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Abstract
Idealizations are omnipresent in science. However, to date, science education research has 
paid surprisingly little attention to the use of idealizations in fostering students’ model 
competence and understanding of the nature of science (NOS). The starting point for the 
theoretical reflection in this paper is that insufficient consideration of idealizations in the 
science classroom can lead to learning difficulties. The following discussions should help 
to clarify the terms idealization and model and their relationship to each other. An exam-
ple is drawn from physics. At least two cases can apply when considering model usage 
in the classroom. In the first case, to understand an observed phenomenon, a model (as 
a representation) of the situation to be explained is constructed. At this point, it is nec-
essary to perform idealization. Seemingly, this step is still neglected in much of the sci-
ence education literature but is well addressed in the philosophy of science. In the second 
case, existing models to work with are introduced, perhaps alongside a real experimental 
situation. This approach is called working with models in science education. This paper 
focuses primarily on the first case. Against the background of model building, a position-
ing and conceptual approximation of idealizations take place. To organize the idealization 
process, a framework of several categories of idealization adopted from science philosophy 
is offered. The framework is intended to stimulate explicit reflection about how models are 
constructed. The construction of a model by idealization is illustrated through an example 
from geometrical optics. Finally, the considerations presented are discussed in the context 
of the literature, and suggested research topics are provided.

1 Introduction

The goal of science education research is to provide better insights into the challenges of 
learning science. Focusing on the improvement of students’ understanding of science in 
the broadest sense, students should not only learn facts but also learn how science works, 
such as competencies in scientific literacy (National Research Council (NRC), 2007). Fol-
lowing this approach to maintaining students’ understanding, in Hodson’s (2014) sense, the 
teacher changes the learning goal from learning science to learning about science. This is 
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a transition from cognition to metacognition. Learning about science involves aspects of 
the nature of science (NOS). Hodson is not alone in this approach, as a substantial body 
of research exists that is concerned intensively with explicit approaches to the NOS (e.g., 
Akerson et al., 2007; Khishfe & Abd-El-Khalick, 2002; Lederman et al., 2014; Schwartz 
et al., 2004). A crucial issue in the NOS is working with models and examining their plau-
sibility (Lederman, 2007; Lederman et al., 2002; Lehrer & Schauble, 2006; Schwarz et al., 
2009; Sins et al., 2009). Thus, modeling is a central part of scientific literacy (Gilbert & 
Justi, 2016). In the end, learning requires transparent and well-argued reflection in learning 
processes that lead students to profound understandings.

Models always apply only within defined limits that are determined by the purpose of 
the model and the idealizations on which the model is based. Within these limits, they 
provide credible insights. At the same time, (scientific) knowledge, including models, 
is provisional and subject to a certain degree of uncertainty (Allchin, 2013; Höttecke & 
Allchin, 2020; Lederman et al., 2002). Therefore, science teachers are in a state of tension 
in their lessons. On the one hand, explanations are to be offered to the classes in as clear 
and structured a manner as possible, which includes a certain amount of trust in the content 
conveyed. On the other hand, the preliminary nature of models should be considered in the 
course of NOS education (Germany: KMK, 2005, or USA: NGSS Lead States, 2013).

Working with models provides an essential contribution toward insights about and the 
acceptance of reliable knowledge in science (classroom). The considerations in this paper 
start one step earlier and ask how models (as representations) are actually created. They are 
the results of cognitive effort and are constructed by humans. Idealizations are necessary 
for the process of model construction. Idealizations are omnipresent in the sciences. For 
example, thermodynamic laws are based on an ideal gas; idealized properties are attributed 
to atomic models that they do not have at all; and masses can sometimes be assumed to 
be punctiform. The meaning of idealizations also applies to the process of experimenta-
tion, which, however, will not be examined in more detail in this paper. In the context of 
experimental manipulation, the interplay between idealizations and empirical evidence in 
psychological and epistemological theories has been discussed, e.g., in Matthews (1987) or 
Niaz (1999).

The importance of idealizations is a topical issue in the philosophy of science (e.g., 
Potochnik, 2017). This paper will show that idealizations are ubiquitous even in science 
classes, e.g., when modeling natural phenomena. While the modeling process can be a door 
opener for scientific literacy, the method also constitutes a significant hurdle for learners to 
quickly understand and follow scientific explanations (Winkelmann et al., 2021; Leisner, 
2005; Romer, 1993).

This paper will propose theoretical aspects of the interplay between idealization and 
modeling. It addresses teachers at universities and schools. A theoretical, reflective exami-
nation of idealizations is offered instead of a practical teaching approach (e.g., in Kipnis, 
1998). Against a theoretical background of model competence that needs to be further 
promoted (Section 2), this paper outlines the debate on idealizations as a way to initiate 
an explicit promotion of NOS. For this purpose, a conceptual approximation of idealiza-
tions takes place and a framework for identifying and reflecting idealizations are presented. 
Both are then deepened using an example from optics (Section  3). Finally, advantages 
of the framework are presented and suggestions for further research areas are provided 
(Section 4).
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2  Theoretical Background

In the following, current research on modeling is briefly summarized so that the charac-
teristics and functions of idealizations can be oriented in the field. In this way, a research 
desideratum and starting points for dealing with idealizations are presented.

2.1  Idealization as Part of Model Building

When teaching about science, especially with regard to models, a physics teacher should 
have a widely agreed-upon set of competences at one’s disposal, as summarized by Tempel 
et al. (2018): to model phenomena, to develop models, to use models adequately, to cause 
conceptual change, to recognize preconceptions, to distinguish models, to have knowledge 
about models in the history of physics and to have philosophical knowledge about models. 
A review shows that not every competence (of teachers or students) is treated the same way 
in the literature. A considerable amount of literature about models and modeling exists in 
science education research (e.g., Gilbert & Boutler, 1998; Gobert et al., 2011; Pluta et al., 
2011; Rönnebeck et al., 2016; Schwarz & White, 2005; Treagust et al., 2002). Within these 
works, there is a strong focus on how models can be used to obtain a better understanding 
of (phenomena in) science. Based on the literature of science philosophers and science 
education researchers, Oh and Oh (2011) provide a broad overview of the nature of models 
and their use in science classrooms. They summarize five purposes of modeling, which 
their reported studies have in common: (1) the meanings of a model, (2) the purposes of 
modeling, (3) the multiplicity of scientific models, (4) changes in scientific models, and (5) 
the uses of models in the science classroom. Here, too, the focus lies on working with mod-
els rather than on their construction. Coll et al. (2005) report that conveying the meaning of 
models takes place most effectively “when students are able to construct and critique both 
their own, and scientists’ models of scientific phenomena” (p. 194). In doing so, Coll et al. 
(2005) emphasize the benefits and limits of models as representation.

Louca and Zacharia (2012) see model-based learning as being closely related to stu-
dents’ learning in general. Model-based learning covers cognitive, metacognitive, social, 
material, and epistemological contributions. As a conclusion of their review on model-
based learning, the authors recommend that model-based learning be incorporated into 
school science curricula in an epistemologically meaningful way. According to a literature 
review on modeling-based teaching (Gilbert & Justi, 2016), there is little research concern-
ing the construction of models through idealization. The metacognitive and explicit pro-
cesses of constructing and reflecting on a model—namely, through idealizations—seems to 
be of less interest. Few studies have been dedicated to individual aspects of the model con-
struction, e.g., simplifying assumptions (Etkina et al., 2006), investigating the question of 
an approximation to reality (Portides, 2007), or examining the significance of the abstract-
ness of models to the model competence of students (Shemwell & Capps, 2019). Neverthe-
less, the philosophy of science has addressed this issue intensively (see Section 2.2).

The following is intended to clarify what is understood by a model in this paper and to 
what extent idealizations are part of model building in the modeling process.

Schwarz and White (2005) define models “as a set of representations, rules, and reason-
ing structures that allow one to generate predictions and explanations” (p. 166). Their defi-
nition appropriately describes the product and the aim of the modeling. Gouvea and Pass-
more (2017) emphasize the function of models as tools and differentiate between models of 
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(medium) and models for (tool) something. However, in both cases, it should be understood 
on what basis the models were created: idealization. Gut et al. (2016) describe two phases 
of modeling: first, the construction of a model through simplification and idealization, and 
second, the testing of the model. The authors suggest working with idealization for con-
struction. Unfortunately, however, they do not express exactly what they mean. Their focus 
is more on methodological implementation than on an epistemological approach. Gilbert 
and Justi (2016) provide a sophisticated model of modeling based on Hestenes (1987) and 
Clement (1989). They describe two views of models: the models as representations view 
and the models as epistemic artifacts view; the latter focuses more on the construction 
of models (Gilbert & Justi, 2016, p. 17). They also define an in-depth, step-by-step pro-
cedure for describing the process of modeling. A similar approach is presented by Krell 
et al. (2016). To bring modeling and experimentation into a structural model of scientific 
thinking, Teichrew and Erb (2020) developed a circle of learning about science involving 
four stations, which can be seen as learning objects or starting points for further research. 
The four stations comprise (1) the identification of phenomena, (2) the construction of an 
explanatory model, (3) the formulation of hypotheses to be tested in (4) an experiment. 
Stations one and two are the most relevant to this paper. On a meta-level, current studies 
have attempted to identify a model of students’ modeling competence. Upmeier zu Belzen 
et al. (2019) suggest a framework with three levels of competence, varying in five aspects 
(the nature of models, multiple models, the purpose of models, testing models, and chang-
ing models). For this paper, the nature of models aspect is the most important. The authors 
distinguish between models are copies of something (level 1), models are idealized repre-
sentations of something (level 2), and models are theoretical reconstructions of something 
(level 3).

2.2  Idealizations as Epistemic Artifacts

When thinking about models in science, there are multiple meanings associated with the 
term model. These meanings are connected with each other; building on the idea that ide-
alizational constructs are the central concept of the models that lie at the heart of science 
(Nowak & Nowak, 1998), other kinds of models, such as analogical models and models 
as devices to simulate a phenomenon, are derivative notions. Analogies serve a role in the 
formation of idealized constructs by referring to the known (Kipnis, 1998), and simulation 
models help to test such constructs for empirical adequacy. Idealization occurs functionally 
and conceptually before analogies and simulations. This paper argues that a closer look at 
the construction of models is warranted and intends to raise awareness of modeling in sci-
ence education at school. This perspective is built upon a general consideration of what a 
model as a representation (Gilbert & Justi, 2016, p. 17) represents: “a set of properties and 
causal relations” (Strevens, 2017, p. 6).

The distinction between models as epistemic artifacts and models as representations 
by Gilbert and Justi (2016) appears to be helpful and creates clarity surrounding the use 
of modeling. However, the term epistemic artifact needs to be explained here. Epistemol-
ogy deals with the theoretical conditions for well-founded knowledge. Epistemology, i.e., a 
theory of knowledge, has to be about more than just the question of what makes knowledge 
scientific. This paper joins Rheinberger’s (2007) opinion, which notes that epistemology 
is about “reflecting on […] the means by which things are made objects of knowledge, 
which the process of gaining scientific knowledge is set in motion and kept it going” (trans-
lated by the author). It is precisely these means that represent idealizations in the context 
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of models. In the fundamental reciprocal relation between (experimental) phenomena and 
theoretical knowledge, Halloun (2004) understands idealized assumptions in models as 
mediators between such phenomena and theory. These assumptions are understood in a 
similar way in this paper. In contrast to Morrison and Morgan (1999), however, a broader 
understanding of the term mediator does not imply that models are regarded as independ-
ent of theory and the world. Rather, the view of Knuuttila and Voutilainen (2003) is that 
models are always part of a “purposeful human activity” (p. 1484). Of course, models can 
serve as mediators only for someone who has relevant background knowledge and is very 
aware of the nature of a model, which highlights the importance of idealizations. Different 
categories of idealizations—understood as epistemic artifacts—are presented in Table  1 
and examples are given in Section 3.3.

All models, whether they are epistemic artifacts or representations, have in common 
that they are idealized constructs. With knowledge of the underlying idealizations such 
epistemic artifacts can be used to construct models as representations. Several representa-
tions of models can serve to test a constructed model. Figure 1 attempts to summarize a 
description of models and idealizations and their locations within the mutual examination 
of experiment and theory.

According to Hodson (1993), not only learning science but also learning about science 
is a fundamental learning goal of science teaching and must be explicitly addressed in the 
classroom. He understands this as the interplay between experiment and theory. Taking 
this into account, and following epistemological considerations as mentioned above, this 
proposes placing the modeling process between the observation of (experimental) phenom-
ena and theoretical knowledge. The focus is on constructing models with idealizations as 
a precondition for modeling (Fig. 1). Taking into account research on models of modeling 
(e.g., Gilbert & Justi, 2016, p. 32), the process of idealization occurs at the beginning of 
the modeling process. Idealization takes place after reflecting on the purpose of the model 
and before the representation exists. One essential further step is to work with the con-
structed models; this step has often been mentioned in other papers already and is therefore 
not the subject of this paper.

The idea of idealizations in physical explanations has a fairly long tradition, and its ori-
gin is often attributed to Galileo Galilei (1564–1641). He established the starting point for 
thinking in models. It is a well-known historical fact that Galileo’s postulation of the idea 
of inertia started from his observation of pendulum motion and proceeded in construct-
ing idealized models and developing a more comprehensive scientific principle (Haase, 
1996; Losee, 2001; Matthews, 2004; Nola, 2004). Other physicists, such as Heinrich Hertz 
(1857–1894), also thought about modeling and emphasized the importance of idealizations 
in constructing representations of observed nature:

[…] the images, we talk about, are our perception of the things; they conform to the 
things in one essential way, which is in the fulfillment of the mentioned demand, 
however, for their purpose no further fulfillment with the things is necessary (Hertz, 
1894, p. 1).

This means that in the course of modeling, simplifications and thus falsifications are 
accepted. Which in turn leads one to wonder why anything at all can be understood through 
modeling. In the philosophy of science, a connection between idealizations and the com-
prehension of science phenomena is postulated (Potochnik, 2017; Strevens, 2017), and it is 
discussed to what extent fiction (idealized scientific representations) can promote under-
standing (e.g., Elgin, 2008). Especially on a causative level as opposed to an explanatory 
level, idealization may be fundamental. Strevens (2017) intensifies those considerations by 
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asking whether a falsehood will contribute to a better understanding and affirms that it will, 
since many explanatory models use idealizations that are intended to be seen as deliberate 
falsifications.

2.2.1  Conceptual Approximation to Idealization

Idealizations are more than just simplifications that may appear first in introductory texts 
and disappear later, to be replaced by more complex descriptions from advanced science. 
To work with idealizations, whether in science lessons at school or in the context of teacher 
training, this paper understands the following as idealizations.

1. The purpose of idealizations is to approach a complex reality. For this, the individual 
properties of an object under consideration are deliberately replaced. The focus is on 
only those properties that are felt to be essential to the goal of an investigation (Nowak 
& Nowak, 1998).

2. The goal of idealization is to be able to answer a question about nature. Idealizations 
are based on the requirement of optimizing an explanation: In the search for knowledge, 
idealizations are deliberate substitutions for actual processes. False assumptions are 
consciously accepted (Hüttemann, 1997; Potochnik, 2017).

Idealizations, therefore, have two interrelated characteristics. On the one hand, idealiza-
tions are limited to the essentials and depend on the question of what the essentials are. On 
the other hand, idealizations always represent a consciously reductive replacement. How-
ever, despite this reduction, an evaluation of the constructed models remains justified, if 
not even necessary. Such an assessment should be made with regard to the usefulness of 
the model rather than on whether the model is right or wrong. It is supposed fundamentally 
that theoretical descriptions are always idealizations from several perspectives and do not 
correspond with the real world (Chalmers, 1999; Kipnis, 1998).

In contrast to idealizations, didactic reductions prepare learning content appropriately 
for the target group, e.g., photosynthesis for a seventh grade class. The corresponding 

Fig. 1  Models as idealized constructions are placed in the middle, between (experimental) phenomena, and 
theoretical knowledge
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educational decisions are usually hidden from the learners. On the other hand, idealiza-
tions are already included in the learning objects and can even become a learning object 
themselves.

2.2.2  Theoretical Framework

Hüttemann (1997) offers a categorization scheme for the different types of idealization that 
provides a suitable structure to bring transparency to the process of idealization (see also 
Fig. 1). His suggestions are summarized in Table 1. The categories are not ranked. How-
ever, from the point of view of this study, the first four categories focus on the experimen-
tal preparation of phenomena and the theoretical analysis of data. In Karl Popper’s (1983) 
sense, such preparations are boundary conditions that are needed for further investigations. 
Types five to eight are closer to the idealized model itself.

Sometimes the idealizations do not fit definitively into only one of these categories. That 
is not due to the categorization but to the idealization itself. For example, considering the 
idealization of a point mass, a planet can be interpreted as a point mass in order to achieve 
mathematical manageability (7th idealization category) when one describes its gravita-
tional force and therefore ignores the distribution of mass. Additionally, the point mass 
can be used as the basis for finding a functional dependency between actually extended 
bodies, as one does to describe the gravitational force between two planets (8th idealization 
category).

The fact that idealizations cannot always be clearly assigned is not unfortunate. In 
the context of science teaching, the categories—one could also say teaching actions—
are intended to initiate a process of reflection, that is, an intensive intellectual discourse 
(Dewey, 1933).

3  An Illustration from Geometrical Optics

This chapter aims to illustrate the idealization process using two examples from the field 
of optics. After defining the experimental observation and specifying the purpose of what 
should be explained by a model, the categories of idealizations mentioned above are used 
to construct the model (understanding as an epistemic artifact, see Fig.  1). Taking into 
account the result of the construction process, the manipulation of the model (as a repre-
sentation) can begin.

3.1  Idealizations of Thin and Thick Lenses

One standard idealization in optics is the thin lens (sometimes even called the ideal lens), 
which is used to investigate the path of light through it. The thin lens itself is an idealiza-
tion. However, taking a closer look at this idealization, one recognizes even more under-
lying idealizations (Winkelmann, 2019). Furthermore, there are interesting phenomena to 
be observed on thick lenses. Using idealizations, one can construct models as representa-
tions to explain such phenomena. In the past, when electricity was not available, craftsmen 
used a setting to concentrate the light of a candle on the object they wanted to work on. 
The historical example is the spread of candlelight through a sphere of glass filled with 
water. Such spheres are still called cobbler’s balls today. In Fig. 2, this context is recreated. 
After a while, small bubbles of air arise at the inner surface of the round-bottomed flask. 
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Due to this phenomenon, the area where the light has left the sphere is clearly visible. If 
no bubbles appear, dust can be placed on the outer surface of the flask to obtain the test 
arrangement.

On closer inspection, a brighter ring of light is noticeable along the edge of the area 
through which the light passes (Fig. 3). The ring becomes even more apparent if you look 
at the projection on a screen (Fig. 4a). Also, the ring is visible when monochromatic light 
passes through the cobbler’s ball (Fig.  4b). It is an example of spherical aberration. To 
understand this phenomenon, a model as a representation will be constructed in the follow-
ing. For this purpose, considerations on the underlying idealizations are shown first.

3.2  Decision About Purpose

The purpose of using a model in this situation is to understand the origin of the ring of 
light. Why is it brighter at the edge of the exit area? One possible way is to investigate 
the path of the light through the sphere of glass and water using the rules of the ideal-
ized geometrical optics model. Thinking about the purpose of the model is a crucial 
step in the modeling of models (Gilbert & Justi, 2016).

Fig. 2  Setting of a cobbler’s ball. 
Candlelight shines through the 
round-bottomed flask, which 
focuses the light

Fig. 3  The area through which 
the light passes is illuminated. 
At the edge of the area, there is a 
brighter ring of light
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3.3  Model as Epistemic Artifacts

The following classification of idealizations is a suggestion and may be debatable; none-
theless, idealizations can be classified into separate categories. This requires reflection 
about the construction of any model and the idealizations underlying it. Some of the 
idealizations can be placed in several categories. However, more important than achiev-
ing the correct classification is the possibility of identifying idealizations based on the 
categorization system and thinking about the purpose of specific idealization by arguing 
its assignment.

The following list presents the idealizations that are necessary to construct a model that 
explains the ring of light.

3.3.1  Preparation

To make the ring of light visible, bubbles or dust on the surface of the sphere are needed 
since one cannot see the light per se, but only the things that are illuminated.

Fig. 4  a The projection of the 
emerging light increases the vis-
ibility of the ring. b The bright 
ring of light is also with mono-
chromatic light observable
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3.3.2  Isolation

The darker the experimental room, the more visible the ring of light is. Through the 
round-bottomed flask, only the light of the candle shines at best. A dark base also 
reduces disturbances from other light sources.

3.3.3  The Abstraction of Properties

(a) For light refraction, two media with different optical densities are required. In this 
situation, the air is outside, and water, with a higher optical density, is inside. The 
properties of these two media other than their refractive index, e.g., their aggregate 
state, are irrelevant.

(b) The light itself can be modeled in several ways. In this approach, the property of the 
rectilinear propagation of light is used. Other models of light, e.g., light as waves, are 
not applied (initially).

3.3.4  Idealization, More Specifically

(a) The assumption of the ideal sphere: The sphere that is used in the described experi-
mental setting is obviously not a perfect sphere. At the top of the sphere, there is even 
an extension for filling the sphere with water. Idealization makes it easier to use the 
mathematical description of Snellius’ law to create a model with specific underlying 
angles as a representation.

(b) Graphical manageability: In the later model, as a representation, individual rays of light 
are represented by drawn lines.

3.3.5  Simplification

(a) Neglecting the glass; in this situation, only the refractive indices of two different media, 
namely, air and water, are of interest. Of course, there is refraction between the air 
and the glass (as well as between the glass and the water), but as a first step, it may be 
helpful to have a less-detailed view.

(b) Single rays of light offer clarity; understanding the relationship between light propaga-
tion outside and inside the round-bottomed flask with regard to one ray of light is more 
convenient than examining every possible beam of light.

(c) The origin of every beam of light is idealized to one point. In reality, the candlelight 
is an extended light source.

3.3.6  The Abstraction of a Physical System

(a) Light scattering by the bubbles or dust is essential to see the area that the light passes 
through as well as the ring of light. However, the question arises as to why the ring 
shines more brightly than the rest of the area. Since light scattering cannot explain why 
more light appears at the edge of the area, one can abstract from this physical system 
and focus on the path of the light through the sphere.
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(b) The candle is a flickering light source. The focus of the model to be constructed lies 
on optics and not on thermodynamics or gas dynamics.

(c) Ignoring the colors in the ring of light: in reality, the observation of colors is possible 
in the experiment. These colors are due to the phenomenon of dispersion. They result 
in the chromatic aberration. However, this does not contribute to the explanation of 
the light ring. The ring can also be observed with monochromatic light (Fig. 4b).

(d) To obtain a clear representation, concentrating on a few single rays of light is helpful. 
Of particular interest are those rays of light that form a light bundle. All the beams 
within the bundle behave similarly: they are refracted. Concentrating on a few single 
rays of light is an abstraction of the candlelight, which radiates in all directions.

(e) To investigate the origin of the ring of light, it may be advisable to abstract several 
bundles of light (and their limiting light rays). How does light within a large or small 
light bundle travel through the cobbler’s ball?

3.4  Model as Representation

After reflecting on the idealizations necessary for the construction of a model, the model, 
as a representation, can lead to further investigations. A dynamic modeling program can 
be used, e.g., the open-source program GeoGebra, to draw and manipulate the situation to 
be investigated. Figure 5a, b shows a bundle of light. The limiting rays of light in the small 

Fig. 5  a A small bundle of idealized candlelight travels through an idealized sphere and leaves the sphere 
between two points, I and J. b A large bundle of idealized candlelight travels through an idealized sphere 
and, as in the case of the small bundle, leaves it between the same two points, I and J
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bundle (Fig. 5a) emerge from the cobbler’s ball between the two red points, I and J. The 
limiting rays of light in the large bundle (Fig. 5b) also exit the cobbler’s ball between these 
red points (https:// www. geoge bra. org/ class ic/ csthz 84b).

Now, it becomes clear that the refraction of two different light bundles leads to light 
amplification at the edge of the light-abandoning area. The light that refracts paraxially and 
the light from the farthest possible incident point meet each other at the same small band 
when leaving the cobblers’ ball—a phenomenon caused by spherical aberration (Winkel-
mann, 2013). In the two-dimensional model, the overlapping of the straight light paths ini-
tially only leads to brighter light at one line (between the red points I and J in Fig. 5a, b). 
However, since the light from the candle spreads in three-dimensional space, it is not just a 
single ray of light that hits the cobbler’s ball, but we are looking at a cone of light. The coat 
of this cone of light is limited by light rays spreading straight. The opening of the cone is a 
circle. Light bundles of different widths, or conic sections of various sizes, are considered 
in the model. Every single beam of these bundles continues to spread in a straight line in 
the cobbler’s ball and finally—after twice refraction—becomes visible as a ring when leav-
ing the cobbler’s ball. The additional light in the ring must be missing elsewhere. Indeed, 
the shadow area outside the ring becomes larger as the lens thickness increases (in com-
parison to an ideal lens).

The model, as an idealized construction, builds a bridge between theory and experimen-
tation (Fig. 1). In this case, the experiment was the starting point for further investigations. 
With some reflections on theoretical knowledge about optics during the construction pro-
cess, it succeeded in explaining the observed phenomenon. A procedure in reverse order is 
also conceivable. One could manipulate the model, e.g., by varying the distance between 
the candle and the cobbler’s ball and checking the expected observation with the experi-
ment. In the middle of the area where the light exits the ball, another spot of light would 
appear. However, this further experimentation is outside the scope of this paper.

4  Conclusions and Suggested Areas of Research

One major goal of physics education is to give students a better understanding of physical 
contexts. This goal means having a good knowledge of physics and having an idea about 
how a scientist generates scientific findings (NOS; of course, this also applies to the other 
scientific disciplines). Science lessons should focus not only on imparting views of the 
NOS but also on promoting the ability to reflect on epistemological processes individually. 
Reflecting on the meaning of underlying idealizations in models (and experiments) can 
contribute to the development of this ability. Very few scientists—and the number is likely 
to approach zero for teachers—will develop a physical model on their own. Accordingly, 
this paper is not about constructing new scientific models in general but about building or 
reflecting “models as representations” in the science education discussion.

Thinking about idealizations in modern sciences is nothing new. However, reflection 
on idealization seems to be underrepresented in science education and science education 
research. Upmeier zu Belzen et al. (2019) offer a framework for modeling competence that 
includes the aspect nature of models, with three competence levels. To reach the second 
level, models are to be understood as idealized representations of something. However, 
examining these levels of competence is only appropriate if instruction about constructing 
models as representations—with the help of idealizations—has been provided.
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For this purpose, a framework with categories of idealizations has been presented in 
the paper and illustrated with an example. Below are three advantages of the framework of 
idealizations.

1. In dealing with idealizations, the aspect “nature of models” of the framework for mod-
eling competence (Upmeier zu Belzen et al., 2019) can be trained: Identification of 
idealizations is made transparent through the different categories in the presented frame-
work. More important than determining the correct classification is the possibility of 
identifying idealizations based on the framework and thinking about the purpose of a 
specific idealization by arguing for its assignment. The categories of idealizations can 
also be understood as objectives for action.

2. This leads to another aspect, which has not been the focus of modeling competence 
so far: constructing models as representations. For the construction, one has to decide 
which elements of the natural phenomenon in the representation are necessary to achieve 
the purpose of the model. A decision is therefore made about idealizations that are to 
apply in the model. In particular, the following categories of the framework of idealiza-
tions are helpful:

(a) Separate the entire phenomenon into concepts of the respective natural science. 
Given the chosen purpose of the model, not every identifiable concept has to be 
considered more closely (“abstraction of a physical/chemical/biological system”)

(b) Emphasize or ignore particular properties (“abstraction of properties”)
(c) Make mathematical simplifications (“idealization, more specifically”) and
(d) Represent functional relationships that become clear this way (“simplifications 

and neglections”)

3. Based on the cyclic process of learning about science (e.g., Teichrew & Erb, 2020), the 
framework of idealizations helps to reflect models. Thinking about existing representa-
tions and thus evaluating the limits and advantages of the model is made possible by 
knowing the idealizations that have been carried out.

4.1  Dealing Explicitly with Idealizations

As mentioned above, it is common sense in science education to differentiate between sev-
eral learning goals, such as learning science and learning about science.

In Hodson’s (2014) sense, an explicit approach to working with models helps students 
assemble their knowledge.

Bearing in mind the constant need to make learning about science explicit, it is 
important to draw students’ attention to key ideas about science, scientists and scien-
tific practice whenever and wherever the opportunity arises (p. 2542).

This paper follows Louca and Zacharia’s (2012) recommendation that model-based 
learning be incorporated into school science curricula in an epistemologically meaningful 
way. Idealizing contributes to modeling-based teaching. The explicit treatment of idealiza-
tions could be one way to develop students’ understanding better and therefore place more 
importance on the modeling process. For teaching the NOS in general, this has been a 
common requirement for years. An example of the practical use of idealization is to be pre-
sented briefly from a current project. As part of a teacher training course, physics teachers 
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learn to create augmented reality experiments on their own (Freese et  al., 2021). First, 
dynamic digital models are constructed using the open-source geometry software GeoGe-
bra (www. geoge bra. org). For this to succeed, careful thinking about the relevant properties 
of the model—the underlying idealizations—is necessary. After that, real experiments can 
be viewed through a smartphone or tablet camera, and the digital models can be displayed 
simultaneously, thus augmenting the experiment.

Models are idealized constructions and can be interpreted as epistemic artifacts or as 
representations. Similar to that of Knuuttila and Voutilainen (2003), this paper notes the 
difference (Fig. 1). Beyond this differentiation, however, it must be highlighted that both 
perspectives on models are connected in the underlying idealizations. As shown in the 
example in Section 3, idealizations as epistemic artifacts lead to more clarity in the repre-
sentation; at the same time, the abstraction of the “model as representation” from reality is 
reinforced by the idealizations. In Fig. 5a,b an expert sees small or large bundles of light 
in the model; an inexperienced learner only recognizes lines and geometric shapes. Those 
idealizations define the characteristics of the model. This epistemic, cognitive process of 
(re)constructing a model by idealizations is challenging and may be too difficult for stu-
dents on their own (Leisner, 2005), if it is not discussed explicitly.

Models in science always have a certain provisional nature and therefore entail some 
uncertainty, which is perceived by the students in the explanations given. Höttecke and 
Allchin (2020) even broaden our view of uncertainties in social life that driven by doubts 
about scientific knowledge spread through fake news. For a general understanding of how 
science works, Potochnik (2017) provides a valuable consideration that “science does not 
pursue truth directly but instead aims to support human cognitive and practical ends. Those 
are projects to which idealizations can directly contribute in a number of ways” (p. 5). An 
improved understanding of the NOS can reduce potential skepticism on the part of learn-
ers. With the framework of idealizations presented in this paper, it seems possible to make 
the existence of idealizations and their meaning explicit in class.

4.2  More Research on the Construction of and Reflection on Models Is Required

The importance of scientific idealizations for understanding the natural sciences has not 
been deliberately discussed in science education research so far. Louca and Zacharia (2012) 
call for further studies on the modeling process, as the focus has often been on the mod-
els as products or representations. Additionally, the literature review by Gilbert and Justi 
(2016, p. 64) shows that only a few studies exist about modeling-based teaching through 
the construction of models. Taking up their distinction between models as representations 
and models as epistemic artifacts, this paper proposes to expand the research focus toward 
a perspective of models as epistemic artifacts with the help of idealizations. The framework 
of model competence (Upmeier zu Belzen et al., 2019) currently offers a useful orientation 
for measuring model competence. In this context, Mathesius and Krell (2019) emphasize 
the need for additional questionnaire scales. This paper supports this suggestion and under-
lines the need to consider model building when assessing model competence. Following 
that path, Shemwell and Capps (2019) report an empirical study of synthesis modeling. 
The authors focus on abstractions to reveal the underlying structures of a model. How-
ever, to expand that focus, this paper defines further epistemological aspects characterized 
by idealizations. Idealizations form the basis for model and experimental considerations. 
Within the framework of idealizations suggested in this paper, abstraction is classified as 
one part of the process of model construction.
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To make statements about the effectiveness of the explicit consideration of idealizations 
for modeling competence, further empirical science education research is necessary. The 
following three levels seem worthwhile:

First, the actual state of addressing idealizations in the classroom should be ascertained. 
A teacher survey is currently being conducted to identify the role of idealizations in science 
teaching. The survey is intended to analyze teachers’ epistemological beliefs of the impor-
tance of idealizations in science and in the context of the promotion of model competence.

Second, it is assumed that only the teaching teacher can initiate a reflection on idealiza-
tions. Depending on the actual situation to be discovered, teachers should be sensitized 
to this topic during their studies or through further training. Training courses to convey 
the presented framework also appear to be a sensible approach. In addition to geometri-
cal optics, this approach seems worthwhile for elaborating idealizations regarding further 
physics topics such as atomic physics or electricity; these have already been the subjects 
of previous (German) research on modeling in science education (e.g., Burde & Wilhelm, 
2018; Mikelskis-Seifert & Fischler, 2003; Mikelskis-Seifert & Kasper, 2011).

Third, in the long term, intervention studies should examine the effect of reflecting on 
idealizations on pupils’ and students’ understanding. Such research would provide opportu-
nities for students to develop self-awareness of their thinking processes when using models 
and provide strategies for teachers to develop learning outcomes related to the NOS.
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