, Fermi problem 1 allows the students to consider more 

familiar themes than the other two problems. In other words, it is understandable that a 

relatively strong correlation emerged between FC2 and FC3 when we focus on the 

familiarity of the content of the problem. The second highest correlation was between 

FC1 and FC2. This result could be due to the problem format, as Fermi problem 1 and 2 

have the same problem format. These two problem formats were in the form of thinking 

about problem solving ideas, performing calculations, and finally giving a single 

answer. Meanwhile, Fermi problem 3 was in a format that did not require a single 

answer, only ideas to raise. In addition, FC1 and FC3, which differ in the question 

format and content type, showed the lowest correlations. From these results, it can be 

inferred that the content and format of Fermi problems affect the creativity in Fermi 

problems expressed by the students. 

Figure 26 

A result of correlation analysis for creativity in each Fermi problem in Model 1 
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Secondly, the relationship between creativity in each Fermi problem and 

mathematical creativity and factor-based creativity in psychology is discussed. Those 

relationships were also shown to be influenced by the format and content of the 

problems. The analysis results (see Table 17 - 19) showed clear differences in the 

correlations between mathematical creativity, factor-based creativity in psychology, and 

the latent variables created for each Fermi problem. When focusing on correlations 

between factor-based creativity in psychology and each creativity for every Fermi 

problem (i.e., FC1, FC2 and FC3), the differences in correlations were shown. For 

example, the highest correlation with factor-based creativity in psychology is FC3. This 

high correlation is probably due in large part to the format of the problem. Fermi 

problem 3 is a form of problem that does not involve computational processing and 

does not specify a single answer at the end of the problem. This format allows for more 

freedom in generating ideas than the other two Fermi problems. Additionally, as 

mentioned in the hypothesis, factor-based creativity in psychology and Fermi problem 3 

do not require much mathematical knowledge and skill. This similarity in the 

characteristics of the problems suggests that there is a relatively higher correlation.  

Figure 27 

A result of correlation analysis for Model 1 
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On the contrary, the format possibly limits the generation of ideas for Fermi 

problems 1 and 2. For example, it can be viewed that even if an idea comes to them in 

students' minds, students may be conscious that they are expected to formulate a single 

answer and may not express it on paper.  

When attention is also paid to the correlation with mathematical creativity, the 

results show the highest correlation with Fermi problem 1. In the hypothesis, it was 

expected that the correlation between Fermi problem 2 and mathematical creativity 

would also be relatively larger than that of Fermi problem 3. However, the results of the 

analysis showed that there was little difference in the correlation magnitude between 

Fermi problems 2 and 3. Fermi problem 1 had a familiar problem content, while the 

other two problems had a less familiar problem content. It seems to be considered that 

the problem content is more likely to influence the relationship with mathematical 

creativity than the problem format. These results indicate that when considering 

creativity in Fermi problems, the relationship can differ depending on the content and 

format of the problem. 

As the next step, subordinate research question 2 is discussed. As can be seen 

from Table 16, all models are within acceptable ranges. In addition, the correlation 

coefficients have not changed significantly. Furthermore, the models without Flexibility 

fermi, Model 1 and Model 4, have relatively better AIC than the other models. Thus, the 

results indicate that Flexibility fermi may not need to be considered for creativity in 

Fermi problems. Intuitively, it was hypothesized that the model would be better if 

measured by many factors, but this result belies that hypothesis. In other words, the 

results supported Lu and Kaiser's (2021, 2022) view of creativity factors in 



99 
 

mathematical modelling. Additionally, when comparing models with three and seven 

layers of categories to measure Flexibility fermi, there was little difference in either 

model fit or correlation coefficients. It indicates that subdividing the category tiers does 

not increase the measurement accuracy of Flexibility fermi. 

The above results suggest that in the PRODUCT approach and on a factor-based 

basis, creativity in Fermi problems is considered a model consisting of two factors; 

Fluency fermi and Originality fermi, is the best, and Flexibility fermi, which is evaluated 

based on the number of categories of ideas is not necessary. 

Finally, from an educational perspective, the following are considered. 

Flexibility fermi, as measured by the number of categories of ideas to solve Fermi 

problems, had little influence on considering the correlation model. If categorization 

were to affect correlations, the issue would be how many layers of categories or how to 

divide them. However, the analysis showed that categorization was not highly 

necessary. Therefore, it could be said that there is no need to go through the trouble of 

coming up with categories of ideas for each Fermi problem. The absence of the burden 

of categorizing such ideas would make it easier for Fermi problems to be used in 

schools. Furthermore, selecting the form or content of Fermi problems is desirable 

according to the creativity the teacher or observer wishes to focus on. For example, a 

format such as Fermi problem 3 is less restrictive in idea generation and more relevant 

to factor-based creativity in psychology. Therefore, it is concluded that if teachers and 

observers want to focus on factor-based creativity in psychology, they should apply a 

format such as Fermi problem 3. Thus, the results obtained in Sub-study 3 may provide 
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one guideline for determining the creativity teachers and observers want to know and 

the type of problem format and content to use. 

Figure 28 

An overview of Sub-study 3 
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4.4 Sub-Study 4 

4.4.1 reasons for setting the issues 

As mentioned in section 2.1, there are two types of contexts for creativity: 

factor-based, in which creativity is considered separate for each factor, and whole-

based, in which creativity is better viewed as a whole. Sub-studies 1, 2 and 3 analyzed 

creativity in Fermi problems on a factor-based basis. In those Sub-studies, it is 

discussed how to view creativity factors in Fermi problems, and the possibility of 

measuring established creativity, such as factor-based creativity in psychology, using 

Fermi problems was examined. However, there are several criticisms of such a factor-

based view of creativity (see section 2.1). Considering such issues, it is also necessary 

to discuss whether creativity in Fermi problems can be viewed even on a whole-based 

basis. One of the leading methods of assessing creativity on this whole-based basis is 

the Test for Creative Thinking-Drawing Production (TCT-DP). However, the test is 

figural, asking subjects to draw a picture, making it challenging to apply it directly to 

creativity in Fermi problems to evaluate (see Figure 22). Furthermore, the test requires 

that the subject's creativity index be expressed as a single value.  

Therefore, a formula will be developed to integrate the concepts of creativity 

factors in Fermi problems and to calculate them into a single numerical value. The 

proposed formula applies the information theory proposed by Shannon (1948) and 

Weaver (1949), which has played an essential role in the development of computer 

science. In this theory, everything, including voices, images, and text, is considered as a 

information. In addition, using logarithms and probabilities, an attempt is made to 

represent that information on a single scale (i.e., bit). The author thinks that ideas for 

solving the Fermi problem can also be considered as a single information. Therefore, it 
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is hypothesized that the concept of the creativity factors in Fermi problems could be 

integrated by applying the information theory and viewed similarly to the whole-based 

creativity as Urban and Jellen (1996, 2010). 

Moreover, there is a study of an attempt to measure creativity using this theory 

(Snyder et al. 2004). The formula proposed was based on Flexibility, which was 

evaluated by the number of categories of ideas. The results of Sub-study 3 indicated that 

Flexibility fermi, evaluated by the number of categories of ideas, does not need to be 

considered in creativity in Fermi problems. However, it may come with different results 

if creativity in Fermi problems is viewed differently than in Sub-studies 1, 2, and 3. 

Additionally, Snyder et al. (2004) had a small sample size (N = 25) and need to be re-

examined with a larger sample. Therefore, it was examined a model calculated with the 

equation in Snyder et al. (2004) and a model calculated with the formula proposed by 

the author were compared using structural equation modeling, and which model is 

better. In addition, an examination of whether the author's proposed equation is 

reasonable was conducted. 

4.4.2 research questions 

Can creativity in Fermi Problems be expressed in a formula using information 

theory without Flexibility, which is measured by the number of categories of ideas? 

4.4.3 method 

The research subject and content of the survey are identical to Sub-study 3. 

Therefore, the details of the research method used in Sub-study 4, including the survey 

problems, have already been described in 4.3.3 method of Sub-study 3. However, the 

mathematical creativity addressed in Sub-study 3 is not included in the analysis here. In 
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Sub-study 4, the formula to which the author's proposed information theory is applied 

was statistically analyzed using structural equation modeling. Therefore, the following 

is a description of Sub-study 4 and related information theory and the author's proposed 

formula for viewing creativity in Fermi problems on a whole-based basis. 

Information theory was proposed by Shannon (1948) and Weaver (1949) and 

has played an essential role in developing computer science and other fields. The 

present study applies information theory to measuring creativity in Fermi problems, 

which has not generally been used to measure creativity.  

For this reason, it is important to mention information theory in this chapter. In 

information theory, all the different kinds of data (e.g., audio, image, and text) are 

considered as information (Shannon, 1948). Therefore, it considers all such different 

kinds of data with a single measurement scale, amount of information. It is called self-

information and is defined as follows (Shannon, 1948; Weaver, 1949; Jones, 1979):  

Let S be a system for events E1, E2, ..., En. in which P(Ek) = pk with 0 ≤ pk ≤ 1 and  

p₁ + p₂ +…+ pn = 1 

The self-information for event Ek is written as I(Ek) and is defined as the following: 

 

I(Ek) = - log2 pk                      (1) 

 

This formula means that it is defined so that what is less likely to occur 

probabilistically has higher information content. The probability of an event occurring 

100% of the time is pk = 1. Events known to occur with certainty can be considered self-
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evident phenomena and are viewed as having no value because no new information can 

be learned. Since the information has no meaning, self-information is zero. 

In this theory, information that is less likely to occur probabilistically is defined 

as having higher value, similar to creativity's concept of Originality. Additionally, there 

is no need to set a cut-off point for evaluating Originality. Furthermore, considering that 

ideas for solving Fermi problems might also be considered as one type of information, 

this theory was applied. 

Furthermore, Snyder et al. (2004) discussed the connection between creativity 

based on Guilford's (1959) and information theory. Snyder et al. (2004) attempted to 

develop a formula for creativity scores based on information theory and conducted a 

survey (N = 25) to examine the formula. The formula was expressed as follows: 

 

log2 {(1 + u₁) (1 + u₂) ... (1 + un)}      (2) 

 

un is the total number of ideas in the category. For example, in the creativity test 

used in their study to think about the uses of paper, the u₁ category is "Surface 

Marking," and the u2 category is "Toy/Game." One subject comes up with the ideas 

"writing," "painting," and "airplane." Hence, "writing" and "painting" are in the u₁ 

category and "airplane" is in the u2 category. Therefore, the subject's answer is 

evaluated as u₁ = 2 and u2 = 1. 

In their study, the formula to measure creativity was defined as the more diverse 

the categories of ideas, the higher the value of creativity. Moreover, this creativity 

measurement requires the creation of a category for each problem. In addition, it is not 
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easy to guarantee the validity of the categorization criteria. Additionally, it is difficult to 

assess differences in value among categories. For example, the creativity value of a 

respondent who came up with categories A and B, which are easy to conceive of, and 

the creativity value of a respondent who came up with categories C and D, which are 

difficult to think of, are both the same. 

Thus, there are criticisms about evaluation by categorization. Therefore, 

comparisons are conducted between the creativity evaluation method used in the study 

of Snyder et al.(2004) and a new evaluation method proposed by the author. The 

formula proposed by the author is expressed as follows: 

 

log21/P(x1) + log21/P(x2) +…+ lo 21/P(xn)      (3) 

 

Each idea for solving the Fermi problem is defined as x1, x2, ... , xn. 

The incidence of ideas for solving Fermi problems is defined as P(x1), P(x2), … , P(xn). 

The number of xn could be considered as Fluency fermi. Additionally, P(xn) could 

be considered as Originality fermi. 

This formula is weighted by the occurrence rate of ideas. Furthermore, it is 

closer to the definition of the amount of self-information in information theory than 

formula (2). An example is considered with Fermi problem 1: How many liters of water 

does one person use in a year? A subject considers the water one uses to solve this 

problem. The subject thinks of it as "drinking water," "bathing," and "laundry." The 

incidence of "drinking water" is 90%, the incidence of "bathing" is 80%, and the 



106 
 

incidence of "laundry" is 10%. The result for the subject is calculated as follows. x1 is 

"drinking water." x2 is "bathing." x3 is "laundry."  

    log21/0.9 + log21/0.8 + log21/0.1 

=  .1 … +  .  … +  .  … 

≈ 3.79 

Thus, the subject's creativity is 3.79 with the formula proposed by the author. As 

can be observed from the calculation, the lower the rate of occurrence of an idea, the 

higher the value. Thus, formula (3) proposed by the author integrates Fluency fermi, 

which is evaluated based on the number of ideas, and Originality fermi, which is 

evaluated based on the probabilistic rarity of the ideas, creativity can be viewed as a 

whole-based and evaluated as a single value. 

By comparing this proposed formula (3) with formula (2) from previous studies 

and discussing which is better, it is possible to discuss whether measuring Flexibility 

fermi through categorization is necessary for assessing creativity in Fermi problems. 

It is possible that if creativity in Fermi problems was considered in a different 

context, the results would be different from those of Sub-studies 1, 2, and 3. In other 

words, in considering creativity as whole-based, it may be determined better to include 

Flexibility fermi, which is measured as the number of categories of ideas. Therefore, it 

was deemed inappropriate to ignore the formula proposed by Snyder et al. (2004) 

without considering it. Therefore, some models calculated using formula (2) of Snyder 

et al. (2004) and a model calculated using formula (3) proposed by the author were 

compared using structural equation modeling to examine which model is better. 
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4.4.4 results and discussion 

In Sub-study 4, the model calculated by the formula (2) of Snyder et al. (2004) 

and the model calculated by the formula (3) proposed by the author were compared 

using structural equation modeling to discuss what model is best suited for the three 

hypothetical models were created. 

Hypothetical Model 1 is a model in which creativity in Fermi problems is 

calculated using formula (2) from Snyder et al. (2004). This model classifies ideas in 

Fermi problems into seven categories (see Table 13 - 15). 

Hypothetical Model 2 is a model that calculates creativity in Fermi problems 

using formula (2) of Snyder et al. (2004). This model classifies ideas in Fermi problems 

into three categories (see Table 13 - 15). 

Hypothetical Model 3 is a model that calculates creativity in Fermi problems 

using the author's proposed formula (3). 

The formula mentioned earlier is re-stated below: 

log2 {(1 + u₁) (1 + u₂) ... (1 + un)}      (2) 

un is the total number of ideas in a category. 

log21/P(x1) + log21/P(x2) +…+ lo 21/P(xn)      (3) 

Each idea for solving the Fermi problem is defined as x1, x2, ... , xn. 

The incidence of ideas for solving the Fermi problem is defined as P(x1), P(x2), … , P(xn). 

Below are the analysis results of structural equation modeling: 
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Table 23 

Fitness Index in Structural Equation Modeling for models and Correlation Coefficients 

 Model 1 Model 2 Model 3 

p .00 .02 .05 

χ2 .04 8.05 5.86 

df 2 2 2 

CFI .93 .93 .96 

RMSEA .12 .11 .09 

SRMR .04 .04 .03 

AIC 3808.85 6814.49 4077.26 

BIC 3836.60 6842.24 4105.01 

r .36** .42** .41** 

Note. * p < .05, ** p < .01 

The results of the model fit index of structural equation modeling indicated that 

the best model is the hypothetical model 3 using the formula proposed by the author 

(see Table 23). Firstly, it is usually desirable not to reject the null hypothesis in a chi-

square test. Therefore, there was a significant difference between hypothesis model 1 

and hypothesis model 2, which is considered inappropriate for the model (Joreskog & 

Surbom, 1996). Secondly, if the CFI is greater than 0.95, the model is considered good 

(West et al., 2012). Therefore, only Hypothetical Model 3 was considered a good 

model. Thirdly, ideally, REMSA should be less than 0.05; values above 0.1 are 

considered poor, values between 0.08 and 0.1 are considered borderline, values between 

0.05 and 0.08 are considered acceptable, and values below 0.05 are considered good 

(MacCallum et al., 1996). In this case, hypothetical models 1 and 2 were considered not 

good, and hypothetical model 3 was in the range considered borderline. This result may 

be attributed to these models' low degrees of freedom. Fourthly, SRMR is also 

considered good at values lower than 0.05 (Diamantopoulos & Siguaw, 2000). All 

hypothetical models performed well on this measure. Therefore, Hypothetical Model 3 

showed good results in several model fit indexes.  
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In addition, a moderate correlation (r = .41, p < .01, see Figure 29) was found 

between the whole-based creativity in psychology by TCT-DP and the creativity in 

Fermi problems, measured with the formula proposed by the author. 

Figure 29 

An analysis result of Hypothesis Model 3 used with the formula by the author 

 

The results of the comparison of hypothetical models using structural equation 

modeling showed that the author's proposed formula (3), which is weighted by the 

incidence of each idea, is superior to Snyder et al.'s (2004) formula (2), which evaluates 

ideas by category. These results are likely due mainly to difficulty creating categories 

and categorizing ideas. For example, in the categories for Fermi problem 1, "water used 

for washing the body" and "water used for washing things" were created. However, 

some evaluators could envision grouping these into a single category, "for washing 

things. Thus, the way categories are created greatly on the evaluator's point of view. 

Therefore, it is difficult to guarantee the validity of the categories. It was also examined 

whether changing the layer of categories using hypothetical models 1 and 2 would 

affect the model's goodness of fit. The analysis showed no significant change in the 

model's fit index, indicating that the model's fit was not good for either model. Thus, it 
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was shown that it might be more appropriate to evaluate creativity in Fermi problems 

without considering Flexibility fermi, which is measured by the number of categories of 

ideas.  

Additionally, from another perspective, ideas with low incidence can be viewed 

as falling far outside the existing categories. In other words, giving high scores to ideas 

with low incidence, ideas that ordinary people would not come up with, would result in 

giving high scores to categories to which rare ideas belong. Thus, in a broad sense, 

giving weight to ideas can be thought of as giving weight to categories. In this way, 

even if categories are not created, ideas may be indirectly categorized according to their 

occurrence rate. 

Furthermore, the perspective of Originality is discussed. The cut-off points of 

rarity set when measuring Originality have been criticized for their validity, and no 

consensus has been reached (see chapter 2). The formula proposed by the author in Sub-

study 4 could be considered a possible solution to the cut-off point issue. Because the 

formula uses the rate of occurrence of the idea directly, there is no need to set a cut-off 

point. Naturally, the rate of occurrence also changes depending on the group of subjects 

being tested, making it a relative evaluation within the group. There have been attempts 

to criticize such problems with relative evaluation and to measure Originality using 

absolute evaluation (Leikin, 2009, 2013). However, this is still exploratory. Therefore, 

the formula proposed by the author, which is a relative evaluation without a cut-off 

point, seems to have value. 

In summary, the formula proposed by the author seems to have the potential to 

solve some of the issues that have been raised in factor-based creativity research (e.g., 
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the need for Flexibility and the lack of consensus on the appropriateness of the cut-off 

point for measuring Originality). Furthermore, this formula can be considered a factor-

based and whole-based compromise. This is because after first considering Fluency fermi 

and Originality fermi on a factor-based basis, creativity in Fermi problems is expressed as 

a single value on a whole-based basis. 

Moreover, to date, in the context of considering creativity on a whole-based 

basis, it has often been done using figural assessments such as the TCT-DP. The results 

of the present study identify the possibility that whole-based creativity could be 

assessed by a non-figural test, which is the Fermi problem used in mathematics 

education. There are very few such studies. Thus, the formulas proposed and analyzed 

in the present study are considered innovative attempts. 

Figure 30 

An overview of Sub-study 4 
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4.5 A Comprehensive Discussion of Creativity in Fermi Problems Based on Findings 

from Sub-Studies 

In the Sub-studies, creativity in Fermi problems was discussed from two 

approaches: the PROCESS approach, which observes and analyzes students' thinking 

processes, and the PRODUCT approach, which evaluates students based on the 

solutions they produce. In Sub-study 1, conducted with the PROCESS approach, the 

creativity factors in Fermi problems defined in this study were discussed based on 

diagrams that visualize students' thinking processes. In addition, in Sub-studies 2, 3, and 

4, conducted with the PRODUCT approach, creativity in Fermi problems was discussed 

from two ways of viewing creativity (i.e., factor-based and whole-based), using 

statistical analysis. Based on the analysis and discussions, this section summarizes the 

comprehensive discussion on creativity in Fermi problems.  

Firstly, a summary of the creativity factors in Fermi problems, factor by factor, 

is described from a factor-based perspective. In this study, three creativity factors in 

Fermi problems were defined. The definitions are reiterated as follows: 

• Fluency in Fermi problems: the total number of ideas that the respondent considers 

and assumes on their own when solving a problem (Fluency fermi) 

• Flexibility in Fermi problems: the total number of categories of ideas (Flexibility fermi) 

• Originality in Fermi problems: the statistical rarity of generated ideas (Originality fermi) 

First of all, Fluency fermi is discussed. As mentioned in section 2.2.1, a notable 

feature of Fermi problems is that they are open problems with unclear assumptions. 

Therefore, to solve Fermi problems, it is necessary to transform and decompose the 

initial Fermi problem into subproblems. Thus, the solvers are first required to generate 

ideas for this first step. Subsequently, based on their knowledge, experience, and the 
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information given, they assume the quantities they will use to solve the problem. For 

example, if one focuses on the Fermi problem: How many liters of water does one 

person use in a year? Then it can first be converted into the problem: What does one use 

water for in a day? Afterward, they generate ideas such as drinking water or taking 

showers. Subsequently, they make assumptions about how much water they will use. In 

the present study, ideas are viewed as assumptions and variables that students assume 

themselves to solve Fermi problems as indicated above. 

In factor-based creativity in psychology, such as in Guilford et al. (1960), 

mathematical creativity, and creativity in problem posing, the number of such ideas is 

defined and evaluated as Fluency. Meanwhile, Fluency in mathematical modelling is 

defined as the variety of models and solutions created to solve a problem and is 

evaluated by the number of models and solutions generated (Wessels, 2014, 2017; Lu & 

Kaiser, 2021, 2022). However, Wessels (2014, 2017) did not provide clear evaluation 

criteria for the definition of models and solutions, which could be interpreted in various 

ways. In addition, Lu and Kaiser (2021, 2022) reported that many students could not 

create multiple models or solutions in their survey. Therefore, it could be presumed that 

evaluating Fluency fermi by the number of models and solutions generated is challenging. 

Hence, it was considered appropriate to evaluate creativity factors with the variables 

and parameters as ideas rather than models and solutions. 

Therefore, in this study, Fluency fermi was temporarily defined as the total 

number of ideas that the respondent considers and assumes on their own when solving a 

problem, and was analyzed. 
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In the Sub-studies, this definition was used as the basis for the evaluation. This 

definition made it possible to view and evaluate Fluency fermi from both the PROCESS 

and PRODUCT approaches. In MACDT, the method used in Sub-study 1 to observe the 

thinking process, the ideas extracted and assumed by the students themselves were 

represented by nodes with the symbol F, allowing the observer to count the total 

number of students' ideas. In addition, in Sub-studies 2 and 3, Fluency fermi could be 

observed from the students' answer sheets. Furthermore, in Sub-study 2, multiple 

regression analysis showed that Fluency fermi could measure Fluency factor-based psychology 

without being affected much by factors such as age and mathematical ability. Moreover, 

Fluency fermi strongly correlates with Fluency factor-based psychology by TCT. Therefore, it 

could be assumed that the concurrent validity has been verified. 

In addition, measuring Fluency fermi by the number of models and solutions was 

challenging. This was discussed mainly in Sub-study 1. Only a few of the students who 

participated in Sub-study 1 were able to create more than one model or solution. These 

difficulties in creating multiple models in a single problem have been shown in several 

previous studies with similar results (Ferrando & Segura, 2020; Lu & Kaiser, 2021, 

2022).  

Therefore, even if it is impossible to create a perfect solution or model, 

evaluating Fluency fermi in terms of the total number of precondition ideas that the 

respondent considers and assumes on their own when solving a problem is more 

appropriate. Additionally, in many creativity studies, Fluency is positioned as one of the 

creativity factors, and this factor is indispensable when considering creativity in Fermi 

problems. 
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Secondly, Flexibility fermi is discussed. As mentioned earlier, Flexibility has been 

viewed in a more diverse way compared to Fluency. Factor-based creativity in 

psychology, such as in Guilford et al. (1960), mathematical creativity, and creativity in 

problem posing often view Flexibility as the number of categories of ideas (see chapter 

2).  

Meanwhile, there is a definition that considers a shift in the direction of a 

solution or approach as Flexibility Wessels. Wessels (2014, 2017) attempted to evaluate 

Flexibility in terms of the number of times a change in solution direction and change in 

thinking occurred. However, those studies did not provide concrete evaluation criteria 

regarding when to consider a shift in direction. Furthermore, previous studies have 

shown the difficulty of viewing shifts in the direction of models and solutions (Ferrando 

& Segura, 2020; Lu & Kaiser, 2021, 2022). 

Therefore, this paper defines Flexibility fermi as the total number of categories of 

ideas. As mentioned earlier in the discussion of Fluency fermi, it was determined that it 

might be more appropriate to view the variables and parameters as ideas and evaluate 

the ideas rather than measure the creativity factor in terms of models and solutions.  

However, it is difficult to completely neglect the view of Flexibility Wessels since 

no firm consensus has yet been reached on how creativity factors should be viewed. 

Moreover, the high similarity between Fluency and Flexibility has shown that creativity 

assessment schemes sometimes do not include Flexibility (Hébert et al., 2002, Lu & 

Kaiser, 2021, 2022). Therefore, a discussion was held on how Flexibility fermi is viewed 

and whether Flexibility fermi is needed or not. 
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Sub-study 1 examined whether Flexibility fermi should be viewed in terms of the 

number of categories of ideas or in terms of shifts in the direction of models and 

solutions, such as Flexibility Wessels. As mentioned earlier, only one German university 

student and one group of Japanese junior high school students were able to create more 

than two models, which is very few. Therefore, measuring Flexibility in terms of the 

number of shifts in models and solutions was challenging. 

However, without abandoning the attempt to measure Flexibility in terms of 

shifts in models and solutions, it was considered whether some conditions would create 

an environment in the same way as Wessels (2014, 2017). In Sub-study 1, three 

conditions were mentioned: the problem should be solved in groups, ample time should 

be given to solve the problem, and the Fermi problem to be handled itself should have 

the potential to create multiple models and solutions. Unfortunately, it could be 

assumed that those conditions would be unacceptable from the perspective of measuring 

individual creativity in schools. Therefore, it was considered that Flexibility fermi is more 

appropriate based on ideas rather than on models and solutions. 

However, Sub-study 1 revealed the difficulty of considering Flexibility fermi in 

terms of the number of categories of ideas. As shown above, when considering 

Flexibility fermi based on ideas, it is necessary to categorize ideas into some categories. 

In Sub-study 1, when categorizing the ideas, different evaluators created item proposals 

for different categories, resulting in divergent opinions. Therefore, without solving the 

problem related to this categorization, Flexibility fermi, as defined in this study, cannot be 

accepted. Furthermore, previous studies have questioned the necessity of Flexibility 

(Hébert et al., 2002, Lu & Kaiser, 2021, 2022). 
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Therefore, to solve those issues and questions, Sub-study 3 created and 

examined the categories corresponding to each Fermi problem. There, a pattern with 

three layers of categories and a pattern with seven layers were established and 

compared. Additionally, the necessity of Flexibility fermi was discussed. 

The results of the structural equation modeling analysis suggested that models 

that considered Flexibility fermi, measured by the number of categories of ideas, as one 

of the creativity factors in Fermi problems were not appropriate, regardless of the 

number of layers of categories. In contrast, the model that did not include Flexibility 

fermi, measured by the number of categories of ideas, showed the best adaptability.  

Additionally, in Sub-study 4, a model comparison was made between the 

formula by Snyder et al. (2004) for measuring creativity based on a concept of 

Flexibility measured by the number of categories of ideas and the formula proposed by 

the author that does not include a concept of Flexibility. The result also showed that the 

formula proposed by the author was the best. 

These results suggest that when considering creativity in Fermi problems, 

Flexibility fermi, which is evaluated by the number of categories of ideas, is not needed. 

Therefore, although an attempt was made to define Flexibility fermi in this study, the 

results showed that there was no need to do this and supported the studies of Hébert et 

al. (2002) and Lu and Kaiser (2021, 2022). 

Thirdly, Originality fermi is discussed. Although Originality has been defined in 

many studies, the evaluation methods are relative assessments within the study sample, 

the criteria are diverse, and no consensus has been reached (see chapter 2). In Sub-study 

3, the analysis was conducted using the cut-off point for Originality of Kattou et al. 
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(2013). The model, including Originality fermi using that cut-off point, showed good 

suitability in the model fit index. Therefore, the possibility is shown that Originality fermi 

could be viewed even when cut-off points are used. 

Furthermore, in Sub-study 4, a formula was devised by the author to handle 

Originality without such a cut-off point by using a formula that applies information 

theory. The formula was analyzed by structural equation modeling and was shown to 

have good adaptability in the model fit index. Thus, it suggests that Originality could be 

considered without a cut-off point. 

Moreover, Originality is difficult to evaluate with the PROCESS approach. Due 

to the enormous time cost of diagramming student thinking, collecting a large sample 

using the PROCESS approach is not easy. Therefore, the probability of adequately 

assessing Originality, a relative evaluation, decreases. One way to solve such an issue is 

to measure Originality fermi using absolute evaluation. If the Fermi problem has 

accumulated a large amount of answer data, it could be possible to estimate the 

approximate rate of occurrence of answers. In addition, by incorporating experts' 

opinions, it might be possible to evaluate Originality fermi by absolute evaluation. 

Furthermore, Lenkin (2009, 2013) attempts to measure Originality of the creativity 

factors in problem posing by combining two types of evaluations: absolute and relative. 

Similarly, it is assumed that Originality fermi could incorporate relative and absolute 

evaluations. 

Finally, the view of creativity in Fermi problems is discussed in the context of 

the whole-based basis. Pictorial tests such as the Test for Creative Thinking-Drawing 

Production have been used until now when trying to view whole-based creativity. Due 
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to the influence of this pictorial nature, it could be assumed that few creativity studies 

conducted in mathematics education have attempted to view creativity on a whole-based 

basis. Even when considering creativity in Fermi problems, it was considered difficult 

to directly apply the pictorial test (i.e., Test for Creative Thinking-Drawing Production, 

see Figure 22). This is because the Fermi problem is not pictorial. Hence, the author 

proposed a formula that applied information theory. The formula proposed in this study 

showed that creativity in Fermi problems could be expressed in terms of a single value, 

as in whole-based creativity. Strictly speaking, the formula proposed by the author is 

not solely created on the concept of a whole-based basis. This is because after first 

considering Fluency fermi and Originality fermi on a factor-based basis, creativity in Fermi 

problems is expressed as a single value on a whole-based basis. In other words, this 

formula could be considered as a compromise between factor-based and whole-based. 

As described above, the creativity factors in Fermi problems were discussed. 

Furthermore, based on the discussions of the creativity factors, the author devised the 

formula that integrates factor-based and whole-based basis. The formula could resolve 

several issues in creativity research, and the analysis has shown it could be an effective 

formula for assessing creativity in Fermi problems. 
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Figure 31 

An overview of creativity factors in Fermi problems derived from Sub-studies 
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Chapter 5 General Considerations 

5.1 Summary of this paper 

Creativity has been studied in various fields, and many educational institutions 

and governments request the development of creativity in mathematics education. 

However, it is difficult to state that creativity is being adequately fostered in 

mathematics education. One reason for this is that schools tend to focus on acquiring 

mathematical knowledge and skills. There are few easy ways to evaluate creativity. 

The author focused on Fermi problems as one way to solve such issues. Fermi 

problems are open problems used as a type of mathematical modelling, and require a 

quick estimation of an unclear quantity. It usually requires decomposing and 

transforming an initial Fermi problem into understandable subproblems. It has been 

suggested that such activities (e.g., decomposing and transforming the problem) require 

creativity. Furthermore, it has been shown that handling Fermi problems could 

encourage critical and creative thinking and foster creativity. Moreover, it has been 

demonstrated that Fermi problems do not need complex mathematical skills and can be 

used in various grades and academic levels.  

Despite Fermi problems having such potential regarding creativity, only a 

limited number of studies have analyzed and discussed how creativity in Fermi 

problems should be viewed. In addition, a few studies have statistically examined the 

possibility of using Fermi problems to measure already established creativity, such as 

creativity in psychology. Furthermore, several creativity studies have mentioned Fermi 

problems and suggested that they positively impact creativity, but these have been 

mostly intuitive claims. 
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Therefore, the author decided to discuss and examine Fermi problems in terms 

of creativity in an empirical study based on previous studies on creativity. 

Firstly, this study reviewed the literature on creativity research in four areas. 

These are creativity in psychology, mathematical creativity, creativity in problem 

posing, and creativity in mathematical modelling. After reviewing several works of 

literature, a common issue was highlighted: the lack of consensus on creativity's 

definition and evaluation methods. For example, creativity is viewed differently (i.e., 

factor-based or whole-based) in different studies, and even studies that view creativity 

on a factor-based basis sometimes differ in the creativity factors they consider. 

Furthermore, there is no consensus on Originality, a creativity factor frequently used in 

creativity research, because each study has a different cut-off point for measuring it. 

Therefore, based on the literature review, the author conducted four Sub-studies 

to examine and solve these issues in creativity in Fermi problems. 

Initially, the creativity factors in Fermi problems defined in this study were 

discussed. Those creativity factors are listed below: 

• Fluency in Fermi problems: the total number of ideas that the respondent considers 

and assumes on their own when solving a problem (Fluency fermi) 

• Flexibility in Fermi problems: the total number of categories of ideas (Flexibility fermi) 

• Originality in Fermi problems: the statistical rarity of generated ideas (Originality fermi) 

The results of the discussion suggested that creativity in Fermi problems should 

be viewed by two factors, Fluency fermi and Originality fermi, not including Flexibility 

fermi, which is evaluated based on the number of categories of ideas. 
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Moreover, based on the findings, the author devised the formula to express 

creativity in Fermi problems as a single value. The formula is shown below: 

log21/P(x1) + log21/P(x2) +…+ lo 21/P(xn) 

Each idea for solving the Fermi problem is defined as x1, x2, ... , xn. 

The incidence of ideas for solving Fermi problems is defined as P(x1), P(x2), … , P(xn). 

This formula is based on the concept of Fluency fermi and Originality fermi, 

without including the concept of Flexibility fermi. Furthermore, this formula integrates 

Fluency fermi and Originality fermi, which are considered factor-based, and calculates 

creativity in Fermi problems on a whole-based basis. Therefore, this formula could be 

considered a compromise between factor-based and whole-based. 

This formula proposed by the author could potentially solve the issues 

mentioned earlier. Firstly, it does not require a cut-off point for Originality, for which 

there is no consensus. Secondly, it does not use Flexibility, whose necessity has been 

questioned in several studies. Thirdly, it allows one value to express creativity in Fermi 

problems, not only evaluating individual factors as factor-based but also in a single 

value as whole-based. 

Additionally, the analysis results using structural equation modeling in Sub-

study 4 showed that this formula is the best in the model fit index. Furthermore, 

correlation analysis showed a moderate positive correlation between creativity in Fermi 

problems calculated using this formula and whole-based creativity in psychology as 

measured by the TCT-DP. Therefore, it could be considered that the concurrent validity 

of this formula was verified. Moreover, Sub-study 2 showed that Fluency fermi, used in 
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this formula, could predict Fluency factor-based psychology without being affected by the 

mathematical ability. 

As mentioned above, in these four Sub-studies, creativity in Fermi problems was 

examined empirically from different approaches and ways of viewing creativity. 

Additionally, based on the examines, the formula could be devised and examined, 

which resolves several issues in creativity research and evaluates effective creativity in 

Fermi problems. Therefore, it could be concluded that research objective 1 in this study 

was achieved. 

Subsequently, the possibility of using the Fermi problem as one method to 

measure established creativity, such as creativity in psychology, and its utility is 

summarized. 

The results of the correlation analysis conducted in Sub-study 2 showed a strong 

positive correlation between Fluency factor-based psychology and Fluency fermi. Furthermore, 

multiple regression analysis showed that Fluency factor-based psychology might be measured 

by Fluency fermi without significantly affecting mathematical ability. In addition, Sub-

study 3 showed that Fermi problems are related not only to factor-based creativity in 

psychology but also to mathematical creativity. Furthermore, it is suggested that by 

manipulating the format of Fermi problems, one can focus on the creativity that one 

wants to measure out of the two. Moreover, the formula proposed by the author could 

potentially be used to measure whole-based creativity in psychology. 

Thus, it could be presumed that Fermi problems have the potential to observe a 

wide variety of creativity comprehensively. The reason for this potential could be 

largely due to the Openness of Fermi problems, in which the assumptions are unclear. 
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In other words, the Openness of Fermi problems may allow students to maximize their 

creativity without restricting their free thinking.  

Moreover, Fermi problems are different from existing specialized creativity 

tests, which are only for measuring creativity. For example, Greefrath and Frenken 

(2021) showed that Fermi problems are used to measure modelling skills in the German 

standardized test (VERA). Thus, Fermi problems are easy to use in educational settings 

because they can be administered in the same format as conventional standardized 

school assessment tests. Furthermore, when creativity is assessed using Fermi problems 

from the PRODUCT approach, the solution time is short, and the time cost is low. 

Therefore, it is assumed to be easily adopted as one of the evaluation methods for 

creativity in schools because it can be conducted in classes without much effort. In light 

of the above, Fermi problems could be highly useful for assessing creativity. 

Thus, since the possibility of using Fermi problems as one method to measure 

established creativity and its utility were analyzed and discussed, it could be concluded 

that research objective 2 in this study was achieved. 

However, the present study contains several limitations. The first limitation lies 

in the survey sample. The surveys in Sub-studies 2, 3, and 4 were conducted at a single 

Japanese junior high school. Therefore, the scope of this study is narrow. Hence, it is 

necessary to investigate whether the considerations obtained in this study can be 

adapted to different age groups, academic levels, and regions. 

The second limitation lies in the Fermi problems dealt with in the present study. 

Reliability (e.g., Cronbach's alpha) has not been examined for the Fermi problems 

implemented in the surveys. Therefore, to use the Fermi problems treated in this study 
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as a tool for measuring creativity of higher quality, they must be validated using test 

theory. Furthermore, as mentioned in section 2.5, the Fermi problems treated in this 

study are realistic text-only Fermi problems (e.g., the water problem), and the results 

obtained in the present study do not apply to all Fermi problems. 

The third limitation lies in the creativity factors. This study did not consider 

creativity factors such as Elaboration or Usefulness, which several studies considered. 

Elaboration is one of the creativity factors and is regarded as a degree of detail (see 

Figure 2). This factor has not been addressed in most creativity studies except for 

creativity in psychology, such as in Guilford et al. (1960) and Torrance (1963). It is 

assumed to be because of the difficulty in establishing criteria for determining detail. In 

addition, since Fermi problems are quick estimations, they do not inherently consider 

details. Therefore, it was not dealt with in the present study. Usefulness is a creativity 

factor in mathematical modelling, indicating the adaptability and reusability of the 

models or approaches. As discussed in section 2.4, this factor was not considered due to 

the difficulty of assessment and the students' unfamiliarity with Fermi problems. 

However, in Fermi problems, emphasis is placed on appropriateness, whether the 

thinking process is logical and rational. Therefore, this factor of Usefulness should be 

examined in the future. Furthermore, this study did not focus on the model or 

computational process for solving Fermi problems. It is assumed that creativity could be 

considered more broadly by including perspectives on the suitability of the 

computational process or the validation of the model. Therefore, incorporating 

Usefulness factors and examining creativity in Fermi problems would be worthwhile. 
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5.2 Future Outlook 

This section describes the research and prospects derived from the findings of 

the present study. 

5.2.1 Automated Diagramming of the Thinking Process 

In Sub-study 1, much time was spent transcribing the recorded data to visualize 

the students' thinking process. In addition, while reading the transcribed data, the ideas 

and computational processes were manually organized and diagrams were created. 

Thus, an enormous time cost was cited as a problem. However, if a program could be 

created that could automatically create these diagrams, it would be possible to process 

large amounts of data more quickly. For example, Pla-Castells and García-Fernández 

(2020) have attempted to automatically create the Modelling Activity Diagram proposed 

by Ärlebäck (2009) (see Figure 32).  

Figure 32  

Automation of Modelling Activity Diagram by Pla-Castells and García-Fernández (2020) 
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In addition, optical character recognition and speech recognition can accelerate 

data processing from respondents' answers. It would allow us to view and evaluate more 

efficiently Flexibility as a shift in thinking. It makes it easier to evaluate Flexibility fermi 

considered in this study regarding the number of shifts in thinking and to discuss 

whether the evaluation method is appropriate. Furthermore, the automation of creating 

diagrams of the thinking process will enable the collection of a large amount of data. 

Based on the data, it is assumed that classifying students' thinking styles, identifying 

statistically rare solutions, and examining the cut-off point of Originality could be 

possible. 

5.2.2 Analysis of an Activity in which Students Pose Fermi Problems Themselves 

For example, a study that considers creativity in Fermi problems from the 

perspective of the PERSON approach, which was not addressed in this paper, could 

e amine the students’ personalities, such as curiosity, and their creati ity attitudes by 

using Fermi problems. It is assumed that the more curious students are, the more images 

they have about various fields. In addition, it is hypothesized that such students can 

create various Fermi problems on their own. In this way, the PERSON approach to 

research can be considered, which analyzes the relationship between students' 

personalities and the Fermi problems they pose. As mentioned in chapter 2, many 

studies have shown a link between problem posing and creativity. However, few have 

statistically analyzed the relationship between the ability to pose open problems, such as 

Fermi problems, and other creativities. Therefore, it would be worthwhile to conduct 

research from this perspective. 
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5.2.3 Modification and Expansion of Formula for Measuring Creativity 

The formulas proposed in Sub-Study 4 are novel and need more discussion. 

Therefore, it is recommended that this study shall be used as a foundation for further 

examination. The proposed formula integrated Fluency fermi and Originality fermi and 

calculated them as a single value. However, this evaluation is highly dependent on the 

number of ideas for solving the Fermi problem. No evaluation was given to the 

correctness or incorrectness of the subjects' computational process or the mathematical 

model created to solve the problem. Wessels (2014, 2017) and Lu and Kaiser (2021, 

2022) focused on such models, solutions and discussed their adaptability and 

reusability. They are treated as Usefulness in the creativity factor. Creativity could be 

evaluated more comprehensively by extending the formulas proposed in this study to 

include this Usefulness perspective. The following is a proposed formula that includes 

the Usefulness perspective. 

i. The formula that considers the Usefulness of ideas 

 

Ax1 log21/P(x1) + Ax2 log21/P(x2) +…+ Axn log21/P(xn)            (4) 

 

Each idea for solving Fermi Problems is represented as x1, x2, ... , xn. The 

incidence of ideas for solving Fermi Problems is defined as P(x1), P(x2), ... , P(xn). In 

addition, the Usefulness of each idea is defined as Ax1, Ax2, ... , Axn. 

It can be considered that the Usefulness of each idea is weighted in the same 

way as Originality. In addition, if idea x1 is an idea that does not significantly affect the 

answer to Fermi problems, the value of Ax1 is set up low. This allows us to consider the 

formula that considers the Usefulness of the idea. 
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ii. The formula that considers the Usefulness of solutions and models. 

 

｛log21/P(x1) + log21/P(x2) +…+ lo 21/P(xn)｝×(Usefulness│｛0.5, 1.0, 2.0｝)    (5) 

 

Usefulness is evaluated on a three-level scale (e.g., low, medium, high). The numbers 

correspond to, for example, 0.5 for the low level, 1.0 for the medium level, and 2.0 for 

the high level. The weight is given to the score portion of the ideas, ｛log21/P(x1) + 

log21/P(x2) +…+ lo 21/P(xn)｝. In other words, the formula evaluates ideas and the 

Usefulness of the model in which those ideas are used. 

Thus, by extending the formula, a formula that can cover a broader range of student 

activities could be considered. In addition, a study can be conducted using structural 

equation modeling to compare and verify the formulas (4) or (5) with the one developed 

in Sub-study 4. It is expected that such research will encourage the development of 

formulas for assessing higher-quality creativity. 

5.2.4 A Proposal for a Research Method for Creativity Using Fermi Problems 

The present study analyzed the relationship between creativity in Fermi 

problems and other creativities, examined how creativity is perceived in the Fermi 

problem, and showed the possibility of measuring creativity using the Fermi problem. 

Based on these suggestions, this paper suggests applications to developing creativity 

and approaches that were not addressed in the present study. 
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I. Proposal of a research method using Latent Growth Modeling 

Latent growth modeling is a research method that involves collecting repeated 

measures of data from each sample on a time-varying subject, such as height or weight, 

and conducting a longitudinal analysis (Duncan & Duncan, 2004). It is sometimes 

referred to as a latent growth curve model. The data obtained for the collected sample 

over time can be graphed, and the intercept and slope can be calculated and 

incorporated into the model as a random variable. In other words, if the development of 

the collected observations differs from one individual to another, the individual 

differences can be analyzed. The following model is presented as an example. 

Figure 33 

An example of analyzing developing creativity by Latent Growth Modeling 

 

By analyzing the model given as an example, it is possible to examine the 

growth rate of creativity in psychology, measured at three-time points, from the slope of 

β1, by di idin  the  roup into two  roups  those who routinely sol e Fermi problems 

and those who do not. As in structural equation modeling, the model's fitness can also 

be determined using the model's adaptability index. It allows us to study, for example, 
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the extent to which Fermi problems can be used to influence the growth rate of 

creativity. 

II.Proposal of a research method using Multilevel Model 

Multilevel model is often used in the social sciences to analyze hierarchical data 

(Hox, 1998). Examples of hierarchical data include data collected from people in more 

than one country or data in which students are sampled by school or class. As shown in 

Figure 34, a multilevel model is used to sample nested objects and the sample to be 

collected belongs to some group.  

Figure 34 

Image of hierarchical data 

 

It is impossible to analyze whether the results obtained are due to the influence 

of the group to which they belong or individuals without a multilevel model. In other 

words, using a multilevel model allows us to deal with hierarchical data and examine 

the degree of influence exerted by the group and the individual. 
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There are conditions such as the need for a large sample size and the need to 

determine whether to analyze with a multilevel model by several indexes (e.g., the 

intraclass correlation coefficient or the design effect). However, once these conditions 

are met, it is possible to examine how individuals and groups influence each other. 

Thus, we can use statistical indicators to discuss the extent to which classrooms and 

schools influence the results of individuals' Fermi problem solving and the growth rate 

of their creativity. In other words, creativity in Fermi problems can also be examined 

from the perspective of the PRESS approach, which analyzes creativity related to 

learning groups and environments. 

If the above studies are progressed, the relationship between the Fermi problem 

and creativity could be further clarified. Additionally, as Fermi problems become more 

widespread in schools as a tool for not only measuring creativity but also as a way to 

foster creativity, they may contribute to cultivating creativity in students. If students 

grow to be more creative, I believe this to become a driving force for creating better 

solutions to the yet unanswerable problems of this world. I sincerely hope this study can 

play a part in this process. 
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Appendix 

I. Sub-study 1 

An example of transcription (for Figure 14) 

time Content 

0 - 1:12 In the be innin , we need the data to be able to sol e the tas .  he data… 

so, a noteboo … let's assume there are two noteboo  sizes, which ha e 

once    pa es or the lar er noteboo s 6  pa es.  lus the co er… has two 

pages again.  

So if I now assume half of the students have 32-page notebooks and the 

other half 64-page notebooks and we take the average: each notebook has 

about 50 pages. 

So we would have 50 pages per notebook on average. 

1:13 - 

1:34 

Then a tree... let's assume estimated all the trees are about the same size, 

can make 5,000 leaves. 

1:35 - 

2:03 

So, 80 million people are living in Germany.  

Our age group is from 6 - 18 years. 

I'll assume are 1/8 of all people in Germany. That is 10 million students.  

2:04 - 

2:35  

 

Every student has about 10 subjects in school for which he needs 

notebooks.  

In the main subjects they use a few more notebooks and in the minor 

subjects, they use fewer notebooks.  

Let's say two notebooks per subject per school year.  

That brings us to 20 notebooks.  

That every student needs in one school year. 

2:36 - 

3:07  

 

We have five... 20 notebooks... like that. Each... we have 50 sheets has each 

notebook times 20 notebooks equals 1,000 sheets that each student, in the 

school year needs notebooks. 

3:08 - 

4:00  

 

Of that, we have 10 million students. A thousand... [crosses out] 

...this approach is wrong. 

4:01 - 

4:31 

A thousand sheets per-pupil means a thousand sheets, one tree, so new 

approach thousand leaves and one tree can 5,000 leaves, that means you 

need 0.2 trees per student. 

4:32 - 

4:59  

 

So, we have 10 million students and 0.2 trees per student, so that's 2 million 

trees per school year that go away in Germany for the notebooks. 

5:00 - 

5:36 

So, a tree needs a certain number of square meters as space. Let's say that's 

one square meter... [drawing] ...four squares with one square meter each 

arranged to one big square -> 2 times 2 equals 4 square meters, the tree still 

has a crown (Leaf part), a certain diameter crown, to stand next to each 

other. Each tree needs about 4 square meters of space for the tree crown. 

5:37 - 

6:06 

(6:20)  

So, 4 square meters for 2 million trees is equal to 8 million square meters of 

space and that's also equal to the forest area, which has to be cut down for 

the exercise books. (wrote the result) 
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I. Sub-study 2 

Examples to Answer  to TCT in the survey 

- Use it to draw a circle 

- Use as a vase 

- Use as a pencil case 

- Use as a musical instrument 

- Stack them up and play with them 

- Use as a water bottle 

- Use as a weapon 

- Cutting things 

- Turn them into bowling pins 

- Crush it to play 

- Rolling 

- Make traps 

- Use as secret boots 

- Use them as cans again 

- Make crafts 

- Use as cookie cutters 

- Collect many to make a machine 

- Use them as cups 

- Use them to keep insects 

- Make an electric storage device 

- Make a small container 

- Throw them and play with them 
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II. Sub-study 3 and 4 

a. An Examples to Answer Fermi problem 1 

 

Translation 

< Day > 

Water→Drinking amount→3L 

Bath -> 350L 

Toilet → 9L 

Washing hands→1L 

Laundry → 2L 

Rice → tea → 500mL 

Food→500mL 

3＋350 ＋9 ＋＋1 ＋2 ＋1 = 365 

365×365 = 133220 

A year  
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b. An Examples to Answer Fermi problem 2 

 

Translation 

The current world population is about 7.5 billion 

However, some people do not use smartphones. 

For example, ethnic groups, the poor, and those who use non-smartphone cell phones. 

However, some people have two phones, one for work and one for personal use. 

In addition, these days, not only adults, high school and college students, but also 

middle school students, elementary school students, and young children may have one. 

I am taking this into account. 

7.5 billion - (200 million + 200 million + 7.5 billion) +  75×3/5  +  75×1/5 

 

75- (11.5) + 45 + 15 

= 75-11.5 + 60 

= 135-11.5 

= 123.5 

 

 

ethnic groups the poor non-

smartphone 

user 

people have 

two phones 

school 

students 

and young 

children 
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c. An Examples to Answer Fermi problem 3 

 

 

 

 

 

Translation 

(Upper left) 

I consider an average of four persons per household. 

→ two cars 

126 million ÷ 4 = 〇 households 

〇 households × 2 = number of cars 

(Bottom left) 

The number of cars and trucks sold so far by stores selling cars and trucks across the 

country is 〇 cars. 

In one year, □ cars are scrapped. 

□×△yaers ＝◇ 

〇－◇ = number of cars 

(Upper right) 

Assume that 3/4 of the total population of Japan owns a car. 
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126 million × 3/4 = 〇 cars 

Assume that 1/5 of the total number of cars has two cars. 

〇 × 1/5 × 2 + 〇 = △ cars 

Suppose □ cars in the store. 

△ + □ = number of cars 

 

d. Examples of TCT-DP 

Example 1: Title. Star 

 

Point of creativity 

Cn Cm Ne Cl Cth Bfd Bfi Pe Hu Ua Ub Uc Ud Sd Sum 

5 1 0 5 3 0 0 0 0 0 0 0 0 3 17 
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Example 2: Title. Environment  

 

Cn Cm Ne Cl Cth Bfd Bfi Pe Hu Ua Ub Uc Ud Sd Sum 

5 5 0 0 5 0 0 0 0 0 0 0 0 5 20 

 

Example 3: Title. House  

 

Cn Cm Ne Cl Cth Bfd Bfi Pe Hu Ua Ub Uc Ud Sd Sum 

6 5 1 3 6 6 6 1  0 0 0 0 4 38 
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Example 4: Title. A world dominated by darkness 

 

Cn Cm Ne Cl Cth Bfd Bfi Pe Hu Ua Ub Uc Ud Sd Sum 

5 5 5 2 6 3 6 6 6 0 3 0 0 3 50 
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Abstract—Many methods of observing thinking processes 

and creativity were proposed in the past. However, many of 

them result in ambiguous thinking processes or different 

expression results depending on the observer. To solve such 

problems, the method of observation of thinking, a method of 

observing creativity and thinking processes and activities on a 

timeline, is suggested in the present study. There are three main 

advantages of this method. The first is that modelling activities 

are presented in detail, and the expression of the thinking 

process is less likely to vary from observer to observer. The 

second is that it is in a format that is easy to automate, it is 

expressed in a timeline, similar to the “Scratch” format of a 

program for education. The third is that it makes it easier to 

discuss creativity factors than previous observation methods. In 

this paper, this observation method is suggested based on 

examples of answers given by an individual German university 

student and Japanese junior high school students. 

Keywords—thinking process, modelling activity, creativity, 

fermi problem 

INTRODUCTION 

In recent years, creativity, thinking styles, and thinking 

processes have been attracting attention from various fields. 

It seems that a high level of creativity and unique thinking is 

necessary for many innovations to be developed. For such 

innovation and creativity, the importance of feedback 

through evaluation is mentioned, and it is also necessary to 

provide appropriate methods of observation [1] [2]. Methods 

of observing the thinking process have been studied in the 

past. For example, there are methods of interview analysis 

and the use of simultaneous verbal reports. However, some 

problems have been pointed out, such as the difficulty in 

reconstructing the thinking process by the interview method 

and the pressure on the subjects of the use of simultaneous 

verbal reports [2]. To solve such problems, mathematical 

modelling activities are recorded and their transcripts are 

used to observe the thinking process in the present study. 

Furthermore, creativity and modelling activity is observed 

using the Fermi problem. The Fermi problem, which is a type 

of mathematical modelling, is linked to creativity [3] [4]. In 

addition, it is also an open-ended problem, there is no single 

solution and it is easy to generate various thoughts. 

The purpose of the present study is to propose and discuss 

the observation method with the Fermi problem that can 

easily obtain more feedback based on some observation 

methods of thinking processes that have been studied so far. 

THEORETICAL FRAME 

Fermi Problem 

The Fermi problem comes from the physicist Enrico 

Fermi. He is said to have posed a typical Fermi problem to 

students at the University of Chicago: “How many piano 

tuners are there in the city of  hica o?” Morrison described 

Fermi problem as “ hat is the estimation of rough but 

quantitative answers to unexpected questions about many 

aspects of the natural world” [5]. And according to Silver in 

1997: 

 he de elopment of students’ creati e fluency is also 

likely to be encouraged through the classroom use of ill-

structured, open-ended problems that are stated in a manner 

that permits the generation of multiple specific goals and 

possibly multiple correct solutions, dependin  upon one’s 

interpretation. For e ample, consider the followin  “Fermi-

style” problem […] [3]. 

Thus, some studies have suggested a connection between 

the Fermi problem and the factors of creativity.  

Additionally, Marcus [4] categorized open-ended 

problems based on a large body of literature. He then 

classified Fermi problem as a creative thinking type of 

problem, as mentioned by Wakefield [6]. Moreover, Fermi 

problem is used as mathematical modelling or open-ended 

problem. For example, Ärlebäck [7] has an educational 

practice of Fermi Problem as mathematical modelling 

conducted with high school students. Therefore, since the 

Fermi problem also requires creative thinking and modelling 

skills, it is worth using it to observe creativity and modelling 

activity. 

Creativity 

Previous studies have expressed various definitions of 

creativity. The following previous studies are applied in the 

present study. First of all, the focus will be on Guilford’s 

definition, a pioneer in the study of creative factors. Guilford 

and Christensen [8] hypothesized that creativity has the 

following factors: sensitivity to problem, fluency, flexibility, 

originality, penetration, analysis, synthesis, and redefinition. 

In the course of his research, Guilford has also refined the 

creativity factors and defined the factors while testing his 

hypothesis. In Guilford’s study [9], several creativity factors 

were defined: 

• Fluency is the ability to think of many ideas; many 

possible solutions to a problem. 
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Flexibility is the ability to go beyond tradition, habits, and 
the obvious. To turn ideas and materials to new, 
different, and unusual uses. 

Originality is divergent rather than convergent thinking 
going beyond commonly accepted ideas to unusual 
forms, ideas, approaches, solutions. 

• Elaboration is the ability to work out the details of an 

idea or solution. 

Torrance [10], who researched tests to measure creativity, 

also applied the above factors. Several researchers have 

pointed out the similarities between fluency and flexibility, 

and some have integrated the two factors or changed the 

words they define, although they are similar in content. 

However, most creativity factor research has applied the 

factors listed above. 

In addition, the Fermi problem used in the present study 

is a kind of mathematical modelling. Therefore, the 

connection between mathematical modelling and creativity 

should also be considered. Wessels [11], who studied the 

connection between mathematical modelling and creativity, 

defined the creativity factor as follows: 

• Fluency is refers to the generation of different 

solutions. 
Flexibility is entails the change of shift that takes place in 

the emphasis, direction, or approach of creative 
problem solvers. 

Novelty is refers to the level of originality in the 
development of new and unique solutions. 

• Usefulness is grounded on the relevance, 

adaptability, and reusability of solutions in other real 

world situations real world situations. 

The novelty of Wessels can be seen as the originality of 

Guilford and Torrance. Usefulness can also be considered as 

an element of mathematical modelling. Weesels does not use 

elaboration as an assessment of creativity with mathematical 

modelling. There are a few differences, such as in the 

definitions used, Wessels’ definition of the creative factors in 

mathematical modelling is not very different from the 

definition of the creative factors considered by Guilford. 

Previous research on observation methods 

Based on the mathematical modelling process as 

described in Ferri [12], Ärlebeck [7] has integrated the 

estimation process typical for Fermi problem into the model-

building cycle.  

 

 
Fig. 1. The modelling activity diagram of Ärlebeck 

 

To represent a solution process, Ärlebeck plots the 

characteristic activities of modeling and estimating the 

solvers in a timeline. Thus, the sequence and duration of these 

activities can be easily understood visually. Based on 

Schoenfeld’s [13] observation categories for problem-

solving, he transfers to modeling the categories: Reading, 

Making Model, Estimating, Calculating, Validating, and 

Writing. In this way, the stages of the modelling activity were 

presented, but the details of the activity, such as what was 

calculated, were not expressed. 

Hartmann, Borys, Kawasaki, and Okamoto [14] 

attempted to express the factors of creativity in Ärlebeck’s 

MAD (Modelling Activity Diagram) and named it the 

Modelling and Creating Activity Diagram (MCAD). In this 

study, creativity is defined as follows, referring to Guilford’s 

research: 
Fluency is the number of relevant answers. 

Flexibility is the number of categories of relevant answers. 

Originality is the statistically rare occurrence of the 
answer.  

Elaboration is a number of details of answers. 

And the following Fermi problem was used “How many 

liters of water does one person use in a year?” They first 

created the MAD such as figure 2 and then added to that 

diagram the ideas of solver used to solve the problem. They 

also color-coded each idea to make it easier to check the 

diversity of the ideas. In figure 3, five colors are used. This 

means that there were five different ideas. the three categories 

body hygiene (blue tones), nutrition (yellow tones), cleaning 

of objects (green tones) become visible. Therefore, in this 

solution, fluency is observed to be 5, and flexibility is 

observed to be 3. Thus, the method has been proposed to not 

only observe modelling activities, but also creativity. On the 

other hand, this study did not express originality from a 

statistical point of view because the sample size was small. In 

addition, Elaboration was defined but not reflected in the 

MCAD. 

 

 
Fig. 2. MAD by Hartmann et al. (2019) 

 
Fig. 3. MCAD by Hartmann et al. (2019) 

 

Therefore, Hartmann, Borys, Okamoto and Kawasaki 

[1 ] proposed the “Fermi  ree” to e press creati ity and 

thought processes in more detail, without being confined to 

the form of MAD. 



 

 
Fig. 4. Fermi Tree 

 

 
 nd the followin  Fermi problem was used “  disaster 

occurs in a city. 56,000 citizens cannot use water for a week. 

The mayor is thinking about supplying the necessary water 

with a water supply vehicle like the one below. How many 

water supply truc s does he need for this?” In fi ure  , the 

process of solving the problem is roughly proceeding from 

left to right. In addition, the content of the ideas considered 

and what kind of calculation process was done is expressed 

by words and symbols. For e ample, “F” indicates a 

hypothetical number. Focusing on the upper left part of figure 

4, the numbers are assumed to be 2 liters for drinking water, 

3 to 4 liters for cooking, and 10 liters for other purposes. The 

knot at the end of the arrow is marked with a “plus” because 

it is the sum of the three assumed values. The knots are also 

marked with “S/Z”, “Va” and “Ü”. “S/Z” means gathering or 

decomposing information. “Va” means validation. And “Ü” 

means to think in terms of approximate numbers. In other 

words, the solver collected three hypothetical numbers, and 

instead of simply assuming 2+3+10=15, it was assumed 

approximately 20 liters. The solver was also discussing the 

validity of their calculations. Therefore, the number of “F” 

can be used to determine the number of ideas that were 

considered and assumed by the solver, and to observe how 

detailed the solver’s thinking was. On the other hand, it is no 

longer possible to express an exact timeline. One of the 

problems is that the shape of the Fermi tree differs greatly 

depending on the creator because it is not represented in a 

timeline. In addition, the connection between symbols and 

creativity is not described in detail in this study. 

A METHOD FOR OBSERVING THE THINKING PROCESS AND 

CREATIVITY FACTORS IN A TIMELINE AND THE EXAMPLE 

In this section, the improved observation method is 

proposed that retains the good points of the observation 

method described in section II. The observation method 

proposed is the Modelling Activity and Creative factors 

Diagram in a Timeline (MACDT). 

An overview of the observation method is described, 

using some examples of a modelling activity conducted by a 

German student and Japanese junior high school students. To 

examine whether this method of observation also can 

represent a variety of modelling activities, an individual 

German university student and a group of Japanese junior 

high school students are selected. The modelling activity is 

expressed in a timeline. In addition, use knots and arrows to 

represent thinking processes, like Fermi Tree. Furthermore, 

the expression of the thinking process is divided into two 

areas: ideas and mathematical operation processes. The 

answer sheets bein  sol ed are  ideotaped, and the students’ 

voices are also recorded. The recorded voices are transcribed. 

Using the videotapes and transcripts are expressed the 

thinking process of the Fermi problem conducted by the 

German student and Japanese junior high school students. 

And in the present study, the following Fermi problem is 

used  “How lar e is the area of forest that needs to be cut 

down to make all the notebooks that will be used in all the 

schools in Japan in one year?” 

 

 
Fig. 5. MACDT (solution of the German student) 

 

Figure 5 shows the thinking process of a German 

university student using MACDT. Since the areas of ideas 

and mathematical operation are separated, the stages of 

Mathematization and Reality Verification of the modelling 

cycle made by Ferri [12] are clear. In addition, it is clear from 

the symbols that the verification stage called “Va” is done 

once, confirming that the modelling cycle is running. Next, it 

is shown from the perspective of creativity. For the 

definitions of fluency, flexibility, and originality, the study of 

AW: Common knowledge               Ma: 

Mathematization 

EB: Extracting from picture         SW: School 

knowledge 

ET: Extracting from text     S/Z: 

Gathering/Decomposing 

EW: Unit Conversion                 Ü: Using round 

numbers 

Ex: Extrapolate                                              V: 

Rejecting 

F: Set assumption                                       Va: 

Validating 

Fo: Using the formula 



 

MCAD was applied. Fluency can be considered as the total 

number of numbers that the respondent considers and 

assumes on their own when solving a problem. In other words, 

the total number of “F” is defined as fluency. Flexibility is 

the total number of categories. In figure 5, it can be seen that 

there are four categories: notebook (blue base), tree (green 

base), number of people (yellow base), and subjects (red 

base). Thus, in figure 5, fluency is 7 and flexibility is 4. And 

elaboration is the detail of the ideas and answers. First, when 

determining whether the ideas are detailed, it is the total 

number of knots in the ideas area, which is divided into ideas 

and mathematical processes. In other words, in this case, it is 

15. For the detail of the solution, consider the total number of 

knots in the mathematical operation area. Then, in this case, 

it is 8. “V” means dismissal of the solution, so it is not 

counted in this case. Therefore, the sum of those two numbers, 

23, can be considered as elaboration. 

 

 
Fig. 6. MACDT (solution of a group of Japanese junior high 

school students) 

 

Figure 6 shows the MACDT of a group of Japanese junior 

high school students. It is considered creativity using the 

method described above, fluency is at 8 and flexibility is at 5. 

In addition, there is the elaboration of 9 in the area of ideas 

and 4 in the area of mathematical operations, resulting in the 

total elaboration of 13. Some examples of an interpretation 

from the information obtained using MACDT are described 

below. The Japanese junior high school group has relatively 

higher fluency and flexibility and lower elaboration than the 

German student. The number of subjects and schools given 

in the ideas were discarded without much verification, despite 

the assumptions made. In addition, there was a stage where 

the numbers to be assumed were validated and changed, 

which was not the case in figure 5. Thus, it can be observed 

that many ideas were considered divergently, but the 

solutions were not considered in much detail. There was some 

verification regarding the numerical values assumed, but no 

verification was done during the mathematical operation 

phase. In addition, as can be seen from the timeline, the 

students used about five times as much time as the German 

student did to solve the problem. 

CONSIDERATION 

The proposed method of observing creativity and detailed 

modelling activities using a timeline improves on some of the 

problems of the observation method described in section II. 

By expressing the data in a timeline, the problem of the 

conventional Fermi tree where the shape changes depending 

on the observer can be approximately avoided. In addition, 

the details of activities that could not be expressed in MAD 

or MCAD can now be seen. It seems to be able to observe 

subtle nuances, such as operators, numbers, and more that 

could not be expressed by MCAD. Since it provides a 

detailed view of the modelling activities, it is possible to 

check the mathematical contents, such as what mathematical 

formulas are used and whether there are unit conversions. The 

calculated values are also presented, so it is easier to assess 

whether the mathematical process is correct. This would also 

seem to help evaluate mathematical and modelling abilities 

as well. Also, it is shown to be independent of the type of 

learning, such as individual or group. Furthermore, it was 

possible to observe elaboration, which could not be expressed 

by MCAD. In addition, showing the time and details of the 

activity has several advantages. It is possible to see when a 

good or original idea came to mind. It allows us to examine 

whether the problem is likely to generate such ideas soon 

after it is solved. This makes it easier to discuss the difficulty 

level and educational value of the problem. Focusing on the 

other Wessels' [9] creativity factor, "flexibility," " entails the 

change of shift that takes place in the emphasis, direction or 

approach of creative problem solvers." is defined to be 

flexibility. If there is a timeline, it is possible to see when the 

shift in thinking occurred. It would be possible to determine 

if the shift in thinking was quick and to examine why the shift 

in thinking was quick. In this way, it becomes more 

accessible to think about "flexibility" in more detail. 

Furthermore, the format of this observation method is similar 

to that of a scratch educational program. The study of Pla and 

Garc´ıa [16] has already attempted to automate MAD.  If it 

can be programmed in this way, it will be possible to process 

the thought processes of more respondents. As a result, it will 

be easy to express thought processes more quickly, making it 

simpler to convert them into big data. 

On the other hand, there are some problems. As has been 

pointed out in previous studies, it is too time-consuming to 

record, transcribe, and observe the thinking process of the 

solver to express it. Even in the present study, it took a long 



 

time to create figures 5 and 6. In addition, the creative factor, 

originality, could not be reflected in the observation method 

from the definition of statistically rare ideas and solutions due 

to the small number of samples. Moreover, the categorization 

of the categories considered in flexibility may also produce 

ideas that are difficult to determine, depending on what kind 

of Fermi problem is being handled. For example, “How many 

liters of water does one person use in a year?” (Fig. 3. and 

[14]) divides the five ideas: toilet, shower, drinking, cooking, 

and washing-up into three categories: body hygiene, 

nutrition, cleaning of objects. However, one might consider 

toilet, shower, and washing-up as a single category called 

washing. As such, there is room for discussion about 

flexibility. In the present study, the two MACDT are 

presented, and the method of observation is explained. 

However, these cannot be simply compared. The German 

student solved individually, while the Japanese junior high 

school students solved in groups. When solving individually, 

there are no questions from other people, so it is difficult to 

verify the assumed values. In addition, it is expected that 

various ideas are more likely to come out and fluency and 

flexibility will be higher when done in a group. Therefore, it 

is not possible to make an expansive interpretation that, for 

example, Japanese junior high school students have higher 

fluency and flexibility than the German student. Furthermore, 

there is a limitation in the present study. It is that the validity 

of the creativity factor observed by the proposed observation 

method is not verified. This study is only at the proposal 

stage, and it is necessary to examine validity in future studies. 

Taking and processing the video this time required a lot 

of time. However, if a program could be created, it would be 

possible to process the information automatically. Since the 

observation method proposed here is a timeline, it is easier to 

adapt than to program the creation of a conventional Fermi 

tree. In addition, by using optical character recognition and 

voice recognition, the processing of respondents' answer data 

can be made faster. Based on the big data collected in this 

way, it will be possible to classify thinking styles, identify 

statistically rare solutions, and observe the originality factor. 

It is also expected to classify problems, such as which Fermi 

problems require more creativity. 

CONCLUSION 

In the present study, a new method of observing the 

thinking process is proposed. The method of observation is 

shown to be time-lined, and the factors of creativity and 

modelling activity with detail are easily observed. By being 

able to see the detailed modelling activities, it is also easy to 

observe what kind of calculations they are doing and whether 

they are correct. Therefore, it is also possible to check their 

ability in mathematics and modelling. Furthermore, this 

method of observation provides a lot of feedback on 

creativity by helping us to closely observe when an original 

idea was thought up and when a shift in thinking happened. 

It is also a form that can be easily used as a format for 

automatic representation of thinking processes. In the future, 

the validity of the information obtained by this observation 

method will be studied. 
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The assessment of creativity has been studied much in the field of psychology. However, there is little 

research on easy-to-use assessment methods for schools in mathematics education. The goal of this 

study was to analyze the correlation between fluency measured by a Fermi problem and fluency in 

general creativity. Furthermore, it is to examine the possibility that Fermi problems can be used as 

a simpler way to measure fluency in mathematics education. As a result of surveying Japanese junior 

high school students (n = 291) and analyzing the results, a strong positive correlation was found. In 

addition, the results of the multiple regression analysis showed that fluency measured by a Fermi 

problem is a relatively strong factor when fluency in general creativity was the dependent variable, 

even when controlling for academic performance in mathematics and age. 

Keywords: Creativity, Fluency, Fermi problem, Mathematical Modelling. 

Introduction 

Fostering creativity is required around the world. In the United States, for example, the educational 

goal is to develop 21st century skills. One major skill is creative thinking (Piirto, 2011). In Europe, 

the goal is to develop key competencies. Creativity is said to be built into all key competencies. Other 

countries are also trying to develop skills and competencies like those listed above. Fostering 

creativity is also a goal of mathematics education in Japan. The Japanese National Curriculum 

Standards (2017) guidelines propose that creativity should be fostered in each subject, nevertheless, 

clear guidance does not exist. Moreover, it is also not explicitly stated how creativity would be 

assessed. Because of this situation, a method should be developed that can be handled in mathematics 

education and can be used in schools to assess creativity in a simple way. Previous studies have shown 

that Fermi problems require creative thinking, and they seem to be useful to utilize as teaching 

materials to foster creativity. Additionally, it is hypothesized that there is a strong relationship 

between creativity and the richness of aspects considered in a Fermi problem. It would be possible to 

measure creativity by means of Fermi problems. The present study has two purposes. The first is to 

investigate the correlation between fluency measured by the richness of aspects solving a Fermi 

problem and fluency in creativity in general. The second is to examine the possibility that Fermi 

problem can be used as a simpler way to measure creativity in mathematics education. 

Theoretical Frame 

Fermi Problem  

“Fermi  roblems” were named after the Italian nuclear physicist  nrico Fermi. He had a special way 

of raisin  problems and probably the most famous of them is “How many piano tuners are there in 

the city of  hica o?”.  orrison described Fermi problems as “ hat is the estimation of rou h but 

 uantitati e answers to une pected  uestions about many aspects of the natural world” ( orrison, 

1963, p. 627).  
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Fermi problems have been used in many areas of mathematics learning such as mathematical 

modelling. For example, Ärlebäck (2009) used of Fermi problems in a study conducted with high 

school students and Andrea (2005) used Fermi problems with pupils at the primary stage of education.  

Fermi problems have also been found to be valuable as a learning material for mathematics. 

According to Silver:  

 he de elopment of students’ creati e fluency is also likely to be encouraged through the 

classroom use of illstructured, open-ended problems that are stated in a manner that permits 

the generation of multiple specific goals and possibly multiple correct solutions, depending 

upon one’s interpretation. For e ample, consider the followin  “Fermi-style” problem […] 

(Silver, 1997, pp. 77). 

If the relationship between Fermi problems and creativity becomes more clear, the value of dealing 

with Fermi problems in mathematics education will also be explained. Furthermore, it is also 

hypothesized that it would be possible to measure creativity by means of Fermi problems. 

Creativity  

Previous studies have expressed various definitions of creativity. Treffinger (2011) reviewed the 

literature for definitions of creativity up to 2011 and collected more than 100 references which 

discusses creativity from different perspectives. The present study focuses on fluency, as one of the 

elements of creativity. Guilford is a pioneer in the study of creativity since the 1950s. Guilford (1954) 

hypothesized that creativity has the following factors: sensitivity to problem, fluency, flexibility, 

originality, penetration, analysis, synthesis and redefinition. In the course of his research, Guilford 

refined these creativity factors and defined the factors while testing his hypothesis. In Guilford’s 

study, fluency is defined as “The ability to think of many ideas; many possible solutions to a problem” 

(Guilford, 1973, pp. 2). Tests have also been developed to measure these factors. For example, based 

on research by Guilford, Torrance developed tests to measure the creativity factor. In Torrance’s 

study, the measure of fluency is “In all tas s, fluency is defined as the total number of relevant 

responses, rele ancy bein  defined in terms of the tas  assi ned” ( orrance, 196 , pp. 9). Even in the 

2000s, the research on creativity tests continued. Kim’s (2006) critical examination of the Torrance 

Creativity Test and his research on the effective use of the Torrance Creativity Test and showed that 

fluency is one of the elements of creativity. 

Fermi problems are seen as a form of mathematical modelling therefore the present study focuses on 

creativity in mathematical modelling. Mathematical modelling is the process of translation between 

the real world and mathematics in both directions (Blum & Borromeo Ferri, 2009) and some there 

some studies have investigated  the association between mathematical modelling and creativity. Dan 

and Xie state that “We e aluated    en ineerin  students in a class and obtained the distributions of 

the students’ mathematical modellin  s ills and their creati e thin in  le els.  he data from the 

experiments show that there is a strong positive correlation between these two  inds of competencies” 

(2011, pp. 457). Thus, it was assumed that mathematical modelling seems to have a positive impact 

on creati ity. Wessels’ (  1 ) study also discusses the relation between  creati ity and mathematical 

modelling. Wessels identifies the following four elements as a measure of the association between 

mathematical modelling and creativity: 

• Fluency that refers to the generation of different solutions.  



 

 

• Flexibility that entails the change of shift that takes place in the emphasis, direction, or approach of 

creative problem solvers.  

• Novelty that refers to the level of originality in the development of new and unique solutions.  

• Usefulness that is grounded on the relevance, adaptability and reusability of solutions in other real-

world situations. 

Wessels states that “A framework with four criteria for the identification of creativity was 

successfully used to evaluate levels of creativity in the solutions to the MEAs (model-eliciting 

acti ities)” (  1 , pp. 1).  u and Kaiser (2021) also state the relationship between mathematical 

modelling and creativity. They defines the three elements of creativity in the modelling cycle as 

Usefulness, Fluency, and Originality. They suggest that when assessing modelling competency, it is 

better to include the perspective of Usefulness among the three elements in the assessment items. 

Thus, previous studies have discussed creativity and mathematical modelling. However, only a few 

studies have discussed the connection between fluency in general creativity, fluency measured by a 

Fermi problem and academic achievement in mathematics in detail. Additionally, previous studies 

have shown that assessing creativity in mathematics education is time-consuming. Therefore, a 

simpler way to measure creativity will need to be developed. 

The present Study 

In this paper, two research questions are considered.  

1. Is there a correlation between fluency in the Fermi problems and fluency in creativity in general? 

2. If there is a correlated, can the Fermi problem measure fluency in general creativity without being 

influenced by academic performance in mathematics, age, or gender?  

Therefore, the purpose of this study is to determine whether there is the relationship between fluency 

in general and fluency measured by the richness of aspects in solving a Fermi problem. Additionally, 

it is investigated whether the Fermi problem can be a simpler measure of fluency in general creativity, 

when controlling for factors such as academic performance in mathematics, age and gender. 

Participants and Procedure 

A total of 291 Tarui Municipality Fuwa Junior High School (public junior high school) students 

participated in the survey (100 seventh graders, 169 eighth graders, 22 ninth graders). The academic 

level at this school is slightly lower than the national average. First, students received a mathematical 

performance test with a time limit of 50 minutes. Then they took the test for creative thinking and the 

Fermi problem test, which were both 10 minutes. Mathematical performance tests such as the one 

used in this study are part of the school curriculum and take place at the end of every school year. 

The students took the test in a relaxed state, as it was explained to them that the results of the test for 

creative thinking and the Fermi problem test would not affect their school grades in mathematics or 

any other subject at all. 

Mathematical Performance Test 

This is a test given regularly to measure the academic performance in mathematics and the author of 

the study was not involved in its design because the test was prepared by an educational publisher. In 

seventh grade students are tested on  positive and negative number, equation, proportional and 



 

 

inversely proportional, figure problems, such as surface area and volume. In eighth grade, in addition 

to the aforementioned items, they are also tested on polynomial calculation, linear functions and proof 

problems for congruent figures. In ninth grade simultaneous equations and proof problems of 

similarity are added. These problems are asked in approximately the same proportion. 

Test for Creative Thinking (TCT) 

 he  a ano’s     (1989) to measure fluency in general creativity was used in the present study. The 

    is based on Guilford’s     (19 9) and was adapted by  a ano for Japanese students.  he 

questions are as follows. A picture of an empty can was shown, and the students were asked, “What 

are the possible uses for the objects in this picture? Please think of as many as you can.” The intention 

of this question is to figure out how many ideas the students can write. The number of possible uses 

of the empty can that the participants could think of was defined as fluency. For example, if a student 

gave two responses, “I use it as a vase” and “I use it as a tool for drawing circles”, the fluency is 2. If 

no answer is given, the score is  . In the followin  there are some e amples of students’ responses to 

the question: using it as a container, using it as a musical instrument, using the lid of the can as a 

cutter, using it to play bowling, using as a penholder, putting a stone in it, then using it as a weapon 

etc. 

Fermi Problem Test 

The Fermi problem used in the present study is “How many liters of water does one person use in a 

year?” In this Fermi problem, fluency is defined as “the richness of aspects solving a Fermi problem.” 

This definition is different from definition of Wessels (2014) or Lu and Kaiser (2021). For ease of 

the evaluation in school, the number of ideas that can be evaluated more clearly and simply was used 

as the definition. For example, if a student considered “the amount of drinking water” and “the 

amount of water used in the shower” as the elements needed to solve the problem, the fluency is 2. If 

a response  was “I use 10 liters in the morning, 20 liters in the afternoon, and 30 liters at night.” Then  

the day was divided into three parts in chronological order the score was three. If there was no number 

to assume or only the answer, it was determined to be 0. After considering many problems in my 

preliminary research and discussing them with some pedagogy professors, it this problem was 

adopted. 

Results  

 he statistical analysis was conducted to in esti ate the first research  uestion, “How much of a 

correlation is there between fluency in the Fermi problem and fluency in creati ity in  eneral?”  he 

correlation between fluency measured by the richness of aspects solving a Fermi problem (fluency of 

a Fermi problem), fluency in general creativity by TCT (fluency by TCT) and academic performance 

in mathematics was examined. Correlations with mathematical performance were also investigated, 

as previous research suggested that creativity and the Fermi problem have a strong relationship with 

mathematical performance. As can be seen (Table 1), there is a strong positive correlation between 

fluency of a Fermi problem and fluency by TCT. There is also a weak positive correlation between 

academic performance in mathematics and fluency by TCT. Similarly, there is a weak correlation 

between academic performance in mathematics and fluency of a Fermi problem.  

 



 

 

 Fluency by TCT Fluency of a Fermi problem Math-Performance 

Fluency by TCT 1   

Fluency of a Fermi problem 0,614** 1  

Math-Performance 0,247** 0,278** 1 

*p<0,05;**p<0,01  Math-Performance (Mathematical performance test scores) 

Table 1: Correlation between Fluency by TCT, Fluency of a Fermi problem, and Math-Performance 

A multiple regression analysis was then conducted to further investigate the connection between the 

fluency in general creativity and the fluency in a Fermi problem, which was investigated in the present 

study. Fluency in general creativity was used as the dependent variable to determine the extent to 

which fluency as measured by the Fermi problem is a construct of fluency in general creativity. As 

can be seen (Table 2) two models were created for analysis. No multicollinearity was found in the 

two models. Model 1 adds age and gender as well as math-performance as control variables. Model 

2 uses only math-performance as a control variable. Both models also show significant differences. 

In addition, there is a significant difference fluency of a Fermi problem and academic performance 

in mathematics in both models. 

 Regression  

coefficient  

Standard error Standardized 

regression coefficient 

Model 1: Dependent variable is fluency by TCT and 4 variables (Adjusted R2= 0.297,F(4,286)= 31.58,p<0.001) 

Fluency of a Fermi problem 0.435*** 0.045 0.492 

Math-Performance 0.012* 0.005 0.124 

Age 0.383* 0.195 0.099 

gender -0.275 0.229 -0.061 

Model 2: Dependent variable is fluency by TCT and 2 variables (Adjusted R2= 0.290,F(2,288)= 60.29,p<0.001) 

Fluency of a Fermi problem 0.444*** 0.045 0.503 

Math-Performance 0.011* 0.005 0.115 

*p<0,05;**p<0,01; ***p<0,001 Math-Performance (Mathematical performance test scores)  

Table 2: Results of multiple regression analysis with fluency by TCT as the dependent variable 

Discussion and Conclusion 

Analysis of the data showed a strong correlation between fluency in general creativity and fluency 

measured by the richness of aspects in solving a Fermi problem. The result of the multiple regression 

analysis in Table 2 also show that fluency of a Fermi problem is a relatively strong factor when 

creativity in general creativity was the dependent variable, even when controlling for academic 

performance in mathematics and age. Thus, it is predicted that the Fermi problem can measure fluency 

in general creativity without much effect from factors of age and academic performance in 

mathematics. Previous studies of the relationship between mathematical modelling and creativity 



 

 

have defined fluency as the number of different solutions or the number of different models 

considered. In addition, the mathematical modelling problems used in these studies were modelling 

problems of relatively high challenging level (Wessels, 2014; Lu & Kaiser, 2021). If the problem is 

a mathematical modelling problem at a challenging level, it is possible that it may take longer time 

to solve the problem, or that students seem to be satisfied if they can find one solution or model for 

the problem. This makes it difficult to measure fluency appropriately. To avoid such difficulties, the 

present study assessed fluency from a different perspective. By defining fluency as “the richness of 

aspects of solving a Fermi problem”, it is possible to evaluate fluency more openly in terms of the 

items students have created and thought about in order to solve a problem, even if they cannot create 

a complete single solution or model. Additionally, Fermi Problems require to consider a large 

quantities of scenarios quickly (Ärlebäck, 2009). In fact, the Fermi problem used in this study showed 

that most of the students were able to answer or came up with ideas to solve the problem within 10 

minutes. Thus, the Fermi problem can be handled in a short time. Therefore, the assessment using the 

Fermi problem, as in the present study, is simpler than the assessment used in previous studies. Hence, 

this suggests that Fermi problems can be simply used as one of the fluency assessments in school.  

Focusing on the relationship between academic performance in mathematics and fluency, there is a 

weak correlation. There are two possible reasons for the weak correlation. First, Japanese junior high 

school students are not familiar to modelling problems like the Fermi problem. Therefore, it is 

predicted that even students who have a high academic performance in mathematics  were not able 

to achieve a high level of fluency. Second, the issue seems to be the nature of mathematics problems. 

Just presenting ideas is not enough to solve a mathematical problem. It is necessary not only to come 

up with ideas for solutions, but also to be able to change the solution method to a better one to handle 

them properly, and to calculate without making mistakes. These reasons are considered to be the 

cause of the low correlation. In the present study a low relationship between the fluency and academic 

performance in mathematics was found, but one cannot deny the possibility that there is a strong 

relationship when looking from another perspective.  

There are some limitations to the present study. First, in the present study, the reliability and validity 

of the test to measure fluency with the Fermi problem was not verified. Therefore, it is not possible 

to state that fluency in general creativity can be completely measured by means of this Fermi problem. 

Second, students dealt with “How many liters of water does one person use in a year?” In this case, 

results showed the relationship between fluency in general creativity and fluency measured by the 

richness of aspects solving a Fermi problem. However, it was not possible to shown whether there is 

the relationship between fluency in general creativity and all other Fermi Problems. It could be the 

case that there are some Fermi problems that limit fluency in the first place. Furthermore, the survey 

was only conducted with Japanese students in one school. It is possible that other countries will have 

different results. Moreover, the present study was only focused on fluency, which is one of the factors 

of creativity. It cannot be conclude from the results of the present study that Fermi problems is 

strongly related to all factors of creativity.  

Although there are some limitations, it was suggested that the existing definition of fluency in 

mathematical modelling could be reconsidered, and that Fermi problems could be used to measure 

fluency in a simpler way. In the future, it will be examined the validity and reliability of a test to 

measure creativity using the Fermi problem. Additionally,  the relationship between general creativity 



 

 

factors other than fluency and Fermi problems will be investigated to complement and extend the 

results of present study. 
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Abstract 

Recently, creativity in mathematical modelling has been studied. These studies have found a 

relationship between mathematical modelling and creativity. However, few correlational analyses of 

those associations have been conducted using quantitative measures. The present study, using Fermi 

problems, regarded as a type of mathematical modelling, examined whether there are correlations 

between creativity in the Fermi problem and general creativity in psychology and mathematical 

creativity by Structural Equation Modeling. The results of a survey of junior high school students (n 

= 364) in Japan showed a strong correlation (r = .711, p < .01 in the acceptable model between creativity 

in Fermi problems and mathematical creativity. A moderate correlation (r = .429, p < .01 in the 

acceptable model was also found between creativity in Fermi problems and general creativity in 

psychology. In addition, these correlations were shown to vary depending on the content and format of 

the Fermi problem. 

 

 
Keywords: Fermi problem, General creativity in psychology, Mathematical creativity, Mathematical 

modelling, Structural equation modelling. 

 
Introduction 

Creativity is required in mathematics education (Mann, 2005; The European Commission, 

2019). In addition, the importance of creativity in solving mathematical problems is shown (Silver, 

1997; Mann, 2006). Many studies on the relationship between mathematics and creativity exist for these 

reasons. For example, some studies on mathematics teaching methods and learning environments foster 

creativity (Meyer, 1970; Nadjafikhah et al., 2011). Additionally, other researchers studied the 

relationship between mathematical creativity (hereinafter referred to as MC), which is defined as 

creativity specific to the mathematical domain, and mathematical ability, as well as how to evaluate 

these abilities (Balka, 1974; Mann, 2005; Kattou et al.,2013). However, due to the lack of insight into 

the relationship between general creativity in psychology (hereinafter referred to as GC) and MC, it is 

still not entirely clear how creativity and mathematics are related (Schoevers et al., 2020). Furthermore, 

the importance of creativity is emphasized, but it is not enough to develop creativity in mathematics 

education (Silver,1997; Thohari et al., 2020). 
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There is recent research on the relationship between creativity in mathematical modelling, which 

is the translation process between the real world and mathematics in both directions, and GC, to 

overcome this situation (Blum & Borromeo Ferri, 2009; Wessels, 2014; Lu & Kaiser, 2021). These 

studies evaluated students' solutions using a rubric corresponding to psychology's creativity factor. As 

a result, a specific relationship between mathematical modelling and creativity has been found. 

However, few studies have statistically analyzed the relationship and examined the structure. Therefore, 

the following research questions can be considered. "How is any creativity related to creativity in 

mathematical modelling?" Furthermore, "Does the content or form of the problem change its relevance 

to creativity?" 

The present study uses Fermi problems as a mathematical modelling problem. Fermi problem is 

a type of mathematical modelling, and is viewed as a quick approximation for an open problem (Carlson, 

1997; Greefrath & Frenken, 2021). In addition, it is required creative thinking (Silver,1997; Goel & 

Singh, 1998). The purpose of the present study is to analyze the relationship between creativity in Fermi 

Problem (hereinafter referred to as FC), GC, and MC. using structural equation modeling (hereinafter 

referred to as SEM). Based on the analysis results, it is discussed how the three types of creativity are 

related. Furthermore, it is considered how the creativity factor in the Fermi problem is viewed and the 

impact on correlations between FC, MC, and GC by the content and format of the Fermi problem. 

 
Literature Review 

General Creativity in Psychology (GC) 

There is a wide range of research on creativity, including research that focuses on so-called 

genius individuals, methods of measuring creativity, and research on the development of creativity 

(Yano et al., 2002). From the 1960s, research on creativity using factor analysis by Guilford and others 

was published, and research on how to analyze and measure the factors of creativity became the most 

common. The focus has became not on individuals with high creativity but on the structure of creativity 

and general people's creativity. When thinking about creativity, it is necessary to define it. However, 

there is no single definition of creativity. Treffinger (2011) collected literature with definitions of 

creativity up to 2011. He collected more than 100 references, which discuss creativity from different 

perspectives. Thus, creativity can be studied from a variety of perspectives. The present study focuses 

on creativity factors and considers the related structure of each creativity that GC, MC, and FC, are 

consisted of these creative factors. Therefore, it focuses first on the study of Wilson et al. (1954) about 

factors in creativity. They hypothesized that creativity is composed of several factors. It was 

hypothesized that creativity has the following factors: sensitivity to problem, fluency, flexibility, 

originality, penetration, analysis, synthesis, and redefinition (Wilson et al, 1954).  

Based on these hypotheses, tests were created to measure those factors (Guilford, 

1959).Additionally, Torrance (1963) created a creativity test called the Minnesota Tests of Creative 

Thinking to measure these factors. Fluency is defined as the total number of meaningful ideas that were 

generated. Flexibility is considered to be the number of categories of the idea. Originality is weighted to 

those that are statistically rare per problem. Elaboration is measured by how much decoration was added 

to the idea. Other creativity tests that have been developed include the Test 



 

 

for Creative Thinking-Drawing Production or the Torrance Test of Creative Thinking (Urban & Jellen, 

2010; Kim, 2006). 

However, there are some criticisms of the definition of these factors. For example, some 

researchers pointed out the similarities between fluency and flexibility and integrated the two factors 

into a single definition (Hébert et al., 2002; Lu & Kaiser, 2021). Originality was also measured 

differently in each study. Most studies have been measured using percentage occurrences of ideas 

(Torrance, 1963; Mann, 2005; Kattou et al., 2013). However, the value of that cut-off point varies from 

study to study. As mentioned above, how the creativity factor is viewed is still debatable. Thus, it is 

worth considering how best to interpret the creativity factors in examining the relationship between the 

three types of creativity, GC, MC, and FC. 

Mathematical Creativity (MC) 

There is MC, which focuses on the specific domain of mathematics. As with creativity in 

psychology, its definitions vary widely. For example, Tammadge (1979) defined MC as "includes the 

ability to see new relationships between techniques and areas of application and to make associations 

between possibly unrelated ideas" (p. 151). Nadjafikhah et al. (2012) summarized the definition and 

characteristics of MC and the difficulty of defining it due to the complexity of its structure and 

characteristics. Because of this variety of ways of perceiving it, MC has also been studied from several 

perspectives. For example, Sriraman (2004) had a qualitative study in which mathematicians were 

targeted, and their thought processes were interviewed and analyzed. While some of these studies have 

focused on specific individuals with the high mathematical ability to find the creativity needed to solve 

mathematical problems, others have focused on students to measure their creativity in mathematics. 

Balka (1974) developed six criteria based on a list of items used to measure creativity in psychology and 

created questions to measure MC. Mann (2005) used research on such assessments to investigate the 

relationship between MC and mathematical ability among seventh graders attending middle school and 

found a positive correlation between them. Kattou et al. (2013) also studied the relationship between MC 

and mathematical ability using a statistical method called structural equation modeling. Furthermore, a 

study by Kattou et al. (2015) investigated the relationship between MC and creativity in psychology. 

These studies have revealed a relationship between mathematical ability and MC and between creativity 

in psychology and MC. Most of those studies have assessed creativity with three creativity factors: 

fluency, flexibility, and originality, but no consensus has been reached on how to measure these factors 

(Pitta-Pantazi et al., 2018). 

Fermi Problem 

"Fermi Problem" is named after the Italian nuclear physicist Enrico Fermi. He had a unique way 

of raising problems. Probably the most famous of them is "How many piano tuners are there in the city 

of Chicago?" Fermi problem is a type of mathematical modelling, which is the translation process 

between the real world and mathematics in both directions (Blum & Borromeo Ferri, 2009) and is 

viewed as a quick approximation for an open problem (Carlson, 1997; Greefrath & Frenken, 2021). 

Fermi problem has been used in educational practice as mathematical modelling. For example, Ärlebäck 

(2009) conducted educational research on a Fermi problem with high school students. Additionally, 

Peter-Koop (2005) practiced the Fermi problem with students at the primary 



 

 

stage of education. Since those studies have shown the positive effects of the Fermi problem on 

mathematical ability, it is considered valuable as a learning material for mathematics. 

Fermi Problems is focused on from the perspective of creativity. Fermi problem requires fluency 

in creativity and encourages creative thinking (Silver,1997; Goel & Singh, 1998). In addition, Bennevall 

(2016) classified Fermi problems as a creative thinking type of problem, as mentioned by Wakefield 

(1992). Moreover, Greefrath and Frenken (2021) state that "Fermi problems can also typically be broken 

down into smaller problems that can be solved by estimating" (p. 56). This skill, which breaks down a 

problem into smaller pieces, requires creativity (Helps & Lunt, 2001). 

Several studies have shown the relationship between Fermi problems and creativity. However, 

few studies have investigated the relationship between creativity in Fermi problems and factors of GC 

and MC. In addition, there is still a lack of research that examines the changes in associations between 

different problem contents and formats. There is also not much discussion of creativity, focusing on 

problems like Fermi problems and mathematical modelling (Wessels, 2014; Lu & Kaiser, 2021). 

Research Questions 

The main research question: 

What are the relationships between FC, MC, and GC?  

The following are two subordinate research questions: 

1. How are the correlations differ depending on the content and form of the Fermi problem? 

2. How are the correlations differ depending on which creativity factor is considered? 

 
Methodology 

This study aims to examine the correlations between FC, MC, and GC. Thus, a survey was 

conducted among junior high school students in Japan. The survey results were analyzed and examined 

for indexes of model fit of the hypothetical models using lavaan, a package for SEM software R. 

 
Participants 

A total of 364 students from a public junior high school in Japan participated. Their ages ranged 

from 12 to 15 years old and included 195 boys and 169 girls. The student's academic performance was 

the same as the national average for annual academic achievement surveys conducted throughout Japan. 

Additionally, mathematical modelling such as the Fermi problem was not used in school lectures, and 

students had little experience with such problems. It was indicated that the present study required a 

sample size of at least 347, with an anticipated effect size of 0.3, desired power of 0.8, 9 latent variable 

and 20 observed variables, and a probability level of 0.05 (Sloper, 2015). 



 

 

Implement 

Test for Creative Thinking-Drawing Production (TCT-DP) 

The TCT-DP is a creativity test created by Urban and Jellen. In this test, creativity is viewed as 

a "whole," and the subject draws additional pictures on an unfinished drawing and gives it a title. The 

picture is then rated on 14 items (Urban & Jellen, 2010). The sum of the scores for these items is used 

as the creativity score. TCT-DP is good inter-rater reliability, with α = .81–.99 for the total score and α 

≥ .89 for the test criteria ( rban & Jellen, 1996).  his test in the present study was scored according to 

the manual (Urban & Jellen, 2010). This study does not consider the TCT-DP results as a single summed 

value. Because this study is designed from the perspective that creativity is composed of several factors, 

as Guilford (1959) and Torrance (1963; 1988) considered. Sola et al. (2017) corresponded the Guilford 

(1959) and Torrance (1988) and so on creativity factors to the 13 variables used to measure creativity 

in the TCT-DP (the Speed factor did not correspond). This analysis is based on fluency, flexibility, and 

originality in that study. 

 
Mathematical Creativity Test 

The present study adopted the mathematical creativity tests that were used in previous studies 

(Balka, 1974; Mann, 2005; Kattou et al., 2013; Pitta-Pantazi et al., 2013). The evaluation was also 

based on those studies. There are three assessment items: fluency, flexibility, and originality. Scores 

are assessed fluency (number of correct solutions), flexibility (number of different types or categories 

of correct solutions), and originality (it is a relative assessment, weighted so that the rarer the answer, 

the higher the score). The following are tests in this survey: Problem 1 for MC (Mann, 2005): 

Below are figures of various polygons with all possible diagonals drawn (dotted lines) from each 

vertex of the polygon. List as many things as you can of what happens when you increase the 

number of sides on the polygon. For example, the number of diagonal increases. The number of 

triangles formed by the diagonal increases (p. 107). 

 
Figure 1 

The Figure Attached to the Problem in Mann (2005) 

Problem 2 for MC (Kattou et.al, 2013): 

Look at this number pyramid. All the cells must contain one number. Each number in the 

pyramid can be computed by performing always the same operation with the two numbers that 

appear underneath it. Fill in the pyramid, by keeping on the top the number 35. Try to find as 

many solutions as possible (p. 172). 



 

 

Figure 2 

The Figure Attached to the Problem in Kattou et al. (2013) 

Problem 3 for MC (Pitta-Pantazi et al., 2013): 

Divide a 5cm by 5cm square into five parts of equal area. Find as many different solutions as 

possible (p. 203). 

 
Fermi Problem Test 

The following three problems were used in this survey: 

• Fermi problem 1: How many liters of water does one person use in a year? 

• Fermi problem 2: If you collected all the smartphones in the world, how many would there 

be? 

• Fermi problem 3: If you collected all the cars in Japan, how many would there be? Think of 

as many ways as you can to find out how many cars there are. Write down as many ways as 

you can to find out how many cars there are, and write them down in as much detail as you 

can, using sentences, formulas, and diagrams. You do not have to calculate how many cars 

there are in Japan. 

The definitions of creativity factor in FC and their measurement methods are given below. The 

present study focuses on fluency, flexibility, and originality, which are often used in MC and GC. 

Therefore, These Fermi problems were assessed by those three factors. Fluency is defined as "the 

richness of aspects solving a Fermi problem." For example, if a student considered "the amount of 

drinking water" and "the amount of water used in the shower" as the elements needed to solve the 

problem, thus the fluency is 2. Another response was, "I use 10 liters in the morning, 20 liters in the 

afternoon, and 30 liters at night." When the day was divided into three parts in chronological order, such 

as that response, the assumed number was three. Therefore, the fluency is 3. If there was no number to 

assume or only the answer, it was determined to be 0. Originality is scored by weighting the ideas 

according to their rate of occurrence regarding Kattou et al. (2013) methods. Flexibility is the number 

of categories of ideas. This author creates the categories. Because of the possibility that correlations 

may change depending on the categorization method, two types of categories are created. This way 

allows for a more detailed discussion for subordinate research question 2. One is divided into seven 

categories and the other into three (see. Appendix). 

 
Procedure 

All tests were conducted at school during regular school hours. At first,  students received the 

Fermi problem tests, which were 10 minutes for each. Then, they took three Mathematical Creativity 

Tests. Next, students received TCT-DP. The students took the test relaxed, as it was 



 

 

explained to them that the results would not affect their school grades in mathematics or any other 

subject. Two teachers in this school supervised the survey. 

 
Hypothesis for the research questions 

Below are the hypotheses for the research questions of the present study. Firstly, in answer to 

subordinate research question 1, it is hypothesized that the correlations differ depending on the content 

and format of the Fermi problem. Fermi problems 1 and 2 are predicted to be strongly associated 

with MC, while Fermi problem 3 is strongly associated with GC. This hypothesis is based on the idea 

that the form of the problem affects the expression of creativity. Fermi problem 3 requires only solution 

ideas and no computation. In other words, the format is similar to a general psychological test of 

creativity, which facilitates free ideas and does not require mathematical skills. On the other hand, Fermi 

problems 1 and 2 involve a computational process and require structuring ideas to solve the problem. 

The format of Fermi problems 1 and 2 is similar in format to tests of MC.  

Secondly, in answer to subordinate research question 2, it is hypothesized that the more creativity 

factors to be measured, the better the model. As described in the Literature Review section, whether 

fluency and flexibility should be integrated or considered apart when measuring creativity is still 

discussed. Even in studies of creativity in mathematical modelling, Wessels (2014) defines fluency and 

flexibility separately, while Lu and Kaiser (2021) remove flexibility and just fluency. Based on the 

existence of flexibility measured by the number of categories of ideas in psychological and 

mathematical creativity tests, it is assumed that flexibility would be a better model to position for 

creativity in the Fermi problem as well. It is supposed that the correlation would change depending on 

how many layers of idea categories are divided. The  difference between high and low flexibility in 

categories with fewer layers is not likely to be clearly expressed. Therefore, it is hypothesized that 

flexibility measured with more categories of ideas will be a better model than flexibility measured with 

fewer categories of ideas. 

From now, it is described that hypothetical models should be considered in structural equation 

modeling based on the above hypothesis. Hypothetical models 1 through 3 are based on creativity in 

Fermi problem 1 (hereinafter referred to as FC1), creativity in Fermi problem 2 (hereinafter referred to 

as FC2), creativity in Fermi problem 3 (hereinafter referred to as FC3), for each problem, with latent 

variables are created (see Figure 3). In hypothetical Model 1, each FC is created by fluency and 

originality, excluding flexibility. In hypothetical model 2, each FC is created from flexibility measured 

in more hierarchical categories (7 layers), fluency, and originality. In hypothetical Model 3, each Fc is 

created from flexibility measured in fewer hierarchical (3 layers) categories, fluency, and originality. 



 

 

Figure 3 

Hypothetical Model 1 

Note. Flu is fluency, Fle is flexibility, Ori is originality, Ne and Ucb and Ucd are sub - factors for 

originality in TCT-DP (Sola et al., 2017). 

In addition to these hypothetical models, models including a latent variable (hereafter referred 

to as integrated FC), which further combines the latent variables FC1, FC2, and FC3 into one (see Figure 

4), are also being considered for the analysis. creativity. 

 
Figure 4 

Hypothetical Model 5 and 6 
 

In other words, hypothetical model 4 is a model of the relationship between the integrated FC, 

which consists of each FC that has fluency and originality and does not have the factor of flexibility, 

and the other creativity. Hypothetical model 5 is a model of the association between integrated FC, 

which is flexibility measured by the 7-layer category, fluency and originality, and the other creativity. 

Hypothetical model 6 is a model of the association between integrated FC, which is flexibility measured 

by the 3-layer categories, fluency and originality, and the other 



 

 

Results  

Table 1 

Fitness Index in SEM for hypothetical models 

 Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 

p .00 .00 .00 .00 .00 .00 

χ2 286.62 496.41 474.55 295.24 505.26 483.42 

df 160 220.00 220.00 164.00 224.00 224.00 

CFI .97 .95 .95 .97 .95 .95 

RMSEA .04 .05 .05 .05 .05 .05 

SRMR .05 .06 .06 .05 .06 .06 

AIC 19193.76 22665.37 21935.37 19194.371 22666.22 21936.24 

BIC 19388.61 22883.61 21975.95 19373.641 22868.88 22138.89 

Results of the SEM model fit index showed that all models are acceptable (see. Table 1). Firstly, 

the chi-square test shows a significant difference in all models. The chi-square test of exact fit often 

rejects the null hypothesis, especially in large samples. Therefore, while it would generally be desirable 

for the null hypothesis not to be rejected, in the present analysis, it was rejected in all models, possibly 

due to sample size. (Joreskog & Surbom, 1996; Shi et al, 2019). Secondly, the model is considered good 

if the CFI is more excellent than .95 (West et al. 2012). In other words, all models were concluded to 

be good models. Thirdly, REMSA is ideally less than .05 (MacCallum et al., 1996). In this case, all 

models were shown to be good fitting. Fourth, Hu and Bentler (1999) suggested that the value of SRMR 

less than .06 alone, or .08 in a combination of other SEM indexes within recommended ranges, is a good 

fit. In this index, all models showed promising results. Furthermore, focusing on the AIC, Models 1 and 

4, the FC models with no flexibility factor, have relatively lower values than the other models. Smaller 

values of AIC are judged to be better models (Akaike, 1974). In addition, the Voung test showed that 

there were significant differences (p < .01) between models without flexibility and with flexibility 

measured in two types of categories (Genius & Strazzera, 2002). 

Then, the correlation coefficients for each hypothetical model are summarized (see. Table 2 

– 7). Firstly, the correlation coefficients in hypothetical models 1 through 3 when FC is not integrated 

are noted. There were no significant differences in the correlation coefficient values for each model. 

The following were shown from the cut-off value of the correlation coefficient according to Hemphill 

(2003). 



 

 

Table 2 

Correlation on Model 1: without flexibility factor 

 FC1 FC2 FC3 MC GC 

FC1 1     

FC2 .433** 1    

FC3 .375** .470** 1   

MC .523** .446** .410** 1  

GC .266** .247** .355** .339** 1 

Note. * p < .05, ** p < .01, FC1 is creativity in Fermi problem 1. FC2 and FC3 as well. 

 
Table 3 

Correlation on Model 2: with flexibility factor measured in the more layered category 

 FC1 FC2 FC3 MC GC 

FC1 1     

FC2 .433** 1    

FC3 .388** .490** 1   

MC .524** .444** .426** 1  

GC .266** .245** .367** .339** 1 

Table 4 

Correlation on Model 3: with flexibility factor measured in the less layered category 

 FC1 FC2 FC3 MC GC 

FC1 1     

FC2 .433** 1    

FC3 .393** .495** 1   

MC .524** .447** .431** 1  

GC .266** .246** .373** .340** 1 

All were positively correlated. The correlation coefficients between FC1 and MC were strongly 

correlated. Additionally, FC2 and FC3 had a moderate correlation with MC. In addition, there was also 

a moderate correlation between GC and FC3. Moreover, FC1 and FC2 are low correlated with GC. 

Secondly, the correlation coefficients in hypothetical models 4 through 6 when FC is integrated are 

noted. Then, a strong positive correlation was found between integrated FC and MC, and a moderate 

positive correlation between integrated FC and GC. There were no significant differences in the 

correlation coefficient values for each model. 



 

 

Table 5 

Correlation on Model 4: without flexibility factor and with integrated FC 

 integrated FC MC GC 

integrated FC 1   

MC .711** 1  

GC .429** .338** 1 

Note. *p < .05, **p < .01, integrated FC is combines the latent variables created for each FC into one. 

 
Table 6 

Correlation on Model 5: with flexibility (more layered category) and with integrated FC 

 integrated FC MC GC 

integrated FC 1   

MC .711** 1  

GC .427** .338** 1 

Table 7 

Correlation on Model 6: with flexibility (less layered category) and with integrated FC 

 integrated FC MC GC 

integrated FC 1   

MC .713** 1  

GC .428** .339** 1 

Discussion and Consideration 

This analysis allowed us to create a structural model of correlations in FC, GC, and MC. In the 

models, correlations were found among the three creativities. In particular, in the model that defined 

latent variables integrating FC1, FC2, and FC3, a strong positive correlation was found between MC 

and integrated FC, and a moderate positive correlation was found between GC and integrated FC. The 

results also showed that the flexibility factor had little effect on those correlations. Furthermore, the 

comparison of the AIC showed better results for the model of FC without the flexibility factor. These 

results suggest that a correlation between FC and MC and GC can be found without measuring 

flexibility factor in FC. 

Next, subordinate research question 1 is discussed. Firstly, it focuses on the correlations among 

the latent variables of creativity in each Fermi problem. Looking at the association between FC1, FC2, 

and FC3, the highest correlation was found between FC2 and FC3. This result seems to be due to the 

content characteristics of the problems. These two problems require consideration of the broader theme 

of Japan and the world. In contrast, Fermi problem 1 allows the students to consider more familiar 

themes than the other two problems. In other words, it is understandable that a relatively strong 

correlation emerged between FC2 and FC3 when we focus on the familiarity of 



 

 

the content of the problem. The second highest correlation was between FC1 and FC2. It can be assumed 

that the problem format influences this result; Fermi problem 1 and Fermi problem 2 use the same 

problem format. These two problem formats were in the form of thinking about the problem-solving 

ideas, performing calculations, and finally giving a single answer. On the other hand, Fermi problem 3, 

was in a format that did not require a single answer, only ideas. In addition, FC1 and FC3, which differ 

in the question format and content type, showed the lowest correlations. From these results, it can be 

inferred that the content and format of the Fermi problems affect the creativity in the Fermi problems 

expressed by the students. 

Secondly, the relationship between creativity in each Fermi problem and MC and GC is 

discussed. Those relationships were also shown to be influenced by the format and content of the 

problems. From the analysis results (see. Table 2 - 4), it is clear that there are differences in the 

correlations between MC and GC and the latent variables created for each Fermi problem. When 

focusing on the correlation between GC and each FC, the differences in correlations are shown. For 

example, the highest correlation with GC is FC3. This high correlation is probably due in large part to 

the format of the problem. Fermi problem 3 is a form of problem that does not involve computational 

processing and does not specify a single answer at the end of the problem. This format allows for more 

freedom in generating ideas than the other two Fermi problems. 

Additionally, as mentioned in the hypothesis for the research questions section, GC and Fermi 

problem 3 do not require much mathematical knowledge and skill. This similarity in the characteristics 

of the problems suggests that there is a difference in correlation. On the contrary, the format possibly 

limits the generation of ideas for Fermi problems 1 and 2. For example, it can be inferred that even if an 

idea comes to them in students' minds, students may be conscious that they are expected to formulate a 

single answer and may not express it on paper. When attention is also paid to the correlation with MC, 

the results show the highest correlation with Fermi problem 1. In the hypothesis, it was expected that 

the correlation between Fermi problem 2 and MC would also be relatively larger than that of Fermi 

problem 3. However, the results of the analysis showed that  there was little difference in the correlation 

magnitude between Fermi problems 2 and 3. Fermi problem 1 had a familiar problem content, while the 

other two problems had a less familiar problem content. It seems to be considered that the problem 

content is more likely to influence the relationship with MC than the problem format. These results 

indicate that when considering creativity in Fermi problems, the relationship can differ depending on 

the content and format of the problem. 

Then, subordinate research question 2 is discussed. As can be seen from Table 1, all models are 

acceptable. The correlation coefficients also do not change markedly. Furthermore, Models 1 and 4, the 

FC models with no flexibility factor, have relatively better than the other models with AIC. Therefore, 

it is also possible that the flexibility factor does not need to be considered for the creativity of the Fermi 

problem. Intuitively, it was hypothesized that the model would be better if many factors measured it, 

but the exciting results belied that hypothesis. In other words, the result supports the view of Lu and 

Kaiser (2021) in their mathematical modelling of the creativity factor concerning flexibility and fluency. 

In addition, when comparing models with varying layers of categories to measure flexibility, no 

considerable differences are found in either model fit or 



 

 

correlation coefficients. This result suggests that the number of categories used to measure flexibility 

does not seriously impact the relationship between FC, MC, and GC. 

Finally, from an educational perspective, the results suggest the following. It is desirable to 

choose the form and content of the problem according to the creativity, a teacher or observer is interested 

in focusing. For example, an open-ended format, such as Fermi problem 3, is less restrictive in 

generating ideas and is more related to GC. Thus, it can be concluded that if a teacher or observer wants 

to know the general creativity in psychology, one can apply a form of the Fermi problem 3. Therefore, 

the results of this analysis can serve as one potential guideline for a teacher or observer to determine 

the creativity they want to know and what type of format and content of the problem they want to use. 

Furthermore, Fermi problems are also used as official test instruments. For example, Germany's so-

called comparative tests (VERA) use Fermi problems. In that test, it is used to assess modeling ability 

(Greefrath & Frenken, 2021). The results of this study suggest that it may be possible to measure both 

modeling abilities and creativity simultaneously. This study may also contribute to enhancing the value 

of such existing tests. 

On the other hand, the present study has several limitations. Firstly, the survey was conducted 

at a single school in Japan, and the age range is relatively narrow, so the scope of the survey is quite 

limited. Secondly, the model created did not incorporate mathematical ability, which is expected to be 

related to MC and FC. Thirdly, regarding the investigation of the Fermi problem.  It appears that solution 

time and the order in which the problems are solved may be influential in measuring creativity. This 

study did not examine the effects of such changes in time or order. Moreover, the validity and reliability 

of the Fermi problem concerning creativity were not examined. Because of these limitations, careful 

consideration should be given to the application of this study to other studies. 

In the future, a diverse sample will be collected, and created model will be analyzed. 

Additionally, it also will be considered another model. Furthermore, only the student's solved solution 

was evaluated in this case. Meanwhile, some studies have focused on the process of solving (Runco, 

2007; Schindler & Lilienthal, 2020). Such different approaches can also advance the relationship 

between creativity in Fermi problems and other creativity. Moreover, a test's validity and reliability to 

measure creativity using the Fermi problem will be examined. 



 

 

Appendix 

Categories for Fermi problem 1 

Categories for Hypothetical Model 2 and 5 Categories for Hypothetical Model 3 and 6 

A: Water used for nutrition 

B: Water used for washing the body 

C: Water used to wash things 

D: Water used in an institution 

E: Age group 

F: Time, season, and climate 

G: Other than categories A through F 

A: Water used for humans 

B: Water used for objects 

C: Other than categories A and B 

Categories for Fermi problem 2 

Categories for Hypothetical Model 2 and 5 Categories for Hypothetical Model 3 and 6 

A: Based on the population B: 

Based on households 

C: Based on age group 

D: Based on country E: 

Based on location 

F: Based on the type of phone. 

G: Other than categories A to F 

A: Based on a personal smartphone. 

B: Based on smartphones owned by other than 

individuals 

C: Other than categories A and B 

Categories for Fermi problem 3 

Categories for Hypothetical Model 2 and 5 Categories for Hypothetical Model 3 and 6 

A: Based on the population B: 

Based on households 

C: Based on age group 

D: Based on survey questions E: 

Based on location 

F: Based on vehicle type. 

G: Other than categories A to F 

A: Based on personal vehicle 

B: Based on vehicles owned by other than 

individuals 

C: Other than categories A and B 
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Abstract: Many methods of measuring creativity have been studied - mainly in psychology. In 

recent years, there have been attempts to incorporate such creativity into mathematical modelling, 

a topic handled in mathematics education. Accordingly, some studies have been trying to assess 

creativity in it. However, there have been no clear criteria or formulas that can be used for any 

problem, since a rubric has been created for each problem and evaluated individually. In the present 

study, to measure creativity in the Fermi problem, a type of mathematical modelling, a formula that 

applies information theory used in information science is proposed and examined using Structural 

Equation Modeling (SEM). A survey of Japanese junior high school students (n = 364) was 

conducted and analyzed, and the results show that the model using the formula proposed in the 

present study is a good fit. In addition, a moderate positive correlation (r = .41, p < .01 ) is found 

between creativity in the Fermi problem and creativity in psychology measured by the Test for 

Creative Thinking-Drawing Production (TCT-DP). 

 

 

Keywords: creativity, information theory, fermi problem, mathematical modelling, self- 

information, test for creative thinking-drawing production, automate an evaluation 
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1. Introduction 

 
In recent years, much attention is paid to 

creativity in many fields, including 

economics, engineering, education, and so on 

(Piirto, 2011; The European Commission, 

2019). Considered one of the necessities in 

technological advancement and scientific 

innovation, it has been measured and 

visualized. For example, many methods of 

measuring creativity have been studied in the 

field of psychology (Guilford & Christensen, 

1954; Torrance,1962; Urban & Jellen 2010). 

Additionally, in mathematics education, there 

have been attempts to examine the relationship 

between mathematical modelling, that is the 

process of translation between the real world 

and mathematics in both directions (Blum & 

Borromeo Ferri, 2009), and creativity. 

Furthermore, it has tried to assess creativity 

in mathematical modelling (Wessels, 2014; Lu 

& Kaiser, 2021). However, most of those 

studies create rubrics for each question or 

category for the ideas respondents answer 

(Mann, 2005; Wessels, 2014; Lu & Kaiser, 

2021). The creation of rubrics and categories 

often depends on the idea of the problem 

creator, making it difficult to apply to other 

problems. If there were evaluation methods and 

indicators that could be easily adapted to any 

problem, it would reduce the burden of creating 

problem-specific evaluation criteria. It is also 

presumed that it would be easier to categorize 

the character of the problem and consider the 

difficulty level of the problem. In addition, if 

creativity can be measured not only by 

creativity tests such as those used in 

psychology, but also by using problems that are 

easy to handle in school classes, teachers and 

students may become more aware of creativity. 

 

Hence, this paper proposes a formula that 

applies the concept of self-information content 

in information theory to measure the creativity 

in the Fermi problem, a type of mathematical 

modelling. The proposed formula is then 

examined using Structural Equation Modeling 

to determine if it is appropriate. 

 
2. Review of Literature 

 
In this section, prior research on creativity, 

mathematical modelling, the Fermi problem, 

and information theory relevant to the present 

study is shown. 

 
2.1. Creativity 
 

Previous studies have expressed various 

definitions of creativity. Treffinger (2011) 

collected ample literature with definitions of 

creativity up to 2011. There, he collected more 

than 100 references, which discuss creativity 

from different perspectives. As a result, there 

were diverse ways of perceiving creativity. For 

example, Guilford and Christensen 

(1954), pioneers in creativity research, 

hypothesized that creativity is composed of 

several factors. It was hypothesized that 

creativity seems to have the following factors: 

sensitivity to problem, fluency, flexibility, 

originality, penetration, analysis, synthesis, 

and redefinition. Tests were created to measure 

each of these factors. Similarly, several 

studies have taken the position that creativity 

consists of several factors and created tests 

to measure each of these factors. These tests 

defined “fluency” as the number of ideas per 

problem, and “fle ibility” as the number of 

categories of those ideas. They also measured 

“ori inality” by  i in  scores accordin  to the 

rate of occurrence (Guilford, 1959; Torrance, 

1962; Kim, 2006). 

 

On the other hand, Urban and Jellen (2010) 

viewed creativity as a “whole” rather than on a 

factor-by-factor basis. In other words, instead 

of capturing creativity by breaking it down into 

factors, they viewed it as one creativity. 
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For this reason, the Test for Creative Thinking- 

Drawing Production (TCT-DP) was made by 

them, which is a test for measuring creativity 

by creating 14 items to give scores. The total 

score was then used as an index of creativity. 
 

As mentioned above, there are different 

ways to view creativity in the measurement of 

creativity and it is widely discussed. 

 
2.2. Fermi Problem 

 

The Fermi problem comes from the 

physicist Enrico Fermi. He is said to have posed 

a typical Fermi problem to students at the 

 ni ersity of  hica o  “How many piano 

tuners are there in the city of  hica o?”  his is 

used in schools as a type of mathematical 

modelling (Peter-Koop, 2005; Ärlebäck, 2009; 

Greefrath & Frenken, 2021). So far several 

studies have examined the link between 

mathematical modelling and creativity 

(Wessels, 2014; Lu & Kaiser, 2021). Wessels 

(2014) defines creativity in mathematical 

modelling in terms of four elements, which are 

fluency, flexibility, novelty, and usefulness. 

problems based on a large body of literature. 

Then, the Fermi problem was classified as a 

creative thinking problem. The above leads us 

to assume that creativity in the Fermi problem 

is worth considering. 

 
2.3. Information Theory 

 

“Information  heory” was developed by 

Shannon (1948) and Weaver (1949), who 

views any sending and receiving of voice, 

images, text, and so on as communication of 

information. This theory influences many 

fields, including modern information science. It 

was considered different types of data and 

information in terms of a single measurement: 

the amount of information. It is called self-

information and is defined as follows 

(Shannon, 1948; Weaver, 1949; Jones, 1979): 

Let S be a system for events E1, E2, ..., En. in 

which P(Ek) = pk with   ≤ pk ≤ 1 and 

p₁ + p₂ +…+ pn = 1 

The self-information for event Ek is written as 

I(Ek) and is defined by 

It was stated that a “framewor  with four 

criteria for the identification of creativity was 

successfully used to evaluate levels of 

creativity in the solutions to the MEAs (model-

elicitin  acti ities)” (Wessels,   1 , pp. 1).  u 

and Kaiser (2021) also stated the connection 

between mathematical modelling competencies 

and creativity. They defined the three 

elements of creativity, which are usefulness, 

fluency, and originality, in the modelling cycle. 

They suggested that when assessing modelling 

competencies, it is better to include the 

perspective of Usefulness. In both studies, 

rubrics were created and evaluated for each 

problem. Additionally, Fermi problems are said 

to require fluency in creativity and to encourage 

creative thinking (Silver,1997; Goel & Singh, 

1998). Moreover, Marcus (2016) 

categorized open-ended 
 

I(Ek) = - log2 pk                       (1) 
 

This means that it is defined in such a 

way that what is less likely to occur 

probabilistically has higher information 

content. The probability of an event occurring 

100% of the time is pk = 1. Events that 

are known to occur with certainty can be 

considered self-evident phenomena and are 

viewed as having no value because there is no 

new information that can be learned. Since the 

information has no meaning, self-information 

is zero. 
 

Snyder et al. (2004) discussed the 

connection between creativity based on 

Guilford’s (19 9) or Getzels and Jac son’s 

(1962) creativity theory and information 

theory. Snyder et al. (2004) attempted to 
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develop a formula for creativity scores based 

on information theory and conducted a survey 

(N = 25) to examine the formula. The formula 

was expressed as follows: 
 

log2 {(1 + u₁) (1 + u₂) ... (1 + un)} (2) 

un is the total number of ideas in a 

category. For example, in the creativity test 

used in the study to think about the uses of 

paper, the u₁ cate ory is “ urface  ar in ” and 

the u2 category is “ oy/Game.” One subject 

comes up with the ideas “writin ”, “paintin ”, 

and “airplane.”  hen, “writin ” and “paintin ” 

are in the u₁ cate ory and “airplane” is in the u2 

cate ory.  herefore, the subject’s answer is 

evaluated as u₁ = 2 and u2 = 1. 
 

In this study, the formula to measure 

creativity was defined so that the more 

diverse the categories of ideas, the higher the 

value of creativity. Moreover, this creativity 

measurement requires the creation of a 

category for each problem. In addition, it is 

difficult to guarantee the validity of the 

categorization criteria. It is also difficult to 

assess differences in value among categories. 

For example, the creativity value of a 

respondent who came up with categories A and 

B, which are easy to conceive of, and the 

creativity value of a respondent who came up 

with categories C and D, which are difficult to 

think of, are both the same. 

 
3. Research Question 

 
Can creativity in the Fermi problem be 

expressed in a formula using information 

theory, without recourse to more or less 

arbitrary category systems? 

 
4. Method 

 
The purpose of the present study is to 

propose and examine a formula for measuring 

creativity in the Fermi problem with the 

application of information theory. Thus, a 

survey of creativity in psychology and the 

Fermi problem was conducted among junior 

high school students in Japan. The results of 

the survey were computed using the 

proposed formula and existing formula (2). The 

results of the calculations were analyzed and 

examined for indexes of model fit of the 

hypothetical models using lavaan, a package 

for structural equation modeling of the 

software R. 

 
4.1. Participants 
 

A total of 364 students from a public junior 

high school participated in the survey. Their 

ages ranged from 12 to 15 years old and 

included 195 boys and 169 girls. The academic 

performance of the students was about the same 

as the national average for annual academic 

achievement surveys conducted throughout 

Japan. In addition, mathematical modelling 

such as the Fermi problem was not used in 

school lectures, and students had little 

experience with such problems. It was 

indicated that the present study required sample 

size of at least 100, with an anticipated effect 

size of 0.3, desired power of 0.8, 1 latent 

variable and 4 observed variables, and a 

probability level of 0.05 (Sloper, 2015). 

 
4.2. Procedures 
 

The survey was conducted to measure 

c rea t iv i ty  in the Fermi problem and 

creativity dealt within psychology. Three 

Fermi problems and the TCT-DP are given 

to the participants. All survey questions are 

conducted on the same day, for a total of 

approximately 40 minutes. The order in which 

the surveys are conducted is as follows: first, 

the three Fermi problems are conducted. After 

that, the TCT-DP is performed. 
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4.3. Test for the survey 
 

Firstly, the Fermi problem is described. 

The three Fermi problems conducted are as 

follows; 
 

Problem 1: How many liters of water does one 

person use in a year? 

Prob lem 2: If you co l lec ted  all the 

smartphones in the world, how many would 

there be? 

Problem 3: If you collected all the cars in 

Japan, how many would there be? Think of as 

many ways as you can to find out how many 

cars there are. Write down as many ways as 

you can to find out how many cars there are, 

and write them down in as much detail as you 

can, using sentences, formulas, and diagrams. 

You do not have to calculate how many cars 

there are in Japan. 
 

The present study views creativity in 

the Fermi problem as the richness of aspects 

of solving a Fermi problem. For example, 

in Problem 2, ideas such as “the number 

of smartphones a family can ha e”, “a e 

 roups that own smartphones”, and “wealth 

differences by country” are given. Based 

on these ideas, the students are asked to 

create a mathematical model of how many 

smartphones there are in the world, calculate 

it, and come up with a single answer. Problem 

1 is similarly a problem of generating ideas, 

creating a model, performing calculations, 

and coming up with a single answer. Problem 

3, on the other hand, provides an idea of how 

to solve the problem. This problem does not 

require calculations, but rather the generation 

of a solution. Furthermore, categories of ideas 

are created for each problem (see. Appendix). 
 

Secondly, the TCT-DP is described. In 

this test, a subject draws additional pictures 

on an unfinished drawing and gives it a title. 

The picture is then rated on 14 of these items 

(Urban & Jellen, 2010). The sum of the scores 

for all of these items is used as the creativity 

score. TCT-DP has good inter-rater 

reliability: a = .81 – .99 for the total score and 

a ≥ .89 for test criteria ( rban & Jellen, 1996). 

Desmet et al. (2021) studied the validity and 

usefulness of the TCT-DP. This study 

provided evidence for the utility and divergent 

validity of the TCT-DP when used with a 

Dutch population (Desmet et al., 2021). This 

test is scored according to the manual (Urban 

& Jellen, 2010). 
 

4.4. Proposal for Mathematical Formula 

Formula (2) is computed by categories. 

When evaluating the Fermi problem, a type 

of mathematical modelling, with the formula 

(2), is necessary to create a category for each 

problem. In addition, it is difficult to evaluate 

the value of each category. Therefore, the 

following formula is proposed. 
 

The incidence of ideas for solving the 

Fermi problem is defined as P(x1), P(x2),…, 

P(xn). 

log21/P(x1) + log21/P(x2) +…+ log21/P(xn) (3)   

This formula is weighted by an idea. It is 

also closer to the definition of the amount of 

self-information in information theory than 

formula (2). An example is considered with 

Fermi problem 1: How many liters of water 

does one person use in a year? conducted in 

this survey. A subject considers the water one 

uses to solve this problem. The subject thinks 

of it as “drin in  water”, “bathin ”, and 

“laundry.”  he incidence of “drin in  water” 

is then 9 %, the incidence of “bath” is 8 %, 

and the incidence of “laundry” is 1 %.  he 

result for the subject is calculated as follows. 

x1 is “drin in  water.”  2 is “bathin .”  3 is 

“laundry.” 
 

log21/0.9 + log21/0.8 + log21/0.1 

=  .1 … +  .  … +  .  … 

≈ 3.79 



Volume 15, No. 1, June, 2022 

 

 

 

Thus, the subject’s creativity is rated at 

about 3.79. As can be observed from this 

calculation, the lower the rate of occurrence of an 

idea, the higher the value. 

 
4.5. Hypothetical model for SEM 
 

Three hypothetical models are presented for 

consideration in SEM. 
 

Model 1 is a model that calculates the 

creativity in the Fermi problem using the 

formula (2). Additionally, the ideas in the Fermi 

problem are classified into seven categories. 
 

Model 2 is also a model that calculates 

the creativity in the Fermi problem using 

the formula (2). Additionally, the ideas in 

the Fermi problem are classified into three 

categories. 
 

Model 3 is a model that calculates the 

creativity in the Fermi problem using the 

formula (3) proposed in the present study. 

 
5. Result 

 
 

Table 1: Fitness Index in SEM for models and Correlation Coefficients 
 

 Model 1 Model 2 Model 3 

p .00 .02 .05 

χ2 .04 8.05 5.86 

df 2 2 2 

CFI .93 .93 .96 

RMSEA .12 .11 .09 

SRMR .04 .04 .03 

AIC 3808.85 6814.49 4077.26 

BIC 3836.60 6842.24 4105.01 

r .36** .42** .41** 

*p < .05;.**p < .01 

 

 

 
 

            Figure 1. Hypothetical Model 3 
 

Results of the SEM model fit index 

show that the best model is Model 3 (see. Table 

1). Firstly, the Chi-Square Test shows a 

significant difference in Models 1 and 2, which 

was considered unsatisfactory for the model 

 

(Joreskog & Surbom, 1996). Secondly, the 

model is considered good if the CFI is greater 

than 0.95 (West et al. 2012). In other words, 

only model 3 was concluded to be a good 

model. Thirdly, REMSA is ideally less than 

0.05. Values above 0.1 are considered poor, 

values between 0.08 and 0.1 are considered 

borderline, values in the range of 0.05 to 

0.08 are considered acceptable, and values 

below 0.05 are considered good (MacCallum et 

al, 1996). In this case, Models 1 and 2 were 

considered poor, while Model 3 was in the 

range considered borderline. This result seems 

to be possibly due to the low degrees of 

freedom of these models. Fourth, the SRMR 
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is also considered excellent for values lower 

than 0.05 (Diamantopoulos & Siguaw, 2000). 

In this index, all models showed good results. 
 

Therefore, good results were shown for 

multiple indexes of model fit in Model 3 

using the formulas proposed in the present 

study. In addition, a moderate correlation (r 

= .41, p < .01) was found between the latent 

variable considered as the creativity of the 

Fermi problem, consisting of the three Fermi 

problem creativity observables created in 

Model 3, and the TCT-DP values (Hemphill, 

2003). 

 

6. Discussion and Conclusion 

 
The results of the hypothetical model 

comparison by SEM showed that the formula 

proposed in the present study, which is 

weighted by the incidence of each idea, is 

better than the pre ious study’s formula, 

which views ideas by category (Snyder et al., 

2004). A major factor in these results seems 

to be the difficulty of creating categories and 

classifying ideas. For example, in the Fermi 

problem 1 cate ory, the cate ories “Water 

used for washin  the body” and “Water used 

to wash thin s” are created. Howe er, some 

evaluators can assume that these could be 

combined into a sin le cate ory of “thin s 

used to wash”  hus, how the categories are 

created depends lar ely on the e aluator’s 

perspective. Therefore, the validity of the 

category is difficult to guarantee. In addition, 

it is examined whether the model fit is affected 

by varying the number of categories by the 

hypothetical models 1 and 2. The results of the 

analysis show no large differences in model 

fit indexes. Hence, it is not necessary to create 

categories of ideas to assess the creativity 

in the Fermi problem. From a different 

perspective, ideas with low incidence can also 

be viewed as being far outside of existing 

categories. In other words, giving high scores 

to ideas with low incidence, ideas that are 

not the way most people come up with, is 

consequently giving high scores to ideas in a 

different category. 
 

A moderate positive correlation was found 

between creativity in the Fermi problem and 

creativity by TCT-DP. Based on the result, it 

is possible to say that creativity in psychology 

can be expressed by a mathematical formula 

applying the information theory proposed in 

the present study as the answer to the research 

problem. On the other hand, the evaluation 

of creativity in the Fermi problem is highly 

dependent on the number of ideas for solving 

the Fermi problem. There is no evaluation 

given to the correctness or incorrectness of 

the computational process performed by the 

subjects, or to the mathematical models 

created to solve the problem. In other 

words, the part of a convergence of ideas, 

after thinking divergence, is not evaluated. 

Creativity has a divergent and a convergent 

part (Runco, 2007), and this evaluation 

method focuses on the divergence phase of 

creativity. If the convergent part is 

appropriately incorporated into the proposed 

formula, it is expected to show an even higher 

correlation. 

 

There are several limitations to the 

present study. Firstly, the scope of the survey 

is rather narrow, as it is conducted in a single 

school in Japan with a considerably small 

age range. Secondly, the formula proposed 

in the present study is weighted according 

to the rate of occurrence of ideas, so the 

creativity values are likely to be affected by 

the characteristics of the sample. For example, 

ideas can be biased by country. In Japan, rice 

is the staple food of the culture. Therefore, 

when considering Fermi problem 1, not a few 

subjects considered “water for coo in  rice.” 

On the other hand, in cultures where rice is not 

a staple food, such as in Europe and the United 

States, this idea is expected to be less likely to 

be generated. Therefore, the same idea would 
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have a different rate of occurrence in different 

groups, and the value of creativity calculated 

from the formula is changed. Thirdly, it is 

about the investigation of the Fermi problem. 

In measuring creativity, solution time and the 

order in which problems are solved seems to be 

a potential influence. It is not considered made 

of the impact of such changes in time or 

sequence in the present study. 

 
7. Outlook for the Future 

 
The prospects for reducing the limitations 

of the present study are described in this 

section. One way to overcome the limitations is 

to automate the e aluation of the subjects’ 

answers and collect larger data sets. This 

survey was conducted on a paper basis. If a 

program is created to allow subjects to answer 

the survey on a computer, the data analysis can 

be facilitated. In addition, if a large amount of 

data can be collected with a diverse sample, the 

probabilities for weighting the ideas that 

emerge can be made more accurate. Thus, it 

is expected that the accuracy of the proposed 

formula can be increased as well. Moreover, by 

applying the research of Pla-Castells and 

García-Fernández (2020) or Okamoto (2021) 

making the whole thinking process visible in 

auto, it is possible to evaluate not only the idea 

but also the whole thinking process. It is 

assumed that this would make it possible to 

incorporate  ariables such as “when the idea 

was  enerated”, “what computational 

processes were performed”, and “how many 

times the model was modified” into the 

formulas proposed in the present study. In the 

future, methods that can measure creativity in 

the Fermi problem with high accuracy are to be 

explored. 
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Appendix 

1. Fermi problem 1 

Categories for Hypothetical Model 1 

A: Water used for nutrition 

B: Water used for washing the body C: 

Water used to wash things 

D: Water used in an institution E: 

Age group 

F: Time, season, and climate 

G: Other than categories A through F 

Categories for Hypothetical Model 2 A: 

Water used for humans 

B: Water used for objects 

C: Other than categories A and B 

2. Fermi problem 2 

Categories for Hypothetical Model 1 

A: Based on the population B: 

Based on households 

C: Based on age group D: 

Based on country E: 

Based on location 

F: Based on the type of phone. 

G: Other than categories A to F 

Categories for Hypothetical Model 2 A: 

Based on a personal smartphone. 

B: Based on smartphones owned by other 

than individuals 

C: Other than categories A and B 

3. Fermi problem 3 

Categories for Hypothetical Model 1 

A: Based on the population B: 

Based on households 

C: Based on age group 

D: Based on survey questions E: 

Based on location 

F: Based on vehicle type. 

G: Other than categories A to F 

Categories for Hypothetical Model 2 A: 

Based on personal vehicle 

B: Based on vehicles owned by other than 

individuals 

C: Other than categories A and B 
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