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Abstract: While the hypothetico-deductive approach, which includes inductive and deductive rea-
soning, is largely recognized in scientific reasoning, there is not much focus on abductive reasoning.
Abductive reasoning describes the theory-based attempt of explaining a phenomenon by a cause.
By integrating abductive reasoning into a framework for modeling competence, we strengthen the
idea of modeling being a key practice of science. The framework for modeling competence theoret-
ically describes competence levels structuring the modeling process into model construction and
model application. The aim of this theoretical paper is to extend the framework for modeling com-
petence by including abductive reasoning, with impact on the whole modeling process. Abductive
reasoning can be understood as knowledge expanding in the process of model construction. In com-
bination with deductive reasoning in model application, such inferences might enrich modeling
processes. Abductive reasoning to explain a phenomenon from the best fitting guess is important for
model construction and may foster the deduction of hypotheses from the model and further testing
them empirically. Recent studies and examples of learners’ performance in modeling processes
support abductive reasoning being a part of modeling competence within scientific reasoning. The ex-
tended framework can be used for teaching and learning to foster scientific reasoning competences
within modeling processes.

Keywords: scientific reasoning; abductive reasoning; models; modeling; model construction; model
application; modeling competence

1. Introduction

Theoretical abduction is “the process of reasoning in which explanatory hypotheses
are formed and evaluated” [1] (p. 220).

This process of reasoning addresses modeling. Hence, the concept about the phe-
nomenon is a model [2] that develops while seeking for explanations [3]. Thus, scientific
reasoning, in terms of searching for explanations to obtain insight into a phenomenon, is
related to the construction of models. The derivation of hypotheses from these models and
their application in empirical investigations allows the evaluation of the phenomenon [1].
As such, modeling is a prominent style of scientific reasoning that also is understood as a
skill that needs to be practiced [4] and is related to competences [5] (p. 43). Thus, the frame-
work for modeling competence was developed [6,7], respecting particularly procedural
and epistemic perspectives of reasoning [8].

A model serves as a representation for communicating scientific knowledge or as a
research tool for testing hypotheses about a phenomenon [9]. A model used for teaching
and learning content knowledge serves as a medium for communication and meets the
purpose of describing and explaining current scientific knowledge. Therefore, when
using a model as medium, the focus is on model construction to represent a phenomenon
accurately [7,9-11]. In contrast, a model used as a research tool is constructed for the
purpose of deriving hypotheses about scientific phenomena. Hence, the focus is on model
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application in research contexts to gain new insights into unknown phenomena [11]. In
both communication and research contexts, model construction and model application are
central parts of intertwined modeling processes: a model is constructed starting from a
theoretical background and from abductive or inductive reasoning [12,13], both forms of
logical inferences [14]. Deductive reasoning as the third logical inference [14] is practiced
in model application, which starts with deriving hypotheses deductively from the model,
usually followed by empirical testing [4].

In biology education, the framework for modeling competence (FMC) [6] has been
developed and empirically validated [15,16]. The FMC structures modeling competence
into aspects and levels [17] and addresses at the same time the perspectives of model con-
struction and model application. Theoretical considerations and empirical findings [3,18]
revealed the need for including another level to the FMC regarding reasoning processes in
model construction with hypothesized impact for model application [7]. This extension was
realized by integrating the knowledge-expanding function of explaining a phenomenon
in the process of model construction, which is abductive reasoning [3,13,19]. In the initial
FMC, explaining was considered as an intermediate level representing communicative
functions. However, this approach did not cover the idea of developing a model by explain-
ing a phenomenon with causes from past experiences and information [3,13,19], meaning
a phenomenon is explained as best as possible through abductive reasoning [13]. Thus,
the term “explanation” [3,18] describes two different practices needing to be separated:
explanation in order “to make clear” for communication purposes and explanation in order
“to justify” as an epistemic function. This differentiation of explaining is now integrated
into the presented FMC. The process of abductive reasoning in model construction may
initiate, because of its uncertainty, deductively derived hypotheses in model application
and thus promote empirical investigations.

In this article, we argue that abductive and deductive reasoning are related parts
within scientific reasoning regarding model construction and model application. The
theoretical considerations of abductive reasoning in modeling are supported by empirical
work in mathematics [20] and geography [12,21,22]. Additionally, we give some insight
into learners’ performance in modeling processes which support abductive reasoning being
a part of modeling competence within scientific reasoning.

2. Logical Reasoning

Three forms of logical reasoning are involved in scientific reasoning and inquiry. They
are summarized briefly by Peirce: “The division of all inference into Abduction, Deduction,
and Induction may almost be said to be the Key of Logic” [14] (CP 2.98). In this context,
abduction is about generating a cause as the best explanation for an observed phenomenon
based on existing rules or theoretical knowledge (“inference to the best explanation” [23],
“educated guess” [12]). This kind of reasoning is knowledge expanding, leads to creative
ideas, and thus forms new theoretical inferences [24]. In contrast, inductive reasoning
derives a general rule from repeated observations of a phenomenon. This inference is
knowledge expanding but does not provide any principally new ideas [14]. In deductive
reasoning, a general rule as theoretical basis and a cause are used to predict a result of a
certain case. If the rule is true, each individual case will fit to this rule. Thus, deductive
reasoning is truth preserving and logically flawless. However, as in the case of inductive
reasoning, it does not generate principally “new ideas” [24]. The relationship among
the three forms of logical reasoning is summarized by Peirce: “Deduction proves that
something must be; Induction shows that something actually is operative; Abduction
merely suggests that something may be” [14] (CP 5.171).

3. Theory of Abductive Reasoning

An established theory of abductive reasoning from cognitive psychology describes
seven components of abductive reasoning [13,25]. This theory describes a continuous,
implicit process with different steps that do not have to be run through in a strict order [26].
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This process can lead to a consistent type of explanation free from redundancies [13].
Ideally, the process of abductive reasoning begins with the perception of a phenomenon,
for which the step of data collection takes place in an exploratory or theory-based manner.
Subsequently, these data are incorporated into an existing mental model leading to a
preliminary comprehension. 1t is checked whether the new data contradict the previous model
or remain un-understandable. These thoughts lead to the step of resolving anomaly. If this
occurs, new data will be collected. If there are several possible explanations, alternative
potentially plausible explanations will be refined. Due to this, it is necessary to discriminate
by selecting one potentially plausible explanation. In the step of checking for consistency,
both likely and unlikely explanations are included. This process of decision making
may lead to the collection of new data. If checking for consistency is not successful, other
potentially plausible explanations will be discriminated. Although model testing in the
theory of Johnson and Krems is about eliminating this uncertainty about improbable
explanations [13], this step can be extended to an abductively developed model. When
it comes to application of this model, hypotheses are derived deductively to be tested
(“abductive model evaluation”) [1,8].

4. Models and Modeling
4.1. Concept of a Model

“In model-based views, models are considered subsets of scientific theories—more
comprehensive systems of explanations—which are created with various semiotic
resources and provide semantically rich information for scientific reasoning and
problem solving” [27] (p. 1110).

The term model has so many meanings that attempts merging all meanings into
one definition are methodologically useless [28]. Hence, there is no unified definition of
what a model in science and science education is [29,30], nor is there a unifying modeling
theory [31]. Following Mittelstrafs, models are replicas of a real or imaginary object with
the aim of learning something about it or learning something with it [32]. This refers to
both the representational function (learning something about it) of models for the purpose
of communication and to the research tool function (learning something with it) to test new
ideas for the purpose to generate new knowledge.

Due to the multiformity of models and since anything can become a model that is con-
ceived of something as a model by an agent for some purpose and time [4,33-35], general
properties that characterize models ontologically as special objects are absent [32,34]. Other
approaches distance from an ontological perspective on models and try to conceptualize
models from an epistemic point of view [30,34,36]. In this case, something becomes a model
when it is used [4], developed [31], or conceived as such [34]. In his concept of model-
being, Mahr suggests that an agent judges something to be a model for a specific period of
time and for a specific purpose [34]. Furthermore, the distinction between the imagined
mental model and the externalized model object is relevant to Mahr’s conceptualization of
models [26]. In this context, the model object is described as the representation of a mental
model in the broadest sense, reaching from verbal analogies to graphical representations.

4.2. Concept of Model-Being

The model and the model object each stand in two relations to something: in the
perspective of construction, the model stands in relation to something of which it is a
model. In the perspective of application, it stands in relation to something for which it
is used for as a model [9,28,34] (Figure 1). These two relationships are constitutive and
inherent aspects of model-being [28,36,37].

Mabhr ‘s concept of model-being has separated inherent properties permanently associ-
ated with the model object [34]. A model can be used by an agent as a model of something
and for something in any given time.
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Figure 1. Mahr’s concept of model-being [7] (adapted). A is a phenomenon, B is a purpose of
an application.

Gouvea and Passmore also differentiated into the perspectives models for something
(as tools for research) and models of something (as representation of actual knowledge) [9].
In contrast to Mahr’s concept of model-being, their categorization of these perspectives
are not constitutive aspects of a model in terms of a theoretical understanding of model-
being. Gouvea and Passmore rather argue from a heuristic perspective to help teachers
and supporting students. In accordance with this perspective, Gilbert and Justi suggest
conceiving models as substitutes [38] or to describe models as epistemic tools [31] being
used by agents [30].

Giere described the agent as the person making decisions about both the focus of
the similarities (intent) and the goal of that focus (purpose) [36]. Mahr also consistently
integrates an agent in his concept of model-being [39]. He distinguishes between the
mental model, which is modeled by the agent, and the model object as the externalized
representation of the agent’s mental model.

4.3. Modeling Process

The process of modeling lacks a general procedural description and definition of
certain rules [40]. This is because experiences, ideas, and theories of the modeling agent
influence the process and hence creative, innovative, and subjective considerations are
involved [12,41]. Nevertheless, recurring elements can be identified in modeling, which
ideally follow a hypothetico-deductive research logic [42,43]. In the following, the process
scheme of modeling described by Krell and colleagues [15,16] stands as the basis for the
integration of abductive reasoning.

In the scheme, the modeling process begins with the perception of a phenomenon,
most frequently undertaken by observation (Figure 2) [44]. Observation in this case means
exploring the phenomenon as a whole and without explicit assumptions [44]. These ob-
servations might lead to the formulation of hypotheses about potential relations between
variables, which means that conceivable theories are generated. These hypotheses can
arise through inductive reasoning from a generalized model. They are checked for consis-
tency with other theories within model construction (Figure 2). Alternatively, abductive
reasoning explains the phenomenon [13], for example with the help of analogies and is
also checked for consistency (Figure 2). In case consistency is missing, the phenomenon is
further explored by additional observations. If inductive or abductive inferences lead to
plausible models, model construction temporarily ends. Model application begins with the
deduction of hypotheses about how the model’s relationships will behave under certain
conditions (Figure 2). Depending on the type of hypotheses, this leads to different method-
ological implementations and thus into corresponding inquiry methods [6,45]. While
difference hypotheses are descriptive and lead to the comparison of structures, groups,
or systems, causal hypotheses are investigated through controlled experimentation and
correlation hypotheses through observation (Figure 2) [44]. The analysis of data from
empirical investigations lead to support or falsification of hypotheses (Figure 2). If sources
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of interference in data collection are excluded as a reason for the lack of fit between the
hypotheses derived from the model and the phenomenon under investigation, the model,
the model object, and the concept about the modeled phenomenon have to be revised.
In this process, exploration of the phenomenon restarts, which means that the process of
model construction and application of a modified model begins anew (Figure 2) [4]. By
initiating cognitive processes this way, models become flexible intellectual tools for scientific
knowledge acquisition (epistemic tools) [46,47]. This function goes beyond presenting a
model of something in a medial perspective as a means for communication.
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Figure 2. Abductive reasoning in model construction and deductive reasoning in model application.

5. Framework for Modeling Competence

The initial FMC [10] structures modeling competence in five aspects and three levels.
The aspects were built on the basis of studies from science education research [48-50]: nature
of models, multiple models, purpose of modeling, testing models, and changing models [6,10,15]
(Figure 3). In the case of nature of models, the focus is on the similarity between the model
and the phenomenon. The aspect alternative models addresses the question whether there
can exist several models for a phenomenon. The purpose of modeling is guiding the modeling
process for communication or as a research tool. Considering the purpose, when testing
models and changing models from a medial perspective, it is about optimizing the model
in context of already known details. In the research tool perspective, testing models and
changing models starts from hypotheses and is led by results from corresponding empirical
investigations.

The three competence levels were based on Mahr ’s conceptualization of model-being
and integrate perspectives on modeling focusing on the model object (level I), model
construction (level II), and model application (level IIIb, Figure 3) [10]. The extended
FMC integrates abductive reasoning as a further level (Figure 3, level Illa) [7]. This new
level differs from an understanding-generating explanation of common knowledge with
models of something determining level II (Figure 3). In contrast, the knowledge-expanding
function of explaining described in level Illa is based on abductive reasoning. Abductive
reasoning in model construction, like deductive reasoning in model application, involves
theoretical or creative considerations. By treating level Illa as part of level III, it is intended
to clarify that model construction by abductive reasoning is scientifically demanding [13].
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Figure 3. Framework for modeling competence [6,7] consisting of aspects and levels.

The inclusion of a general theory of abductive reasoning in modeling [26,52], in which
a model is constructed sequentially in a complex and creative process of understanding,
leads to a definition of the cognitive facet of modeling competence: modeling competence
comprises the abilities to initiate a theory-guided cognitive process in the creative construc-
tion of models, to gain purpose-related knowledge in the application of models, to judge
about models with reference to their purpose, and to reflect on the modeling process in
terms of scientific reasoning [7].

In the extended FMC (Figure 3), thinking about models and modeling that is assigned
to levels I and Il means to understand models and modeling as representations to achieve
educational goals, which is the medial perspective [6,7,10,11]. The focus is on accuracy in
model construction for communication, teaching, and learning of content knowledge. In
more detail, level I deals with the ability to assess the model object from an aesthetic point
of view or regarding its technical functionality without putting the phenomenon in relation
to the model object, except in its capacity as a copy or for the purpose of illustration. Level
II entails the ability to assess the process of model construction for understanding the
represented phenomenon. The model object is a more or less accurate representation of
something already known in the natural sciences.

Descriptions in level Illa and IIIb indicate an understanding of modeling in the context
of scientific investigations, which means the ability to assess models in their construction
and application as research tools, which is a methodological perspective [6,7,10,11]. Level
IIa describes the ability to construct a model that provides the best plausible explanation for
unknown phenomena which is free of contradictions to previous theories and explorations.
Modeling is thus already a theoretical or creative process in model construction, which,
associated with uncertainty, represents knowledge about a phenomenon, and can offer
new possibilities for explanation. Level IlIb describes the ability to apply a model as a tool
for investigating a phenomenon within scientific reasoning to empirically test its validity
in the hypothetico-deductive approach; the model object as a model for something leads to
processing new, thus far unexplained scientific questions.

The competence descriptions with regard to aspects and levels draw on theoretical
elaborations [10,11] and, with regard to the initial FMC, extensive empirical work, which
allows the use of them for assessing and promoting modeling competence for scientific
reasoning [6,15,53]. However, level Illa of the FMC with inclusion of abductive reasoning
still needs to be empirically investigated.
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6. State of Research

There are several approaches from different disciplines of science education connecting
abductive reasoning with modeling [12,22,54]. For geoscience, Oh established a close
connection between abduction and modeling (modeling-based abductive reasoning) [21,22]
relating to research by Clement (addressing the solution of physical problems through
abductive reasoning in modeling) [12]. Furthermore, Park and Lee point to the central role
of abductive reasoning in mathematical modeling [20]. These studies rather focus on the
role of abductive reasoning for constructing technically appropriate models in terms of
content knowledge than on methodological (procedural and epistemic) knowledge as part
of scientific reasoning competencies.

Our work aims to obtain insight into abductive reasoning within modeling processes
in biological contexts. Based on Sturm [55], the reddened face phenomenon was used
to obtain insight into abductive reasoning with regard to the FMC’s competence descrip-
tions [6]. Regarding this, 32 pre-service biology teachers created concept maps to solve the
problem of why a fictitious person, whom they cannot talk to, has a reddened face. The
participants generated abductive explanations and strategies for testing these explanations
(Figure 4). A total of 159 explanations were summarized into 39 types of explanations for
the reddened face. It turns out that the reddened face scenario promotes students to select
different explanations by abductive reasoning. Most of the 39 given explanations were
further condensed into six superior explanation types “Emotion”, “Activity”, “Disease”,
“Environment”, “Blood Circulation”, and “Individual Disposition” (Figure 4).

Explanation types Single explanations N explanations
N tested explanations

Emotion shame, stress, fury, anxiety, love, nervousness,

excitement, anger, sadness, uncomfortable
situation, emotional status, dispute, shyness, 19
remorse, bad mood, worries

62

Activity

physical exertion, sport 26
14
Disease fever, sickness, allergic reaction, intolerance, Lupus 23
erythematodes, scarlet 6
Environment temperature, sun, environmental factors, humidity 21
13
Blood Circulation high blood circulation, high blood pressure 1
1
Individual Disposition  skin color, normal look, genetic reason, overweight 6
1
Other Explanation alcohol, color in the face, spicy food, cosmetic 10

treatment

Figure 4. Frequencies of explanations (N = 159) and of tested explanations (N = 57) per explanation type.

In total, for 57 of 159 explanations further considerations for testing were provided.
Hence, most explanations were not linked with ideas on how to test them. Explanations
such as “Activity” or “Environment” have been connected to possible test strategies most
frequently. In everyday life, explanations regarding “Emotion” can be tested easily through
verbal communication. As this was not possible, this may explain why the participants
tested explanations for “Activity” or “Environment” more frequently than for “Emotion”.

The reddened face phenomenon emphasizes that a complex and creative process
of abductive reasoning [13] is relevant in model construction [22] and is successful as
soon as experience and analogies allow for abductive reasoning. Studies showed that
for modeling the inner mechanisms in black-box scenarios [47-49], abductive reasoning
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can be a successful strategy when a theoretical background is available, or creativity is
involved when interpreting data. This can lead to repeated switching between abductive
and deductive reasoning. If the development of explanations for the inner mechanisms of
the black box is not satisfactorily [56], this is because theoretical knowledge is not available,
analogies are not found, or creative solutions are lacking [57]. Unsurprisingly, because
a corresponding model is missing, this leads to neither model application nor deductive
reasoning [56,58].

Students’ solutions for the reddened face phenomenon were structured into three
different groups. In the first group, possible explanations were simply guessed without
any testing strategy (n = 12). This result does not fit to our expectation that abductive
explanations in model construction foster the switch into deductive testing in model
application on its own. On the other hand, this result may be related to the fact that
there were no possibilities to interact with the fictitious person nor the phenomenon itself.
Thus, there was no feedback or interactive offer to test explanations. Nonetheless, most
concept maps (n = 20) provided indicators aiming to test abducted explanations. Among
these, two different strategies were identified. The first strategy in the sense of abductive
testing (n = 7, Figure 5a) is characterized by the derivation of an explanation from additional
speculatively observed indicators (test; cf. [13]). In contrast, the second strategy in the sense
of deductive testing (n = 13, Figure 5b) is characterized by indicators for further observations
being derived from a possible explanation. The strategy of abductive testing refers to the
theory of abductive reasoning [13] by collecting further information beforehand within
observations (Exploration of the phenomenon, Figure 2), thus in model construction. By
switching to model application, applying the strategy of deductive testing of abducted
explanations, students indicate strategies of deductive reasoning. This result supports
the idea that abductive reasoning in model construction fosters strategies for deductive
reasoning in model application.

- :
\
. observable? S— leads to N
/ \ may be related * >
to /
The reddened hvsical ) 4 interpretation:
face PR observable? - leadsto physical
phenomenon condition exertion
higher
breathing
frequence
(a) Abductive testing
—>
. - . further . hyper-
: yes ventilation
/ \ possible reason ohservation Is the person
; out of breath
The reddened exertion how is the
face breath >
phenomenon
stable
frequence

(b) Deductive testing

Figure 5. Excerpts of students’ concept maps illustrating the strategies of abductive testing (a) and deductive testing (b).
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7. Outlook

The focus on abductive reasoning within modeling processes is rather new [20,21]
and led to the extension of the FMC for the field of biology in the natural sciences, thus
providing a theoretical basis for the investigation of scientific reasoning in this modeling
perspective. This innovation can be referred to as “abductive turn” [59], leading to broader
foundations of scientific reasoning in terms of paths of knowledge acquisition in science
education [6,51]. Explicating the role of induction when encountering a phenomenon, the
role of abduction in model construction, and the role of deduction in model application
supports Lehrer and Schauble’s suggestion to consider modeling as the “signature practice
of science” [60]. In this way, the prominent position of induction and deduction within the
hypothetico-deductive approach might be expanded by integrating abductive reasoning in
the classroom, with implications for Nature of Science perspectives [8,61]. It is necessary
to further reflect on the role of abduction for gaining new knowledge and to answer the
question whether abductive reasoning is underrepresented compared to induction and
deduction in the hypothetico-deductive approach [62,63]. In other words, the focus on
deductive inference may fall too short [64], and abduction should be implemented in school
curricula as an important part of scientific reasoning.

Taking the reported rare empirical insight about the role of abductive reasoning for
modeling into account, it becomes clear that scientific reasoning in modeling leads to
considerations in research as well as in teaching and learning. Thus, the significance of
abductive reasoning requires being investigated not only within modeling but also within
the inquiry methods observation, experimentation, and comparison (Figure 2).

In teaching and learning, hypothesis-driven empirical investigations with the help
of different inquiry methods are often interpreted as deductive reasoning, whereas the
students are also finding causes that explain a phenomenon and therefore are reasoning
abductively. This frequently remains unrecognized in schools and in teacher education at
university but can be seen as a resource for promoting creative thinking within scientific
reasoning which should be strengthened by further empirical evidence.
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