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Abstract: Models are at the core of scientific reasoning and science education. They are especially
crucial in scientific and educational contexts where the primary objects of study are unobservables.
While empirical science education researchers apply philosophical arguments in their discussions
of models and modeling, we in turn look at exemplary empirical studies through the lense of
philosophy of science. The studied cases tend to identify modeling with representation, while
simultaneously approaching models as tools. We argue that such a dual approach is inconsistent,
and suggest considering models as epistemic artifacts instead. The artifactual approach offers many
epistemic benefits. The access to unobservable target systems becomes less mysterious when models
are not approached as more or less accurate representations, but rather as tools constructed to
answer theoretical and empirical questions. Such a question-oriented approach contributes to a
more consistent theoretical understanding of modeling and interpretation of the results of empirical
research.

Keywords: science education; scientific reasoning; models and modeling; philosophy of science

1. Introduction

Imagine a chemistry teacher trying to explain the volume contraction that occurs
when water and ethanol are mixed using the famous demonstration of mixing the corre-
sponding volumes of lentils and beans. Since the contraction of the liquid mixture is a
non-trivial consequence of a change in hydrogen bonding length and is not mechanistically
explainable by smaller molecules that fill the gaps between larger molecules, the lentil-bean
demonstration is clearly misleading. Moreover, another major source of confusion is also
simultaneously introduced: molecules are identified with solid spheres while imposing
the same identification on single atoms. How is a learner supposed to know when it is
appropriate to apply such a structural simplification of volume contraction?

One would expect scientists to be prepared to point out the analogies and simplifica-
tions used in the bean-lentil model by stating the assumptions involved. Yet, presenting
such assumptions is not a trivial task. Not only should the empirical researchers be able
to articulate their own theoretical framework, e.g., psychological constructs or observa-
tional premises. Moreover, they would simultaneously need to refer to the specific subject
on which, e.g., learning groups acquire knowledge or skills. Instead of such explication
work, a representational perspective is often adopted, where the notion of representation
is, implicitly or explicitly, understood as a structural or other kind of similarity relation
between a model and its supposed target system. But how is one able to understand the
lentil-bean example according to such a representational notion of modeling? Indeed, the
representational approach cannot easily make room for the fact that models are intrinsically
tied to human made inferences, actions, and interpretations, and not just to the natural
objects, processes, and systems they study.

Apart from chemistry education e.g., [1-4], the representational approach to modeling
is also widely present in other fields of science education research e.g., [5-7]. In its reliance
on the representational approach to model-based reasoning, science education research
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does not differ too much from the mainstream philosophical discussion of modeling (e.g.,
Weisberg [8]). However, one peculiarity of the science education research literature studied
in this article is that the representational conception of modeling features in them side-by-
side with the notion of models as tools. By contrast, in philosophical literature, approaching
knowledge and human action from the perspective of tool use has traditionally been used
to criticize the representational conception of knowledge [9,10]. Another idiosyncrasy of
science education research is its tendency to move in between scientific models and students’
supposed mental models, as if they were comparable entities. Such an understanding of
model-based reasoning has its advantages, for example, in zooming in on the subject matter
in question and the students’ understanding of it, yet it turns out to be highly problematic
in practice.

An unreflective use of the notions of a model and representation, causes problems
both in empirical research and in classrooms. If empirical researchers try to discuss their
studies within their research communities without properly laying out the assumptions
underlying their respective understanding of models, especially when studying scientific
reasoning processes, they run the risk of losing common ground, on something that has
empirically been observed to be the case [11,12]. Confusions ensue, not because the
researchers would have conducted erroneous experiments or miscalculated their statistics,
but rather because the results arrived at are not on par with the underlying theoretical
assumptions concerning modeling. Likewise, if science teachers are using models merely
as representational depictions free from ontological and other assumptions—and not as
tools for addressing, e.g., a particular scientific question—it may cause confusion in their
learning groups. Such confusions may arise even if every part of the lesson was correct in
view of the content to be taught, as well as regarding the level of knowledge of the students.

Given the centrality of the notion of a model in both research and teaching [13-15],
we call for a more coherent and explicit treatment of it. With such a theoretical goal in
mind, we will argue for the artifactual approach to models [16,17], through presenting and
analyzing exemplary empirical and theoretical studies from the field of science education
research. The artifactual account approaches models as concretely built artifacts that are
constructed by employing various kinds of representational tools. Central for the epistemic
functioning of models, according to the artifactual account, is their constrained design that
facilitates the study of particular theoretical and empirical questions, and learning from
models through their construction and manipulation [18].

In what follows, we study some exemplary studies on modeling within the field of
science education research, discussing their degree of internal consistency regarding their
respective theoretical frameworks and empirical findings. We then present the artifactual
notion of models, and conclude our paper with suggestions on how to think about modeling
as a question-oriented activity that employs concrete artifacts for scientific reasoning. Such
an artifactual perspective, we claim, can lead to better practice, and stronger mutual
understanding within the field.

2. Model-Based Reasoning in Empirical Science Education Research
2.1. Scientific Reasoning in General

Empirical studies in science education research discuss scientific reasoning in various
ways. Scientific reasoning is often typically linked to (formal) argumentation and delineated
between the theoretical extremes of domain-generality and domain-specificity [19]. Such
a middle-ground between the domain-generality and domain-specificity appears well-
justified. If, on one hand, scientific reasoning were necessarily tied to specific domains,
a general path of doing science would be blocked. On the other hand, too exclusive an
attention to domain-generality could lead to general theorizing with (nearly) no contact
to domain-specific knowledge. This is often the case with many modeling endeavors that
apply cross-disciplinary model templates, such as various network models, to different,
often distant domains [20,21].

In addition to the domain-specific dimension of reasoning, the empirical literature
has identified general patterns within reasoning processes on the basis of interviewing
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researchers about their work, or empirically testing learning environments [22-24]. Such
patterns of reasoning are not bound to specific subjects [25-27], but are instead hypothesis-
driven, and supposed to work iteratively. They are usually implemented as follows:
first, a question is elicited in a research-oriented learning environment and a preliminary
hypothesis is formed; second, a suitable scientific investigation is planned and conducted;
third, the collected observational or experimental data is processed and referred back to the
prior hypothesis; followed finally by the assessment of the hypothesis with respect to the
original question, generating new questions and hypotheses, and leading to an iterative
process of inquiry.

The aforementioned patterns emerge from different, subject-oriented studies in science
education cf. [28-30]. They range from kindergarten [31] and preschools [32,33] to higher
education [34]. Given the vast diversity of these implementations, one may ask whether
there is a generalizable perspective from which scientific reasoning skills, e.g., formulating
adequate questions for respective investigations, could be approached in learning and
teaching sciences. One such perspective is provided by model-based reasoning.

2.2. Model-Based Scientific Reasoning

Models are an active area of research within science education research. A host
of different perspectives on models and modeling have been introduced and further
developed, starting from a focus on visualization [35], to presenting a broad, comprehensive
overview of different perspectives on modeling [14].

A substantial part of the discussion of models and modeling in the literature on
scientific reasoning aims at straddling the divide between general modeling methods and
subject-specific applications. In this regard, models have often been considered as mental
or abstract entities, that express formal relations between propositions [36,37], as heuristic
devices serving to generate concrete analogies [38], or connecting disciplinary knowledge
to data, thus generating explanations [39]. When turning to the generalization-oriented end
of the field, assessments of competencies with regard to model-based reasoning [12,40,41]
focus on the reasoning processes of learners. As such, the role of models as tools for
reasoning within research processes is understood as competency-based cf. [42], and it
is presently under vast empirical investigation, since it relates closely to international
educational standards, thus shaping the teaching and learning of science.

Within science education research, the notion of “model-being” has offered a promi-
nent approach to the ontology of models [43]. This approach draws together a collection of
different perspectives, incorporating also considerations from the philosophy of science,
and providing the foundation for the competence model of model competence [44,45]. The
related epistemological notion of models is agent-based [46,47]. The agent-based perspec-
tive addresses the circumstances in which a model is referred to as such: who, where, when,
and to what end does a human judge an object as being a model [48,49]? Despite several
empirical educational studies e.g., [50-52], the understanding of models in science [53]
and science education [11] remains diverse. Such diversity in understanding has led to
an astonishing [44] as well as surprising [43] diversity in model classification schemes. It
is, therefore, crucial to further examine the concepts, terminologies, and differentiations
native to science education in order to pave the way for a more unified analysis of models
and model-based reasoning in science education research [54].

2.3. Examples from Science Education Research

In this section, we will discuss the incoherent treatment of models in science education
research, using empirical examples. We begin by presenting two detailed cases, followed by
shorter analyses as well as a discussion of a well-received theoretical approach to models.
On the basis of our observations on these studies, we call for a more consistent use of the
artifactual notion of models. The studies chosen are exemplary in that they are careful in
articulating how they understand the notion of a model, and modeling as a particular kind
of theoretical reasoning. However, their conclusions seem partially inconsistent in that their
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theoretical starting points do not necessarily align with their empirical findings, a problem
that we trace back to the authors’ representational stance towards models and modeling.

2.3.1. Models as Generative Tools

Schwarz et al. [5] provide an interesting case of a partially inconsistent treatment
of models in that they argue for understanding models as generative tools at the level
of their empirical analysis, yet defining models in a more traditional representational
and abstract way. The authors report a learning progression among primary and middle
school students where the more sophisticated way of using and understanding models
is to view them as tools that “[...] can support [the students’] thinking about existing
and new phenomena.” (p. 640), instead of understanding models as literal illustrations
of what a single phenomenon is like. At the higher end of this progression, students are
able to construct multiple models of related phenomena and appreciate their respective
advantages and weaknesses.

Similarly, Schwarz et al. elaborate on students” metamodeling [27,55,56] knowledge:
the ability of the learner to elucidate inconsistencies which, in turn, can help her and her
teacher productively intervene in learning processes, e.g., by turning the inconsistencies
into starting points for conceptual change [57]. Such metamodeling knowledge concerns
the learner’s understanding of models and modeling in science, and progresses from
considering models as “[...] good or bad replicas of the phenomenon [...]” (p. 647) to
that of viewing them as explanatory and changeable tools, whose changes are crucial for
developing new questions. The same goes for the elements of scientific practice, i.e., what
learners actually do within the boundaries of their tasks [41,58,59].

In spite of their practice-oriented approach to models as tools, Schwarz et al. de-
fine a model as “[...] an abstract, simplified, representation of a system of phenomena
that makes its central feature explicit and visible and can be used to generate explana-
tions and predictions.” (ibid. p. 633). Moreover, the authors distinguish models from
other representations:

“It is important to clarify that not all representations are models. Models are
specialized representations that embody aspects of mechanism, causality, or
function to illustrate, explain, and predict phenomena.” (ibid. p. 634).

In referring to the function of models, the authors ascribe to the agent-based account
of models (to be discussed more in detail in the sections below). Consequently, it is the
users’ judgment about the proper means to serve a particular purpose that is crucial for
something to function as a model. Yet, at the same time, the authors still hold on to the
realist [60] understanding of models as objective representations of systems/phenomena.
Moreover, Schwarz et al. assess the students’ success in terms of what they think about the
respective phenomena, leading to the question of whether the modeling activity would not
be considered successful if a phenomenon were not recovered correctly. But the correctness
of the students” supposed mental content would be hard to assess if, say, the targeted
system in question were on a submicroscopic level. Or, alternatively, would the modeling
activity be successful if a learner “[...] consider[ed] how the world could behave according
to various models” (ibid. p. 640)?

The definition of models proposed by Schwarz et al. tries to bridge the gap between
models as representations and models as tools, while in their empirical study the students’
progression clearly proceeds from naive realist correspondence between a model and
a phenomenon towards more reflective uses of models as tools for scientific reasoning.
Moreover, their notion of models as abstract representations of phenomena does not seem
to suit the concrete examples of the models produced by the students in the empirical
study. It is these concrete models rendered by different representational means — pictures,
symbols, and language — that researchers focus on (in addition to students” commentary)
and not any abstract mental models within students” heads.

On the one hand, Schwarz et al. consider representing, or rather depicting, phenomena,
and iteratively revising for better or alternative explanations and predictions as a central
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defining aspect of a successful modeling cycle (“elements of practice”). On the other hand,
the authors also refer to models as means of eliciting What If? questions (“metaknowledge”).
These aspects are not mutually exclusive. However, without explicating the connection
between realistically conceived representational aspects of models, and the progression
towards a more instrumentalist understanding of them, the epistemological stance of the
authors remains unclear. Finally, the authors treat both visible (e.g., a shadow emerges),
as well as non-perceivable (e.g., particle movement) target systems, as representable on
the same scale. It appears to us that these problems concerning the interpretation of
their empirical study are due, at least in part, to the unexplained, and to some extent
inconsistent, notion of models with which the authors operate. While we have thus
detected inconsistencies between the different parts of the study of Schwarz et al., we wish
to emphasize that we do not contest their empirical study or the learning activity reported,
but rather the concessions that their instrumental view on modeling nevertheless makes to
representational realism.

2.3.2. Model-Based Reasoning and NOSI Views

As a second example, we analyze a study from chemistry education research [61] that
attempts to link a three-dimensional framework of scientific reasoning competencies (i.e.,
observing as theory-driven activity, experimenting as manipulation of variables, and using
models as tools for inquiry) with views on the nature of scientific inquiry (the so-called
NOSI views). Models are important for testing “[...] hypotheses about an original object
[...].” (ibid. p. 2720). The reference to original objects is crucial for the authors” definition
of models:

“The model serves as [a] substitute object [...] for an original object when these
objects are not available—due to ethical or practical reasons, for example. Stu-
dents use the model not only to derive a hypothesis or to explain a phenomenon
but also to derive data about the original object with regard to their research
questions. They test models against data on the underlying original object and
reflect the validity of their assumptions.” (ibid. p. 2719)

We would like to highlight that Reith and Nehring simultaneously present models
both as tools, i.e., human-shaped constructs, and as surrogates for non-perceivables, i.e.,
structural representations. Similarly to Schwarz et al., this conflation results in an inconsis-
tent view on models. Reith and Nehring claim that a “naive view” on models considers
a model “as an exact copy of reality” (ibid. 2720). Such a view supposes that a surrogate
could directly represent atomic features, e.g., by using lentils and beans. An “informed
view”, in contrast, “[...] [carries] out investigations on models. [Scientists] test hypotheses
about an original object using models” (ibid. p. 2720). However, the authors do not
explicitly delineate the circumstances under which a model object is a mere copy of reality
(i-e., a direct representation), or when to refer to it as an appropriate tool to represent as-
sumptions about a target system. Moreover, we wish to point out that introducing models
as surrogates for original objects, such as assumed submicroscopic entities, runs the risk of
reifying these entities in principle, thus falling back on a naive view time and again. Such
a view would make the example of mixing legumes as a representation of the respective
submicroscopic system to learn something about volume contraction irrelevant at best.
The vegetables can hardly represent smaller/larger molecules with regard to canonical
mechanistic explanations, i.e., changes in hydrogen bond length. The artifactual notion of
models does not start from assuming such a possibility of direct representation, thus lifting
the argumentative burden when it comes to the supposed structure of non-perceivables.
However, if a teacher would like to introduce how scientific modeling works, surrogate
reasoning on the basis of the simplified legumes-molecules correspondence does not add
value to the learning environment unless this correspondence is further elaborated. In such
a case, understanding the hypothetical nature of the model would be the very point of
the exercise. If the same teacher would like to convey canonical knowledge about how
molecules are supposedly structured, then the lentil-bean demonstration is inappropriate,
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given the numerous and partly contradictory portrayals of submicroscopic entities in, e.g.,
chemistry textbooks. With this in mind, it would be helpful if science education researchers,
exemplified by Reith and Nehring as well as our other cases, refrained from constituting
their understanding of modeling via a dyadic relation between models and target systems.
We will elaborate the artifactual alternative in the respective sections.

2.3.3. Further Studies on Modeling

The works of Schwarz et al. and Reith and Nehring provide examples of the many
cases within the field of science education research where, in our view, more consistency
in how models are approached and defined would have strengthened their educational
implications. In this section, we give a brief overview of some other studies, representative
of the current state-of-the-art in the field of science education. What they have in common is
that they tend to take a largely unarticulated representational stance towards models, while
simultaneously treating models as tools. A more reflective and differentiated approach that
pays heed to different kinds of representational tools and their epistemic affordances would
have been more appropriate. Such an approach would help addressing, e.g., the difficulties
science learners face in acquiring generalizable knowledge when they are confronted with
symbolic abstract representations that are presented as mere surrogates for unobservables
(e.g., particles, forces or pedigrees) [62,63].

Cheng et al. [6] present models as epistemic tools “[...] to represent [students” and
teachers’] ideas, or to coherently explain the mechanisms underlying target events.” (2019,
p- 5). The notion of a model as an abstract representation seems to provide purchase both
to students” and teachers’ ideas and to the real-world target systems. Abstraction plays
a crucial role in both cases, as it allows treating the subjects’ ideas as mental models, as
well as scientific models as abstract theoretical representations of mechanisms underlying
the phenomena. However, a mental model of a theoretical idea and the allegedly correct
representation of a submicroscopic target event are two different things. Additionally, if
models are considered as abstract representations, why would a student be assessed as
a more advanced modeler if she were able to visualize submicroscopic mechanisms, i.e.,
sketching what is considered a structurally correct depiction of magnetic field lines? In our
view, this would testify to the students’” ability to employ cultural representational tools
correctly, which is not accounted for when models are conceived of as abstractions.

Luca and Zacharia [64] neither clearly distinguish the students” supposed mental
models from models of external real-world target systems, nor pay due attention to the
importance of the external representational tools with which models are constructed. They
point out that “[...] models can be both concrete and conceptual (i.e., models we create
in our mind) in nature, in our case we refer to external/physical models.” (p. 195). Yet in
their discussion of model construction, students are supposed to “[...] mentally bring the
model’s content/elements together in order for the model to take shape (have a structure).
This cognitive process takes place immediately before learners start constructing their con-
crete artifacts/models.” (ibid.). Consequently, models reduce to the “[...] externalization
of the components and underlying mechanism of a phenomenon/system”. How did the
students have access to the underlying mechanics of a phenomenon/system in the first
place? Only by collecting observations and experiences, as Louca and Zacharia seem to
suggest? This question becomes all the more puzzling as the authors judge the accuracy
of a model in terms of how well it represents the features of a respective phenomenon.
The study focuses on phenomena at the macroscopic level, yet purports to apply to the
representation of the underlying (unobservable) mechanisms as well.

Likewise, when turning to chemistry-focused studies, the question of how a learner
could gain competency in handling the problem of unobservable structures remains chal-
lenging. Stieff et al. [7] work on what they label as concrete molecular models, i.e.,
three-dimensional ball-and-stick objects for grasping spatial structures of submicroscopic
targets. The authors stress the importance of the empirical investigation of representational
competence, which they measure by a test of translating between different chemical depic-
tions of molecules, e.g., translating from the Newman projection to the Fischer projection.
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However, such an approach already presupposes a structurally adequate relation between
the projections and their respective target systems and thus, elucidates how the partici-
pants are able to express and communicate certified knowledge about the atomic scale
(ibid., p. 345).

Oliva et al. [65] studied the competence of modeling among secondary students
learning about chemical change. Various kinds of representational tools were used (fruits
and bowls, Lego pieces, balls of plasticine, discs of colored cards, etc.) “[...] as mediators
between the students’ intuitive understanding and school science models.” (p. 751). The
authors used several different qualitative and quantitative methods of data analysis. They
delineated modeling as an activity employing a range of inferential and reasoning processes
that require the students to be able to “[...] interpret, handle, and express phenomena
and situations using as certain variety of signs, whether propositional or iconic in format
[...]1” (p. 753). In their analysis, Oliva et al. tend to conflate mental models and scientific
models, in that they relate the students supposed “intuitive models” to “school science
models” implying that the application of the same notion of a model to both enables their
comparison. Moreover, despite their attention to actual representational tools, they invoke
a meta-representational perspective to draw together and evaluate multiple representations.
Yet, they do not explicitly attempt to state the conditions under which such an evaluation
would be judged to be adequate or successful. Provided that Oliva et at. also subscribe to the
models-as-tools approach, it would have been advantageous to address the contributions
of different kinds of representational tools in producing scientific understanding as well,
rather than focusing only on their supposed unification at the meta-representational level.

2.3.4. Models of and Models for

The theoretical discussion of models within science education research attempts to
navigate between models as tools and models as representations, but not always entirely
consistently. Gouvea and Passmore [47] make a distinction between models of and models
for, following Fox-Keller [66], who views models in molecular biology as tools for both
theoretical reflection and instruments for material intervention. Gouvea and Passmore
argue that “[...] the models of account [of models] often comes alongside models for,
which makes it seem like an alternative on equal footing” (ibid. p. 57). They are critical of
such attempts, advocating for approaching scientific models as tools for understanding,
explanation, and prediction, especially in classroom settings. In their view, the models of
accounts “[...] are less able to support students’ epistemic agency in doing science because
they tend to treat models as representations of what is known rather than as tools to be
used in generating new knowledge.” (ibid, p. 50).

Although Gouvea and Passmore are focusing on science classrooms, they also put forth
a more general agent-based conception, inspired by the pragmatic accounts of scientific
representation within philosophy of science. While we find their agent-based conception
of modeling interesting, and also deserving of philosophical attention, some clarification
of what they mean by representation would be needed. However, despite their stated
intention of approaching models primarily as tools, “i.e., models for a purpose”, their
model appears to take the “representational axis” of models of on par with the “epistemic
axis” of models for cf. [46]. As a consequence, the authors distinguish the representational
relationship between a model and “a phenomenon”, from the understanding of seeking
questions and other epistemic aims of the model. To be sure, Gouvea and Passmore
underline that the “[...] two axes are interdependent and inform and constrain each other.”
(ibid. p. 53). The epistemic agents, in their view, “[...] specify how models will represent
phenomena [...]” (ibid.), while the representational axis concerns the “[...] respects and
degrees the model represents the features of some phenomenon.” (ibid.). Yet, given that
they do not explicate the notion of representation, it is difficult to tell what they in fact are
committed to concerning the representational axis of their account. Gouvea and Passmore
claim that their agent-based conception of a model is based on the work of Sudrez [67,68]
and Giere [46], but these pragmatic accounts would not separate the representational axis
from the epistemic axis. Instead, the epistemic aims of the model users are an integral
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part of Suarez’s and Giere’s analyses of representation (i.e., the “representational axis” of
Gouvea and Passmore).

In order to see what is at stake more clearly, in the next sections we will provide a brief
overview of the philosophical discussion of models and representation. This overview is
followed by our suggestion as to how the artifactual account of models as tools should be
framed, such that it does not get subsumed by the representational account. Two things are
especially important in this regard. First, although models are constructed by using repre-
sentational tools, the systems specified by these tools do not need to accurately represent
any real-world target system. They can also compose fictional, or merely hypothetical sys-
tems, addressing various possibilities and impossibilities [69]. Second, the crucial challenge
for any account that seeks to approach models as tools is to explain how they could provide
scientific understanding without falling back on the representationalist assumption that
they do so in virtue of representing some real-world target system more or less accurately.

The artifactual account seeks to account for these challenges by focusing on the
scientific and empirical questions models are constructed to answer, instead of supposing
that models would need to have any determinable and fixed relationship to some real-world
target system. From this perspective, models of are models for.

3. Contemporary Philosophical Perspectives on Models

As we have discussed above, there appears to be a tension in the science education
literature about whether to consider models as tools or representations. The studies
discussed above treat models as tools while simultaneously adhering to an unexplained
notion of representation. This bifold strategy tends to lead to incompatibilities at both the
theoretical and empirical levels. That is precisely what the artifactual account of modeling
aims to avoid.

We have found that while the notion of models as epistemic tools has gained traction
in science education research [55,70], the notion has also been used inconsistently. However,
the problems involved do not certainly concern just science education researchers. They are
present also in those contemporary philosophical accounts of models and representation
that approach the epistemic value of modeling in terms of representation, yet also invoke
pragmatic aspects, i.e., factors relating to the use of models (e.g., [71,72]).

For example, Chakravartty [72] distinguishes between the informational and func-
tional dimensions of modeling. The functional dimension of models refers to their capacities
to support scientific reasoning, while the informational dimension relies on representation,
conceived loosely as some kind of similarity between a model and its target system. Accord-
ingly, the functional dimension presumes the informational dimension. Chakravartty asks:
“how [...] could such [inferential and reasoning] practices be facilitated successfully, were it
not for some sort of similarity between the representation and the thing it represents—is it
a miracle?” (ibid. 201). We suspect that the same kind of reasoning motivates the attempt
of science education researchers to merge the notion of models as tools with the idea of
representation: if the world behaves as if it were made of invisible particles, why not accept
the inference to the best explanation (and the world it depicts)?

The question posed by Chakravartty is thorny indeed as we will discuss in the next
sections, and yet, it quite obviously tends to put the cart before the horse. At least when it
comes to scientific practice, models are frequently tools for probing what kinds of systems
and causal processes might bring about particular kinds of phenomena. Consequently, they
are tools for finding out what might be the case instead of representing what is known to be
the case (though successful models may gain the status of certified knowledge over time).

3.1. Perspectives on Representation

The idea that modeling has something to do with representation has a long history
within philosophy of science, yet Sudrez [73] finds out that “the modeling attitude” of both
the British (e.g., Thomson and Maxwell) and German scientists and philosophers (e.g.,
Helmholz, Hertz, and Boltzmann) of the 19th century, were in fact nuanced. Apart from
relying on similarity, resemblance, and analogy, the scientists in question were acutely
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aware, according to Sudrez, about the relativity of knowledge. Boltzmann’s Encyclopedia
Britannica entry, “Models”, is especially interesting in this regard [74]. On one hand, he
writes about models as “representations in thought” and on the other, he invokes the
material and tangible objects that scientists have created for assisting their thoughts.

This practice-oriented tradition of considering models as concrete things or their
mental images later on became entangled with the semantic and syntactic conceptions
of theories with their notion of a model derived from mathematical logic. The resulting
“model muddle” [75], does not, however, mean that the notion of a model itself would be
vague cf. [47]. Rather, the word model is used in various ways, in different contexts. As
our focus is on science education, we limit ourselves to those philosophical discussions
that explicitly concern models in scientific practice. Two contemporary discussions are of
special interest in this regard: the pragmatic accounts of representation, and the accounts
of modeling that instead of concentrating on the representational relationship, address
model construction. The latter accounts study how scientists learn from building and
manipulating hypothetical systems, frequently called models, without supposing that
such model systems would accurately reproduce some features of some target systems
of interest.

3.1.1. The Pragmatic Account of Representation

The pragmatic accounts of representation aim to provide an alternative to the so-called
substantive accounts of representation. Such substantive accounts—i.e., structural or other
less formal similarity accounts—seek to explain how models give us knowledge by asking
how a model represents its target system. The answer is provided by the relationship
between the constituent parts and relations of the model and those of its supposed target
system. In other words, such accounts analyze representation in terms of a structural, or
some other kind of similarity relation, between the model and its target. Yet, the structuralist
and similarity accounts of representation have been rather conclusively criticized within the
recent philosophy of science discussion: they have been found lacking when it comes to both
their logical and practical dimensions [76,77]. As a result, several structuralist philosophers
have attempted to amend their accounts of representation by either accommodating some
specific criticisms concerning e.g., the direction of representation [78], or by extending
their account of representation by including pragmatic elements with it [79]. On the other
hand, many philosophers have increasingly embraced a pragmatic approach to models
and representation.

To put it bluntly, the basic issue is this: the pragmatists of scientific representation
claim that it is not possible to analyze the representational relationship without making the
users and their aims an integral part of it. In terms of Gouveau and Passmore’s agent-based
conception of models, this would mean that the representational and epistemic axes would
coalesce instead of the remaining separate dimensions of modeling. For example, Giere [80]
analyzes scientific representation as a four-place relationship: “S uses M to represent W for
purposes P”, where S is an individual scientist, group of them or a scientific community, M
is a model, and W stands for an “aspect of the real world, a (kind of) thing or event.” This
form can be translated into the following, more informal statement: “Scientists use models
to represent aspects of the world for various purposes” (ibid. p. 747). In other words, the
users’ goals become a part of the definition of representation and as a result, one cannot
analyze representation without taking them into account. Sudrez [67,68] also grounds his
account of representation in the representing activity of modelers. His inferential account
of representation has two parts: the representational force and the inferential capacities.

The representational force of a model is due to the practice of scientists using it as a
representation of an intended target. Yet, representational force alone is not enough to make
any model a scientific representation. Consequently, in order to function as a scientific
representation, the model must possess inferential capacities enabling a competent user to
draw valid inferences regarding the target.

What is important, then, to note about the aforementioned pragmatic accounts of
representation is their minimal nature: a model represents a target system if it is used to
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represent. That in turn, according to Sudrez, is based on the inferential capacities of the
model, and some norms concerning valid inferences. What those inferential capacities
and norms consist of, Suarez does not say. As a result, pragmatists do not say anything
substantive about representation, as they do not invoke any deeper constituent relation,
such as similarity or structural mapping, between the parts of the model and the parts of
the target. What pragmatists are in fact saying is that a model is a representation, if it is
used as such. And such a notion of representation does not, by design, explain why models
give us knowledge, something that the substantive accounts attempted to do.

The question then becomes: How can one understand how models give us knowledge
if representation is trimmed down into such a thin notion that it cannot explain the epistemic
productivity of modeling? The answer would need to be sought for somewhere other than
from the notion of representation.

3.1.2. Model Construction

Morrison and Morgan [81] focus on learning from constructing models instead of
using them as representations. They approach models as investigative instruments, whose
construction and manipulation enable scientists to learn from them. They view models,
rather than as representations, as mediators between theory and data. Likewise, Weis-
berg [8] considers models as independent from any uniquely determinable relationships
to the worldly target systems (ibid. p. 218). Modeling is for Weisberg an art of indirect
representation, one of building and studying hypothetical systems that will only be related
to some particular real-world systems at a later stage of the modeling cycle, if at all.

Many areas of contemporary modeling testify to such an indirect approach with only
a few manifest ties to some clearly identifiable target systems. For example, economics has
often been accused of modeling without an attempt to relate the highly abstract models to
economic realities [82]. The same kinds of concerns have also been raised in biology [83].

Despite paving a way for understanding models as tools, both Morrison and Morgan,
as well as Weisberg, eventually invoke the notion of representation as well. Morrison
and Morgan are careful to note, however, that they do not consider representation to be
“mirroring” or “correspondence”, yet they do not develop their notion of representation
any further. They mainly note that it should be thought of as “[...] a kind of rendering—a
partial representation that either abstracts from, or translates into another form, the real
nature of the system or a theory, or one that is capable of embodying only a portion of a
system. [81], p. 27.” Weisberg [84] formulates a formal account of similarity on the basis of
Tversky’s set-theoretic account [85] that has not succeeded to create any noticeable interest
in the philosophy of science community.

To sum up, the lively philosophical discussion of modeling and representation has
not settled on any one notion of representation. The structuralist and similarity accounts
of representation have proven difficult to flesh out in any satisfactory fashion, while the
pragmatist accounts have remained overly deflationary. Given these difficulties concerning
the notion of representation, the artifactual approach to models builds directly on the idea
that models are human-made objects, whose construction and use in scientific practices is
the key to their epistemic value.

4. Models as Epistemic Artifacts

Instead of assuming that models more or less faithfully represent real-world target
systems, the artifactual account focuses on how models as purposefully designed artifacts
provide access to the empirical and theoretical questions scientists are interested in. Ac-
cording to a standard philosophical definition, artifacts are intentionally made or altered
objects, whose aim is to accomplish some purpose [86]. Such definition pays heed to (i) the
aim that an object has in some human practice and (ii) its intentional production or alteration
that involves the use and modification of various kinds of materials. Consequently, from
the artifactual perspective scientific models are human-made objects that are typically
designed for answering some pending scientific problems and built by making use of a
variety of representational tools (i.e., various symbolic, semiotic, and material resources).
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Both of these aspects of model construction—purposeful design and the representational
tools employed—are important for how a model can provide access to a problem scientists
are dealing with.

4.1. Purposeful Design

The artifactual account envisages models as human-made objects that can have mul-
tiple epistemic uses. In science and science education, they can be used for explanatory,
predictive, and assessment purposes, for example. Traditionally, especially the explanatory
and understanding bearing dimensions of modeling have been accounted for by appealing
to representation. Instead of approaching models as representations of real-world target
systems, the artifactual account seeks to analyze the epistemic dimension of models through
their interrogative function: addressing the scientific questions models are designed to
answer. The constrained construction of a model is the key to its interrogative functioning.
Models typically consist of a system of dependencies, designed to answer a pending scien-
tific question, motivated by theoretical and /or empirical considerations [18,47,87]. In other
words, relevant theoretical and empirical knowledge needs to be built into it, both through
its specific construction and the question(s) it addresses.

For example, in constructing his version of the Lotka-Volterra model, Volterra set
out to answer the question of whether the variations in the populations of predators and
prey could be produced solely by “[...] the purely internal phenomenon, due only to the
reproductive power and to the voracity of the species as if they were alone. [88], p. 5.” To
study this question, Volterra wrote a pair of nonlinear differential equations concentrating
only on the dynamics between two species, one of which preys on the other, while also
acknowledging the importance of external causes for the actual fluctuations in populations.
Indeed, at the time when he published his results, the fluctuations in predator and prey
populations were usually attributed to some external causes [89]. Akerlof’s celebrated
model of the “market for lemons” that earned him a Nobel prize provides an example from
economics. It studies through a simplified model of used cars the question of how quality
uncertainty can lead the bad quality cars to drive out the better quality cars, leading even
to market collapse.

What is important to note about both Volterra’s and Akerlof’s models is that they
are not inherently tied to any specific target system, but are rather hypothetical systems
constructed to study general theoretical questions. The general character of the dynamics
they study have allowed for their application to sundry other problems.

Alfred Lotka used the Lotka-Volterra model to study, apart from biological systems,
also chemical systems. Later on, the Lotka-Volterra equations were applied across different
disciplines to study various kinds of target-systems, ranging from class struggle to models
of technology diffusion [20]. Moreover, the Lotka-Volterra equations have been used as a
basic simple model to study the complex behavior of nonlinear systems [90]. Akerlof, in
turn, did not intend in his classic article to only study markets for used cars. In fact, the
market for used cars was for him simply a “finger exercise” chosen for its “[... ] concreteness
and ease in understanding rather than for its importance or realism” (p. 489). Akerlof’s
focus was on the effects of asymmetric information more generally, and in his famous
article he proceeds from presenting the model of used cars to study its implications for
various, more important topics, such as the health insurance market, the employment of
minorities, and credit markets in underdeveloped countries.

The artifactual perspective can better capture the initial motivation underlying the con-
struction of such exemplary models as the Lotka-Volterra model and Akerlof model. From
the perspective of scientific practice, to which science education naturally relates on a large
scale, one of the main problems of the representational approach is due to its basic unit of
analysis: the model-target pair.

Viewing models as inherently targeting a particular real-world system leads to prob-
lems concerning their accuracy and misrepresentation, but more importantly, misses their
most important scientific contributions. Consequently, the artifactual approach focuses on
the questions models are designed to address. Due to their interrogative function, models
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are already embedded in existing theoretical and empirical knowledge, e.g., knowledge
concerning fluctuations in populations, or market failures due to degrading quality of
goods offered. Instead of gesturing at (an unexplained notion of) representation, the artifac-
tual account zooms in on model construction and the access it bestows for further scientific
theorizing and exploration, including the application of the model to other domains [91].

4.2. Representational Tools

As we have argued above, the way a model is constrained is crucial for its epistemic
functioning; striving for accurate representation of some particular target system is fre-
quently less helpful if the goal is to tackle some more general question, as is often the case
with modeling. In such tasks, minimal and unrealistic models may be explanatorily useful:
such models may isolate some hypothetically relevant, or difference-making features for
particular patterns of interest [92-94]. Moreover, the use of mathematical and statistical
methods entails simplification and unification as well [95].

In contrast to the representational approach that focuses on the general and abstract
features of the relationship of representation, the artifactual approach emphasizes the
concrete, workable dimension of models rendered by various representational tools, such
as differential equations in the case of the Lotka-Volterra model. The concrete workability
of models explains how scientists can learn by building and manipulating them [81]. For
instance, Volterra’s ability to draw important results from a highly idealized hypothetical
system shows that in order for models to be epistemically useful, they do not need to
correspond more or less accurately to real-world systems and processes.

This learning process is facilitated through articulating different kinds of relationships
within a model with some particular representational tools, concretely manipulating them,
and reconfiguring the model in view of further questions. Such work can lead to various
kinds of explanations, predictions, and theoretical results, and may contribute to novel
experimental designs and the construction of artificial and synthetic systems [96].

The fact that the epistemic importance of the concrete workable dimension of models
has not received due recognition can partially be traced back to the tendency of treating
models as abstractions. Such a tendency is understandable given the importance of mathe-
matical and computational modeling in contemporary science. Once models are considered
as abstract entities, likening them, or at least comparing them, to mental models seems an
easy step to take, as we have seen above. Such a step should be resisted, however. The
concrete workable dimension of models does not boil down to their material aspects only,
it also applies to mathematical modeling as the case of the Lotka-Volterra model shows.

Most of Volterra’s papers on biological associations are highly technical mathematics,
consisting of the study of the mathematical properties of the Lotka-Volterra model and
its variations. In other words, the differential equations provided Volterra the workable
dimension of the Lotka-Volterra model, and the study of these equations gave him several
results that could be given a biological interpretation. He would not have come up with
these results had he simply mentally conceived the predator-prey system: the differential
equations provided him a representational tool to access the dynamics between the two
populations.

The representational tools employed in modeling typically consist of various symbolic
or semiotic devices (mathematical, iconic, diagrammatic etc.) that serve as vehicles for
conveying different kinds of content. However, these vehicles need to be embedded in
representational media that furnish the material means with which representations are
produced and manipulated (such as ink on paper or digital computer in which simulations
are run) [18,87,96,97].

The representational media and their materiality play different epistemic roles de-
pending on the type of model in question that has led to the perception that some models,
such as mathematical models, are inconcrete, whereas other models, such as scale models,
are concrete. But on closer inspection, such a distinction between concrete and inconcrete
models tends to lead astray. For instance, there is accumulating evidence that the perceptual
and sensorimotor engagement with external mathematical representations is crucial for
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mathematical reasoning over and above them functioning as mere scaffolds for mnemonic
and communicative tasks [98,99]. On the other hand, the Phillips-Newlyn model, a hy-
draulic model of a macroeconomy in which colored water flows and accumulates in a
system of tanks and channels, does not reduce it to its material embodiment. As such, it
would hardly be interpretable as a model, let alone an economic model. Instead, it gives a
concrete form to the conceptualization of the economy in terms of stocks and flows that has
a long history in economic theorizing [100].

4.3. Representing and Justifying

It may seem puzzling that the artifactual approach seeks to explain the epistemic
value of modeling without invoking representation, yet emphasizes the importance of
representational tools. No contradiction is involved as representation in the sense of
establishing a relationship between a model and a real-world target system should be
distinguished from representing something within the model.

Representation in this latter sense refers to the use of representational tools to convey
some content that is a precondition for claiming any representational relationship between
a model and some external target system. Such distinction between these two notions of
representation is embedded in the recent philosophical literature, where modeling as an
activity of building and studying models is distinguished from establishing a representa-
tional relationship between a model and a target system. For instance, Weisberg [8] argues
that the practice of indirect representation distinguishes modeling from those theoretical
strategies that rely on abstract direct representation. Modeling, Weisberg claims, is engaged
in indirect representation as modelers are primarily interested in studying their models, be-
fore trying to relate them to some real-world, or merely possible targets. Indeed, apart from
providing possible explanations of the actual states of affairs, models also enable inferences
concerning unactualized possibilities [87,96,101]. Such modal reasoning constitutes one of
the main ways in which models are used in scientific practice [102].

Regarding the modal dimension of modeling, the artifactual account approaches the
question of justification through model construction: a model is constructed for the pur-
pose of probing theoretical and empirical consequences. Thereby, it becomes necessary to
independently justify any kind of representational relationship (if only because of under-
determination). The fact that some models are used as representations does not provide
justification for model-based results in and of itself. Although, part of the justification is al-
ready built-in due to the previously established theoretical, empirical and representational
resources used in model construction [103]. The already established use of differential
equations, and the mechanistic approach of isolating the components and their interactions,
in addition to the observations on fluctuations in fish populations were resources already
built-into Volterra’s model. Due to these pre-established resources and knowledge, the
relationship of representation is not pivotal for explaining how models are able to generate
knowledge: it is not needed to connect a model to the empirical world as the connection is
already partially built-in.

Finally, it goes without saying that in order to establish the external validity of a
model, more is needed than consistently analyzing the built-in connection from successfully
certified models. Such external validation in work-in-progress models typically proceeds
by triangulating different epistemic means: other models, experiments, observations, and
background theories. These processes of triangulation are often not easily recognizable due
to their complex and indirect nature. Justifying models does, therefore, not happen through
individual model-target comparisons as, e.g., the representational approach would have it,
but rather by rigorously questioning models, even at the level of research programs, being
distributed in terms of time, place, and epistemic labor.

5. Future Challenges and Implications

Equipped with the notion of models as epistemic artifacts, we turn in this section
to two concrete examples, where a more theoretically consistent approach to modeling
would have strengthened the already valuable educational implications. In our examples,
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science education researchers implement straightforward empirical strategies according
to the notion of models as artifacts, while such an approach has been less prevalent
in philosophy of science. Nevertheless, these science education studies tend to set the
concrete representational tools (e.g., sketches) aside, turning to discuss the mental models
of students, as if a direct connection between them and the students’ concrete modeling
products could be established by the researcher in some unproblematic manner. In contrast,
and in line with the artifactual approach, we emphasize that science education should focus
on the epistemic value of concrete products in investigating the system of interest.

5.1. Model-Based Learning and Reasoning

As an important next step towards a better mutual understanding of model-based
learning and reasoning, we propose below how to clarify the connection between the
empirical studies’ results, and their respective theoretical frameworks by drawing on the
insights of this paper.

First, it would be helpful to focus on whether or not a learner was able to refine
iteratively, and in a justified manner, concrete model objects (by sketching, modeling clay,
etc.). In this regard, the question about the adequate rendering of canonical scientific
knowledge appears to be of secondary importance. Yet, such an approach may appear
unsatisfying at first: what scientist would give credit to a learner who gives justified, yet
evidently false explanations about the behavior of a target system? It might seem that
useful representations should not include disproven assumptions, at least within learning
environments. Nevertheless, a learner may eventually be able to confront the experienced
scientist/teacher with cases where hypothetical speculation is an intrinsic part of daily
scientific business. Moreover, the learner may wonder why atoms are described as identical
to tiny solid spheres in every introductory chemistry lecture, when the scientific commu-
nity knows that this is not the case. When viewed from the artifactual perspective such
assumptions do not appear so baffling, as they highlight the question-oriented character of
modeling, providing thus a reasonable, though underappreciated, starting point for science
classes [104].

Second, carefully choosing an appropriate target system presents challenges of its own.
It does matter whether a learner either works on how introducing a species into a biotope
affects the population of another species and comes up with a numerical association by
counting and extrapolating, or tries to find a mechanistic explanation of ice maintaining
its temperature while melting during heat supply. Both tasks can be approached through
modeling, yet they are fundamentally different in terms of their underlying goals, i.e.,
numerically predicting or mechanistically explaining the target system. The situation gets
even more complex if, contrary to the purely predictive goal, one inquires about the mecha-
nisms that lead to the influence of one species on another, e.g., a predator-prey relationship
or a displacement of another population due to an advantage in reproduction. Likewise,
associating heat supply to state transitions and making predictions without asking for
submicroscopic mechanisms is in itself valuable [105], highlighting the paramount impor-
tance of the question to be asked for any modeling activity. Thus, it is crucial to explicitly
distinguish whether the aim of modeling is to present what is currently accepted as being
the case in the field [106], pp. 141, or whether the focus is on practicing to think about and
test the consequences of what if something were the case? [41]

5.2. Models and Subject-Specific Content

Inconsistencies of subject-specific models are rarely explicitly addressed in science
education research [107], and, if discussed at all, they are approached within the context of
multiple modeling [108-110]. However, presenting to a learner multiple models of a certain
target system (e.g., Bohr’s model vs. Lewis’ structures) does not inform the learner when
it is appropriate, e.g., to refer to electrons as particles circling around an atomic core, in
contrast to electrons as fixed bonding pairs. The models do not reveal, in and of themselves,
to what end and under which circumstances they were constructed, and what seems even
worse from the learner’s perspective is that they seem not to be true at the same time. In
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this regard, learners and teachers alike should be encouraged not to suppose that they
could perfectly state how unobservables, or other lesser known phenomena, are structured:
multiple models of the same target systems should be regarded as a normal phenomenon
in scientific research. Consequently, teachers, learners, and researchers should focus on
the modal dimension of modeling, seeking plausible estimations, fruitful depictions, and
how-possibly explanations. We were not able to identify such a consistent modal focus
within the investigated studies.

We hereby turn to vindicating the lentils and beans model to a certain degree: if
students work with this representational vehicle in response to a relevant research question,
they can learn about chemistry as a matter of course. For example, if the bean-lentil demon-
stration was used to explain volume contraction, how could the structural relationship
between the demonstration and the target system be justified in the first place? If we did
not have any other evidence for such a relationship, we could adopt a question-oriented ap-
proach: what if the lentils and beans were structurally equal to water and ethanol particles?
Subsequently, experiments would come into play and different liquids could be mixed and
their behavior documented. Fortunately, in the sense of fostering model-based reasoning,
mixtures exist that show a volume expansion, which falsifies the assumption of smaller
particles fitting into the gaps between the larger particles as a general principle. That
falsification could potentially lead to a more sophisticated reasoning activity that makes
use of students’ artifacts. These artifacts, in turn, could be integrated into standardizable
frameworks under current development, e.g., stepwise procedures for the modeling of
target systems in chemistry classrooms [15]. However, teachers and researchers should be
careful about their presuppositions of unobservables; which of them appear to be resolved,
and which of them side-stepped, via an over-simplified representation. While models as
epistemic artifacts are constructed by representing what could plausibly, or possibly, be
the case, and are thus able to convey scientific content [111,112] that does not yet justify
supposing that they would accurately depict the structure of their target systems—as a
representationalist would have it. A little sphere is not structurally equal to a molecule.

6. Conclusions

We have claimed that scientific reasoning can usefully be viewed as a question-oriented
investigation. Modeling provides a prime example of such an activity. We have suggested
that an explicit and reflective discussion of models as artifacts serves to prevent a relapse
into viewing models as straightforward, uniquely determinable representations of target
systems. We have observed in science education research a conflation of mutually exclusive
epistemological accounts of models and representation, i.e., adhering to both pragmatist
and structuralist perspectives. If a researcher refers to models as constructed tools, it
is difficult to maintain a representational dyadic model-target relationship as a unit of
analysis. Modeling submicroscopic mechanisms for explaining or predicting the behavior
of, e.g., chemical target systems is a case in point. As we have shown, straddling between
the pragmatist agent-based and the representational similarity-based and structuralist
approaches to modeling breeds inconsistencies both on the theoretical level and between
the theoretical definitions of models and the interpretation of empirical results.

Consistently understanding and explicating models as artifacts is helpful since it
fosters an understanding of science as being revisable by keeping the focus on the inter-
rogative, uncertain, and fallible nature of scientific reasoning. Thus, the studied target
systems can be worked on with models as metaphorical magnifying glasses, hammers, or
screwdrivers. Consequently, the artifactual approach shifts the focus of the discussion of
scientific modeling within science education research from accurate representation into
the learning of how to do science. Moreover, since the artifactual approach views any
representational relationships between models and some real-world targets as contingent
scientific achievements, it prompts researchers and teachers to reflect on the assumptions
they make about target systems.

Finally, we find plenty of room for a dialogue between philosophy of science and
science education research, a dialogue that is already happening. The link to teaching
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makes science education research a worthwhile area of study for philosophers of science:
philosophy cannot be considered just a source for trickling down theoretical ideas to
empirical sciences. Especially practice-oriented philosophers of science are interested in
what scientists think and do to gain knowledge about the world, and for this task, they need
case studies and empirical research. Science education researchers are uniquely positioned
to do just that: studying and conveying scientific reasoning at different levels of teaching,
learning, and researching. Therefore, we advocate a fruitful and critical discussion between
philosophers of science and science education researchers concerning their theoretical
presuppositions and definitions, addressing also the question of how to plan and/or revise
empirical studies on the basis of such reinvigorated mutual understanding.

Author Contributions: Conceptualization, M.R. and T.K.; writing—original draft preparation, M.R.
and T.K.; writing—review and editing, M.R. and T.K. All authors have read and agreed to the
published version of the manuscript.

Funding: The APC was funded by the Open Access Office of the University of Vienna.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Meghan Bohardt very much for her support in
the revision process. Tarja Knuuttila acknowledges support for this project from the European Re-
search Council (ERC) under the European Union’s Horizon 2020 research and innovation programme
(grant agreement No 818772) and Swedish Research Council, grant no. 2018-01353.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

NOSI  Nature of Scientific Inquiry

References

1.

10.
11.

12.

Bodner, G.M.; Domin, D.S. Mental Models: The Role of Representations in Problem Solving in Chemistry. Univ. Chem. Educ.
2000, 4, 24-30.

Keiner, L.; Graulich, N. Beyond the Beaker: Students’ Use of a Scaffold to Connect Observations with the Particle Level in the
Organic Chemistry Laboratory. Chem. Educ. Res. Pract. 2021, 22, 146-163. [CrossRef]

Lazenby, K.; Stricker, A.; Brandriet, A.; Rupp, C.A.; Mauger-Sonnek, K.; Becker, N.M. Mapping Undergraduate Chemistry
Students” Epistemic Ideas about Models and Modeling. J. Res. Sci. Teach. 2020, 13, 351. [CrossRef]

Schwedler, S.; Kaldewey, M. Linking the Submicroscopic and Symbolic Level in Physical Chemistry: How Voluntary Simulation-
Based Learning Activities Foster First-Year University Students’” Conceptual Understanding. Chem. Educ. Res. Pract. 2020,
21,1132-1147. [CrossRef]

Schwarz, C.V.; Reiser, B.J.; Davis, E.A.; Kenyon, L.; Achér, A.; Fortus, D.; Shwartz, Y.; Hug, B.; Krajcik, J. Developing a Learning
Progression for Scientific Modeling: Making Scientific Modeling Accessible and Meaningful for Learners. J. Res. Sci. Teach. 2009,
46, 632—654. [CrossRef]

Cheng, M.F,; Wu, T.Y;; Lin, S.F. Investigating the Relationship Between Views of Scientific Models and Modeling Practice. Res.
Sci. Educ. 2019, 51, 307-323. [CrossRef]

Stieff, M.; Scopelitis, S.; Lira, M.E.; Desutter, D. Improving Representational Competence with Concrete Models. Sci. Educ. 2016,
100, 344-363. [CrossRef]

Weisberg, M. Who Is a Modeler? Br. J. Philos. Sci. 2007, 58, 207-233. [CrossRef]

Heidegger, M. The Question Concerning Technology and Other Essays; Garland Publishing: New York, NY, USA; London, UK, 1977.
Dewey, J. The Quest for Certainty. A Study of the Relation of Knowledge and Action; George Allen and Unwin: London, UK, 1929.
Nicolaou, C.T.; Constantinou, C.P. Assessment of the Modeling Competence: A Systematic Review and Synthesis of Empirical
Research. Educ. Res. Rev. 2014, 13, 52-73. [CrossRef]

Constantinou, C.P,; Nicolaou, C.T.; Papaevripidou, M. A Framework for Modeling-Based Learning, Teaching, and Assessment.
In Towards a Competence-Based View on Models and Modeling in Science Education; Upmeier zu Belzen, A., Kriiger, D., van Driel, J.,
Eds.; Springer International Publishing: Cham, Switzerland, 2019; pp. 39-58.


http://doi.org/10.1039/D0RP00206B
http://dx.doi.org/10.1002/tea.21614
http://dx.doi.org/10.1039/C9RP00211A
http://dx.doi.org/10.1002/tea.20311
http://dx.doi.org/10.1007/s11165-019-09880-2
http://dx.doi.org/10.1002/sce.21203
http://dx.doi.org/10.1093/bjps/axm011
http://dx.doi.org/10.1016/j.edurev.2014.10.001

Educ. Sci. 2022,12,276 17 of 20

13.

14.

15.

16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

Roénnebeck, S.; Bernholt, S.; Ropohl, M. Searching for a Common Ground—A Literature Review of Empirical Research on
Scientific Inquiry Activities. Stud. Sci. Educ. 2016, 52, 161-197. [CrossRef]

Upmeier zu Belzen, A.; Kriiger, D.; van Driel, J. (Eds.) Towards a Competence-Based View on Models and Modeling in Science Education;
Models and Modeling in Science Education; Springer International Publishing: Cham, Switzerland, 2019; Volume 12. [CrossRef]
Lang, V.; Eckert, C.; Perels, F; Kay, CW.M.; Seibert, ]. A Novel Modelling Process in Chemistry: Merging Biological and
Mathematical Perspectives to Develop Modelling Competences. Educ. Sci. 2021, 11, 611. [CrossRef]

Gilbert, ] K.; Justi, R. Models of Modelling. In Modelling-Based Teaching in Science Education; Models and Modeling in Science
Education; Gilbert, J.K,, Justi, R., Eds.; Springer International Publishing: Cham, Switzerland, 2016; Volume 9, pp. 17-40.
[CrossRef]

Knuuttila, T. Imagination Extended and Embedded: Artifactual versus Fictional Accounts of Models. Synthese 2017, 99, 56.
[CrossRef]

Knuuttila, T. Modelling and Representing: An Artefactual Approach to Model-Based Representation. Stud. Hist. Philos. Sci. 2011,
42,262-271. [CrossRef]

Engelmann, K.; Chinn, C.A.; Osborne, J.; Fischer, F. The Roles of Domain-Specific and Domain-General Knowledge in Scientific
Reasoning and Argumentation. An Introduction. In Scientific Reasoning and Argumentation: The Roles of Domain-Specific and
Domain-General Knowledge; Routledge: New York, NY, USA, 2018; pp. 1-7.

Houkes, W.; Zwart, S.D. Transfer and Templates in Scientific Modelling. Stud. Hist. Philos. Sci. Part A 2019, 77, 93-100. [CrossRef]
Humpbhreys, P. Knowledge Transfer across Scientific Disciplines. Stud. Hist. Philos. Sci. Part A 2019, 77, 112-119. [CrossRef]
Dunbar, K.N.; Klahr, D. Scientific Thinking and Reasoning. In The Oxford Handbook of Thinking and Reasoning; Holyoak, K.J.,
Morrison, R.G., Eds.; Oxford University Press: Oxford, UK, 2012. [CrossRef]

Klahr, D.; Dunbar, K.N. Dual Space Search During Scientific Reasoning. Cogn. Sci. 1988, 12, 1-48. [CrossRef]

Kuhn, D.; Schauble, L. Cross-Domain Development of Scientific Reasoning. Cogn. Instr. 1992, 9, 285-327. [CrossRef]

Lohner, S.; van Joolingen, W.R.; Savelsbergh, E.R.; van Hout-Wolters, B. Students” Reasoning during Modeling in an Inquiry
Learning Environment. Comput. Hum. Behav. 2005, 21, 441-461. [CrossRef]

Pedaste, M.; Médeots, M.; Siiman, L.A.; de Jong, T.; van Riesen, S.A.N.; Kamp, E.T.; Manoli, C.C.; Zacharia, Z.C.; Tsourlidaki, E.
Phases of Inquiry-Based Learning: Definitions and the Inquiry Cycle. Educ. Res. Rev. 2015, 14, 47-61. [CrossRef]

Andersen, C.; Garcia-Mila, M. Scientific Reasoning During Inquiry: Teaching for Metacognition. In Science Education. An
International Course Companion; Taber, K.S., Akpan, B., Eds.; New Directions in Mathematics and Science Education; Sense
Publishers: Rotterdam, Poland, 2017; pp. 105-117.

Krell, M.; Redman, C.; Mathesius, S.; Kriiger, D.; van Driel, ]. Assessing Pre-Service Science Teachers’ Scientific Reasoning
Competencies. Res. Sci. Educ. 2020, 50, 2305-2329. [CrossRef]

Nehring, A.; Stiller, J.; Nowak, K.H.; Upmeier zu Belzen, A.; Tiemann, R. Naturwissenschaftliche Denk- Und Arbeitsweisen Im
Chemieunterricht - Eine Modellbasierte Videostudie Zu Lerngelegenheiten Fiir Den Kompetenzbereich Der Erkenntnisgewinnung.
Z. Fiir Didakt. Der Naturwissenschaften 2016, 22, 77-96. [CrossRef]

Vorholzer, A.; von Aufschnaiter, C.; Kirschner, S. Entwicklung Und Erprobung Eines Tests Zur Erfassung Des Verstandnisses
Experimenteller Denk- Und Arbeitsweisen. Z. Fiir Didakt. Der Naturwissenschaften 2016, 22, 25-41. [CrossRef]

Koerber, S.; Osterhaus, C. Individual Differences in Early Scientific Thinking: Assessment, Cognitive Influences, and Their
Relevance for Science Learning. J. Cogn. Dev. 2019, 20, 510-533. [CrossRef]

Convertini, J. An Interdisciplinary Approach to Investigate Preschool Children’s Implicit Inferential Reasoning in Scientific
Activities. Res. Sci. Educ. 2021, 51, 171-186. [CrossRef]

Sodian, B. The Development of Scientific Thinking in Preschool and Elementary School Age. A Conceptual Model. In Scientific
Reasoning and Argumentation: The Roles of Domain-Specific and Domain-General Knowledge; Routledge: New York, NY, USA, 2018;
pp. 227-250.

Hartmann, S.; Upmeier zu Belzen, A.; Kriiger, D.; Pant, H.A. Scientific Reasoning in Higher Education. Constructing and
Evaluating the Criterion-Related Validity of an Assessment of Preservice Science Teachers’ Competencies. Z. Fiir Psychol. 2015,
223,47-53. [CrossRef]

Gilbert, ] K. (Ed.) Visualization in Science Education; Models and Modeling in Science Education; Springer: Dordrecht, The
Netherlands, 2005; Volume 1.

Johnson-Laird, PN. Mental Models and Human Reasoning. Proc. Natl. Acad. Sci. USA 2010, 107, 18243-18250. [CrossRef]
[PubMed]

Johnson-Laird, P.N.; Byrne, RM.].; Schaeken, W. Propositional Reasoning by Model. Psychol. Rev. 1992, 99, 418-439. [CrossRef]
Kind, P.; Osborne, ]. Styles of Scientific Reasoning: A Cultural Rational for Science Education? Sci. Educ. 2017, 101, 8-31.
[CrossRef]

Samarapungavan, A. Construing Scientific Evidence. The Role of Disciplinary Knowledge in Reasoning with and about Evidence
Scientific Practice. In Scientific Reasoning and Argumentation: The Roles of Domain-Specific and Domain-General Knowledge; Routledge:
New York, NY, USA, 2018; pp. 56-76.

Mathesius, S.; Krell, M. Assessing Modeling Competence with Questionnaires. In Towards a Competence-Based View on Models and
Modeling in Science Education; Models and Modeling in Science Education; Upmeier zu Belzen, A., Kriiger, D., van Driel, J., Eds.;
Springer International Publishing: Cham, Switzerland, 2019; Volume 12, pp. 117-131. [CrossRef]


http://dx.doi.org/10.1080/03057267.2016.1206351
http://dx.doi.org/10.1007/978-3-030-30255-9
http://dx.doi.org/10.3390/educsci11100611
http://dx.doi.org/10.1007/978-3-319-29039-3_2
http://dx.doi.org/10.1007/s11229-017-1545-2
http://dx.doi.org/10.1016/j.shpsa.2010.11.034
http://dx.doi.org/10.1016/j.shpsa.2017.11.003
http://dx.doi.org/10.1016/j.shpsa.2017.11.001
http://dx.doi.org/10.1093/oxfordhb/9780199734689.013.0035
http://dx.doi.org/10.1207/s15516709cog1201_1
http://dx.doi.org/10.1207/s1532690xci0904_1
http://dx.doi.org/10.1016/j.chb.2004.10.037
http://dx.doi.org/10.1016/j.edurev.2015.02.003
http://dx.doi.org/10.1007/s11165-018-9780-1
http://dx.doi.org/10.1007/s40573-016-0043-2
http://dx.doi.org/10.1007/s40573-015-0039-3
http://dx.doi.org/10.1080/15248372.2019.1620232
http://dx.doi.org/10.1007/s11165-020-09957-3
http://dx.doi.org/10.1027/2151-2604/a000199
http://dx.doi.org/10.1073/pnas.1012933107
http://www.ncbi.nlm.nih.gov/pubmed/20956326
http://dx.doi.org/10.1037/0033-295X.99.3.418
http://dx.doi.org/10.1002/sce.21251
http://dx.doi.org/10.1007/978-3-030-30255-9_7

Educ. Sci. 2022,12,276 18 of 20

41.

42.

43.

44.

45.
46.
47.
48.
49.
50.
51.
52.
53.

54.
55.

56.

57.

58.

59.

60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.

74.

Gohner, M.; Krell, M. Preservice Science Teachers’ Strategies in Scientific Reasoning: The Case of Modeling. Res. Sci. Educ. 2020.
[CrossRef]

Blomeke, S.; Gustafsson, J.E.; Shavelson, R.]. Beyond Dichotomies. Competence Viewed as a Continuum. Z. Fiir Psychol. 2015,
223, 3-13. [CrossRef]

Upmeier zu Belzen, A.; van Driel, J.; Kriiger, D. Introducing a Framework for Modeling Competence. In Towards a Competence-
Based View on Models and Modeling in Science Education, Models and Modeling in Science Education; Upmeier zu Belzen, A.,
Kriiger, D., van Driel, J., Eds.; Springer International Publishing: Cham, Switzerland, 2019; Volume 12, pp. 3-19. [CrossRef]
Kriiger, D.; Kauertz, A.; Upmeier zu Belzen, A. Modelle Und Das Modellieren in Den Naturwissenschaften. In Theorien in Der
Naturwissenschaftsdidaktischen Forschung; Kriiger, D., Parchmann, 1., Schecker, H., Eds.; Springer: Berlin/Heidelberg, Germany,
2018; pp. 141-157.[CrossRef]

Upmeier zu Belzen, A.; Kriiger, D. Modellkompetenz Im Biologieunterricht. Z. Fiir Didakt. Der Naturwissenschaften 2010, 16, 41-57.
Giere, RN. An Agent-Based Conception of Models and Scientific Representation. Synthese 2010, 172, 269-281. [CrossRef]
Gouvea, J.; Passmore, C. “‘Models of” versus “‘Models For’. Sci. Educ. 2017, 26, 49-63. [CrossRef]

Mahr, B. On the Epistemology of Models. In Rethinking Epistemology; Berlin Studies in Knowledge Research; Abel, G., Conant, J.,
Eds.; De Gruyter: Berlin, Germany; Boston, MA, USA, 2012; Volume 1, pp. 301-352.

Stachowiak, H. Allgemeine Modelltheorie; Springer: Wien, Austria; New York, NY, USA, 1973.

Chamizo, J.A. The Role of Instruments in Three Chemical’ Revolutions. Sci. Educ. 2014, 23, 955-982. [CrossRef]

Espinet, M.; Izquierdo, M.; Bonil, J.; Ramos de Robles, S.L. The Role of Language in Modeling the Natural World: Perspectives
in Science Education. In Second International Handbook of Science Education; Number 24 in Springer International Handbooks of
Education; Springer: Dordrecht, The Netherlands; Heidelberg, Germany; London, UK; New York, NY, USA, 2012; pp. 1385-1403.
Justi, R.S,; Gilbert, ].K. Modelling, Teachers’ Views on the Nature of Modelling, and Implications for the Education of Modellers.
Int. J. Sci. Educ. 2002, 24, 369-387. [CrossRef]

van der Valk, T.; van Driel, ] H.; de Vos, W. Common Characteristics of Models in Present-Day Scientific Practice. Res. Sci. Educ.
2007, 37, 469-488. [CrossRef]

Matthews, M.R. Models in Science and in Science Education: An Introduction. Sci. Educ. 2007, 16, 647-652. [CrossRef]

Tang, K.S. The Use of Epistemic Tools to Facilitate Epistemic Cognition & Metacognition in Developing Scientific Explanation.
Cogn. Instr. 2020, 38, 474-502. [CrossRef]

Thomas, G.P. ‘“Triangulation:” An Expression for Stimulating Metacognitive Reflection Regarding the Use of “Triplet’ Representa-
tions for Chemistry Learning. Chem. Educ. Res. Pract. 2017, 18, 533-548. [CrossRef]

Nersessian, N.J. Model-Based Reasoning in Conceptual Change. In Model-Based Reasoning in Scientific Discovery; Magnani, L.,
Nersessian, N.J., Thagard, P, Eds.; Springer: New York, NY, USA, 1999; pp. 5-22.

Carey, S.; Evans, R.; Honda, M,; Jay, E.; Unger, C. ‘An Experiment Is When You Try It and See If It Works”: A Study of Grade 7
Students” Understanding of the Construction of Scientific Knowledge. Int. . Sci. Educ. 1989, 11, 514-529. [CrossRef]

Passmore, C.; Gouvea, J.; Giere, RN. Models in Science and in Learning Science: Focusing Scientific Practice on Sense-making.
In International Handbook of Research in History, Philosophy and Science Teaching; Matthews, M.R., Ed.; Springer: Dordrecht, The
Netherlands, 2014; pp. 1171-1202.

Devitt, M. Scientific Realism. In Truth and Realism; Greenough, P., Lynch, M.P,, Eds.; Oxford University Press: Oxford, UK, 2006;
pp. 100-124. [CrossRef]

Reith, M.; Nehring, A. Scientific Reasoning and Views on the Nature of Scientific Inquiry: Testing a New Framework to
Understand and Model Epistemic Cognition in Science. Int. J. Sci. Educ. 2020, 42, 2716-2741. [CrossRef]

Caspari, I.; Weinrich, M.L.; Sevian, H.; Graulich, N. This Mechanistic Step Is “Productive”: Organic Chemistry Students’
Backward-Oriented Reasoning. Chem. Educ. Res. Pract. 2018, 19, 42-59. [CrossRef]

Caspari, I.; Kranz, D.; Graulich, N. Resolving the Complexity of Organic Chemistry Students” Reasoning through the Lens of a
Mechanistic Framework. Chem. Educ. Res. Pract. 2018, 19, 1117-1141. [CrossRef]

Louca, L.T,; Zacharia, Z.C. Examining Learning Through Modeling in K-6 Science Education. ]. Sci. Educ. Technol. 2015,
24,192-215. [CrossRef]

Oliva, ].M.; del Mar Aragén, M.; Cuesta, . The Competence of Modelling in Learning Chemical Change. Int. ]. Sci. Math. Educ.
2015, 13, 751-791. [CrossRef]

Fox Keller, E. Models of and Models for: Theory and Practice in Contemporary Biology. Philos. Sci. 2000, 67, 72-86. [CrossRef]
Suédrez, M. An Inferential Conception of Scientific Representation. Philos. Sci. 2004, 71, 767-779. [CrossRef]

Sudrez, M. Scientific Representation. Philos. Compass 2010, 5, 91-101. [CrossRef]

Knuuttila, T. Epistemic Artifacts and the Modal Dimension of Modeling. Eur. . Philos. Sci. 2021, 11, 65. [CrossRef]

Taber, K.S. Models and Modelling in Science and Science Education. In Science Education. An International Course Companion;
Number 31 in New Directions in Mathematics and Science Education; Springer: Dordrecht, The Netherlands, 2017; pp. 263-278.
Bueno, O.; Colyvan, M. An Inferential Conception of the Application of Mathematics. Noils 2011, 45, 345-374. [CrossRef]
Chakravartty, A. Informational versus Functional Theories of Scientific Representation. Synthese 2010, 172, 197-213. [CrossRef]
Sudrez, M. The Modelling Attitude and Its Roots in 19th Century Science. 2014. Available online: https://scholarworks.iu.edu/
dspace/handle/2022/26193 (accessed on 11 April 2022).

Boltzmann, L. Model. In Encyclopedia Britannica, 11th ed.; Cambridge University Press: London, UK, 1902; pp. 211-220.


http://dx.doi.org/10.1007/s11165-020-09945-7
http://dx.doi.org/10.1027/2151-2604/a000194
http://dx.doi.org/10.1007/978-3-030-30255-9_1
http://dx.doi.org/10.1007/978-3-662-56320-5_9
http://dx.doi.org/10.1007/s11229-009-9506-z
http://dx.doi.org/10.1007/s11191-017-9884-4
http://dx.doi.org/10.1007/s11191-014-9678-x
http://dx.doi.org/10.1080/09500690110110142
http://dx.doi.org/10.1007/s11165-006-9036-3
http://dx.doi.org/10.1007/s11191-007-9089-3
http://dx.doi.org/10.1080/07370008.2020.1745803
http://dx.doi.org/10.1039/C6RP00227G
http://dx.doi.org/10.1080/0950069890110504
http://dx.doi.org/10.1093/acprof:oso/9780199288878.003.0006
http://dx.doi.org/10.1080/09500693.2020.1834168
http://dx.doi.org/10.1039/C7RP00124J
http://dx.doi.org/10.1039/C8RP00131F
http://dx.doi.org/10.1007/s10956-014-9533-5
http://dx.doi.org/10.1007/s10763-014-9583-4
http://dx.doi.org/10.1086/392810
http://dx.doi.org/10.1086/421415
http://dx.doi.org/10.1111/j.1747-9991.2009.00261.x
http://dx.doi.org/10.1007/s13194-021-00374-5
http://dx.doi.org/10.1111/j.1468-0068.2010.00772.x
http://dx.doi.org/10.1007/s11229-009-9502-3
https://scholarworks.iu.edu/dspace/handle/2022/26193
https://scholarworks.iu.edu/dspace/handle/2022/26193

Educ. Sci. 2022,12,276 19 of 20

75.
76.
77.
78.
79.
80.
81.
82.
83.
84.

85.
86.

87.

88.

89.
90.

91.

92.
93.
94.

95.
96.

97.
98.
99.

100.

101.

102.
103.

104.
105.

106.

107.

108.

109.

Wartofsky, M.W. The Model Muddle: Proposals for an Immodest Realism. In Models. Representation and the Scientific Understanding;
Boston Studies in the Philosophy of Science; Springer: Dordrecht, The Netherlands, 1979; Volume 48, pp. 1-11.

Sudrez, M. Scientific Representation: Against Similarity and Isomorphism. Int. Stud. Philos. Sci. 2003, 17, 225-244. [CrossRef]
Frigg, R. Scientific Representation and the Semantic View of Theories. Theoria 2006, 21, 49-65.

Bartels, A. Defending the Structural Concept of Representation. Theoria 2006, 21, 7-19.

Bueno, O.; French, S. How Theories Represent. Br. J. Philos. Sci. 2011, 62, 857-894. [CrossRef]

Giere, RN. How Models Are Used to Represent Reality. Philos. Sci. 2004, 71, 742-752. [CrossRef]

Morrison, M.; Morgan, M.S. Models as Mediating Instruments. In Models as Mediators. Perspectives on Natural and Social Science;
Morgan, M.S., Morrison, M., Eds.; Cambridge Univeristy Press: Cambridge, UK; New York, NY, USA; Melbourne, Australia;
Madrid, Spain; Cape Town, South Africa; Singapore; Sao Paulo, Brazil, 1999; pp. 10-37.

Miki, U. Contested Modeling: The Case of Economics. In Models, Simulations, and the Reduction of Complexity; Abhandlungen Der
Akademie Der Wissenschaften in Hamburg; De Gruyter: Berlin, Germany; New York, NY, USA, 2013; Volume 4, pp. 87-106.
Kingsland, S.E. Modeling Nature: Episodes in the History of Population Ecology, 2nd ed.; Science and Its Conceptual Foundations;
University of Chicago Press: Chicago, IL, USA, 1995.

Weisberg, M. The Anatomy of Models. In Simulation and Similarity. Using Models to Understand the World; Oxford University Press:
New York, NY, USA, 2013; pp. 24-45.

Tversky, A. Features of Similarity. Psychol. Rev. 1977, 84, 327-352. [CrossRef]

Preston, B. Artifact. In The Stanford Encyclopedia of Philosophy; Metaphysic Research Lab: Stanford, CA, USA, 2020. Available
online: https://plato.stanford.edu/archives/fall2020/entries /artifact/ (accessed on 11 April 2022).

Knuuttila, T. Models, Fictions and Artifacts. In Language and Scientific Research; Springer International Publishing: Cham,
Switzerland, 2021; pp. 199-220.

Volterra, V. Variations and Fluctuations of the Number of Individuals in Animal Species Living Together. ICES J. Mar. Sci. 1928,
3, 3-51. [CrossRef]

Whittaker, E.T. Vito Volterra, 1860—1940. Obit. Not. Fellows R. Soc. 1941, 3, 691-729. [CrossRef]

May, R.M. Biological Populations with Nonoverlapping Generations: Stable Points, Stable Cycles, and Chaos. Science 1974,
186, 645-647. [CrossRef]

Knuuttila, T.; Loettgers, A. Model Templates within and between Disciplines: From Magnets to Gases—and Socio-Economic
Systems. Eur. |. Philos. Sci. 2016, 6, 377—400. [CrossRef]

Strevens, M. Depth: An Account of Scientific Explanation; Harvard University Press: Cambridge, MA, USA; London, UK, 2008.
Miki, U. On the Method of Isolation in Economics. Pozn. Stud. Philos. Sci. Humanit. 1992, 26, 19-54.

Carrillo, N.; Knuuttila, T. An Artifactual Perspective on Idealization: Constant Capacitance and the Hodgkin and Huxley Model.
In Models and Idealizations in Science. Artifactual and Fictional Approaches; Logic, Epistemology, and the Unity of Science; Cassini,
A.; Redmond, J., Eds.; Springer International Publishing: Cham, Switzerland, 2021; Volume 50, pp. 51-70. [CrossRef]

Rice, C. Idealized Models, Holistic Distortions, and Universality. Synthese 2018, 195, 2795-2819. [CrossRef]

Knuuttila, T.; Loettgers, A. Biological Control Variously Materialized: Modeling, Experimentation and Exploration in Multiple
Media. Perspect. Sci. 2021, 29, 468-492. [CrossRef]

Kress, G.R.; van Leeuwen, T. Multimodal Discourse; Bloomsbury Academic: London, UK, 2001.

Landy, D.; Allen, C.; Zednik, C. A Perceptual Account of Symbolic Reasoning. Front. Psychol. 2014, 5, 275. [CrossRef] [PubMed]
Johansen, M.W.; Misfeldt, M. Material Representations in Mathematical Research Practice. Synthese 2020, 197, 3721-3741.
[CrossRef]

Morgan, M.S.; Boumans, M.]. Secrets Hidden by Two-Dimensionality: The Economy as Hydraulic Machine. In Models: The Third
Dimension of Science; Writing Science, Stanford University Press: Stanford, CA, USA, 2004.

Gelfert, A. Exploratory Uses of Scientific Models. In How to Do Science with Models; SpringerBriefs in Philosophy; Springer
International Publishing: Cham, Switzerland, 2016; pp. 71-99._4. [CrossRef]

Godfrey-Smith, P. The Strategy of Model-Based Science. Biol. Philos. 2006, 21, 725-740. [CrossRef]

Boumans, M.]. Built-in Justification. In Models as Mediators. Perspectives on Natural and Social Science; Cambridge University Press:
Cambridge, UK, 1999; pp. 66-96.

Sjostrom, J. Towards Bildung-Oriented Chemistry Education. Sci. Educ. 2013, 22, 1873-1890. [CrossRef]

Reid, N. Johnstone’s Triangle: Why Chemistry Is Difficult. In The Johnstone Triangle: The Key to Understanding Chemistry; Royal
Society of Chemistry: Cambridge, UK, 2021; pp. 48-71. [CrossRef]

Hoyningen-Huene, P. The Systematicity of Science Unfolded. In Systematicity: The Nature of Science; Oxford Studies in Philosophy
of Science; Oxford University Press: New York, NY, USA, 2013.

Flores-Camacho, F.; Gallegos-Cazares, L.; Garritz, A.; Garcia-Franco, A. Incommensurability and Multiple Models: Representa-
tions of the Structure of Matter in Undergraduate Chemistry Students. Sci. Educ. 2007, 16, 775-800. [CrossRef]

Gobert, ].D.; O'Dwyer, L.; Horwitz, P; Buckley, B.C.; Levy, S.T.; Wilensky, U. Examining the Relationship Between Students’
Understanding of the Nature of Models and Conceptual Learning in Biology, Physics, and Chemistry. Int. J. Sci. Educ. 2011,
33, 653-684. [CrossRef]

Krell, M.; Reinisch, B.; Kriiger, D. Analyzing Students’ Understanding of Models and Modeling Referring to the Disciplines
Biology, Chemistry, and Physics. Res. Sci. Educ. 2015, 45, 367-393. [CrossRef]


http://dx.doi.org/10.1080/0269859032000169442
http://dx.doi.org/10.1093/bjps/axr010
http://dx.doi.org/10.1086/425063
http://dx.doi.org/10.1037/0033-295X.84.4.327
https://plato.stanford.edu/archives/fall2020/entries/artifact/
http://dx.doi.org/10.1093/icesjms/3.1.3
http://dx.doi.org/10.1098/rsbm.1941.0029
http://dx.doi.org/10.1126/science.186.4164.645
http://dx.doi.org/10.1007/s13194-016-0145-1
http://dx.doi.org/10.1007/978-3-030-65802-1_2
http://dx.doi.org/10.1007/s11229-017-1357-4
http://dx.doi.org/10.1162/posc_a_00379
http://dx.doi.org/10.3389/fpsyg.2014.00275
http://www.ncbi.nlm.nih.gov/pubmed/24795662
http://dx.doi.org/10.1007/s11229-018-02033-4
http://dx.doi.org/10.1007/978-3-319-27954-1_4
http://dx.doi.org/10.1007/s10539-006-9054-6
http://dx.doi.org/10.1007/s11191-011-9401-0
http://dx.doi.org/10.1039/9781839163661-00048
http://dx.doi.org/10.1007/s11191-006-9049-3
http://dx.doi.org/10.1080/09500691003720671
http://dx.doi.org/10.1007/s11165-014-9427-9

Educ. Sci. 2022,12,276 20 0f 20

110. Treagust, D.E; Chittleborough, G.; Mamiala, T.L. Students” Understanding of the Role of Scientific Models in Learning Science.
Int. J. Sci. Educ. 2002, 24, 357-368. [CrossRef]

111. Daniel, K.L.; Bucklin, C.J.; Austin Leone, E.; Idema, ]J. Towards a Definition of Representational Competence. In Towards a
Framework for Representational Competence in Science Education; Models and Modeling in Science Education; Daniel, K.L., Ed.;
Springer International Publishing: Cham, Switzerland, 2018; Volume 11, pp. 3-11. [CrossRef]

112. Stieff, M.; DeSutter, D. Sketching, Not Representational Competence, Predicts Improved Science Learning. J. Res. Sci. Teach. 2021,
58,128-156. [CrossRef]


http://dx.doi.org/10.1080/09500690110066485
http://dx.doi.org/10.1007/978-3-319-89945-9_1
http://dx.doi.org/10.1002/tea.21650

	Introduction
	Model-Based Reasoning in Empirical Science Education Research
	Scientific Reasoning in General
	Model-Based Scientific Reasoning
	Examples from Science Education Research
	Models as Generative Tools
	Model-Based Reasoning and NOSI Views
	Further Studies on Modeling
	Models of and Models for


	Contemporary Philosophical Perspectives on Models
	Perspectives on Representation
	The Pragmatic Account of Representation
	Model Construction


	Models as Epistemic Artifacts
	Purposeful Design
	Representational Tools
	Representing and Justifying

	Future Challenges and Implications
	Model-Based Learning and Reasoning
	Models and Subject-Specific Content

	Conclusions
	References

