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Abstract

:

Many educational institutions demand the development of creativity. However, it is still insufficient for encouraging creative work or thinking. One reason is the lack of simple tools to measure creativity in schools. This study focused on Fermi problems to solve the reason for this issue. Fermi problems have been suggested to be deeply related to creativity. However, few empirical studies have been conducted on their relationship. Therefore, this study conducted a survey and analyzed them by structural equation modeling. The results showed a moderate correlation between creativity in Fermi problems and creativity in psychology (r = 0.47, p < 0.01). Additionally, it was shown that there is a strong correlation between creativity in Fermi problems and mathematical creativity (r = 0.76, p < 0.01). Furthermore, regression analysis showed that creativity in Fermi problems is an important factor for measuring creativity in psychology and mathematical creativity.
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1. Introduction


Creativity is considered central and essential to humans [1,2]. Therefore, it has been studied in various methods and contexts [3,4]. For example, there have been studies measuring creativity in psychology and others focusing on creativity in the specific domain of mathematics (i.e., mathematical creativity).



With the progress of such research, many educational institutions have begun to emphasize the development of creativity in schools [5,6]. Furthermore, it has been stated that creativity is an essential component in mathematical problem solving [7,8]. In addition, it has been suggested that mathematical creativity should be viewed as one sub-concept that constitutes and underlies mathematical competence [9]. In light of the above, it is reasonable to focus on the context of creativity in mathematics education as well. However, creativity is not sufficiently fostered in school mathematics education currently [10,11]. One reason for this is that schools and mathematics education tend to focus on the acquiring of mathematical knowledge and skills, and there are few simple ways to assess the abstract concept of creativity [12,13,14]. Furthermore, the lack of such evaluation tools makes it difficult to objectively assess how students’ creativity has developed. In studies measuring creativity, no consensus has been reached on the criteria for its evaluation [15,16,17]. In addition, there have been attempts to foster creativity through problem solving activities, such as mathematical modeling [8,10]. However, few empirical studies have been limited to making suggestions.



Therefore, the authors in this study focused on Fermi problems. These are real-world problems and are regarded as quick estimations that are made rationally, supplementing unclear assumptions with their own knowledge and experience [18,19,20,21,22]. Fermi problems have already been used as a practice for estimation and as a test for measuring modeling competence in schools [22,23]. Furthermore, the general Fermi problems have the advantage that they can be performed in a short time. Therefore, they could easily be used in school classes and can be considered cost-effective. Additionally, Fermi problems have consistently been shown to be deeply related to creativity in previous studies [10,24,25,26]. However, based on a few examples, most studies have been limited to assuming a strong relationship between Fermi problems and creativity. In other words, few empirical studies have analyzed the correlation between creativity in Fermi problems and other creativities.



Therefore, this study analyzed the correlations between three types of creativity: creativity in Fermi problems, creativity in psychology, and mathematical creativity. Furthermore, to solve the previously mentioned problem of the lack of consensus on evaluation criteria for measuring creativity, this study applied information theory, which has played an important role in the development of computer science [27,28,29]. Creativity in Fermi problems has been calculated, and correlation analysis has been conducted using the theory [29]. Moreover, this study analyzed whether Fermi problems can measure already established creativity (e.g., creativity in psychology) based on the results obtained from the analysis. It is critical to note that because this study focused on the relationships of creativities, mathematical ability was not considered in the survey subjects.




2. Literature Review


2.1. Creativity in Psychology


Creativity is diverse and does not have just one definition [30]. In support of this, Treffinger [31] collected and organized the literature on the definitions of creativity up to 2011 and found that there are more than 100 definitions. Therefore, even if the study were limited to creativity research in psychology, there are different ways of viewing and measuring creativity. The measurements of creativity continue to change and improve (see Figure 1).



For example, Wilson et al. [32] hypothesized that creativity could be divided into factors and was composed of those factors. Based on those hypotheses, Guilford et al. [33] created the Alternate Uses Test, which measures creativity by factor. This test was used to determine the following four factors: 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 [33,37]. An example of the content of this test is to think of uses for bricks (see Figure 2). 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.” In that case, Fluency would have 3 points. In addition, since two categories are created, build and use for weapons, Flexibility would have 2 points. Furthermore, points for Originality would be added for the idea that it is statistically rare on a relative basis. Moreover, points for Elaboration would be added for the highly detailed idea.



Torrance [34] developed the Minnesota Tests of Creative Thinking, in which four creativity factors, Fluency, Flexibility, Originality, and Elaboration, are also measured using the equally defined criteria of Guilford et al. [33]. Additionally, Torrance [35] extended these tests. The extended test is called the Torrance Test of Creative Thinking and introduced a figural and verbal test. It increased the number of creativity factors measured ([15], see Figure 1).



Several criticisms exist for the tests that attempt to measure creativity by factors [36,38,39,40]. 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 the occurrence rates of ideas, 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 [36,40] developed a creativity test called the Test for Creative Thinking-Drawing Production (hereinafter referred to as TCT-DP). Each of the 14 items is scored, and these scores are added to form a single value for creativity.



Additionally, several studies have criticized the factors defined by Guilford et al. [33] and Torrance [34,35]. For example, some researchers have pointed out the similarity between Fluency and Flexibility and have combined these factors into a single definition or have not considered Flexibility as a factor [8,41].



Many studies have used the occurrence rates of ideas to evaluate relative ratings [9,34,42]. However, the criteria for the cut-off points of the occurrence rates of ideas vary from study to study. Therefore, the kind of factors used in creativity tests and their definition and evaluation criteria are debatable because of their diversity.




2.2. Mathematical Creativity


There is also mathematical creativity, which focuses on the specific domain of mathematics. As with creativity in psychology, definitions of creativity vary widely. In addition, Nadjafikhah et al. [43] stated that it is difficult to define because of the complex nature of its structure and characteristics.



In light of this diversity of viewpoints, mathematical creativity has been studied from a wide range of perspectives. Sriraman [7], for example, conducted a qualitative study in which mathematicians were interviewed and their thought processes were analyzed. In contrast to such qualitative studies, there are quantitative studies that attempted to numerically measure individual mathematical creativity for students [42,44].



Some quantitative studies have analyzed the correlation between mathematical creativity and creativity in psychology, or even with mathematical competence [9,45]. These studies have revealed a link between mathematical ability and mathematical creativity, as well as between creativity in psychology and mathematical creativity. In many of those studies, creativity was viewed in terms of factors and evaluated with three creativity factors: Fluency, Flexibility, and Originality [16]. However, the measurement methods and criteria for those factors often vary from study to study. For instance, similar to the issues in creativity in psychology described above, the cut-off points for Originality are often different.




2.3. Fermi Problems


Fermi problems are named after the Italian nuclear physicist Enrico Fermi. Fermi problems are real-world problems and are regarded as quick estimations that are made rationally, supplementing unclear assumptions with their own knowledge and experience [18,19,20,21,22]. One of the most famous and typical Fermi problems is: How many piano tuners are in Chicago? [46,47] These problems have little information to solve them. Therefore, a solver has to break down a given problem into several thinkable questions to break through such unclear initial conditions [22,48].



This skill, breaking down a given problem into several thinkable questions, requires creativity [49]. Additionally, several studies stated the relationship between Fermi problems and creativity [10,24,25,26]. For example, Silver [10] suggested that solving Fermi problems promotes the development of Fluency since solvers pose problems and generate various solutions. In addition, Ärlebäck and Bergsten [25] visualized and analyzed the solution process of Fermi problems performed by high school students. They reported observing the students perform situations in the solution process in which they made estimates in a creative way based on their past experiences. Additionally, there is research on the relationship between Fermi problems and a particular creativity factor. Ferrando and Segura [50] investigated the connection between Fermi problems and Flexibility, one of the creativity factors, and found that solvers flexibly use multiple strategies for related Fermi problems and switch to another strategy depending on some contextual feature. Moreover, Author [29] analyzed the correlation between creativity in Fermi problems measured by the formula applying information theory and creativity in psychology. That study showed a moderate positive correlation between them.



However, some studies on the relationship between Fermi problems and creativity have involved only a small number of cases and not a large sample. In other words, the number of empirical studies in which the relationship between creativity in Fermi problems and other creativities has been analyzed using statistical analysis is small.




2.4. Information Theory


Information theory was proposed by Shannon [27] and Weaver [28] and has played an essential role in developing computer science and other fields. In information theory, all the different kinds of data (e.g., audio, text) are considered as information [27]. Therefore, it considers all such different kinds of data with a single measurement scale. The amount of information that one piece of information has is called self-information and is defined as follows [27,28,51]:



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)







Several studies used this theory to measure creativity [29,52]. In particular, Author [29] applied this theory to measure creativity in Fermi problems. That study analyzed the relationship between creativity in Fermi problems and creativity in psychology measured by TCT-DP. That study proposed the following formula:


log21/P(x1) + log21/P(x2) +…+ log21/P(xn)



(2)







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).



An example is considered with a Fermi problem: If you collected all the smartphones in the world, how many would there be? A subject considered where the smartphones were located. The subject thought of it as “company,” “smartphone store,” and “factory.” The incidence of “company” is 80%, the incidence of “smartphone store” is 70%, and the incidence of “factory” is 20%. The result for the subject is calculated as follows: x1 is “company.” x2 is “smartphone store.” x3 is “factory.”


log21/0.8 + log21/0.7 + log21/0.2

=0.32… + 0.51… + 2.32…

≈3.14











Hence, the subject’s creativity is 3.14 with Formula (2). As can be observed from the calculation, the lower the rate of occurrence of an idea, the higher the value. In information theory, information that is less likely to occur probabilistically is defined as having higher value, similar to the concept of Originality (see Figure 1 and Figure 2). Additionally, there is no need to set a cut-off point for evaluating Originality. Furthermore, this theory is applied because ideas for solving Fermi problems might also be considered as one type of information. In other words, the number of xn could be considered as Fluency in Fermi problems. P(xn) could be considered as Originality in Fermi problems. Thus, Formula (2) integrates Fluency in Fermi problems, which is evaluated based on the number of ideas to solve it, and Originality in Fermi problems, which is evaluated based on the probabilistic rarity of the ideas, evaluated as a single value.



However, Author’s [29] study was limited to a sample of one school. Therefore, this study used a more diverse sample to examine whether Formula (2) works. Furthermore, by conducting a regression analysis, which was not done in that study, this study explored whether it is possible to measure already established creativity (e.g., mathematical creativity) using Fermi problems.





3. Research Questions


1. Can we construct a good model among creativity in Fermi problems, evaluated using the formula applying information theory, creativity in psychology, and mathematical creativity?



2. Is it possible to measure creativity in psychology and mathematical creativity by Fermi problems?




4. Methodology


4.1. Participants


Table 1 shows the students who participated in this survey. They were from four schools.



This survey had 457 participants. Most of the students had no experience with Fermi problems because they were hardly used in the classroom. It was determined that the impact of having little experience with Fermi problems should not be considered, because the number of students with little experience was relatively small. In this study, the models considered in the analysis using structural equation modeling are five latent and thirteen observed variables. An a-priori sample size calculator for structural equation modeling indicated that the analysis required a sample size of at least 268 [53].




4.2. Implement


4.2.1. Test for Creative Thinking-Drawing Production (TCT-DP)


TCT-DP was created by Urban and Jellen [36] to measure creativity. In this test, the subject adds more figures to an incomplete picture and titles it (see Figure 3). First, the picture is evaluated on 14 items. The total of these scores is then used as the creativity score. TCT-DP is appropriate inter-rater reliability, with α = 0.81–0.99 for the total score and α ≥ 0.89 for the test criteria [36]. This study used this test for measuring creativity in psychology. In this test, subjects are evaluated on the number of new diagrams they add and how they draw, as well as other factors. This survey was evaluated based on the manual by Urban and Jellen [40].




4.2.2. Mathematical Creativity Test


This study adopted the mathematical creativity tests that were used in previous studies [9,42,54]. The evaluation methods in this study were directly adapted from those in the respective literature. Those tests have three creativity factors: Fluency (number of correct solutions), Flexibility (number of different categories of correct solutions), and Originality (the cut-off point is set, and the rarer the answer, the higher the score). The following tests were included in this survey:




	
Mathematical Creativity Test 1 [42]:








Subjects were presented with Figure 4, which showed polygons and diagonal lines drawn within it. Afterward, they were asked to predict and answer what happens when the number of sides of the polygon increases.



	
Mathematical Creativity Test 2 [9]:






The numbers are placed one by one in the hexagons of the pyramid. Each number in the pyramid can be calculated by always performing the same operation on the two numbers displayed below it. Subjects were asked to place a number in the pyramid in Figure 5 and answer as many as possible.



	
Mathematical Creativity Test 3 [54]:






Subjects were given a 5 cm  ×  5 cm square figure. They were asked to divide the square into five parts and to draw lines so that they all have the same area (5 cm2). Subjects were required to answer as many as possible ways to draw the line.




4.2.3. Fermi Problems Test


The following three Fermi problems were used in this survey [17,29]:




	
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 your country, 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 your country.








Creativity in Fermi problems in this study is calculated in the same way as was done by Author [29] (see Information Theory of the section in Literature Review).





4.3. Procedure of Survey


All tests were given in classrooms during regular class times. Students first took the Fermi problem test. Afterward, they conducted the Mathematical Creativity Test. Students subsequently performed TCT-DP. The explanation that the results would not influence their school grades allowed the participants to take the tests without stress. This survey was supervised by two teachers in the classroom. The subjects answered all survey problems individually.




4.4. Hypothesis Model for the Analysis


This study analyzed the following three hypothetical models with structural equation modeling. These hypothetical models were proposed based on previous studies [17,29,45,55]. Hypothetical Model 1 is a model that represents the correlation between creativity in Fermi problems, creativity in psychology measured by TCT-DP, and mathematical creativity (see Figure 6). Hypothetical Model 1 was designed to examine research question 1. Hypothetical Model 2 is a model of regression analysis with creativity in psychology as measured by the TCT-DP as the dependent variable and creativity in Fermi problems and mathematical creativity as independent variables. Hypothetical Model 3 is a model of regression analysis with mathematical creativity as the dependent variable and creativity in Fermi problems and creativity in psychology measured by TCT-DP as independent variables. Hypothetical Models 2 and 3 were designed to examine research question 2.





5. Results


The structural equation modeling analysis results determined that the three hypothetical models were acceptable (see Table 2). Below are the results for each index.



The chi-square test showed a significant difference in the models. The null hypothesis is frequently rejected in the chi-square test of exact fit, especially for large samples. Normally, it is preferred that the null hypothesis is not rejected; however, it was rejected in all models, probably because of the sample size [56]. All indicators were found to be good except the chi-square test [57,58,59].



Subsequently, the correlation and regression coefficients in each model are shown using Figure 7, Figure 8 and Figure 9. The cut-off point for determining the strength of the correlation coefficient in this study was the one used by Döring and Bortz [60].



There was a strong positive correlation between creativity in Fermi problems and mathematical creativity (r = 0.76, p < 0.01). Moderate correlations were also found between creativity in Fermi problems and creativity in psychology and between mathematical creativity and creativity in psychology (r = 0.47, p < 0.01; r = 0.41, p < 0.01).



Furthermore, using creativity in psychology as the dependent variable, creativity in Fermi problems had a larger regression coefficient than that of mathematical creativity (see Figure 8). Similarly, using mathematical creativity as the dependent variable, creativity in Fermi problems had a larger regression coefficient than that of creativity in psychology (see Figure 9).




6. Discussion


Firstly, research question 1 was considered. This study’s analysis allows us to say that creativity in Fermi problems, evaluated using the formula that applies information theory, could construct a relevant model that is good for creativity in psychology and mathematical creativity. Formula (2) does not need a cut-off point because it uses relative probabilities. Therefore, it potentially solves the cut-off point issue in creativity research. This study used a more diverse and larger sample than the one used by Author [29]. This may have increased the validity of Formula (2) based on the application of information theory. Furthermore, this study was able to construct models that included mathematical creativity, which was not addressed by Author [29]. In other words, we were able to extend the relevant model.



Subsequently, research question 2 was considered. Creativity in Fermi problems was found to be a relatively strong factor in predicting established creativities (i.e., creativity in psychology and mathematical creativity). Furthermore, when creativity in psychology and mathematical creativity were treated as independent variables, their impact on the dependent variable was not shown to be significant. For example, when mathematical creativity was treated as the dependent variable, the regression coefficient for creativity in psychology was 0.07. Therefore, it had little impact. A similar situation was the case with creativity in psychology as the dependent variable. Hence, using Fermi problems to measure creativity in psychology and mathematical creativity seems to be more effective.



In addition, when the results of the three hypothetical models are viewed comprehensively, it is suggested that creativity in Fermi problems is a kind of intermediary between the other two types of creativity. In the regression analysis results, when creativity in psychology and mathematical creativity were treated as independent variables, they were weak factors to each other. However, the correlation coefficients between creativity in psychology and mathematical creativity were moderately positive. This result suggests that creativity in Fermi problems may have influenced the correlation between those two creativities. It is possible to consider that the characteristics of Fermi problems caused this influence. Fermi problems require the transformation or decomposition of an initial problem into a solvable problem. The solvers need to consider various possibilities and generate ideas. This activity is seen as an essential process in creativity. Furthermore, Fermi problems are used as estimation and modeling problems in mathematics education. In other words, the characteristics of Fermi problems could be considered connected to both creativity in psychology and mathematical creativity.



Furthermore, the results of the analysis are discussed from an educational perspective. As mentioned earlier, one of the reasons why creativity is not sufficiently fostered in mathematics education is that there are few simple ways to measure established creativities (e.g., creativity in psychology). This study showed that Fermi problems could be used to measure creativity. Therefore, Fermi problems, which are already used in educational settings and can be performed in a short time, could be one of the tools used to measure creativity in schools in a simplified way.



In summary, while there are few empirical studies on the relationship between Fermi problems and creativity, this study provided several insights. However, this study had limitations. As noted in the literature review, there are various ways to measure creativity in psychology. Therefore, analyses using creativity tests not used in this study may lead to different results. For example, there are creativity tests in psychology that focus on linguistic ability, such as finding commonalities among several words. If the results of such creativity tests are used, it is conceivable that the results would differ from the results of this study because of the influence of language ability. Additionally, when measuring creativity in Fermi problems, our analysis did not include in its evaluation perspectives that are likely to be influenced by mathematical ability, such as the correctness of mathematical processing or what formulas were used. Therefore, this study did not consider influences related to mathematical ability. Previous studies have shown a correlation between mathematical creativity and mathematical ability [9,42]. Furthermore, since Fermi problems are treated as mathematical estimation problems, it is impossible to say that mathematical ability is not influenced completely. Therefore, the following formula, which also considers mathematical abilities, needs to be considered:


log21/P(x1) + log21/P(x2) +…+ log21/P(xn) × (Mathematical ability: 0.5/1.0/2.0)











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). Mathematical ability is evaluated on a three-level scale (e.g., low, medium, and high). The numbers correspond, for example, to 0.5 for the low level, 1.0 for the medium level, and 2.0 for the high level.



One possible approach would be to evaluate this mathematical ability based on the correctness of the calculations and the level of the formula used, and to multiply it by Formula (2) as used in this study. In addition, Segura and Ferrando [61] identified and classified the types of errors that appear when solving Fermi problems. Establishing the level of correctness of the solution through the analysis of errors, such as their study, would improve the quality and validity of the formulas presented above.



As a future perspective, it will be examined whether similar results can be obtained when different creativity tests are used. This is because, as noted above, the tests measuring creativity used in this study are only one part of several tests. In addition, an analysis of related models that also include mathematical ability will be conducted and examined using the new extended formula, considering the correctness of the calculations and the mathematical skills used. Furthermore, the potential impact of creativity in Fermi problems on established creativity shown by this study makes it worthwhile to conduct further research on the use of Fermi problems to foster creativity. For example, a possible research design could divide the group into two groups, one with and one without Fermi problem activities, and conduct a longitudinal analysis using a growth curve model. We expect that the above research could contribute to the cultivation of creativity in students.
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Figure 1. Overview of the transition of the test of creativity [32,33,34,35,36]. 
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Figure 2. Example of the Alternate Uses Test [33]. 
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Figure 3. Some examples of answers for TCT-DP [39]. 
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Figure 4. Figure for Mathematical Creativity Test 1. 
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Figure 5. Figure for Mathematical Creativity Test 2. 
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Figure 6. Hypothetical Model 1. Note: MCT1 represents the creativity of mathematical creativity test 1, Flu represents Fluency, Fle represents Flexibility, and Ori represents Originality. 
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Figure 7. Analysis result of the Hypothetical Model 1. 
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Figure 8. Analysis result of the Hypothetical Model 2. 
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Figure 9. Analysis result of the Hypothetical Model 3. 
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Table 1. Table of information about schools that participated in this survey.
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	Country, Area
	Range of Ages
	The Number of Participants





	School A
	Japan, Gifu
	12–14
	N = 149



	School B
	Japan, Gifu
	13–14
	N = 223



	School C
	Germany,

Baden-Württemberg
	12–13
	N = 45



	School D
	Germany,

Baden-Württemberg
	13–14
	N = 40
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Table 2. Results for the model fitness index of hypothetical models.
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	Index
	Hypothetical Models 1, 2, and 3





	p
	0.00



	χ2
	189.36



	df
	62.00



	CFI
	0.97



	RMSEA
	0.06



	SRMR
	0.05
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